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ABSTRACT

Blood transfusion is a critical, lifesaving medical procedure for dogs. However, the limited
availability of blood donors and ethical concerns highlight the need for alternative solutions,
such as in vitro-produced red blood cells (RBCs), which remain unexplored in canines. This study
aimed to produce canine erythrocytes in vitro from peripheral blood (PB) mononuclear cells
(MNGCs), optimize culture conditions using either human or canine reagents, and identify
relevant cell markers. Results indicated that canine erythropoiesis can be induced by human or
canine cytokines, producing RBCs within approximately 20 days. Although cell numbers
decreased during the first seven days, immature erythroid cells proliferated, reaching peak
expansion and RBC production by day 17. Despite the smaller cell size of the cultured RBCs
than that of humans, the morphology at each stage of erythroid maturation was analogous to
that of human erythropoiesis. Furthermore, the expression patterns of canine alpha hemoglobin
stabilizing protein and erythropoietin receptor mirrored those observed in human
erythropoiesis. Oxygen-hemoglobin (oxygen-Hb) association and dissociation curves of cultured
RBCs closely resembled those of native canine RBCs, indicating an appropriate oxygen-carrying
capacity. This study presents the first evidence of successful in vitro production of canine RBCs,
offering a promising tool for research and potential therapeutic applications.
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Introduction
has become more common, the demand for blood pro-

Red blood cells (RBCs) are the most abundant cells in the
body and play a critical role in delivering oxygen to
tissues. In veterinary medicine, blood transfusions in
dogs is essential for managing anemia and acute
blood loss caused by trauma or surgical procedures. Cur-
rently, blood transfusions rely exclusively on donor
animals. However, as advanced veterinary critical care

ducts has risen substantially. The limited availability of
donor animals and ethical concerns surrounding their
use underscore the need for alternative solutions such
as in vitro-produced RBCs.

Despite the increased demand for canine RBCs, basic
research on their production has not been fully explored.
The main challenges faced during their development

CONTACT Eun Jung Baek @ doceunjung@hanyang.ac.kr @ Department of Laboratory Medicine, College of Medicine, Hanyang University, 153, Gyeong-

chun-ro, Guri-si, Gyeonggi-do 11923, Korea

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been pub-
lished allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/19768354.2025.2492148&domain=pdf&date_stamp=2025-04-27
http://creativecommons.org/licenses/by-nc/4.0/
mailto:doceunjung@hanyang.ac.kr
http://www.tandfonline.com

252 (&) S.A.PARKETAL.

include the scarcity of reagents and a lack of information
regarding the suitability of the culture media. Most
studies on canine mononuclear cells (MNCs) have pri-
marily focused on immune cells, aiming to understand
immune responses and cellular functions in various con-
texts (Neuner et al. 1997; Niemeyer et al. 2001; Suter
et al. 2004; Lee et al. 2018). Conversely, the in vitro pro-
duction of human RBCs has been extensively studied for
years due to a shortage of blood donations, and clinical
trials are currently underway. Neildez-Nquyen et al. first
demonstrated that cord blood (CB)-derived hematopoie-
tic stem/progenitor cells (HSPCs) could expand nearly a
million-fold, though with a low enucleation rate
(Neildez-Nguyen et al. 2002).

Subsequent studies have introduced combinations of
specific erythropoietic cytokines and culture methods to
better replicate the bone marrow microenvironment,
thereby enhancing HSPC expansion, differentiation,
and enucleation in vitro. For instance, Lee et al. achieved
an 80% enucleation rate by culturing erythroid cells in
400 um diameter microporous microcarriers, which
allowed for high cell densities (Lee et al. 2015). Similarly,
Han et al. produced mature biconcave erythrocytes by
culturing cells in a bioreactor, identifying optimal
culture parameters for cell differentiation using a
design of experiments (DOE) approach (Han et al.
2021).In 2011, Giarratana et al. reported a breakthrough
by successfully transfusing 2 mL of cultured blood into a
human recipient using autologous CD34+ cells (Giarra-
tana et al. 2011). More recently, the Recovery and Survi-
val of Stem Cell-Originated Red Cells (RESTORE) clinical
trial in the UK attempted blood transfusion using labora-
tory-grown RBCs (Kutikuppala et al. 2023).

Research on in vitro erythropoiesis using canine
models emerged in the 1970s, initially focusing on cell
cultures in enriched methylcellulose media. This
method was first developed to produce erythroid colo-
nies from mouse fetal liver hematopoietic cells in an ery-
thropoietin (EPO)-dependent manner (Stephenson et al.
1971), and was later adapted for canine models. Colonies
of Hb-synthesizing cells were successfully generated
from canine bone marrow (BM) cells cultured in the pres-
ence of EPO partially purified from anemic sheep plasma
(Popovic et al. 1977). In this system, colony formation
was directly proportional to the logarithm of EPO con-
centration. Subsequent studies aimed to improve ery-
throid colony production by supplementing cultures
with -adrenergic agonists (Brown and Adamson
1977a), cyclic nucleotides (Brown and Adamson
1977b), and thyroid hormones (Popovic et al. 1977).

In addition to its enhancing effects on mesenchymal
stem cell proliferation and homing ability (Zhou et al.
2018; Lykov et al. 2020; EI Mahdy et al. 2023), EPO is

critical for maintaining optimal RBC mass and ensuring
sufficient oxygen delivery to tissues (Haase 2010).
Research has shown that canine serum EPO is more
effective than human urinary EPO, when used in com-
parable concentrations, at stimulating the colony-
forming unit erythroid (CFU-E) generation. CFU-E is the
earliest stage of erythroid commitment from HSPCs.
This effect was observed when canine BM cells were
seeded in enriched methylcellulose media (Jones et al.
1979). However, the in vitro efficacy of canine EPO in
mature erythroid cells remains unevaluated.

Given the growing demand for canine RBCs and the
challenges associated with their in vitro production, this
study aims to identify the optimal culture system for gen-
erating canine erythrocytes. Using specific culture con-
ditions and monitoring relevant cell markers, we
successfully stimulated canine MNCs to differentiate into
RBCs in vitro. To our best knowledge, this is the first suc-
cessful attempt of the in vitro production of canine eryth-
rocytes, overcoming the challenges posed by the lack of
suitable reagents and markers for dogs.

Materials and methods
Isolation of MNCs from canine peripheral blood (PB)

The Institutional Animal Care and Use Committee
(IACUC) approved using Beagle peripheral blood.
Whole blood was layered with Ficoll-Paque (1.078 g/
mL, Cytiva, cat#17144003) in a 1:1 ratio in SepMate
PBMNC isolation tubes (STEMCELL Technologies,
cat#86450) and subjected to centrifugation at 500 x g
for 35 min at room temperature. After centrifugation,
the plasma supernatant and MNC layer were identified.
The MNC layer was carefully collected, diluted in phos-
phate-buffered saline (PBS) containing 10% fetal
bovine serum (FBS, HyClone™, cat#SH30071.03), and
washed by centrifugation at 800xg for 20 min at
room temperature. The resulting cell pellets were col-
lected to determine the total MNC count.

In vitro erythroid differentiation of MNCs

The isolated MNCs were cultured in StemSpan™ medium
(STEMCELL Technologies, cat#09650) supplemented with
20-30% FBS and additional supplements. These sup-
plements included holo-transferrin (200 ng/mL, Sigma-
Aldrich, cat#T0665), insulin (10 ug/mL, Sigma-Aldrich,
cat#19278), penicillin—streptomycin (1%, Gibco), and anti-
biotic-antimycotic (1%, Gibco). The cultures were also
supplemented with cytokines, including recombinant
canine erythropoietin (cEPO) (10-160 ng/mL, R&D
Systems, cat#3816-CE), recombinant human



erythropoietin (hEPO) (40-80 ng/mL,  Millipore,
cat#329871), recombinant canine stem cell factor (cSCF)
(100 ng/mL, R&D Systems, cat#2278-SC), and recombi-
nant human interleukin-3 (hIL-3) (10 ng/mL, R&D
Systems, cat#203-IL). Concentrations of specific cytokines
varied depending on the experimental design. A sche-
matic of the workflow is shown in Graphical abstract.

Cell morphology analysis

Cultured erythroid lineage cells (2-4 x 10%) were smeared
onto slides using a Cellspin cytocentrifuge and stained
with  Wright-Giemsa  (Sigma-Aldrich,  cat#w0625,
cat#32884,). To distinguish the different erythroblast matu-
ration stages and to quantify the proportions of each cell
type in the cells derived from PB MNCs during in vitro ery-
thropoiesis, cells cultured with 40 ng/mL cEPO were
stained with Wright-Giemsa and analyzed microscopically.
Cell sizes were assessed using Image)J (version 1.54 g).

Quantitative real-time-polymerase chain
reaction (QRT-PCR)

Total RNAs were collected from the 40 ng/mL cEPO-
treated PB MNCs on day 0, during the early differentiation
stages when the cell pellet began turning red (days 10-13),
and during the later stages, when the proportion of enu-
cleated erythrocytes increased, while cell viability
remained between 60% and 80% (days 15-19). To assess
gene expression during canine erythroid differentiation,
gRT-PCR was performed using a 7500 Real-Time PCR
System (Thermo Fisher Scientific). The mRNA expression
levels were calculated by the 2— /\/\Ct method (Bong
et al. 2024). Canine glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) served as the loading control along with
other erythroid markers; canine alpha hemoglobin stabiliz-
ing protein (AHSP) (Raess et al. 2012), canine Krippel-like
factor 1(KLF1) (Fanis et al. 2019), canine erythropoietin
receptor (EPOR) (Bhoopalan et al. 2020), and canine trans-
ferrin receptor (TFRC) (Jia et al. 2020).

The primers (5'-3’) used for gRT-PCR were as follows:

+ Canine GAPDH: F-aggtcggagtcaacggattt, R-tgactgtgcc
gtggaatttg

e Canine AHSP: F-tggaaactgtgggtgagaca, R-ccaccattt
gctgcctgtaa

o Canine KLFT: F-agacacttgaagctcccaca, R-tgtaagctggtc
tgagggtc

¢ Canine EPOR: F-acagctagtgacttggaccc, R-aggccctcaaa
ctcactctc

e Canine TFRC. F-ctttggacatgctcacctgg,
agaaggaca

R-atttcccaggc
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Western blotting

Cultured cells were collected, washed with PBS, and lysed
using a radioimmunoprecipitation assay (RIPA) buffer
(Sigma-Aldrich, cat#R0278) (Kim et al. 2024). The extracted
proteins were quantified using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, cat#A55865) and separ-
ated by electrophoresis on a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Pro-
teins were transferred onto a polyvinylidene fluoride
(PVDF) membrane (Invitrogen, cat#IB34001). The mem-
brane was blocked with 5% skim milk and incubated with
primary antibodies, i.e. anti-Hemoglobin a (1:1000,
Abcam, cat#ab231732,) and anti-beta-actin (1:5000, Santa
Cruze, catisc-47778,) (loading control antibody). Sub-
sequently, the membrane was probed with secondary anti-
bodies, i.e. anti-mouse IgG (Cell Signaling Technology,
cat#7076) and anti-rabbit IgG (Cell Signaling Technology,
cat#7074). Proteins were detected using the ChemiDoc
XRS+ System (Bio-Rad).

Oxygen affinity of Hb

Approximately 1 x 107 cultured cells were collected as a
cell pellet and resuspended in 2 mL Hemox solution
buffer. As a control, 50 uL canine whole peripheral
blood was prepared using the same method. Oxygen
equilibrium curves were analyzed using a Hemox analy-
zer (TCS Medical Products Division).

Amino acid sequence and structure analysis

To analyze human and canine EPO, EPOR molecular
graphics were performed with UCSF ChimeraX
(Goddard et al. 2018). Sequence alignment of human
and canine EPO and EPOR amino acids was conducted
using Clustal Omega (Madeira et al. 2024)

Statistical analysis

Statistical significance was assessed using a non-para-
metric Student’s t-test performed with using GraphPad
Prism 10 (GraphPad). A p-value of <0.05 was considered
statistically significant.

Results

Optimization of EPO concentrations in the
culture medium for in vitro erythropoiesis of
canine PB MINCs

As there are no prior studies on the in vitro erythroid
differentiation of canine-derived cells, we adopted a
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conventional culture system designed for the in vitro
differentiation of human HSPCs (Bozhilov et al. 2023)
to determine whether mature RBCs could be generated
in vitro from canine PB MNCs. The culture medium was
supplemented with specific erythropoietic cytokines,
including hEPO, cSCF, and hlIL-3, in addition to holo-
transferrin and insulin.

The cytokine concentrations used for in vitro erythro-
poiesis were consistent with those established for
human HSPCs, except for EPO. As the optimal concen-
tration of cEPO for generating canine RBCs in vitro
from PB MNCs has not been reported, we investigated
the most appropriate concentration for the proliferation
and differentiation of the erythroid lineage cells.

After isolating canine PB MNCs, the cells were seeded
at a density of 1x 10° cells/mL and monitored for pro-
liferation and differentiation over three weeks. When
the cells were cultured with varying concentrations of
cEPO (10, 20, 40, 80, and 160 ng/mL), cell numbers
initially decreased and stabilized around day 10 post-
seeding, regardless of the cytokine concentration
(Figure 1(a)). From day 0 to day 6, the proportion of
seeded cells decreased by approximately 20%. Platelets
present in the initial PB MNC population persisted for

the first 6-7 days but gradually disappeared.
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Proliferation began thereafter, with an increase in total
cell numbers. Enucleated erythrocytes were observed
starting on day 10, and a red cell pellet formed (Figure
1(b)). The highest proliferation rate relative to the
initial seeding of cells was observed by day 17, although
donor variability influenced these rates (Figure 1(a)).
Throughout the culture period, cell viability did not
differ significantly among the groups.

Notably, the group supplemented with 40 ng/mL of
CEPO showed the highest cell proliferation rate during
the 17-day differentiation period (Figure 1(a)).
However, no remarkable differences in proliferation
rates were observed among the groups during the first
seven days (Figure 1(a)). The proliferation rate declined
when the cEPO concentration deviated from 40 ng/mL,
either higher or lower (Figure 1(a)). Additional exper-
iments using cEPO concentrations of 40 and 80 ng/mL
(Figure 1(c)) or 30, 40, and 50 ng/mL (Figure 1(d))
confirmed that 40 ng/mL was the optimal concentration
for maximizing cumulative cell numbers. These findings
demonstrate that 40 ng/mL is the most effective con-
centration of cEPO for expanding PB MNCs into ery-
throid cells.

Remarkably, cEPO demonstrated higher efficacy than
hEPO at promoting cell proliferation rates (Figure 1(c
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Figure 1. In vitro erythroid differentiation of canine PB MNCs with recombinant cEPO and recombinant hEPO. (a) Total cumulative cell
numbers on differentiation days with cEPO at concentrations of 10 ng/mL (n =5), 20 ng/mL (n =5), 40 ng/mL (n =8), 80 ng/mL (n =
5), and 160 ng/mL (n = 2). *Indicates statistical significance with p <0.05. (b) Photographs of cell pellets on day 10 and day 14 of
culture. (c) Total cumulative cell numbers with cEPO (40 and 80 ng/mL) compared to hEPO (40 and 80 ng/mL) (n = 1). (d) Total cumu-
lative cell numbers with cEPO (30, 40, and 50 ng/mL) compared to those with hEPO (30, 40, and 50 ng/mL) (n=1).



and d)). Although hEPO (40 ng/mL) also significantly
promoted cell proliferation, the proliferation rates of
CEPO-treated cells were 1.61- to 2.83-fold higher than
those of hEPO-treated cells between days 18 and 21.
These findings indicate that efficient in vitro expansion
of erythroid lineage cells from canine PB MNCs can be
achieved using the same cytokine cocktail used for
human HSPC differentiation, with cEPO demonstrating
significantly greater efficacy than hEPO at the optimal
concentration of 40 ng/mL.

Canine erythropoiesis resembles human
erythropoiesis and exhibits comparable
morphological transitions of cells

When morphological characteristics and cell sizes were
assessed using Imagel, distinct erythroblast stages,
ranging from proerythroblasts to mature RBCs, were
identified (Figure 2(a and b)) and were comparable to
those in humans, as described previously (England
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et al. 2011; Hedayanti and Wahyudi 2023). These
findings indicate that the differentiation and maturation
of canine erythroblasts can be categorized into distinct
stages, similar to those observed in other mammalian
cells. Notably, the cell diameters of the canine cells
were smaller than those of the corresponding human
cells at each differentiation stage, with the size disparity
becoming more pronounced as differentiation pro-
gressed (Figure 2(b)).

To monitor the progression of erythroid differen-
tiation in the presence of 40 ng/mL of cEPO, erythro-
blast numbers at specific differentiation stages were
scored on particular days using morphological criteria.
Prominent erythroid differentiation was observed start-
ing on day 10, with gradual maturation, reaching
36.08% RBCs by day 17 (Figure 2(c)). These findings
indicate that our in vitro differentiation protocol, sup-
plemented with 40 ng/mL cEPO, effectively recapitu-
lates in vivo erythropoiesis, similar to the protocols
established for humans.

Canine

Proerythroblast

E Basophilic
- ; erythroblast

. ‘ _ Polychromatic

erythroblast

Orthochromatic
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Young reticulocyte

(7 Mature reticulocyte

10 pm 10 um

Figure 2. Characterization of cell types arising from in vitro erythroid differentiation of canine PB MNCs using cEPO at 40 ng/mL. (a)
Representative Wright-Giemsa-stain images of cells during in vitro erythroid differentiation over 17 days. Orange arrowheads; Ortho-
chromatic erythroblast, red arrowheads; Reticulocyte. (b) Identification of the major erythroid lineage cell types emerging from canine
PB MNCs during in vitro differentiation, with a comparison to corresponding human cell types. (c) Quantification of cumulative ery-
throid lineage cell types during in vitro erythroid differentiation over 17 days. Erythroid cell types were quantified by counting over
200 cells per specific day of differentiation from Wright-Giemsa-stain images, and the stacked percentages of cell types were plotted.

Scale bars: 10 uM. *p < 0.05, **p < 0.01, ***p < 0.001.
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When erythroid cell types were quantified on day 17
for each cEPO concentration (in the samples shown in
Figure 1(a)), erythroid maturation was found to be

proportional to the percentage of cell expansion
(Figure 3(a)). The highest level of erythroid differen-
tiation was observed in the 40 ng/mL cEPO group

a
. Mean + SD
cEPO (ng/mL) Maturation status (x 106 cells)
RBC 1.065 + 0.047
Ortho-E 0.754 + 0.022
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Ortho-E 1.394 + 0.338
20(n=4) Pro-/Baso-/Poly-E 2.686 + 0.834
Others 6.315 + 1.007
RBC 9.765 + 1.704
Ortho-E 5.162 + 1.276
40(n=6) Pro-/Baso-/Poly-E 8.784 + 1.241
Others 3.350 + 0.742
RBC 1.882 £ 0.553
Ortho-E 1.332 £0.218
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Figure 3. Quantification of cumulative erythroid lineage cell types during in vitro erythroid differentiation of canine PB MNCs with
different concentrations of cEPO and hEPO. (a and b) Erythroid cell types on day 17 of the in vitro differentiation experiments pre-
sented in Figure 1a were quantified by counting over 200 cells for each specific concentration of cEPO from Wright-Giemsa-stain
images. Quantification of cumulative erythroid lineage cell types with 10, 20, 40, 80 and 160 ng/mL of cEPO (a), and the stacked per-
centages of cell types (b). *p < 0.05, **p < 0.01, ***p < 0.001. (c) Stacked percentages of erythroid cell types with cEPO (40 and 80 ng/
mL) compared to those with hEPO (40 and 80 ng/mL). Erythroid cell types on day 21 of the in vitro differentiation experiments pre-
sented in Figure 1(b) were quantified by counting over 100 cells for each specific concentration of cEPO and hEPO from Wright-
Giemsa-stain images. RBC; red blood cells, Ortho-E; Ortho-erythroblasts, and Pro-/Baso-/Poly-E; pro-erythroblasts/baso-erythro-
blasts/poly-erythroblasts.



(Figure 3(a and b)). Similar to the proliferation rates,
the erythroid differentiation rates declined when the
cEPO concentration deviated from 40 ng/mL, either
higher or lower. The mature RBC percentages in the
40 ng/mL group reached 36.08%, significantly higher
than those observed in the 10 ng/mL (16.7%), 20 ng/
mL (20.62%), 80 ng/mL (31.71%), and 160 ng/mL
(14.6%) groups. Moreover, the proportion of differen-
tiating erythroblasts was significantly higher in the
40 ng/mL cEPO-treated group than in the other cEPO
concentration groups. These data demonstrate that
the optimal cEPO concentration of 40 ng/mL is critical
for the expansion, differentiation, and maturation of
erythroid cells.

In contrast, 40 ng/mL hEPO induced erythroid cell
maturation comparable to that observed for cEPO at
the same concentration, although hEPO was less
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effective than cEPO in promoting erythroid cell expan-
sion (Figure 3(c)). Notably, the percentage of mature
RBCs in the 40 ng/mL hEPO-treated group was similar
to that in the corresponding cEPO-treated group,
despite a significantly reduced proportion of differen-
tiating erythroblasts. These findings suggest that the
binding of hEPO to cEPOR is the rate-limiting step,
with normal erythroid differentiation proceeding
thereafter.

Canine erythropoiesis resembles human
erythropoiesis and exhibits comparable
expression profiles of erythroid markers

Since no prior analyzes have examined erythroid
marker expression during canine erythropoiesis, we
sought to profile the mRNA expression of several

a
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Figure 4. Expression profiles of erythroid differentiation marker genes during in vitro erythroid differentiation of canine PB MNCs with
cEPO (40 ng/mL) over 3 weeks. (a) mRNA expression profiles of canine erythroid markers: canine alpha hemoglobin stabilizing protein
(cAHSP; n =5), canine Kriippel-like factor 1 (cKLFT; n = 8), canine erythropoietin receptor (cEPOR; n = 6), and canine transferrin receptor
(cTFRC; n = 6). qRT-PCR was performed on total RNA extracted from specific days of differentiation, and the values (2A-AACt) were
normalized to the expression levels at day 0. Blue lines represent the mean values, and the gray shades indicate the standard deviation
(£ SD). (b) A schematic representation of mRNA expression profiles of corresponding marker genes during human erythropoiesis. The
mRNA expression data were obtained from previous studies (dos Santos et al. 2004; Marsee et al. 2010; Dzierzak and Philipsen 2013;
Lee et al. 2023). It is noteworthy that hAHSP expression begins to increase in the baso-erythroblast stage, reaching its highest level in
the reticulocyte. In contrast, hEPOR is expressed at the earliest stage of erythroid cell development, the proerythroblast, increases until
the poly-erythroblast stage, but then starts to decrease and becomes undetectable in the reticulocyte. Although both hKLF1 and
hTFRC start to be expressed in the baso-erythroblast stage, hKLF1 reaches its highest level in the ortho-erythroblast, while hTFRC
peaks in the early reticulocyte stage.
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erythroid-specific markers during the in vitro differen-
tiation of canine PB MNCs in the presence of 40 ng/mL
cEPO. However, establishing precise correlations was
challenging due to limitations in the availability of
canine RNA samples and donor variability among PB
MNCs. Additionally, the presence of mixed hematopoie-
tic lineage cells in differentiation cultures, along with
reduced mRNA levels as erythrocytes underwent enu-
cleation, made it difficult to identify significant trends
in mRNA expression relative to culture dates and ery-
throid markers. Nevertheless, all four markers exhibited
increased expression during the early stages (days 10-
13). Among them, cAHSP, cKLF1, and cTFRC showed
further increases during mature RBC formation,
whereas cEPOR expression did not follow this trend
(Figure 4(a)). By extrapolating the expression levels of
each gene to the proportions of cell populations in
Figure 2(c), we estimated the expression propensity of
each gene during in vitro erythropoiesis. Since the pro-
portion of polychromatic and orthochromatic erythro-
blasts was higher on day 17 than on days 10 or 14 in
our in vitro differentiation experiments (Figure 2(c)),
the expression profiles of cAHSP, cKLF1, and cTFRC
closely resembled those observed in humans (dos
Santos et al. 2004; Marsee et al. 2010; Dzierzak and Phi-
lipsen 2013; Lee et al. 2023) (Figure 4(b)). In contrast,
cEPOR expression increased during the early stages
(days 10-13) but did not show further increases in the
later stages (days 15-17) (Figure 4(a)). Overall, our data
indicate that canine erythropoiesis follows a pattern
similar to that of human erythropoiesis, with comparable
expression profiles of erythroid markers during the in
vitro erythropoiesis of canine PB MNCs.

Erythroid cells derived from in vitro
differentiation of canine PB MINCs express
mature hemoglobin with an oxygen-binding
capacity comparable to that of in vivo RBCs

To determine whether the erythroid cells derived from in
vitro differentiation of canine PB MNCs, cultured with
40 ng/mL of cEPO, express functional mature hemo-
globin, we assessed the expression level of hemoglobin
a protein (HBA) in cells at day 21 of culture using
western blot analysis. Compared to the RBCs prepared
from canine PB, in vitro differentiated erythroid cells
also expressed HBA (Figure 5(a)). Furthermore, when
the oxygen equilibrium curve (Pan and Johnstone
1983) was established for the erythroid cells at day 18
using a Hemox analyzer, the analysis revealed a compar-
able p50 value to that of canine PB RBCs (21.03 mmHg
for cultured cells versus 20.25 mmHg for peripheral
RBCs; Figure. 5(b)). These findings demonstrate that
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Figure 5. Functional analysis of day 17 cells from in vitro ery-
throid differentiation of canine PB MNCs with cEPO (40 ng/
mL). (a) Western blot analysis of hemoglobin a (HBA) expression
in differentiated cells from three different donors on day 21 of
differentiation: lanes #1, #2, and #3. The lane labeled ‘RBC’ indi-
cates peripheral blood RBCs collected from a reference dog. The
arrow indicates the monomeric hemoglobin A (HBA), whereas
the asterisk (*) denotes the HBA dimer. (b) Oxygen-binding
capacity of the cells on day 18 of differentiation, demonstrating
comparability to peripheral blood RBCs obtained from a
different donor than the one used for in vitro differentiation.

erythroid cells generated in vitro express mature Hb
with an oxygen-binding capacity similar to that of
RBCs in canine PB.

Discussion

This study successfully established, for the first time, an
in vitro canine RBC differentiation system. We character-
ized proliferation and differentiation of the cultured
cells, and evaluated their functional properties. Initially,
we attempted to isolate canine CD34+ cells from PB
MNCs using methods similar to those used for human
cells (Miharada et al. 2006; Lee et al. 2016) to differen-
tiate them into a specific erythroid lineage. However,
the attempt did not yield successful results and
minimal proliferation was observed during the 7-day
culture period (data not shown). Although the reagents
were designated for canine use, they were less efficient
than their human-specific counterparts. For instance,
CD34+, a common marker used in sorting erythroid
lineage cells from human PB MNCs, was unsuccessful.
Furthermore, suitable canine markers, such as CD71
and CD235a for assessing erythroid cell maturity, were
unavailable.

To address these challenges, we directly induced ery-
throid differentiation from canine PB MNCs by optimiz-
ing cytokine concentrations, enabling in vitro RBC
production in dogs, analogous to that established
human systems. The cytokine concentrations used for
in vitro erythropoiesis were consistent with the protocols
for human HSPCs, except for the EPO concentration
optimization. We determined that 40 ng/mL cEPO was
the optimal concentration for achieving the highest
differentiation yield in vitro. In addition, cEPO



outperformed hEPO in this system. Both proliferation
and erythroid differentiation rates declined with cEPO
concentrations above or below this optimal value.

Our in vitro differentiation system, using 40 ng/mL of
cEPO, efficiently promoted erythroid cell expansion, differ-
entiation, and RBC maturation, as demonstrated by cell
morphology, erythroid marker gene expression, and func-
tional assays. We found distinct stages of canine erythro-
blast differentiation and maturation, mimicking those
observed in mammalian cell systems. However, the cell
diameters were smaller than those of the corresponding
human cells at each stage of differentiation, with the
size difference increasing throughout differentiation.

Several issues regarding the optimal EPO concen-
tration for in vitro erythropoiesis in canine PB MNCs
merit discussion. For instance, why do both proliferation
and erythroid differentiation rates decline when the
cEPO concentration deviates from this optimal value?
EPO plays a dual role: first, it protects erythroid progeni-
tors from apoptosis by activating anti-apoptotic pro-
teins, including B-cell lymphoma-extra large (Bcl-XL).
Second, it is essential for terminal differentiation by sti-
mulating the expression of erythroid-specific transcrip-
tion factors and genes, including Hb (Dolznig et al.
2002; Lee et al. 2016). Unlike the in vivo scenario,
where feedback mechanisms tightly regulate EPO
levels, in vitro erythropoiesis lacks such control. Subopti-
mal EPO concentrations may be insufficient to prevent
apoptosis or stimulate mitosis in erythroid progenitor
cells. Conversely, supra-optimal EPO concentrations
may inhibit cell differentiation beyond the progenitor
stage, potentially leading to cell death. This delicate
balance underscores the necessity of maintaining an
optimal EPO concentration to support both erythroid
cell proliferation and differentiation.

Another point that warrants further discussion is the
reason why the optimal concentration of EPO for in
vitro differentiation of PB MNCs (i.e. 40 ng/mL) is
approximately three times higher than that used for in
vitro differentiation of CD34+ HSPCs (3 IU/mL, equival-
ent to 12.55ng/mL; Merck cat#329871). A possible
explanation is the continuous presence of the same
EPO concentrations throughout the erythroid differen-
tiation in our system, whereas EPO is typically withdrawn
in the later stages of CD34+ HSPCs in vitro differen-
tiation. This difference in protocol complicates compari-
sons between the two systems and highlights the need
for further investigation into the factors influencing EPO
concentration requirements.

Additionally, canine PB MNCs treated with cEPO
(40 ng/mL) exhibited 1.61- to 2.83-fold higher prolifer-
ation and differentiation rates compared to those
treated with hEPO (40 ng/mL). This difference can be
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attributed to species-specific interactions between EPO
and EPOR, resulting in a higher affinity of cEPO for
cEPOR than that of hEPO for cEPOR, despite similar bio-
logical activity across mammalian species. An important
aspect of this interaction is the regulation of EPOR
expression during erythroid development. In both
humans and mice, EPOR expression has been reported
to increase during the transition from burst-forming
unit-erythroid (BFU-E) to colony-forming unit-erythroid
(CFU-E) (Menon et al. 2006). Furthermore, studies using
mouse models have demonstrated that EPOR expression
gradually decreases during erythroblast maturation
(Heinrich et al. 2004). This may influence the response
to EPO during this critical developmental stage. The
CEPO and hEPO share 81.21% identity and 93.93% simi-
larity in their overall amino acid sequences, whereas
CEPOR and hEPOR share 82.64% identity and 91.53%
similarity. Notably, several amino acids involved in the
EPO-EPOR interaction exhibit discrepancies in charge
between canine and human EPO and EPOR (Figures 6
and 7). For instance, three residues in the D3 and D4
helices exhibit charge disparities, indicating structural
differences between canine and human EPO (Figure 6).
Additionally, a previous study reported that a critical
hEPOR EPO-binding determinant (Phe93) resides in the
L3 domain, as demonstrated by site-specific mutagen-
esis within the hEPOR extracellular domain (Middleton
et al. 1996). In contrast, residues in the L5 domain con-
tribute moderately or weakly to the binding of Phe93
to hEPO. Notably, in cEPOR, a charge difference in one
L5 domain residue (His versus Leu) results in structural
differences in the EPO-EPOR binding site three-dimen-
sional model. This variation specifically affects the 1EBP
structure for both EPOR and EPO mimics (Wen et al.
1994; Livnah et al. 1996) (Figure 7). These differences
in the amino acid sequence of the L5 domain between
hEPOR and cEPOR suggest potential variations in struc-
tural integrity, likely alter the binding affinities.

Our study had several limitations. First, further refine-
ment of the in vitro erythroid differentiation procedures
is required. This includes stepwise differentiation using
cytokine combinations or coculture with stromal or
mesenchymal stem cells, as suggested in recent
human erythropoiesis studies (Bozhilov et al. 2023).
Additionally, while we analyzed HBA expression and
the p50 value for oxygen association-dissociation as
functional indicators of erythrocytes, we found that
canine RBCs derived from in vitro cultures closely
resemble PB RBCs. However, our study has limitations
in defining Hb types and fully characterizing RBC func-
tionality. These limitations stem from the lack of
specific antibodies and reagents for studying canine
Hb, coupled with gaps in existing research. Further
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Figure 6. Structural differences between human and canine EPO. (a) Amino acid sequence alignment of mature human EPO (hEPO,
P01588) and canine EPO (cEPO, P33707). Multiple sequence alignment was performed using Clustal Omega (PDB id: clustalo-
120241209-014629-0930-11133740-p1 m). The dotted square regions indicate the predicted amphipathic a-helical structures. (b)
Aligned 3D structures of hEPO (magenta) and cEPO (cyan) in the D3 and D4 amphipathic a-helical regions, visualized using ChimeraX.
The amino acid sequences of D3 (residues 89-107) are as follows: hEPO: EPLQLHVDKAVSGLRSLTT; cEPO: ETPQLHVDKAVSSLRSLTS. The
amino acid sequences of D4 (residues 131-152) are as follows: hEPO: RTITADTFRKLFRVYSNFLRGK; cEPO: RTFTVDTLCKLFRIYSNFLRGK.
Residues in a significant difference in three-dimensional structure are highlighted with white circles in the enlarged images.
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Figure 7. Structural differences between human and canine EPOR. (a) Amino acid sequence alignment of mature human EPOR
(hEPOR, P19235) and canine EPOR (cEPOR, Q2KL21). Multiple sequence alignment was performed using Clustal Omega (PDB id: clus-
talo-120241112-072919-0819-22641568-p1 m). The dotted square regions highlight predicted -sheets around key EPO-binding loops
(D1 and D2), where residues involving in hEPO binding are boxed with names; L3 (residues 90-94 in hEPOR: TSSFV), L5 (residues 148-
153 in hEPOR: TPMTSH), and L6 (residues 203-205 in hEPOR: PSF). Residues in the L5 region affecting hEPO binding when mutated are
marked with red (moderate) and blank (minor) triangles (Middleton et al. 1996). (b) Superposition of the extracellular domains of
CEPOR (cyan) to those of hEPOR (magenta) in the three-dimensional structures of the extracellular binding domain (EPO-binding
protein, EBP, residues 1-225 of the EPOR) and an EPO-mimetic peptide (EMP1) complex (1EBP) (Livnah et al. 1996). The cEPOR
and hEPOR were superimposed only on their extracellular (D1 and D2) domains of one receptor monomer using ChimeraX. The
L5 region (corresponding to residues 170-179) showing structural differences between hEPOR and cEPOR is enlarged on the right,
where side chains are labeled for reference.
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studies are essential to address these gaps and advance
our understanding of this field, underscoring the impor-
tance of follow-up research.

In conclusion, we successfully established, for the first
time, an in vitro erythroid differentiation system for
canine PB MNCs, demonstrating the potential of in
vitro-cultured canine RBCs for clinically advanced thera-
peutic applications.
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