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Preface

When I first saw healthy human red blood cells under a microscope I felt inspired
because I got to know them "in person", whereas regular people know blood as just
a red liquid in our body. These cells lacking nuclei looked perfect to me, perhaps
because of their simple structure, at least at first sight. It is fascinating that our life
and well-being depend on the quality and quantity of our red blood cells. These
thoughts and feelings motivated me to learn about red blood cells during my PhD
studies. I was fortunate to work on the projects where we focused on red blood cell
generation. Our approach was not classic but rather inovative.

What happens in the body (in vivo) and in the dish (in vitro) could not necessarily
be regulated by identical mechanisms. Different environments and starting materials
might be reasons for this variation. However, understanding red blood cell
development in both settings is essential for finding novel red blood cell regulators,
and potentially provide knowledge that could help improve current therapies for
anemia. Mass-production of red blood cells in the lab is considered a promising
approach for its clinical practice in the future. Although it sounds straightforward,
it remains to be an ambitious goal.

I hope the readers of this thesis book will enjoy learning about red blood cells as
much as I do.
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Background

Brief historical overview of blood transfusion

Blood transfusion is a lifesaving procedure where the patient’s blood is replaced or
supplemented by a blood donation. However, patients have restricted access to safe
blood transfusions globally making it an urgent need to enable its efficient and
continuous availability. Blood production in the lab is an alternative approach to
public blood donation, and is one possible solution to the problem of availability.

Blood

Being alive is impossible without this bright, red fluid - blood, which supports our
life by transporting oxygen throughout body. Each person has different volumes of
blood in the body, depending on their age, body weight, sex and physiological
condition, but typically blood represents around 7 - 10 % of body mass (Reviewed
in Gutierrez, Reines and Wulf-Gutierrez, 2004). Keeping constant blood volume is
critical to maintain sufficient perfusion of all tissues and retain the body's normal
function. Blood is a fluid, thicker than water, consisting of the liquid base, called
plasma, in which red blood cells, white blood cells, and platelets are suspended. The
blood consists of 55 % of the plasma and 45 % of the cells. The plasma is a yellow,
slightly murky liquid, mainly consisting of water (92 %) and the rest are essential
substances such as proteins, vitamins, nutrients, and electrolytes (Joscilin, Parvathy
and Varacallo, 2021). The main functions of the plasma is to transport the blood
cells and essential substances throughout the body, to regulate body temperature, to
collect metabolic waste from the cells and deliver it to specific organs for recycling,
to enable coagulation, and to provide the body with immunological defence
(Joscilin, Parvathy and Varacallo, 2021). The cell compartment in the blood is
represented by red blood cells (RBCs) (over 99 %), the rest being the immune cells
and platelets.
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=55% Plasma
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Figure 1. Simplified expamle of the whole blood franctionation into components by centrifugation. Blood can
be separated into three components after spinning it down at high speed in the centrifuge.

RBCs is the most abundant cell type in the human body, comprising 84 % of the
cells in the body (Sender, Fuchs and Milo, 2016). Each blood cell type has a specific
function in the body. RBCs are essential to supply living cells in the body with
oxygen (O») and nutrients while removing carbon dioxide (CO,). RBCs are small
enough to pass quickly through all sizes of vessels thanks to their ability to adjust
their shape. Platelets play a vital role in triggering blood clotting, or coagulation, in
order to help prevent serious blood loss when we get injured. White blood cells
(WBCs) are a part of immune system that protects our bodies from pathogens and
function to maintain homeostasis through interaction and surveillance of foreign
material (Dean, 2005).

All mature blood cells originally derive from the same immature cell called
hematopoietic stem cell (HSC) and are formed through the process called
hematopoiesis. Hematopoiesis is a stepwise process through a hierarchical structure,
where the HSC resides on top of the differentiation hierarchy and can differentiate
into all the mature blood cells through discrete series of progenitor populations
(Seita and Weissman, 2010).

In summary, blood is indispensable to survive because blood components play
several essential roles in our body. Performing various analyses of blood could
reveal our health conditions. And this simple fact makes blood an important research
subject, ranging from aiding in the fight against invading diseases to creating
artificial components of this vital fluid.

Blood transfusion through the centuries

It was noticed already from the ancient times that there was a strong correlation
between blood and life, because severe blood loss resulted in death. However, it
then took many years to understand the blood circulation system and the properties
of blood. This knowledge helped to set a foundation for modern blood transfusion
applications as used today for clinical purposes. Today, it is common to donate
blood, which is stored and then transfused to a receipt in need. We often visit
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transfusion services to donate blood almost for granted as a well-established medical
procedure; however, it is a relatively recent method and it took hundreds of years to
reach the accessibility that we enjoy today.

Before blood transfusion began to be used as a life-saving procedure, bloodletting
was a widespread practice for many centuries. In ancient Roman and Greek times,
it was believed that removing “bad blood” had a curative meaning. The idea was
based on a humoral theory that the human body is filled with four essential
ingredients, i.e. blood, phlegm, yellow bile, and black bile. Any illness or difference
in personality was a consequence of their disbalance. Thus, different diets, changes
in the environment or bloodletting were used to correct the imbalance or cure illness,
and was in fact performed for a long time (Reviewed in Giangrande, 2000).

In 1628, English physician William Harvey made one of the crucial discoveries in
the blood transfusion history. He was the first to understand and describe the blood
circulation system, thereby initiating many speculations about possibilities of
prolonging life by blood transfusions and early experimentation with blood
infusions using potions and medications (Reviewed in Giangrande, 2000). The first
blood transfusion from one animal to another was tried using dogs and was
demonstrated in 1666 by Richard Lower (Oxford). Jean Denis (Paris) then
transfused blood from different animals (calves and lambs) into humans a year after.
However, his experiments were not successful and led to many deaths rather than
life rescues. As a result, blood transfusions were considered a criminal act and were
not allowed anymore in France and later in other countries (Reviewed in
Giangrande, 2000).

All such old blood transfusion attempts were unsuccessful due to a lack of the basic
understanding about differences in blood compatibility between inter-species, blood
coagulation, and the general absence of efficient equipment for the purpose. Still, it
was believed that blood transfusion could treat different unknown illnesses and
change personalities, vigour and help regain youth (Reviewed in Giangrande, 2000).

It took almost another 150 years until obstetrician James Blundell (London) in 1818
for the first time speculated that human to human blood transfusion could prolong
the life of women suffering from postpartum haemorrhages (Blundell, 1818).
During close to the following decade (1818 - 1829) he investigated this hypothesis
and documented ten human-to-human blood transfusions. In 1828, Blundell
reported to the Lancet journal about the first successful case of human to human
blood transfusion. The report described how one of his assistance’s blood saved the
life of the woman suffering from severe post-partum blood loss (Blundell, 1828).
Blundell highlighted in his report that blood has to be transfused to patients only
under acute need and encouraged his colleagues to use transfusions to compensate
for severe blood loss caused by post-partum haemorrhages. His discoveries and
observations represented the start of the blood transfusion era and Blundell is
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credited as a father of modern transfusion therapy for his contributions to this field
(Welck, Borg and Ellis, 2010).

For another almost 70 years, blood transfusions were performed without
recognizing differences in blood between individuals. However, in 1901 Karl
Landsteiner (Vienna) observed that the addition of blood of some individuals to
others led to agglutination. Later on, he received the Nobel prize in 1930 for
classifying blood into the nowadays well-known four blood groups, such as the
ABO blood group system (Landsteiner, 1901). In 1939, one of the Landsteiner’s
trainees, Philip Levin, reported a case study in which mixing a woman's and her
husband's blood resulted in agglutination even though they had similar blood
groups. This was how Rhesus antibodies in humans were identified, and later
recognized as another important blood group system (Levine, Newark and Stetson,
1939). These discoveries inspired other researchers to conduct related studies,
which led to identifying several other antigenic systems such as Lutheran, Kell,
Duffy and Kidd and others (Callender, Race and Paykoc, 1945), (Coombs, Mourant
and Race, 1946), (Cutbush, Mollison and Parkin, 1950), (Fred H. Allen, Diamond
and Niedziela, 1951).

Blood storage and blood banks

Along with investigations about blood transfusion, problems related to blood
coagulation and storage were recognized. In 1912, a vascular surgeon, Alexis
Carrel, received Nobel Prize for development of a method allowing blood
transfusion directly from one donor to another by sewing their blood vessels
together (Carrel, 1912). However, the most significant limitation of this approach
was the need for the donor to be present through the whole surgery which could
sometimes take a good deal of time. In 1915, Richard Lewisohn (New York)
improved the already promising anticoagulant solution containing sodium citrate,
thereby making the first non-direct blood transfusion possible. This solution was
highly beneficial for protecting blood from coagulation for some hours in the fridge
(Lewisohn, 1916). With time, it was found that dextrose had a better effect on
preserving RBCs up to fourteen days (Rous and Turner, 1916); the citrate-
phosphate-dextrose solution allowed blood storage up to 28 days (Gibson, Gregory
and Button, 1961). The ability to preserve donated blood and the second World War
motivated the establishment of the first National Blood Transfusion Services in
1946 and later blood banks. In 1940 Edwin Cohn (Boston) found out the possibility
to fractionate plasma proteins therefore there was no need to transfuse whole blood
unit to the patient needing only specific blood components to treat illnesses (Cohn
et al., 1940), (Blajchman, Shepherd and Perrault, 1979).
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Blood transfusion nowadays

Nowadays, blood transfusion is a common procedure which can improve patients’
health and save life (Seifried and Mueller, 2011). Even though there is a significant
benefit in receiving blood there are also some concerns about blood accessibility
and safety (Armstrong, 2008).

World Health Organization (WHO) reported that annually 112.5 million blood
donations are collected worldwide, however there is a limited access to safe blood
for many patients because of the differences of donation frequencies in various
countries (WHO, 2006), (WHO, 2017). Moreover, predictions point toward a
projected, global increase in demand of blood supply by 2050, in view of the elderly
population increasing (Ali, Auvinen and Rautonen, 2010). Furthermore,
unpredictable worldwide pandemics or natural disasters can cause health care crisis
as it did during the COVID-19 global pandemic: the healthcare faced problems with
a shortage of blood supply and the blood safety in many countries worldwide
(Stanworth et al., 2020), (Chang, Yan and Wang, 2020), (Al-Riyamia et al., 2021).

To ensure the beneficial effect for the patient’s life, the transfused blood has to be
safe. Every country's national health care policy and infrastructure systems have to
follow suggested quality requirements to provide safe blood supplies (WHO, 2006).
WHO suggests that all donated blood should be screened for infections (HIV,
hepatitis B and C, syphilis, malaria) prior to transfusion, however, 35 countries
cannot screen all donated blood for one or more infections. Performing tests is not
reliable in many countries because of the unstable supply of test kits and its poor
quality, shortage of trained personal, or lack of appropriate infrastructures in
laboratories (WHO, 2017).

Last but not least, finding compatible donors and recipients is yet another difficulty
for safe blood transfusions. Consideration of at least matching ABO and Rhesus
blood groups is important to ensure safe blood transfusion. At present, there are
more than 40 blood groups identified while new ones are continuously being
identified (WHO, 2017), (Daniels and Reid, 2010), (Mitra, Mishra and Rath, 2014),
(ISBT, 2021).

Given these important concerns, finding alternatives that could provide limitless,
infection free, and personalized sources of blood and its components is of a great
value. Ex vivo generation of RBCs on a large scale has been thought of as a
promising approach to overcome the insufficiency of blood supply. Nowadays, our
research has advanced so much that we can accomplish this goal. However, to
seriously use ex vivo generated blood for transfusions, still optimization of product
scalability, safety, quality, and cost are required.
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Red blood cells

Over the years, much knowledge has been gained about RBCs, but more detailed
understanding is still needed to efficiently produce RBCs in the lab. This section
briefly describes typical RBC characteristic features, functions, anatomy, and
conditions related to red blood cell disorders.

Characteristic features

Red blood cells, or erythrocytes, are the main cellular component in the blood, and
they are devoted to transporting oxygen and carbon dioxide through the body. Lack
of the nucleus in the mature RBC enables efficient accumulation of hemoglobin in
its cytoplasm. The presence of approximately 270 million hemoglobin molecules
per cell contributes to the characteristic red colour of blood (Alessandro et al.,
2017). One hemoglobin molecule consists of four heme molecules bound to globin
chains. Heme is a ring-like complex, also known as porphyrin. Its unique structure
is capable of attaching an atom of iron (4 Fe*"), which sits like a jewel in the centre
and is required to bind oxygen to hemoglobin. When iron is in the transition state
(Fe’"), it cannot bind oxygen. Therefore, oxygen concentration and the changes in
the affinity of iron molecules makes oxygen-binding reversible. One functional
adult globin unit (02f32) consists of four polypeptide chains such as 2 a - like globin
peptide chains and 2 B - like globin peptide chains folded around heme (Manning et
al., 2020).

Due to the absence of a nucleus, mature RBC possesses the shape of a biconcave-
discoid capsule (Schechter, 2008). The size of these cells is approximately ~ 7.5 to
8.7 pm in diameter and ~ 1.7 to 2.2 pum in thickness. A unique feature of RBCs is
their capacity for membrane deformation, which repeatedly allows squeezing
through narrow capillaries of microvasculature (~3 um diameter) without breaking
the cell membrane and significant changes in membrane surface area (Huisjes et al.,
2018).

According to calculations based on human body weight and RBC count per
microliter, the total amount of circulating RBC in the 70 kg person equals ~ 2.5 x
10" (25 trillion) cells. The healthy human adult loses ~ 0.8 - 1 % of their total RBCs
in a day, which is compensated by approximately ~ 2.5 million RBCs are produced
every second. On average, development in the bone marrow takes 14 days and the
average lifespan of the mature RBC is around 120 days. Old RBCs are then
destroyed by macrophages of splenic and hepatic sinusoids (Palis, 2014),
(Fernandez Arias C, 2017).
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Erythropoiesis

Erythropoiesis is the process of differentiation and maturation into mature RBCs
and occurs in the primitive (embryonic) and definitive (adult) forms. Primitive
erythropoiesis is a transient form for a brief period of early-life to support the
transition from embryo to fetus. Definitive erythropoiesis then follows to support
the transition from fetus to neonates and remains our mode of erythropoiesis for the
rest of our life (Reviewed in Baron, Isern and Fraser, 2012), (Palis, 2014). Primitive
erythropoiesis occurs in the yolk sac of the early embryo and it is represented by
large, nucleated erythroid cells, which mature directly in the circulation. Definitive
erythropoiesis, in contrast, primarily occurs in the fetal liver and later in postnatal
bone marrow and spleen. Definitive erythroid cells are different from primitive in
generating small enucleated cells (Reviewed in Baron, Isern and Fraser, 2012),
(Palis, 2014).

Bone marrow is the tissue inside our bones that serves as the primary site for adult
blood production from HSCs. Erythropoiesis is the stepwise differentiation process
consisting of commitment from HSC and multipotent progenitors of the erythroid
lineage; terminal erythroid differentiation, when cells undergo morphological
changes and extrude nuclei; followed by reticulocytes maturation step (Palis, 2014).
RBC differentiation from erythroblasts to reticulocyte occurs within specific
microenvironments, called erythroblasts islands (EBI). The EBI is a multicellular
compartment, where macrophages in the center are interacting with erythroid cells
at different maturation stages (Al-Drees ef al., 2015).

A classical model of hematopoietic hierarchy suggests that HSCs give rise to
erythroid cells by undergoing strictly separate intermediate progenitor stages,
stimulated by wvarious factors such as cell-cell interactions, intrinsic (e.g.,
transcription factors), or extrinsic factors (e.g., cytokines, hormones). Additionally,
an alternative model of hematopoiesis suggests heterogeneity within the HSC
population with respect to their direct lineage commitment potentials, which may
further influence lineage commitment into erythropoiesis (Manz et al., 2002),
(Doulatov et al., 2010), (Notta et al., 2016). While details are still being
investigated, the conventional view states that erythroid cells arise from
megakaryocyte/erythroid progenitor (MEP). MEP give rise to the unipotent burst
forming unit-erythroid (BFU-E), the earliest erythroid progenitor with a certain self-
renewal potential as well as megakaryocyte progenitors (MkP). BFU-E cells
continue to mature and become late erythroid progenitors, colony-forming unit
erythroid (CFU-E). Growth factor requirements between BFU-E and CFU-E are
different. For example, BFU-E are dependent on stem cell factor (SCF) and
glucocorticoids (GC) while CFU-E depend on the hormone erythropoietin (EPO),
which serves as a differentiation factor to generate pro-erythroblasts (Lodish,
Flygare and Chou, 2010). The potential of BFU-E and CFU-E are also different, as
the BFU-E give rise to considerably larger erythroid colonies in the semisolid
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media. Additionally, BFU-E and CFU-E can also be distinguished by the expression
of cell surface markers (Li et al., 2014), however morphologically these cells are
not exclusive in comparison to all other blast cells. CFU-Es then mature into
relatively larger pro-erythroblasts (diameter between 20 - 25 um) with the nucleus
occupying 75 - 80 % of cytoplasm (Reviewed in Yeo, Lam and Fraser, 2019). It is
considered that pro-erythroblasts are the first morphologically recognizable
progenitor cell type in the erythroid lineage. Terminal differentiation of pro-
erythroblasts into reticulocytes occurs through several morphologically defined
cellular forms. Differentiation of pro-erythroblast proceeds into more mature form,
called basophilic erythroblast, 18 - 20 um in size (Reviewed in Yeo, Lam and Fraser,
2019). At this stage chromatin starts to aggregate and start hemoglobin synthesis.
Next, basophilic erythroblasts progress further into polychromatic erythroblasts, 10
- 15 um in size that have more condensed nuclei (Reviewed in Yeo, Lam and Fraser,
2019) and with higher hemoglobin content. This is the last stage of RBC
development where cell division can occur. The orthochromatic erythroblasts are
the most mature and smallest erythroblasts of all erythroid progenitors. These cells
cannot divide, have high hemoglobin concentration and have pyknotic nuclei
(irreversible nuclear condensation); therefore, they are considered as the last
nucleated cells in the erythroid lineage. After orthochromatic cells extrude their
nuclei (enucleate), they become reticulocyte (Reviewed in Nandakumar, Ulirsch
and Sankaran, 2016). The newly developed reticulocyte is mechanically less stable
than mature RBC and needs to undergo a final maturation process to acquire all the
necessary properties. Within 24 - 48 hours, reticulocytes detach from their
microenvironment in the bone marrow and leave to the bloodstream. Within 24 - 48
hours, they become mature hemoglobinized RBCs with the essential proteins for
retaining the cytoskeletal network after membrane remodelling. During this time,
reticulocytes expel remaining cytoplasmic organelles and acquire the distinctive
biconcave form (Reyes and Mondor, 1976), (Palis, 2014)(Yeo, Lam and Fraser,
2019).

BFU-E CFU-E Proerythroblast Basophilic  Polychromatic Orthochromatic Reticulocyte
erythroblast erythroblast erythroblast

‘ . . . . o Red blood cell
. . Pyrenocyte

Band3/GPA
CD49d

Figure 2. Erythroid cell development. HSCs give rise to erythroid cells which further differentiate through stricktly
regulated intermediate distinct stages. Each stage in terminal differentiation can be distinguished with cell surface
markers and morphologically such as change in size, nuclear condensation and hemoglobin accumulation.

Changing expression of different cell surface markers during RBC maturation
allows us to keep track and distinguish specific cells at different developmental
stages using flow cytometry. Band 3 and o4-integrin (CD49d) are two important
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markers to monitor RBC development in vitro from primary human bone marrow
cells. Hu et al. demonstrated that expression of CD49d decreases while expression
of band 3 increases during terminal erythroid differentiation, allowing accurate
detection of different stages of maturation (Hu ef al., 2013). Similarly, glycophorin-
A (GPA) is also an erythroid-specific marker that appears on the surface of pro-
erythroblasts and continuously increases through erythroid maturation. The
combination of GPA and transferrin receptor (CD71) can also be used in similar to
CD49d/band 3 (Loken et al., 1987), (Chen et al., 2009), (Ovchynnikova et al.,
2018).

Enucleation

Orthochromatic erythroblast extrudes the pyknotic nucleus and develops into
reticulocyte through the process termed enucleation, a process that is still not fully
understood. Historically there were arguments whether erythroblasts are enucleated
either through nuclear extrusion or undergoing a specific form of cell death caused
by nuclear fading (karyolysis). Studies using electron microscopy confirmed that it
is rather the former, identifying pyknotic nuclear extrusion (Simpson and Kling,
1967), (Awai et al., 1968). Formation of the pyknotic nucleus also happens during
cell death (apoptosis), where irreversible activation of nuclear condensation
(pyknosis) is regulated by caspases (Zamzami and Kroemer, 1999).

Several studies showed that caspases are not essential for enucleation, but, rather,
are important for the early stages of terminal erythroid differentiation (Zermati et
al., 2001), (Boehm et al., 2013). However, other groups have demonstrated that
caspases are needed for the enucleation and contribute to the nuclear opening prior
to enucleation in murine erythroid cells (Zhao, Mei, et al., 2016) and how enzymatic
inhibition of caspases in murine cells leads to 50 % reduction of enucleated (Carlile,
Smith and Wiedmann, 2004).

It was noticed that while the reticulocyte contains most of the cytoplasm after
enucleation, also the pyrenocyte (extruded nucleus) was surrounded by a thin rim
of cytoplasm. This simple observation led to the hypothesis about how enucleation
happens; this nice separation of reticulocyte and pyrenocyte could indicate that
enucleation occurs through a process similar to cytokinesis, which is normally
associated with cell division. Thus, reticulocyte and pyrenocyte separation could be
thought of as two daughter cells during cell division (Skuletsky and Danone, 1970).
Many studies have been made to test this theory. The analogy of cytokinesis to
enucleation would imply cell polarization, contractile actomyosin ring assembly
(CAR) formation by small GTPase Rho proteins, cleavage furrow ingression and
the separation that is coordinated by the vesicle trafficking (Guertin, Trautmann and
McCollum, 2002), (Gromley et al., 2005).
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Cytokinesis versus Enucleation

Metaphase = Anaphase Telophase Condensed Nuclear )
nucleus polarization Enucleation
Rx =L M A9 48
Movementby  CAR formation Movement by  CAR formation
microtubules Cleavage furrow ingression microtubules  Cleavage furrow ingression
Vesicle accumulation Vesicle accumulation

Figure 3. Simplified representation of similarities between cytokinesis and enucleation. Cytokinesis.
Microtubules (black) stimulate chromosomes (orange) alignment and separation during cytokinesis. Mitotic spindles
(blue lines) coordinate CAR formation, and cleavage furrow ingression occurs. Vesicle (white dots) accumulation occurs
during the final cell separation steps, termed abscission. Enucleation. During erythroblast enucleation, the condensed
nucleus is polarized in the cell and then extruded. During polarization, the nucleus (dark blue) movement is mediated
by microtubules (black) activity. Nuclear extrusion occurs through the formation of CAR and cleavage furrow ingression.
The separation of the pyrenocyte and reticulocyte is facilitated by accumulating vesicles (white dots).

Some of the similar regulators or typical features of cytokinesis were observed
during erythroid cell enucleation. For instance, establishment of cell polarization in
erythroblasts is crucial for nuclear extrusion. By using advanced imaging
techniques, it was revealed that cell polarization before enucleation is mediated by
microtubule-dependent phosphoinositide 3-kinase (PI3K) activity (Wang et al.,
2012). Microtubules are thread-like assemblies that provide a platform for various
intracellular movements in all eukaryotic cells. Kinesins and dyneins are motor
proteins that transport along the microtubules in opposite directions (Rayment,
1996). Studies on human primary cells suggested that enucleation is a dynein
dependent process (Kobayashi et al., 2016). In contrast, another study suggested
that Trim58 degrades dynein for enucleation to occur by destabilizing microtubules
to facilitate nuclear movement and release (Thom et al, 2014). Kinesins are
suggested to be involved in nuclear polarization, however additional studies are
required to determine it (Thom et al., 2014). Additionally, in similar with cell
division, the cleavage furrow formation during enucleation has also been observed
(Koury, Koury and Bondurant, 1989). It is believed that non-muscle myosin II by
interacting with actin filaments (F-actin) participates in cleavage furrow formation
(Ubukawa et al., 2012), and there is also data about non-muscle myosin II
involvement in human erythroid cell enucleation. It has been shown that during
enucleation there is an accumulation of F-actin between the nucleus and cytoplasm
close to the constriction zone (Wickrema et al., 1994). Disruption of F-actin
polymerization impairs enucleation in murine cells (Koury, Koury and Bondurant,
1989), (Ji, Jayapal and Lodish, 2008). These studies suggest that actin-mediated
forces are important for enucleation. Similar to mitosis, enucleation occurs through
the CAR-mediated cleavage through the actions of Rac GTPase and mammalian
Diaphanous-related (mDia2) formin. Inhibition of mDia2, a downstream Rac
GTPase effector, impairs CAR formation and enucleation of mouse erythroblasts
(Ji, Jayapal and Lodish, 2008). It has also been found that vesicle trafficking is
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fundamental for the nuclear extrusion, because its disruption blocked enucleation
(Keerthivasan ef al., 2010).

Thus, these studies on understanding erythroid enucleation have identified several
molecules that also facilitates cytokinesis in most cell types. Erythroblast
enucleation is occurring through asymmetric cell division initiated by polarized
movement of condensed nuclei by microtubules, followed by CAR formation and
cleavage furrow ingression resulting in quick pyrenocyte and reticulocyte separation
(Ji, Jayapal and Lodish, 2008), (Keerthivasan et al., 2010). Further understanding
the mechanism of enucleation in vivo and in vitro is important to increase the
enucleation efficiency during the ex vivo RBC production.

Hemoglobin

During human ontogeny, embryonic, fetal, and adult hemoglobins are subsequently
expressed at precise times. To compensate variations in oxygen availability during
development, embryonic and fetal hemoglobins have stronger oxygen-binding
capacity than adult type (Manning et al., 2020). During the normal development,
when the expression of one preceeding hemgolobin gene decreases the expression
of another gene increases and this process is referred to as a hemoglobin switching.
More than 1000 disorders related to hemoglobin synthesis or structure have been
identified and characterized (Forget and Franklin Bunn, 2013), emphasizing the
need for understanding the regulation of hemoglobin expression in health and
disease (Sankaran and Orkin, 2013).

Depending on the stage of life, different types of a-like and B-like genes are
expressed, forming typical combinations of embryonic, fetal, and adult types of
hemoglobins. In humans, there are three a-like globin genes: HBZ (C), HBAI and
HBA?2 (a), located in the a-globin locus on chromosome 16. The a-globin locus is
regulated by the major regulatory element named HS-40. The B-globin locus located
on chromosome 11 consists of five functional B-like globin genes: HBE! (¢), HBG1
(*y), and HBG?2 (“y), HBD (5), and HBB (3), under the locus control region (LCR)
(Schechter, 2008), (Sankaran and Orkin, 2013), (Nandakumar et al., 2016).

During the first weeks of gestation in the yolk sac, primitive erythroid cells
synthesize the embryonic type of hemoglobin, such as Gower I ({z&2), Gower 11
(a2g2), Portland I (C2y2) and Portland II ($;2). The most common type of embryonic
hemoglobin is Gower I. Later, during weeks 8 and until 32, erythrocytes
predominantly synthesize fetal hemoglobin termed Hemoglobin F (axy2). Shortly
after birth, a switch from fetal to adult hemoglobin expression occurs, and
Hemoglobin A (a2f2) and Hemoglobin A2 (029;) start to be expressed. Hemoglobin
A is the most abundant type of hemoglobin in adults and constitutes approximately
97 % of total hemoglobin, while Hemoglobin A2 represents 2 %. Low frequency,
around 1 %, of Hemoglobin F is also present in adult blood (Schechter, 2008),
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(Sankaran and Orkin, 2013), (Nandakumar et al., 2016). In summary, eight types of
hemoglobin tetramers molecules are formed throughout human life: four in the
embryo stage, one in fetal, and three in adulthood.
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Figure 4. Hemoglobins expresson during human development and life. The top and bottom of this figure represent
a- and B-globin loci with specific control regions and expressed genes. In the centre, the expression of the major types
of hemoglobins through life are illustrated, such as embryonic, fetal and adult types. Several proteins regulating
hemoglobin switching directly or indirectly repressing fetal and activating adult hemoglobins are represented at the
bottom, including KLF1, BCL11A and others.

Around the time after birth, fetal y-globin is silenced and adult B-globin expression
is increasing and continues being expressed throughout life. It was found that the
GATAL, TAL1, E2A, LMO2, and LDBI1 complex interacts with y- or B-globin
promoters to mediate fetal or adult hemoglobins expression (Cavazzana, Antoniani
and Miccio, 2017). Fetal to adult hemoglobin switching has been extensively
studied because, in both pathological and non-pathological conditions in adults,
elevated levels of y-globin instead of B-globins have been observed. Additionally,
reactivation of y-globin in patients with B-hemoglobinopathies is considered as a
therapeutic approach since it inhibits the disease phenotype by ameliorating
polymerization of sickle hemoglobin (Cavazzana, Antoniani and Miccio, 2017),
(Cavazzana, Antoniani and Miccio, 2017). Interestingly, adult erythroid cells
acquire fetal-type globin upon in vitro culture (Giarratana et al., 2011). This type of
finding implies that globin switching is not unidirectional but reversible, therefore,
continuous attempts have been made to reveal the exact mechanism of hemoglobin
regulation and switching (Cavazzana, Antoniani and Miccio, 2017).

Genome-wide association studies (GWAS) revealed that BCLI1A4 and KLF1 were
associated with fetal globin regulation (Uda et al., 2008), (Lettre et al., 2008),
(Sankaran and Orkin, 2013). BCL11A, a transcriptional factor, has been recognized
as a major regulator of fetal-to-adult hemoglobin switching. According to some
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studies, downregulation of BCL11A4 expression in adult human primary cells is
correlated to the induction of y-globin expression. Conversely, the presence of
BCLI11A protein is associated with silencing of y-globin gene expression in adult
human erythroid cells (Sankaran et al., 2008). In adult erythropoiesis BCL11A
interacts with SOX6, GATA1, FOGI1 and also repressor complexes, for instance
NuRD, and others to repress the expression of fetal y-globin expression (Cavazzana,
Antoniani and Miccio, 2017).

Another transcription factor, Krueppel-like factor 1, KLF1, is also associated with
v-globin expression. Patients with rare mutations of KLFI show increased
expression of y-globins and anemia (Sankaran and Orkin, 2013). Another study of
adult human erythroid cells also revealed that KLFI knockdown led to low
expression of BCL11A and high y-globin/B-globin genes expression ratios. Based
on these results, it was proposed that KLFI directly activates B-globin expression
and indirectly through BCLI1A repressing y-globin gene expression, therefore,
playing an important role in globin gene switching (Zhou et al., 2010). Another
study reported that KLF1 directly drives expression of transcriptional repressor
ZBTB7A in human and murine erythroid cells. By recruiting NuRD repressor
complex, ZBTB7A represses fetal globin expression independently of BCL11A
(Norton et al., 2017). This demonstrates that the mechanism of KLF1 action is still
not completely understood and has to be more studied.

In addition to BCL11A, the Lin28b-let7 pathways is also involved in the silencing
of y-globin expression (Cavazzana, Antoniani and Miccio, 2017).

RBC Membrane

Mechanical properties of erythrocytes are essential for their cellular physiology.
RBC membrane composition is vital to maintain cell shape, flexibility and
deformability, and abnormalities in membrane arrangement lead to early removal
from the circulation and various disorders. RBC membrane disorders can be caused
by abnormalities in vertical or horizontal interactions of membrane proteins
(Oliveira and Saldanha, 2010). Hereditary spherocytosis, hereditary elliptocytosis
and sickle cell disease represent such disorders caused by defects in skeletal proteins
in the cell membrane (Da Costa et al., 2013).

RBC membrane is formed of a lipid bilayer, membrane proteins and skeletal
proteins. The lipid bilayer consists of one outer and inner leaflet, which are
composed of phospholipids and separated by a cholesterol molecule. The inner and
the outer monolayer RBC membrane are formed by an asymmetrically distribution
of four different phospholipids. Phosphatidylcholine (PC) and sphingomyelin (SM)
belong to the outer monolayer, while phosphatidylserine (PS) and
phosphatidylethanolamine (PE) belong to the inner monolayer. It is believed that
the asymmetric location of phospholipids is not spontaneous but regulated by
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functions of ATP-dependent enzymes such as flippases, floppases, and scramblases
(Zwaal and Schroit, 1997), (Hankins et al., 2016). The proper asymmetrical
distribution of phospholipids in the cell membrane could play a significant role in
cellular events during RBC life. For example, PS translocation from the inner to the
outer monolayer indicates cell senescence, and this signal is recognized and induces
phagocytosis by macrophages. Some phospholipids interact with cytoskeletal
proteins, both maintaining cell membrane integrity and signal transduction (Wood,
Gibson and Tait, 1996), (Manno, Takakuwa and Mohandas, 2001).
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Figure 5. The RBC membrane. Detailed illustration of RBC membrane. The RBC membrane is formed by the lipid
bilayer with the membrane and skeletal proteins. The lipid bilayer comprises phospholipids and cholesterol, and all
vertical proteins crossing the lipid bilayer represent membrane proteins. Membrane skeletal proteins laminate the inner
membrane surface and are attached to the lipid bilayer through the multiprotein complexes such as the Ankyrin complex
and the 4.1R junctional complex.

To date, more than 50 transmembrane proteins on RBC have been characterized and
linked to various functions of the cell. Membrane proteins are integrated into the
cell membrane and form vertical connections with the cytoskeleton (Mohandas and
Gallagher, 2008). Membrane proteins have multiple cellular functions, for example,
as transporters and channels, as receptors and adhesion molecules, and as structural
proteins linking red cell membrane (Oliveira and Saldanha, 2010).

One-fourth of total membrane protein abundance is represented by Band 3. Band 3
is an anion transporter responsible for passaging (HCO3") and chloride (CI"). It plays
a significant role as a membrane anchor for many membrane proteins and connects
them to the skeletal proteins through different complexes (Mohandas and Gallagher,
2008). In the Ankyrin complex, Band 3 binds to ankyrin, protein 4.2, glycophorin
A, RhAG, and CD47. In the 4.1 R junctional complex, Band 3 connects with skeletal
proteins through protein 4.1R glycophorin C and protein p55, Duffy, XK, and Rh
proteins (Mohandas and Gallagher, 2008). These interactions are essential to
support the structural integrity of the membrane. Additionally, Band 3 can bind to
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hemoglobin and glycolytic enzymes inside the cell (Mohandas and Gallagher,
2008), (Oliveira and Saldanha, 2010), (Chu et al., 2016), (Campanella, Chu and
Low, 2005).

Glycophorins are another representative of RBC membrane proteins and one of the
first transmembrane proteins characterized (Theodore and Wallach, 1971). It is
believed to play an essential role in preventing RBC aggregation (Oliveira and
Saldanha, 2010). The presence of different carbohydrates on glycophorins regulates
the negative charge of the cell membrane, which is essential for the reduction of
cell-cell interaction (Oliveira and Saldanha, 2010). Glycophorin A (GPA) is the
major constituent of the glycophorin family. There is evidence that GPA and Band
3 are tightly connected, and Band 3 is essential for GPA synthesis and stability, so
they present approximately similar RBC membrane amounts (Daniels, 2007),
(Oliveira and Saldanha, 2010). Additionally, extracellular domains of both Band 3
and GPA are highly polymorphic and represent different blood groups.

The RBC membrane skeletal proteins or cytoskeleton are not inserted into the lipid
bilayer but laminate the inner membrane surface. It strengthen the lipid bilayer,
thereby contributing to the RBC membrane's durability and flexibility to survive in
circulation (Lux, 2016). They form a horizontal lattice in the cytoplasmic surface of
the lipid bilayer, and to them belong a - spectrin, B - spectrin, actin filaments and
protein 4.1R, ankyrin, protein 4.2, tropomodulin, adducin, p55, and dematin (Lux,
2016).

Spectrins are the most abundant peripheral membrane proteins in the erythrocyte
cytoskeleton, and their expression begin already at the pro-erythroblast stage and
gradually increase during RBC development. It is essential for keeping the structure
and shape of the cell (Hanspal et al., 1992), (Chen et al., 2009). Spectrins are the
main component of the cytoskeleton and are a heterodimer of 2 chains: o and f§ -
spectrins. One structural part formed by spectrins is composed of two chains. Each
chain is a heterodimer constituted of one al - spectrin and one BI - spectrin, joined
by the N-terminus of the a - spectrin subunit the C-terminus of B - spectrin.
Together, two of these antiparallel heterodimer chains form a functional
heterotetramer of spectrin. The a - spectrin and B - spectrin are built of numbers of
spectrin repeat units (Lux, 2016), (Barbarino et al., 2021). Spectrin heterodimers
form flexible scaffold by arranging into hexagonal networks anchored to each other
and the lipid bilayer through the Ankyrin and 4.1R junctional proteins complexes
(Hanspal et al., 1992), (Chen et al., 2009), (Mohandas and Gallagher, 2008),
(Barbarino et al., 2021).
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Figure 6. The RBC membrane. A. Enlarged schematic representation of the RBC and its cytoskeleton netwok,
consisting of hexameric subunits, forming cytoskeleton. Spectrins are a significant component of the cytoskeleton of the
RBC membrane. a- and -f spectrins form spectrin fibrils connected to the membrane and each other via two major
complexes containing adducin and ankyrin. These interactions provide flexibility, elasticity, stability and shape to the
membrane of RBCs.

Spectrin ol was first identified by Marchesi and Steers in 1967, and at that time, it
was considered that only mammalian erythroid cells possess them (Hiller and
Weber, 1977), (Pinder, Phethean and Gratzer, 1978), (Marchesi and Steers, 1967).
However, later on, it was realized to be expressed in metazoan cells. Nowadays
mammalian cells are known to express 7 different genes of spectrins, including two
o, spectrin genes (ol and all). Interestingly, erythrocytes only express al and not all
and it is though that the absence of nucleus in mature mammalian erythrocytes has
selected for the advent of a I. It is also known that the affinity of alpl binding is
much weaker (100 times) than alIBIl. This feature might be required to allow RBC
membrane deformability by gaining elasticity by rapidly detaching and attaching o
and P chains, named “make and break” (Bignone and Baines, 2003), (Reviewed in
Baines, 2009). Recently, this statement has been proved by showing that membrane
skeleton remodelling, in the presence of dynamic tetramers al2pl,, is important to
support properties of the functional erythrocyte membrane in mice (Hale et al.,
2021). Defects in alpl-spectrin can cause abnormal cell shape, membrane fragility,
reduced membrane deformability, leading to hereditary hemolytic anemia
(Delaunay, 2002), (Perrotta, Gallagher and Mohandas, 2008).

Spectrins are also crucial for maintaining cellular structure and polarity by providing
flexibility and strength to erythroid and other cell types. For example it has been
shown that a-fodrin is involved in cardiac and brain development by stabilizing
spectrin network, regulating ion channels (Lubbers et al., 2019), (Stankewich et al.,
2011), also regulation of cancer and apoptosis (Sreeja et al., 2020). Interestingly,
all - spectrin express a proteolytically sensitive site, which is recognized by
caspases 2, 3 and 7 and calpains in a highly regulated manner (Jénicke et al., 1998).

In summary, disruptions at any stage of RBC development have a significant
negative impact on their physiology and function, therefore ultimately on our health.
These simple-looking cells develop under strict and well-organized conditions.
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After nuclear extrusion, it takes additional hours to develop fully. RBCs emerge
early in development and adjust to our needs based on oxygen availability by
changing the type of the hemoglobin and doing it in a precisely regulated way.
Finally, the RBC membrane is a vital part of its functions, providing mechanical
strength throughout their life. As we can see, erythropoiesis is not a straightforward
process to be imitated in a lab and to do, so it requires a lot of effort and time to
understand its finer details.

Definition and causes of anemia

When the number of RBC and/or hemoglobin concentration is lower than what is
considered healthy then this condition is called anemia (Chaparro and Suchdev,
2019). Symptoms include fatigue, difficulty concentrating, pale skin, and shortness
of breath. In severe cases, anemia can be a life-threatening disorder (Kassebaum et
al., 2016). Worldwide, anemia affects almost one-third of the population of which
children, pregnant women, and older people are the most vulnerable (Chaparro and
Suchdev, 2019), (Kassebaum et al., 2016), (Kassebaum et al., 2015), (WHO, 2022).
The word "anemia" derives from the ancient Greek word anaimia, which means
"lack of blood." Any process that disrupts the balance between RBC production and
results in a loss of RBC numbers causes anemia. Decreased production (ineffective
erythropoiesis), increased loss of RBCs (bleeding), and increased destruction
(hemolysis) of RBCs are the leading causes. Nutritional insufficiencies include iron,
vitamin A and By, folate, but also various inflammations or genetic disorders can
cause ineffective erythropoiesis. Iron deficiency anemia, thalassemia, congenital
erythroblastopenia and hematological malignancy to name a few. Hemorrhages, red
cell membrane disorders, sickle cell disease, immune hemolytic anemia, and malaria
represent types of anemia that can be caused by increased RBCs loss and increased
destruction of RBCs (Chaparro and Suchdev, 2019), (Pearson and Kalinyak, 2005),
(Freeman, Rai and Morando, 2021).

General treatment of anemia

Usually, the treatment for anemia depends on understanding its etiology and
pathophysiology. For instance, if the cause of anemia is associated with iron
deficiency, then oral or intravenous iron administration is the first-choice treatment.
The most prevalent type of anemia globally is iron deficiency anemia (WHO, 2022).

Erythropoietin (EPO) is a hormone produced by specialized renal interstitial
fibroblasts called renal Epo-producing (REP) cells in the kidneys, and respond to
the low blood oxygen levels. EPO acts directly on erythropoietin receptors (EPOR)
expressed on particular erythroid progenitors in the bone marrow which promotes
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cellular proliferation, differentiation and survival by initiating a series of signalling
events (Schoener and Borger, 2021), (Jelkmann, 2013), (John et al, 2012),
(Freeman, Rai and Morando, 2021). Patients suffering, for instance, from chronic
kidney disease (CKD) often have anemia as a complication due to the insufficient
EPO production by REP cells (Hayat, Haria and Salifu, 2008). Recombinant human
erythropoietin (tHuUEPO) was generated and became available in clinical practice in
the 1980s (Ng et al., 2003). Administration of rHuUEPO successfully compensates
the deficiency of endogenous EPO production. By efficiently stimulating
erythropoiesis, rHUEPO has revolutionized anemia treatment by having more
beneficial effects on improving quality of life than adverse or dangerous side effects
(Jelkmann, 2013). Generally, rHuEPO therapy has efficiently improved anemia
treatment by avoiding risky blood transfusion therapies; therefore, rHuEPO has
been considered the first-choice therapy for anemia treatment (Ng et al., 2003).

With time, pharmaceutical companies have manufactured Erythropoiesis-
stimulating agents (ESA), which, similarly to rHuEOP, can act on EPOR but with
shorter or longer half-lives. ESAs with a longer half-life would require less frequent
administration. There is many available ESAs. Epoetin - a and Epoetin -  belong
to the first generation of ESA (short half-life); the second generation Darbopoetin
(long half-life); and there is also the third generation ESA with continuous EPO
receptor activator (Hayat, Haria and Salifu, 2008), (Ng et al, 2003). HSC
transplantations and transfusions of specific blood cell components such as RBCs
are alternative and curative therapies that have been used for many blood disorders,
including anemia (Lucarelli et al., 2012), (Ince, 2017).

Common problems and challenges with the treatment of anemia

Various strategies have been developed for anemia treatment, however they have
some limitations and risks. Treating anemia with iron can be very effective, but also
with high risks. Sometimes iron supplementation can simply be ineffective if there
is also a deficiency of micronutrients interacting with iron (Wessling-Resnick,
2017). Repeated iron administration can accelerate pathogens that use iron for their
growth, replication and, spreading in the body. Failure to recognize these infections
would results in increased infections rates and even mortality (Canziani et al., 2001).
Also, repeated iron administration can cause diseases induced by iron overload in
the tissues or organs. For example, acquired forms of hemochromatosis is one of
them and can lead to liver fibrosis or cirrhosis, cardiac problems and pancreatic
dysfunction. Repeated blood transfusions can cause it too (Wessling-Resnick,
2017). Excess iron can also damage regulatory pathways of proteins or DNA ,
tissues or organs functions or development by promoting the formation of toxic
hydroxyl radicals (Thomas et al., 2009) therefore this therapy has to be carefully
dosed and monitored.
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RHUEPO and ESA treatment are also associated with risks of developing
hypertension and thrombosis by impairing the balance between vasodilating and
vasoconstrictor factors or promoting platelets production and reactivity,
respectively (Ribeiro et al., 2013). According to statistics, 10 % of patients are
irresponsive or develop resistance to rHuEPO or ESA treatment, which is related to
a poor prognosis for surviving (Ribeiro ef al., 2013). Another drawback of rHuUEPO
or ESA treatment is that it is not tolerated well by all individuals especially with
comorbid conditions. For instance, there are concerns about rHuEPO treatment in
patients with cancer because of its potential effect on cancer progression (Ribeiro et
al., 2013), (Maiese, Chong and Shang, 2008). Additionally, different
pharmacological potencies of stimulation of EPOR by ESA can also harm non-
erythroid cells expressing this receptor. Furthermore, there is no clear conclusive
information explaining benefits and risks between short and long lasting ESAs
(Sakaguchi et al., 2019).

Despite the life-saving effects of blood transfusion, this practice has a list of
limitations. There is a high risk to be infected with contaminated blood with known
and unknown pathogens. Also, to avoid severe hemolytic reactions, ABO and RhD
antigens of donated blood must be compatible with receivers’ blood; however, not
all countries in the world can afford to test it regularly. Additionally, there are more
than 40 other known blood groups. Some patients need to rely on frequent donations
of blood types that are rare. These blood types can also be in demand creating a life-
threatening situation for the patient (Pandey, Das and Chaudhary, 2014), (Higgins,
2000), (Yazdanbakhsh, Ware and Noizat-Pirenne, 2012). There is also a shortage of
blood donors in many countries globally, especially in low- and middle-income
countries (WHO, 2022).

These concerns about current treatments clearly describe the necessity of
unravelling novel regulators of erythropoiesis to better understand erythropoiesis
because it could improve current anemia treatment. Therefore, my research focus
during the PhD studies was to discover novel alternative approaches that could be
applied to develop a potential cure for anemia, in particular blood transfusion.
Efficient production of RBCs in the lab under strict quality control would be
beneficial for blood transfusion therapy.

Stem cells build (red) blood cells

Definition

Mature blood cells have various but relatively short life spans, and are thus
continuously replaced to maintain the healthy body throughout life. All blood cells
originate from the common cell origin, hematopoietic stem cell (HSC). HSCs give
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rise to restricted progenitors, which further extensively expand and give rise to
mature blood cells (Orkin, 2000). The lifelong and continuous process of blood
formation from HSC is called hematopoiesis. The word hematopoiesis derives from
two Greek words, haima “blood” and poigsis “to produce something”.

HSCs are an undifferentiated blood cells that have the ability to self-renew and
differentiate into multiple blood cell type upon differentiation through lineage-
restricted progenitor stages. Self-renewal is the process by which stem cells divide
to give rise to one or two own copies upon cell division, and is thus required to keep
the stem cell pool throughout the life of an organism. The gold standard to
characterize functional HSC is transplantations in which a pool of cells is
transplanted into recipient to evaluate long-term reconstitution and multi-lineage
potential (Osawa, Hanada, Hamada and Hiromitsu, 1996), (Eaves, 2015), (Doulatov
et al., 2012). During differentiation, HSCs, through multiple intermediate
progenitor stages, give rise to mature blood cells in response to various intrinsic and
extrinsic signals. These simultaneous abilities for self-renewal and multi-lineage
potential make HSCs a powerful cell type that constantly renews the hematopoietic
pool (Dick et al., 1985), (Lemischka, Raulet and Mulligan, 1986).

HSC emergence and its sources

Studying human HSC emergence is considerably hard because of practical and
ethical restrictions, therefore a significant proportion of gained knowledge is based
on the studies done in mice. Hematopoiesis occurs in several overlapping stages and
at multiple sites of the developing embryo and fetus. Hematopoiesis begins by
forming blood cells in the yolk sac around 3 to 6 weeks of human embryo gestation,
however the lineage potential is predominantly restricted to erythroid progenitor cell
(Palis and Yoder, 2001). The first HSCs emerge during early embryonic
development in the aorta-gonad-mesonephros (AGM) region at 27 days of embryo
development (Juliena, Omara and Tavian, 2016). These cells travel via circulation
and can be found in the yolk sac and placenta. Around 40 days of embryo
development, almost no HSCs can be found in the AGM region because they
relocated to the primary residence of fetal hematopoiesis - the fetal liver (FL)
(Juliena, Omara and Tavian, 2016). This transition happens through the placenta.
From week 6 to 22 of gestation, located in the fetal liver, definitive HSCs expand in
numbers to build up the blood system in the growing fetus (Palis and Yoder, 2001).
Towards the end of pregnancy or soon after birth, HSCs again change their residence
site and recolonize in the bone marrow (BM) (Mikkola and Orkin, 2006). Adult
human HSCs reside in a particular microenvironment of the bone marrow, referred
to as a “niche” (Schofield, 1978), (Lander et al., 2012), (Crane, Jeffery and
Morrison, 2017). This specific microenvironment accommodates hematopoietic and
non-hematopoietic cells. Cells such as mesenchymal, endothelial, osteoblasts, and
vasculature tissue belong to the non-hematopoietic compartment of the niche, which
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contributes to maintaining HSCs integrity, longevity and functions (Lymperi,
Ferraro, and Scadden, 2008).

During pregnancy the placenta plays essential roles for maternal and fetal
physiology and it is filled with maternal and fetal blood. The placenta connects to
the fetus through the umbilical cord (UC) and after birth is cut and discarded.
Nowadays UC blood (UCB) is an easily accessible source for neonatal human HSCs
(Broxmeyer et al., 1989). Due to its accessibility and non-invasive collection
method, it has become the central source of human HSCs used in current
transplantation therapies and research. Adult human HSCs can be collected from the
bone marrow (BM) or peripheral blood (PB); however, the procedure can require
unpleasant medical interventions (Hequet, 2015).

Due to HSC features they are in high demand for therapies. Transplantation
therapies using bone marrow (BM) or UCB transplantation from donor to the
matching patient has been a life-saving procedure used in the clinic (Thomas et al.,
1978), (Morgan et al., 2017).

Representative cell surface markers

The HSC population is a rare cell type and it remains challenging to prospectively
isolate. For instance, morphological observations using light microscopic analysis
is not informative enough to distinguish true HSCs as they do not possess any
special morphological features compared to many other hematopoietic cells.
Instead, flow cytometry technology has been utilized to identify HSCs from the bulk
cells using cell surface expression of proteins and targeted antibody-based labelling
with fluorochromes. This approach has identified combinations of various cell
surface markers that represent many types of hematopoietic progenitors, including
HSCs, especially through studies of murine hematopoiesis. However, finding
markers to isolate human HSCs naturally has been more challenging due to their
rare frequency and limited availability for research.

Mouse HSCs are undifferentiated cells thus they do not express any cell surface
markers identifying mature cell, referred to as “lineage negative” (Lin’), but do
express tyrosine kinase receptor (c-kit) and stem cell antigen 1 (sca-1) markers,
termed as c-kit'sca-1" (Okada er al, 1991), (Ikuta and Weissman, 1992),
(Spangrude, Heimfeld and Weissman, 1991). Lin™ c-kit"sca’l” cell population, so
called LSK population, contains HSCs but also other early stages of multi-potent
progenitors. To further enrich for HSCs, a combination of CD34" and FIt3" was
found to be useful to isolate murine HSCs (Zeigler et al., 1994), (Osawa, Hanada,
Hamada and Nakauchi, 1996). Alternatively, a combination of markers from
signaling lymphocytic activation molecule (SLAM) family CD150" and CD48
markers are also used (Kiel ef al., 2005).
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Interestingly, murine HSCs do not express CD34, however expression of CD34 is
associated with human HSCs and hematopoietic stem and progenitor cells (HSPCs),
(Civin et al., 1984). Over years additional cell surface markers have been discovered
and correlated to the HSCs features. For instance, within CD34" cell population,
there is a population of cells expressing CD38 representing primitive progenitors,
therefore it should be excluded for strict HSC isolation. Next, within CD34"CD38"
population cells not expressing CD45RA, but expressing CD90 would further enrich
human HSCs (Majeti, Park and Weissman, 2007). One more recent finding suggests
that cells expressing an additional marker CD49f contributes to achieving the
highest purity of HSCs and their functionality was proved by transplantation
experiments. Combination of these cell surface markers CD34'CD38
CD90"CD45RACD49f" allows enrichment of human HSC with a 5 - 10% purity
(Notta et al., 2011). The Endothelial Protein C Receptor (EPCR) is another
promising candidate for enrichment of HSCs (Fares et al., 2017).

Numerous studies have been performed focusing on HSC phenotypic and functional
characterizations. Transplantation assays revealed functional diversity of HSC,
particularly in multilineage differentiation capacities during bone marrow
reconstitution. For instance, some HSCs reconstitute different ratios of lymphoid
and myeloid lineages (Jordan and Lemischka, 1990). The concept of cell
heterogeneity has been extensively studied and some studies have defined different
HSCs subsets exhibiting differentiation bias (Reviewed in (Crisan and Dzierzak,
2016), (Ema, Morita and Suda, 2014)), (Miharada ef al., 2011), (Radulovic et al.,
2019). The origin of HSC heterogeneity has been extensively studied and discussed
and it is proposed that it can be driven by different extrinsic and intrinsic factors
such as transcription factors, mutations, metabolic activities, distribution of cell
components during cell division, niche microenvironment and interactions with
various cells in the niche etc (Jacobsen and Nerlov, 2019). Therefore, in Paper 111
we compared CD34" cells, isolated from different UCB donor’s potential to give
rise to erythroid cells.

Ex vivo RBC production using various materials

Significant progress in better understanding hematopoiesis allows us to generate
different blood components in the lab, including RBCs. Ex vivo generated RBC has
potential for clinical applications. For instance, efficient generation of RBC could
contribute to the development of the cells with therapeutic properties, e.g. drug
delivery. At the same time, RBC produced on a large scale could be used for
transfusion purposes to avoid blood transmitted infections or produce on-demand
blood for patients with rare blood groups (Stanworth et al., 2022). Some of the
current culture techniques allow ex vivo RBC generation; however, these methods
are either not efficient, too costly or need to be scaled up to meet needs for
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transfusion therapies. Below [ am briefly reviewing the advantages and
disadvantages of the currently available cell sources for RBC generation such as
hematopoietic stem and progenitor cells (HSPC), embryonic stem cells (ESCs), and
induced pluripotent stem cells (iPSC) and immortalized erythroid cell lines.

CD34"cells from adult blood or cord blood

In 1989 Fibach et al. reported the successful establishment of a liquid culture system
that supports differentiation of peripheral blood mononuclear cells to erythroid cells.
However, this approach resulted in a heterogeneous cell population since both
erythroid and myeloid cells were present in the same cell mixture and erythroid
progenitors did not mature into enucleated cells (Fibach et al., 1989). In 2002
Douay's group succeeded in producing human erythroid cells from UBC CD34"
cells at a large scale. Generated cells possessed functional hemoglobin and could
undergo terminal differentiation in vitro, however with only 4 % enucleation
efficiency (Neildez-Nguyen et al., 2002). Three years later, Douay's group reported
a new method achieving up to 95 % - 99 % of enucleation using CD34" cells from
diverse origins such as UCB, BM, PB (Giarratana et al., 2005). In 2011, the same
group demonstrated proof of principle for clinical feasibility of in vitro produced
RBC. Giarratana et al. showed that in vitro generated RBC from PB CD34" are
functional, can survive during storage and then be transfused. They also
demonstrated, for the first time, that ex vivo generated RBC cells survived in the
human circulation system for as long as native RBC (Giarratana et al., 2011). From
these initial successes came the commitment to finding efficient sources and
protocols before using generated RBCs for therapeutic purposes. For instance,
CD34" cells isolated from PB or UCB, can give rise to similar frequencies of
enucleated cells. However, UCB derived CD34" cells are more proliferative and
give rise to 5 - 10 times more RBCs than from the PB. Currently, CD34" cells are
considered as the best source for RBC production (Giarratana et al., 2011). Still,
more studies are needed to confirm safety and functionality of generated RBC from
UCB CD34", by performing allogenic transfusions to multiple recipients from
multiple UCB donors (Giarratana et al., 2011) (Reviewed in Severn and Toye,
2018). Historically, high enucleation efficiency was achieved by culturing in
erythroid differentiation media with feeder cells or bovine serum. However, to meet
clinical requirements, protocols should be fast and not contain ingredients of animal
origin. These groups were the first to produce efficient numbers of RBC by
replacing stromal cells with serum, 100 % and 77, 5 %, respectively (Miharada et
al., 20006), (Leberbauer et al., 2005). The length of the protocol developed by
Miharada et al. (20 days) was three times faster than by Leberbauer et al (60 days).
With time, many technologies have now been developed that allow further
improvement of differentiation media compositions and employing other strategies
for differentiation conditions in a larger scale. Timmis et al. demonstrated the
potential of wave-type bioreactors for large-scale RBC production for the first time.
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Their developed high-yield culture conditions could generate 500 units of
transfusable RBC from one cord blood unit (Timmins et al., 2011). Because of the
use of bovine serum albumin (BSA), their RBCs were not, however, generated
under good manufacturing practice (GMP) to be suitable for clinical grade. The use
of other types of bioreactors, such as rapid expansion bioreactor (G-Rex), was
tested. Produced under GMP conditions, RBCs with 90 % enucleation efficiency
were generated from mononuclear cells (MNC) from PB; however, this method’s
scalability was not comparable to Timmis et al. and needs to be further addressed
(Heshusius et al., 2019) Also, three-dimensional (3D) aggregate culture systems
shows great potential for expansion and efficiently maturation of CD34" cells from
UCB towards RBCs (Lee ef al., 2015), (Allenby et al., 2019). In summary, CD34"
cells from adult blood or umbilical cord blood is an excellent source for RBC
generation; however, scalability and efficient protocols still needs to be improved.

Embryonic and induced pluripotent stem cells

To overcome problems with the numbers of starting material, human embryonic
stem cells (ESCs) and induced pluripotent stem cells (iPSCs) have been considered
as another valuable starting materials for generating RBCs in vitro. These cells can
be indefinitely maintained in culture and give rise to any cell type in the body.
Additionally, iPSCs are attractive to generate patient-specific RBC for autologous
transfusions, thereby avoiding immune rejections. Moreover, iPSCs create an
opportunity to solve ethical problems related to the usage of ESCs in many
countries. Currently, there are many approaches to generate RBCs using human
ESCs as a starting material. In general, those protocols could be divided into two
types. One type utilizes ESCs and iPSC co-culturing on stromal cell lines to induce
hematopoietic differentiation (Kaufman et al., 2001), (Olivier et al., 2006), (Lu et
al., 2008). The other approach focuses on, first, generating embryoid bodies (EBs),
that then are differentiated into erythroid cells (Chang et al., 2006), (Oliver et al.,
2016). Many groups have also published protocols for RBC generation using iPSCs,
with and without feeder cells. These methods succeeded to obtain functional, mature
erythroid cells, however with low enucleation efficiency reaching 2 - 15 % rate
(Lapillonne et al., 2010), (Wang et al., 2016). A recent study reported further
protocol optimization and reaching considerably higher enucleation efficiency,
however, the length of the protocol still needs to be improved (Olivier ef al., 2019).
Thus, the cost and complexity of these methods remain a significant limitation of
this technology for future clinical use. Additionally, methods for RBC production
using ESC or iPSC are facing problems related to poor enucleation and insufficient
hemoglobin synthesis (Lim et al., 2021).
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Immortalized erythroid cell lines

Another promising source for large-scale production of functional RBC is
immortalized erythroid cell lines. In 1965, Hayflick reported that human diploid
cells have limited lifetime during in vitro cultures termed as culture senescence
causing irreversible cell growth arrest (Hayflick limit) (Hayflick, 1965). The
concept of the Hayflick limit is that many cell types can divide a particular number
of times before they cannot divide anymore. Overcoming cell growth arrest and
allowing continuous cell proliferation would require inducing immortalization by
overexpressing oncogenes (Hayflick, 1965), (Hubbard and Ozer, 1999). Because of
the robust cell growth, cell lines are normally easy to culture (Shieh, 2015).

Erythroid cell lines can be established by artificially manipulating their proliferation
at, for example, the early erythroid progenitor cell stage, making differentiation time
and protocols more efficient than using CD34" cells, ESC, or iPSC. Several attempts
to establish mouse and human immortalized erythroid cell lines have been made. In
2008, Hiroyama et al. established the first immortalized erythroid cell lines from
mouse ESCs (Mouse ES cell Derived-Erythroid Progenitor: MEDEP). These cell
lines can differentiate into mature, functional, enucleated RBCs. Mice transplanted
with MEDEP recovered from severe acute anemia, while non-treated mice died,
indicating that MEDEP had the potential to give rise to functional RBCs (Hiroyama
et al., 2008). In 2010, Wong et al. established first immortalized erythroid cell line
from human CD36" erythroid progenitor cells using human papillomavirus 16 gene-
E6/E7 (HPV16-E6/E7), expressing primarily y-globin type of hemoglobin and with
inefficient differentiation potential (Wong et al, 2010). Later, Kurita et al.
established human immortalized erythroid progenitor cell lines derived from CD34"
cells isolated from human umbilical cord blood (HUDEP) and from human iPS cells
(HiDEP). These cell lines were generated by the inducible ectopic expression of
HPVI16-E6/E7, which is turned off to allow cell differentiation. HUDEP/HiDEP
keep infinite growth capacity, express erythroid-specific cell surface markers, and
possess the potential to produce functional fetal or embryonic type hemoglobin,
however, with low enucleation efficiency and a high rate of cell death after the
induction of differentiation (Kurita ef al., 2013). In addition, other groups developed
methods establishing human immortalized erythroid cell lines using different
approaches. Huang et al. established the immortalized cell lines from UCB cells by
transducing with three genetic factors (Sox-2, c-Myc and shRNA against TP53
(Huang ef al., 2014). Hirose et al. generated immortalized erythroid cell lines from
human iPS cells by overexpressing c-Myc and BCL-xL (Hirose et al., 2013).
However, the enucleation efficiencies of these cell lines were also very low. In 2017,
Trakarnsanga et al. reported an establishment of an immortalized human erythroid
cell line (Bristol Erythroid Line Adult; BEL-A) derived from adult bone marrow
CD34" cells by the inducible ectopic expression of HPV16-E6/E7 (Trakarnsanga et
al., 2017). BEL-A enucleation efficiency reaches up to 30 %. Bagchi et al. used
another cell source peripheral blood mononuclear (PBM) cells to establish cell line
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with 20 % enucleation efficiency. Their immortalization approach is similar to the
previously published Kurita et al. and Trakarnsanga et al. (Bagchi et al., 2021).

As mentioned above, erythroid cell lines are immortalized by the inducible HPV16-
E6/E7 system to terminate HPV16-E6/E7 expression when cells need to undergo
differentiation. However, the need of discontinuing HPV16-E6/E7 expression for
inducing their differentiation has never been tested. Therefore, we established
another cell line (Erythroid Line from Lund University; ELLU) by simply
overexpressing the HPV16-E6/E7. ELLU can proliferate indefinitely and give rise
to enucleated cells without the need for terminating HPV16-E6/E7 expression.
Interestingly, we also discovered cells heterogeneity in terms of hemoglobin
expression; even though these cells were derived from one common source (CD34"
cells from adult BM) we found clones expressing embryonic, fetal and adult types
of hemoglobin (Soboleva et al., 2021).

It is predicted that hemoglobin type of in vifro generated RBCs would reflect on
their origin, with embryonic or fetal type from UCB, ESC, and iPSC and adult type
from adult donor sources such as PB or BM. However, interestingly, expression of
fetal hemoglobin is commonly observed from in vitro generated RBCs derived from
the adult origin (Giarratana et al., 2011). One of the explanations is that a high cell
proliferation rate induced by growth factors, for instance, SCF, can cause the
appearance of y-globin (Bhanu et al., 2004), (Giarratana et al., 2011). One study
addressed this problem with fetal hemoglobin expression and demonstrated the
ability to robustly induce -globin expression in erythroid cells generated from UCB
or iPSCs by simultaneous overexpression of KLFI and BCLIIA (Trakarnsanga et
al., 2014). However, overexpression of each gene individually led to a very modest
elevation of B-globin expression. Thus, KLF1 and BCL11A4 gene expression has to
be above the threshold levels to secure sufficient adult hemoglobin induction in cells
with fetal or embryonic type hemoglobins (Trakarnsanga et al., 2014).

Immortalization with HPV16-E6/E7

Primary cells stop dividing after a certain number of divisions (Hayflick limit).
Genetic manipulations are therefore required to enforce primary cells to indefinitely
proliferate by escaping normal senescence and become immortalized cell lines.
Currently, there are numbers of approaches that can induce efficient immortalization
of cells such as simian virus 40 large T antigen, epstein-barr virus (EBV),
adenovirus E1A, human T cell leukemia virus, oncogenes, mutant p53 gene and
papillomaviruses E6 and E7 (Katakura, Alam and Shirahata, 1998).
Papillomaviruses are small double-stranded DNA viruses that infect mucosal and
cutaneous epithelia and induce cellular proliferation. More than 100 human
papillomaviruses (HPV) have been identified, of which the majority have been
implicated in cervical cancers while a few are rarely found in cancers. Therefore,
human papillomaviruses can be divided into “low-” and “high-risk” HPVs
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(Tommasino, 2014). High-risk HPV-16 and HPV-18 account for 70 % of cervical
cancer cases, of which HPV-16 causes more than 50 %, and due to their high
cancerogenic activity, these viruses have been most studied. For this reason, there
are available vaccines to prevent humans from HPV infections (Arbyn et al., 2012).

The major oncoproteins driving HPV carcinogenesis are E6 and E7. Their
continuous expression promotes cell cycling by causing the inactivation of p53 and
pRb by E6 and E7, respectively (Scheffner et al., 1990), (Dyson et al., 1988). P53
is a transcription factor activating genes involved in apoptosis and DNA damage
repair, and therefore inhibition of it can lead to immortalization of the cells. E6 and
E7 are known to elicit their function through multiple ways. E6 proteins and the E6-
associated protein (E6AP) can cause ubiquitination of p53 protein, leading to its
degradation. Also, E6 proteins can negatively regulate transcription activity by
directly binding to P53 protein. Moreover, E6 protein can inhibit various regulators
of p53, for instance, so-called histone acetyltransferases, p300/CBP, which both
positively or negatively regulate p53 transactivation. E7 protein has a binding site
for the transcription factor E2F leading to destabilisation of pRb. The pRb is a
tumour suppressor protein, which plays a role in regulating cell cycle progression.
Usually in quiescent cells, pRb is hypo-phosphorylated and associated with E2F.
When cells start exiting a quiescent state, the phosphorylation of pRb happens which
releases E2F. Unbound and functional E2F promotes the transcription of genes
responsible for cell cycle progression. E7 mimicks this mechanism, as the binding
of E7 with pRb leads to the release of E2F and a stimulation of cell cycle
progression. Both E6 and E7 play essential role in occurrence in cancer (zur Hausen,
2000). E6 and E7 are transcribed polycistronically from a single promoter allowing
virus to co-ordinately regulate expression of both proteins in the infected cells.
Transcripts of E6 and E7 can undergo alternative RNA splicing to produce different
isoforms; however, its importance is not entirely understood. For example, it has
been identified several E6 splice transcripts (termed E6*) such as E6*I through
E6*VI and E6 ~ E7, E6* ~ E7*I, E6*I-E7*I1 and amounts of them can differ
(Olmedo-Nieva et al., 2018). Interestingly, E6*I can enhance the translation of E7
protein, while unspliced E6 is responsible for full-length E6 expression (Tang ef al.,
2006).
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Figure 7.Cell immortalization with HPV16-E6/E7 oncoproteins. Continuous expression of E6/E7 promotes cell cycle
progression. E6 by degrading p53 supresses cell apoptosis. E7 activates cell cycle progression by binding to the
retinoblastoma protein.

Benefits of erythroid cell lines

Using CD34" from UCB is considered the best source for ex vivo RBC generation,
at least in terms of achieving high enucleation efficiency. Still, PB CD34" and BM
CD34" cells can also efficiently enucleate. PB CD34" and BM CD34" cells have
lower expansion capacity than UCB CD34", suggesting limitations of CD34" cells
as a starting material (Giarratana et al., 2005), (Zhang, 2007), (Timmins et al.,
2011). A standard therapeutic dose of RBC for an adult comprises approximately 2
x 10" RBC. Current techniques for the large scale RBC production using
bioreactors can provide the range of 1 x 10* - 2.9 x 10° RBCs, leaving significant
room for improvement of final yields to be used for transfusions (Severn and Toye,
2018), (Pellegrin, Severn and Toye, 2021).

Ex vivo produced RBCs could benefit patients who require repeated or life-long
transfusions. Patients can be continuously supplied with stocks of generated blood
on demand. For safe transfusions, produced blood must be genetically matched
between donor and recipient. To meet this demand regularly is challenging.
Specifically, when UCB CD34" are used for allogenic transfusions because this cell
source is “one-time-only usage”. Using PB CD34" or BM CD34" for autologous
transfusions is inconvenient, since isolation of these cell sources is more expensive
and complicated than isolation of UCB CD34" (Di Buduo et al, 2021).
Additionally, protocols using CD34" cells cannot guarantee consistency with yields
because different donors of CD34" UCB do not give rise to similar RBC yields
(Pellegrin, Severn and Toye, 2021), (Di Buduo et al., 2021), (Soboleva, Akerstrand
and Miharada, 2022). This natural donor variation in the starting material in
differentiation potential represents another challenge and suggests the need for
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limitless stable sources to ensure unlimited continuous productions of RBCs
(Migliaccioa, Whitsetta and Migliaccio, 2009).

Thus, immortalized erythroid cell lines are valuable cell sources due to their
unlimited proliferation capacity, pre-committment to erythroid lineage, and simple
maintenance and differentiation conditions. Numbers of various erythroid cell lines
have been generated in terms of hemoglobin content, depending on the source of
the origin (UCB, iPS, PB, BM, MNC) (Kurita et al., 2013), (Trakarnsanga et al.,
2017), (Soboleva et al., 2021), (Bagchi et al., 2021). Further extensive studies and
protocol optimizations for establishing/culturing erythroid cell lines make it
possible to develop time and cost-efficient differentiation protocols for efficient
production of mature RBC in a large scale, in a short time, and at an affordable price
(Pellegrin, Severn and Toye, 2021).

Unlimited starting cell numbers is a tremendous advantage for ex vivo RBC
production; therefore, immortalized erythroid cell lines have excellent potential
because of their homogeneity, simple culture conditions and proliferation speed.

Histone deacetylases

Chemical compound screening is an unbiased approach to find regulators
controlling enucleation. Multiple histone deacetylases inhibitors have been
identified in Paper I enhancing frequency of enucleated cells in immortalized
erythroid cell line HiDEP.

The fundamental structural unit of chromatin consists of the nucleosome. Each
nucleosome consists of the wrapped DNA around eight core histone proteins, two
copies of H2A, H2B, H3, H4 (Luger et al., 1997). Functioning beyond structural
support, the interaction between histones and DNA regulates gene expression in
eukaryotic cells. The addition of acetyl groups to histone tails by enzyme histone
acetyltransferase (HAT) make the DNA accessible for transcription factors to begin
gene transcription. Conversely, the active removal of the acetyl groups by histone
deacetylases (HDACs) minimizes access to transcription factors and a resulting
decreased gene expression. The balanced activity of the HATs and the HDACs are
considered to play essential roles in maintaining cellular homeostasis.
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Figure 8. Histone acetyltransferase (HATs) and histone deacetylase (HDACs) regulate acetylation. HATs are a
group of enzymes that acetylate histone proteins, and histones acetylation is associated with the activation of gene
transcription. HDACs, decrease transcription activity by removing the acetyl groups from lysine residues in the tail
regions of histones.

Interestingly, HDACs remove acetyl groups also from non-histone proteins. There
are hundreds of proteins which are regulated by acetylation, including HATs and
HDAC:Ss themselves, cytoskeletal proteins, transcription factors, regulators of DNA
repair, recombination and replication, chaperones, ribosomal proteins etc (Glozak
et al., 2005), (Reviewed in Roche and Bertrand, 2016). Therefore, HDACs regulate
the functions of many proteins, protein-protein interactions, and cellular signalling
networks.

To date, the HDAC family consists of 18 isoforms which are subdivided into four
separate classes. Class I, II, and 1V, are zinc-dependent enzymes, while class III is
a nicotinamide adenine dinucleotide (NAD")-dependent enzyme (Reviewed in
(Yang and Seto, 2007), (Park and Kim, 2020). Almost all Class I and Class IV
members are localized to the nucleus, while HDACs from Class II can shuttle
between nucleus and cytoplasm, and Class III have several different locations such
as cytoplasm nucleus and mitochondria (Reviewed in Michan and Sinclair, 2007),
(De Ruijter et al., 2003).

Even though our understanding of HDACs and their substrates are continuously
expanding, it is still challenging to correlate specific HDAC activities with distinct
cellular effects. One reason is that HDACs have low substrate specificity, meaning
that one HDAC can act on several substrates. Additionally, many HDACs act by
forming multiprotein complexes, making it difficult to separate individual functions
of each member in the complex (Glozak et al., 2005), (Michan and Sinclair, 2007).

HDAUC inhibitors

Disruption of the equilibrium in the acetylation dynamics influences gene
expression, which can result in various pathological conditions. Several reports
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indicate increased levels of the HDACs in specific cancers (Halkidou et al., 2004)
(Krusche et al., 2005) (Stojanovic et al., 2016) (Li ef al., 2016) as well as other
diseases (Benedetti, Conte and Altucci, 2015). These findings opened for
investigation and discoveries of naturally occurring and development of synthetic
HDAC inhibitors (HDAC1) (Newkirk, Bowers and Williams, 2009). Several in vitro
studies reported that increased acetylation induced by HDACi treatment can activate
various cell responses in cancer cells, for instance cell differentiation, apoptosis, cell
cycle arrest, and cytotoxicity (Martinez-Iglesias et al., 2008). Hence, it is believed
that inhibition of HDAC:sS is a significant therapeutic approach. Many HDACi have
been developed and are involved in more than 500 clinical trials (Gryder, Sodji and
Opyelere, 2012), some are already approved as anti-cancer drugs (Cappellacci ef al.,
2018). Those HDACIi can be categorized to several groups according to their
mechanism of the action. Pan-HDACi are nonspecific HDACi, which act on
multiple isoforms of zinc-dependent HDAC:s. In contrast the class-selective HDACi
affect particular classes of HDAC:s. Finally, there are also isoform-selective HDACi
(Bieliauskas and Pflum, 2008). Due to the high probability of interfering with their
cellular functions, HDACi treatment can cause unpredictable and undesirable
consequences and severe side effects. Thus, current knowledge about HDACs and
their diverse functions suggests that HDACi mechanism of action is not completely
understood and therefore it is of interest to develop more precise and selective
inhibitors for different HDACs in different pathologies (Minucci and Pelicci, 2006),
(Bertrand, 2010), (Gryder, Sodji and Oyelere, 2012).

HDAC:S in erythropoiesis

Although there are a number of studies on the role of HDAC in erythropoiesis, the
exact role is still not completely understood. Several reports have shown that
inhibition of the activity of the HDAC1/HDAC?2 induces expression of a fetal y-
globin in sickle cell disease (SCD). The y-globin in SCD inhibits disease phenotype
by ameliorating polymerization of sickle hemoglobin, thus it is clinically beneficial
(Bradner et al., 2010), (Esrick et al., 2015), (Shearstone et al., 2016). Another study
described divergent functions of HDACs in erythropoiesis, and found a positive
contribution to EPO mediated signalling pathway while negatively regulate 1L-3
pathway during erythroid development from CD34" cells (Yamamura ef al., 2006).

HDAC:s in terminal erythropoiesis

To date there are a number of studies on the role of HDACs in terminal
erythropoiesis. In 2009, Popova et al. studied last step of the erythroid
differentiation on Friend virus-infected murine spleen erythroblast (Popova et al.,
2009). They checked expression of different HDACs and found that HDACS was
elevated while other HDACs expression was decreased (HDACI - 4, 10) or stayed
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at similar levels (HDAC 6 and §). In this study, authors report that HDACS is
possibly involved in terminal erythroid maturation. They also highlighted that
histone deacetylation mediates chromatin condensation and aids in nuclear
extrusion. When they treated the cells with an HDACi (Trichostatin A) they found
that chromatin condensation and nuclear extrusion to be inhibited. Peng Ji et al
reported a critical need for HDAC2 in terminal differentiation of mouse fetal liver
cells (Ji et al., 2010). To imitate the effect of HDAC2 knock-down they used two
HDAC;, valproic acid (VPA, Specific for Class 1) and TSA (a pan-HDAC inhibitor)
and found, similarly to HDAC?2 knock-down, a block in enucleation. They proposed
that HDAC2 is mediating chromatin condensation and enucleation. Additionally,
they also tested HDACS5 but found that knock down of HDACS did not have any
effect on terminal erythroid maturation. Another recent study on in vitro
differentiation of human CD34" cells towards erythroid lineage revealed HDACS5 as
an important regulator of terminal differentiation, as its knockdown leads to
increased apoptosis, reduced chromatin condensation and impaired enucleation
(Wang et al., 2021). In another study, HDAC6 was identified as an important
regulator of enucleation in mouse fetal erythroblasts (Li et al., 2017). This study
demonstrated, that inhibition and knockdown of HDAC6 by Tubacin or shRNA,
results in blocking of CAR formation leading to disruption of both enucleation and
cytokinesis. Additionally, it has been suggested that mDia?2 is an important regulator
of enucleation and is a substrate of HDACG6 (Ji, Jayapal and Lodish, 2008). Indeed,
overexpression of unacetylated mDia2 rescues the negative effect on enucleation
under absence of HDAC6. In summary, it has been demonstrated that various
HDAC:S play important roles in terminal erythroid differentiation; however, these
findings are still controversial and inconclusive.

GPCR in erythropoiesis

General overview

G protein-coupled receptors (GPCRs) are the largest and most diverse group of
membrane receptors found in eukaryotes, and they are involved in various critical
cellular responses and physiological functions. Various disorders such as
Alzheimer's disease, nephrogenic diabetes insipidus, fertility disorders, carcinomas,
to name a few, are all related to GPCRs (Gilman, 1984), (Schoneberg et al., 2004),
(Zhao, Deng, et al., 2016).

GPCRs are seven-pass transmembrane proteins that bind to G proteins. The GPCR
signaling pathway consists of the cyclic adenosine monophosphate (cAMP) and
phosphatidylinositol signal pathways. cAMP is a second messenger molecule
playing essential roles in many cellular responses, for instance, cell growth and
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specialization, protein expression, gene transcription (Yan et al., 2016). In the
cAMP signal pathway, activated GPCR and G proteins trigger the activity of the
enzyme adenylyl cyclase (AC) that hydrolyses ATP into pyrophosphate (PPi) and
cAMP (Sassone-Corsi, 2012).

AC and phosphodiesterase (PDE) regulate intracellular levels of cAMP. PDE
degrades the phosphodiester bond in the cAMP producing 5’-AMP. The PDE family
consist of 11 members (Lugnier, 2006). The main effectors of cAMPs are the protein
kinase A (PKA), an exchange protein directly activated by cAMP (EPAC) and
cyclic-nucleotide-gated ion channels.
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Figure 9. GPCR signaling pathway. Ligand binding activates GPCR, which triggers adenylyl cyclase (AC) activity.
The AC is an enzyme hydrolysing ATPs into cAMP molecules. The cAMP molecule is a vital intracellular second
messenger regulating many physiological processes, and PKA and EPAC are two main effectors sites of cAMP. The
intracellular levels of cAMP can be regulated by the phosphodiesterase (PDE) enzyme activity, which can rapidly
degrade cAMP.

Various ligands of GPCR and other regulators or pathways can positively and
negatively regulate AC and PDE activities (Kopperud et al., 2003), including
calcium signaling, subunits of other G proteins, inositol lipids, receptor tyrosine
kinases or A-kinase anchoring proteins (AKAPs), as well as chemical compounds.
AKAP is a large and diverse family of functionally related proteins which
coordinate a range of signaling events in the cell. To date, there are over 50 AKAPs
identified in a range of species (Wong and Scott, 2004). In Paper III, RNA-
sequencing analysis identified how CD34" cells from UCB donors expressing
AKAPY gave higher frequencies of GPA™ cells than donors with lower or no AKAP9
expression. Based on literature, AKAP9 has multiple binding sites, for instance, AC,
PKA, PDE, however functions are unknown.

The family of AC consists of 9 AC isoforms with various biochemical properties.
Notably, forskolin is a drug that can induce cAMP levels by stimulating specific
ACs (Ishikawa and Homcy, 1997). IBMX is a compound inhibiting PDE activity,
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thereby inhibiting cAMP breakdown in the cells. IBMX is called a non-specific
inhibitor; however, some studies revealed its insensitivity to PDE8 and PDE9
families (Lavan, Lakey and Houslay, 1989).

PKA is a cAMP dependent kinase that mediates reversible protein phosphorylation.
Inactivated PKA consists of two catalytic subunits (C) and regulatory (R) subunit
dimer with four different isoforms (Rlo, RIB, RIla, RIIB), binding cAMP. PKA
activity is regulated through multiple mechanisms including interactions with
AKAPs. To study the interactions of different AKAPs with PKA several PKA-
AKAP complex disruptors have been generated, including STAD2 (Bendzunas et
al., 2018).
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Figure 10. Activities of enzymes from GPCR signaling pathway can be modulated by different chemical
compounds. Forskolin activates AC, IBMX inhibits the activity of PDE, and STAD2 disrupts the interaction of the PKA
and AKAP complex. Chemical compounds treatment allows testing different enzymes' contribution to the pathway of
interest.

GPCR signalling pathway in erythropoiesis

Understanding the role of GPCR related genes in erythropoiesis has been
extensively studied. One study suggested the need for a cAMP-dependent signaling
pathway. Mouse erythroleukemia cells, SKT6, could similarly spontaneously
differentiate after forskolin or IBMX treatment. Inhibition of AC inhibited cell
differentiation. This study did not reveal a detailed mechanism but suggested that
the cAMPs contribute to the erythroid differentiation, possibly through PKA
activation (Kuramochi et al., 1990). Some PDE inhibitors can treat sickle cell
disease by inducing y-globin levels and lowering RBC sickling (McArthur ef al.,
2020). There is also information that PDE inhibitors can increase membrane
stability in mature RBC (Muravyov et al., 2010), (Adderley et al., 2011).
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The importance of AKAPs in erythropoiesis have also been noticed. In one study,
transplantation of murine hematopoietic stem and progenitor cells with
overexpressed miR-669m failed to give rise to erythroid cells. In silico study
predicted that miR-669m could impair terminal erythropoiesis by inhibiting AKAP7
expression. Gene expression analysis confirmed AKAP7 upregulation in
erythroblasts and its need for terminal maturation (Kotaki et al., 2020). However,
the mechanism of potential AKAP interactions with other regulators is unknown.
Studies on human, mice, and zebrafish erythroid cells found that AKAP10 could
regulate heme biosynthesis. AKAPI(0 expression increases during erythroid
maturation, and it recruits PKA to the outer membrane of mitochondria contributing
to heme biosynthesis. Knockout of 4KAPI10 in maturing erythroid cells led to
reduced levels of PKA and a deficit in hemoglobinization (Chung et al., 2017).
AKAPs' implications and functions in different stages of erythropoiesis are not
entirely understood.

GPCR activated signalling pathway is broad, and the involvement of particular
regulators in different stages of erythropoiesis is not well understood. Therefore, it
was intriguing to find in Paper III that during HSCs differentiation towards erythroid
lineage, forskolin and IBMX treatment resulted in different frequencies of GPA"
cells. It suggested the cAMP-dependent mechanism but different needs of AC and
PDE. More studies are needed to elucidate their role in each step of erythroid
development.
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Scope of the thesis

The ex vivo manufactured RBC is a promising replacement for the well-established
donor-dependent blood transfusion therapies. However, manufacturing of RBCs
still has several significant hurdles to overcome, including current low
differentiation/maturation efficiency and technical challenges necessary for scale-
up. In this thesis, [ aimed to address these problems through three particular projects.

Immortalized erythroid cell lines are considered promising cell materials for
producing unlimited numbers of enucleated RBCs due to their abundance; however,
under current protocol these cells do not maturate efficiently, in particular
enucleation that is one of the most critical steps. To address this issue, we took a
robust approach, chemical compound screening. We believe that finding specific
compounds inducing enucleation would be beneficial in establishing efficient
protocols for in vitro RBC generation. First, it could be a fast and easy way to
generate mature RBC. Second, it would be a great tool to study the mechanism of
erythroid maturation, especially enucleation, in cell lines once we identify such
chemical compounds.

Immortalized cell lines are a promising material; however, their characteristics are
quite diverse and there is no agreement on which cell source is the best option.
Therefore, establishing different types of immortalized erythroid cell lines and
discovering parameters that correlate with their differentiation/proliferation
capacity would contribute to selecting the better one among others.

Improving commitment and/or early differentiation efficiency of hematopoietic
stem and progenitor cells (HSPC) to erythroid cells could boost final erythroid
output, both in primary cells and immortalized erythroid cell lines. Since it has been
noticed that HSPC derived from different cord blood donors have a diverse potential
to give rise to mature RBCs, comparing gene expression patterns of HSPC from
different donors in order to identify genes potentially contributing to such functional
heterogeneity would improve the final yield of in vitro RBC production.
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Summaries of results

Paper I: Identification of potential chemical compounds enhancing
generation of enucleated cells from immortalized human erythroid cell lines

Aims:

1. To identify chemical compounds triggering enucleation of immortalized
human erythroid cell lines.

2. To explore critical pathways regulating enucleation.
Summary:

For efficient ex vivo manufacturing of red blood cells (RBCs), immortalized
erythroid cell lines are a promising alternative source, however their maturation is
not efficient at present and the viability of generated cells remains problematic.
Chemical compound screening is a comprehensive approach to identify drugs
triggering a desirable cellular response. In Paper I we aimed to identify chemical
compounds inducing enucleation in a human erythroid cell line. We screened more
than 3,300 chemical compounds by utilizing an imaging-based high-throughput
system. Among several classes of tested chemical compounds, we found that
multiple HDACi could enhance the generation of enucleated cells upon treatment.
However, we also observed that the generated enucleated cells had fragile cell
membranes. Gene expression analysis revealed significant down-regulation of
erythroid-specific alfa-spectrin (SPTA41) gene expression and instead up-regulation
of non-erythroid-specific alfa-spectrin (SPTANI1). We speculated that this might
underlie the increased frequency of fragile enucleated cells. We restored SPTAI
expression using clustered regularly interspaced short palindromic repeat activation
(CRISPRa) and noticed significant improvements in viability and frequencies of
generated enucleated cells using HDACi. Our investigations propose a potential
strategy for generating less fragile enucleated cells quickly and efficiently.
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Paper II: Establishment of an immortalized human erythroid cell line
sustaining differentiation potential without inducible gene expression
system

Aims:

1. To establish an immortalized cell line with a simple HPV16-E6/E7
overexpression system.

2. To explore if the cell line sustains differentiation potential with continuous
HPV16-E6/E7 expression.

Summary:

Various immortalized erythroid cell lines have been established by ectopic
expression of HPV16-E6/E7 genes. E6 and E7 proteins induce immortalization
through transactivating pRB and degradation of p53 proteins. To induce
differentiation, expression of these genes is shut down by using a gene induction
system such as the Tet-On system. However, the necessity of terminating HPV16-
E6/E7 for efficient differentiation has not been verified. In Paper 1, we report the
establishment of a new immortalized erythroid cell line, called Erythroid Line from
Lund University (ELLU), derived from healthy human bone marrow CD34" cells.
In ELLU cells, we omitted the Tet-On system and instead used continuous
expression of HPV16-E6/E7 using a simple expression system. We established
more than 10 different ELLU clones derived from the same source. Interestingly,
we found that ELLU can differentiate to more mature cells, including enucleated
cells, without terminating HPV16-E6/E7. We also noticed that ELLU clones have a
considerable variation in their erythroid traits and properties such as expression of
adult hemoglobin, speed of differentiation, and quality of enucleated cells. Our
findings introduce an alternative method to establish immortalized cell lines that are
capable to differentiate to mature RBC. Additionally, we also demonstrated the
functional diversity of established clones that are potentially correlated to
hemoglobin expression.
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Paper III: Transcriptomic analysis of functional diversity of human
umbilical cord blood hematopoietic stem/progenitor cells in erythroid
differentiation

Aims:

1. To compare erythroid potential of CD34" cells isolated from 50 UCB
donors.

2. To identify key genes whose expression level correlate with their
erythroid potential.

Summary:

Although HSCs are considered multi-potent and capable of producing all mature
blood lineages, several reports identify diversity of HSC capacity for differentiation
potential towards specific lineages. Erythroid differentiation potential is not an
exception, as our previous studies have noticed a wide range of erythroid production
levels of UCB HSC. In Paper IlII, we investigated the potential connection between
gene expression profiles and in vitro erythroid differentiation potential among UCB
donors. To do this, we isolated CD34" from 50 UCB donors and functionally
characterized them by differentiating them into the erythroid lineage. We measured
their erythroid potential by quantifying the frequency of Glycophorin-A™ (GPA™)
cells after 6 days culture. This analysis found that although frequencies of HSPC
within the plated CD34" population were similar, the frequency of GPA™ cells
produced varied. By comparing gene expression profiles using RNA-seq of donors
giving high respective low yields, we identified a positive association of genes
related to GPCR signaling with GPA™ output. We demonstrated the functional
implication of GPCR signaling pathway by chemically manipulating two main
enzymes in this pathway and observed that inhibition of PDE led to 10 times higher
yield of GPA™ cells than activation AC. These findings indicate importance of
GPCR signaling pathway in the degree of erythroid differentiation.
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Discussions and future perspectives

Considering future use of ex vivo produced RBC for clinical applications, the
efficiency of RBC production should be holistically assessed, not only based on the
final output (e.g., yield) but also its ease and cost of the methods, as well as quality
of the produced cells. Erythropoiesis is a complex process. Lab-produced blood
sounds futuristic but is possible even today, with cells resembling the characteristic
and functions of natural RBC (Giarratana et al., 2011). Efficient enucleation is an
important parameter, but also starting numbers or yield of the final product has to
be considered if the aim is to use cells for the transfusion’s purposes in the end.
Therefore, immortalized erythroid cell lines due to their ability to proliferate
unlimitedly should be considered as a significant cell source to obtain the required
numbers of RBC. To achieve their use, induction of enucleation has to be optimized
though.

In Paper I, our chemical compound screening successfully identified a group of
HDAC: inducing enucleation in the HiDEP cell line. However, this finding was
unexpected because numerous studies proposed that inhibition or deficiency of
some HDACs disrupts erythropoiesis and enucleation. For example, it has been
demonstrated that HDAC2 and HDACG6 are necessary for enucleation of murine
erythroid cells (Ji et al., 2010), (Li et al., 2017), although the importance of HDAC5
for terminal maturation in murine erythropoiesis is controversial (Popova et al.,
2009)(Ji et al., 2010). Additionally in humans, one study indicates the absolute need
for HDACS for enucleation (Wang et al., 2021). Based on our study, we cannot
conclude which particular HDAC is essential for inducing the observed enucleation
in HIDEP by M344 and Fluoro-SAHA. First, because little information is known
about Fluoro-SAHA and M344 mechanism of action in general, and Fluoro-SAHA
in particular. It is hypothesized that M344 inhibits HDACs from Class I and Class
IIb and that it is a good inducer of cell differentiatiation of mouse erythroleukemic
(MEL) cell line (Volmar et al., 2017)(Jung et al, 1999). Fluoro-SAHA’s
mechanism of action is still incompletely understood. Second, we found that, as an
immediate response to HDACi treatment, activities of HDAC1, HDAC2 and
HDAC3 were lowered while HDACS5 and HDAC6 was unaffected. However,
whether and how the HDAC activity directly affects enucleation is unclear at
present, as there is a significant time gap between the quick response to HDACi and
the execution of enucleation that usually happens later than 24 hours after the
treatment. Further studies using both this and similar erythroid cell lines will be
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required to answer this question. For example, inducing natural differentiation of
both primary erythroid cells and immortalized erythroid cell lines with or without
chemical compounds and then comparing gene expressions or activities of HDACs
would help elucidate specific genes in cell lines involved in enucleation. This
information would provide new insights into understanding the role of HDACs in
erythropoiesis using different model systems. If we found overlapping genes from
human in vitro and published data from in vivo murine systems, this would indicate
that these regulators are conserved, essential for erythroid maturation.

It was also unexpected that HDACi treatment led to significant SPTANI
upregulation. It is unclear why SPTANI is so highly up-regulated upon the HDACi
treatment, possibly to compensate for severe reduction of SPTAI. In fact, not only
SPTAI but also other erythroid-specific cell surface molecules were down-
regulated. Additionally, SPTB expression was not drastically decreased, possibly
SPTB and SPTANI form an alternative complex to maintain the membrane in non-
erythroid cells but is incapable of maintaining membrane integrity of erythroid cells.
Additionally, we hypothesized that expression of SPTAN1 might make a target for
cleavage by caspases, particularly caspase 3, which was reported essential for
erythroid maturation in some studies. In support of this hypothesis, inhibition of the
caspase activity during the HDACi treatment significantly improved cellular
viability but at the same time enucleation was blocked. We succeeded in improving
the viability of enucleated cells by SPTA overexpression, to a certain degree. These
findings indicate that the abnormal conversion of a-spectrin is a significant, but not
the sole reason for the cellular fragility upon HDACIi treatment. Future studies
exploring the potential role of SPTANI in erythropoiesis might also be important,
as SPTANI is reported to have different functions in the non-erythroid cells other
than being a part of the cell membrane (Sreeja et al., 2020). SPTANI localizes to
the cytosol and is a part of different signal transduction mechanisms, including
apoptosis (Sreeja et al., 2020). However, our gene expression analyses did not find
any genes involved in apoptosis, we therefore don’t know whether its role involves
non-apoptotic cell death or other types of cellular reactions such as clearance of
different organelles. It is noteworthy that together with normal enucleation, we often
observed some rupture-like events happening in the HDACI treated cells. It is of
interest what exactly is formed by the rupture event and via what cellular reaction.
Possibly the resulting small particles are extracellular vesicles. Could these smaller
size enucleated cells function like RBCs? The functionality of produced cells needs
to be tested both in vivo and in vitro.

During the maturation process, primary erythroid cells differentiation is coupled to
cell divisions during which erythroid cell shrinkage occurs. Cyclin D3 is a cyclin
which regulates these specialized cell divisions (Keerthivasan, Wickrema and
Crispino, 2011), (Sankaran et al., 2012). Induction of continuous cell growth, or
immortalization, is clearly an irregular feature to the non-erythroid cell. When these
cells are transformed and start proliferating continuously, they usually stop

55



differentiating into mature cells. The ectopic expression of HPV16-E6/E7 is used as
a common tool for establishing immortalized erythroid cell lines. After
immortalization, cell lines sustain key erythroid features, such as hemoglobin
synthesis and morphologic changes during differentiation and enucleation. The
expression of HPVI16-E6/E7 is usually terminated when inducing, because every
cell division in terminal erythroid differentiation is coupled to maturation
(Keerthivasan, Wickrema and Crispino, 2011), (Sankaran ef al., 2012). Previously
established cell lines, HIDEP, HUDEP, BEL-A, could differentiate and enucleate in
this condition, however considerable amount of dead cells were observed, especially
from HiDEP and HUDEP (Kurita et al., 2013), (Trakarnsanga et al., 2017). By
establishing ELLU we investigated the necessity of shutting down the HPV16-
E6/E7 for differentiation of immortalized human erythroid cell lines and found that
those cells were able to differentiate into mature erythroid cells even with
continuous expression of HPV16-E6/E7. Overexpression of these genes could also
have a “cancerous” effect, as E6 gives anti-apoptotic potential through p53
degradation and E7 enforces proliferation by inactivating Rb, and as the result cells
would not be able to differentiate (Alberts, Johnson and Lewis, 2002). However, we
observed that ELLU cells could differentiate at a similar efficiency to
HiDEP/HUDEP. Alternatively, there is a possibility that E6/E7 expression induces
expression of key driver genes for differentiation and enucleation. We have not
properly demonstrated the mechanism explaining differentiation of ELLU with this
immortalization method. It would be important to carefully evaluate the benefit and
risks of continuous HPV16-E6/E7 expression in the differentiation potential of the
immortalized cell lines by establishing two types of immortalized cell lines, with or
without the shutting-down system, from the same donor.

Two particular ELLU clones (#104 and #116) were able to differentiate in 6 days,
which is noticeably faster compared to HiDEP, HUDEP, and BEL-A, however
higher cell death frequency was also observed. Of note, these clones have longer
size E6 gene integration in the genome while other clones have integration of both
longer and shorter sizes of the E6 gene. This truncated E6 is known to affect rather
E7 protein levels (Tang et al., 2006), which potentially impacts on proliferation
speed of the cells. However, potential roles of the truncated E6 gene remain to be
conclusively determined, so that more detailed molecular analyses are needed.

When we established ELLU, it was striking to find considerable heterogeneity in
hemoglobin expression considering all clones originated from the same donor.
Increase of fetal hemoglobin expression in vitro culture is a common feature,
however reasons to that are not clear. When characterizing ELLU, we looked at the
expression of two primary regulators of hemoglobin switching, BCL11A4 and KLF 1,
and found that they are similarly expressed. Possibly there are other regulators of
globin switching independent of BCL11A and KLF1, since one recent study
reported that non-POU domain-containing octamer-binding protein (NoNO) plays
an essential role in silencing y -globin expression. In this study, it was demonstrated
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that depletion of NoNO in K562, HUDEP-2, and primary erythroid progenitor cells
resulted in significant fetal globin expression (Li ef al., 2021). Therefore, it would
be informative to check the expression of NoNO and other genes such as SOX6,
FOG-1 or repressor complexes, for instance NuRD (Sankaran, Xu and Orkin, 2010).
Moreover, performing comprehensive gene expression analysis to compare ELLU
clones (and other erythroid cell lines) expressing different hemoglobin would be an
informative approach to discover novel genes underlying the hemoglobin patterns
of immortalized erythroid cell lines.

Beyond developing high-efficient differentiation (including enucleation) methods,
a following important step would be establishing low-cost in vitro
culture/differentiation conditions towards the future large-scale production. In
addition, it would be crucial to try constructing 3D culture conditions or bioreactors
(Bayley et al., 2018). Recent publications suggest the promising potential of
bioreactors for efficient RBC production using human umbilical cord blood CD34"
(Timmins et al., 2011) and adult peripheral blood mononuclear cells (Gallego-
Murillo et al., 2022). In addition, in vitro large-scale platelet production from
immortalized human megakaryocyte cell lines using a bioreactor system has
become realistic (Ito et al., 2018). Thus, developing culture systems combining with
bioengineering platforms which is optimal for cell lines is an essential part of the
large-scale ex vivo RBC production method.

Another serious concern of ex vivo manufactured RBC is the fragility of produced
cells compared to native cells (Pellegrin, Severn and Toye, 2021). Since RBC need
particular flexibility in their shape (deformability) in order to circulate and flow
through capillary vessels, membrane integrity of produced RBC is as important as
their oxygen carrying potential. Thus, understanding the reason for the cell
membrane fragility is critical. While we tried to address the reasons for cell fragility
in Paper I and Paper II, we did not discuss about the potential factors contained in
the differentiation media, which cause the cell membrane disruption. After HDACi
treatment, enucleated cells are very fragile. Under native conditions, newly
enucleated reticulocytes need additional time to remodel the cell membrane and
acquire proper cell membrane features. Chemical treatment of HiDEP induces the
maturation process, but might not provide the appropriate environment for newly
generated reticulocytes, which could be the reason of their fragility. It would be
crucial to test treating HiDEP and ELLU in other media with more supplements
other than standard erythroid differentiation media that were optimized for primary
erythroid cells.

In Paper III, we found that CD34" cells from different umbilical cord blood had
various levels of erythroid differentiation potential despite similar frequencies of
HSPCs. In this study, only two samples were female, therefore unbalancing the
analysis. RNA-seq comparing high and low GPA yield from donors identified
GPCR-related genes as a separating factor. AKAPY is one of the candidate genes,
having an ability to bind to some enzymes from GPCR related pathways such as
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AC, PDE and PKA. Based on these facts, we hypothesized if modifying any of this
pathway regulators chemically would affect erythropoiesis. We found that
destruction of PKA-AKAP complex and AC activation, did not have a strong effect
on erythropoiesis, however inhibition of PDE did. Further detailed investigations
are required to confirm that inhibition of PDE is required and regulated by AKAP9.
It would be informative to measure the activity of AC when PDE is inhibited in
order to clarify whether their expression and/or activities are synchronized. To
explore precise roles of identified genes, especially AKAPY, it would be needed to
perform knock-down/knock-out experiments using RNA interference (RNAi) or
CRISPR/Cas9 technology, as well as overexpression experiments. Targeting other
AKAP genes would further reveal their contributions in different stages of erythroid
maturation, since several studies have reported potential implications of different
AKAPs in erythropoiesis (Kotaki ef al., 2020), (Chung et al., 2017). Yet, there is no
detailed studies investigating their mechanism of action.

Since donor CD34" cells contained similar frequencies of HSPC populations, we
used total CD34" cell frequency for the functional evaluation and gene expression
analysis. However, to better understand the functional heterogeneity of HSC in
erythroid potential, it would be informative to compare gene expression profiles and
epigenetic profiles of more purified cells by sorting HSC population or single-cell
analysis. Additionally, obtaining more information about the presence of other
specific progenitor cells dominating within the CD34" population would be
required. This type of analysis could help answering if such type of subpopulation(s)
has an impact on erythroid output.
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Concluding remarks

In summary, the work presented in this thesis describes novel approaches to
discover novel regulatory mechanisms in erythroid differentiation/maturation both
in primary cells and immortalized cell lines, which significantly contributes to
developing robust methods for more efficient ex vivo production of RBCs from
immortalized erythroid cell lines. Below are three main conclusions of presented
works:

1. Identified potential chemical compounds inducing generation of enucleated
cells from immortalized erythroid cell line.

2. Established a new immortalized human erythroid cell line sustaining
differentiation potential under continuous HPV16-E6/E7 expression.

3. Investigation into heterogeneity of CD34" cells from distinct donors for the
potential to generate erythroid cells and potential genes involved in this.

We envision that immortalized erythroid cell lines are the promising tool for
efficient ex vivo RBCs production, yet many technical challenges are to be solved.
Our work is a significant contribution to the field, as our unique approaches have
successfully identified powerful tool to study immortalized cell line-specific
molecular regulations and uncovered previously unknown blockade in their
differentiation path. We believe these findings will contribute to establish efficient
and robust protocols for ex vivo generation of RBCs for future application in
transfusion therapies.
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Popular scientific summary

Blood transfusion is a lifesaving procedure where the patient’s blood is replaced or
supplemented by a blood donation. Usually, blood transfusions are needed when a
person suffers from anemia (lack of blood) due to illness, or in acute situations
where there is a life-threatening blood loss. However, patients have restricted access
to safe blood transfusions globally making it an urgent need to enable its efficient
and continuous availability. Blood production in the lab is an alternative approach
to public blood donation, and is one possible solution to the problem of availability.
This source of red blood cells is the main focus of my thesis.

The most abundant cell type in the blood is a red blood cell (erythrocyte), and is
used for transfusion therapy. Recently, scientists succeeded to generate functional
erythrocytes in the lab, using hematopoietic stem cells (HSCs) as a starting material.
For many cell types, including erythrocytes, scientists have found specific
conditions for their development. However, HSCs are limited and therefore
unsuitable to generate the large number of erythrocytes required to cure anemia
(referred to as poor scalability). Moreover, it has also been noticed that HSCs from
different donors give rise to different numbers of mature erythrocytes, further
hampering their potential as a source of lab produced blood under proper conditions
which would make the output variable over time. Recently, scientists addressed the
problem of scalability by “immortalizing” cells that are capable of producing a
theoretically unlimited number of erythrocytes. These immortalized erythroid cells
serve as a source of unlimited erythrocyte production and is independent from
frequent HSCs donations. Immortalizing cells are suitable for solving scalability
problems, but immortalized cells are not efficiently producing erythrocyte. One
problem is their inefficient enucleation, which is a part of the final maturation where
the developing erythrocyte spits out its cell nucleus. Possibly the perfect
immortalization strategy has to be found to make enucleated erythrocyte production
in the lab more efficient.

The goal of my PhD studies was to establish methods allowing the generation of
enucleated cells using immortalized developing erythrocytes. In my first project, I
tested more than 3,300 chemical compounds and found chemical compounds
enhancing the generation of enucleated cells. I also found that these chemical
compounds produced fragile erythrocytes that did not function properly. To get a
clue into why, we looked at gene expression after chemical compounds treatment
and found that one gene SPTA 1 was down-regulated. This gene is related to the cell
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membrane and could be a part of the reason why our erythrocytes were fragile. To
test this, we overexpressed SPTA1 which improved the quality and frequency of
enucleated cells after chemical compound treatment. This approach allows rapid and
efficiently RBC production in the lab.

In my second PhD Project, I established a new erythroid cell line as a potential
candidate source for efficient erythrocyte generation using a unique immortalization
strategy. Established erythroid cell lines by other scientists give rise to mature RBC
if the genes responsible for immortalization is off. However, nobody ever asked why
they had to be turned off. So, I created a new cell line that always had the expression
of this gene; even then, cells were undergoing development into mature RBCs. From
this cell line, I isolated ten different clones, which all originated from one adult HSC
donor and found that different clones gave rise to different types of RBCs with adult,
fetal, or embryonic features. This different outcome from a single source is an
unexpected and exciting finding, and further future studies are needed to understand
why this variation happened.

In my third Project, I investigated the molecular heterogeneity in HSC underlying
their potential to become erythrocytes. We compared the erythroid potential of
CD34"HSC isolated from 50 different umbilical cord blood (UCB) donors and
discovered that donors gave rise to various frequencies of erythrocytes despite their
similar frequency of HSC at the start, indicating an inherent difference in their
capacity for erythrocyte development. We then compared the gene expression of
CD34" cells and found that genes involved in the GPCR signaling pathway were
significantly up-regulated in the donors giving high-erythroid output. We
chemically manipulated two necessary enzymes of this pathway and found an effect
on the erythrocyte development. Our findings suggest that GPCR signaling is
potentially involved in the different erythroid potential of individual UCB donors,
but further investigations are required to understand this in more detail.

Efficient erythrocyte production in the lab is a solution to a safe blood transfusion
worldwide. Finding the best material and creating fast, affordable methods for the
efficient generation of erythrocytes are needed. Therefore, developing proper
materials and studying how erythrocytes mature is essential knowledge that will be
applied to produce functional erythrocytes in the lab.
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Popularvetenskaplig sammanfatning

Blodtransfusion ar det livrdddande ingreppet ndr en patients blod ersétts helt eller
delvis av en donators. Vanligtvis anvinds blodtransfusioner nir en person lider av
anemi (blodbrist) sdsom till f6ljd av en medicinsk &komma eller vid akuta
situationer nir en stor méngd blod har gitt forlorad. Aven fast blodtransfusioner r
en grundforutsittning for god medicinsk vard sa radder det en global blodbrist och vi
har en ldng vdg kvar till allmén tillging till sdkra och alltjamt tillgéngliga
blodtransfusioner. Som ett alternativ till allmdnhetens donation av sitt eget blod
skulle en kontinuerlig tillgédng till blod fran labbet kunna odlas fram, och didrmed
sékerstilla en teoretisk oéndlig kélla av blod. Denna kélla till roda blodceller &r det
huvudsakliga fokus for min avhandling.

Roda blodceller (dven kallade “erytrocyter") dr den mest forekommande celltypen i
vérat blod, och ges till patienter vid blodtransfusion. Nyligen sé lyckades forskare
framstélla erytrocyter i labbet genom att anvénda sig av hematopoietiska stamceller
(forkortat "HSC”) som ett ursprungsmaterial. Genom att anvidnda sig av kdnda
signaleringsmolekyldr kunde dessa HSC stimuleras till att bli erytrocyter.
Tillgangen till HSC &r dock mycket begrinsad dé det endast finns ett fital i varje
persons kropp, och dérfor dr de oldmpliga for storskalig, labb-baserad produktion
av blod. Dessutom tycks det finnas en underliggande variation i férmagan till att
bilda erytrocyter fran enskilda donatorers HSC, vilket skulle medféra en
okontrollerad variation i tillgdngen av erytrocyter. Man siger att HSC har en délig
formaga till uppskalning. I ett forsok att nd god formaga till uppskalning si har
forskare istdllet skapat celler som kan fornyas ett teoretiskt odndligt antal ganger
och med mojligheten att ge tillgang till en odndlig méngd av erytrocyter. Dédrmed
skulle begriansningen med HSC kunna kringgds och uppskalningsformagan
forbattras avsevirt. En nackdel med den hér kéllan till erytrocyter &r att de inte &r
effektiva i att “enukleara”, vilket ar ett av de slutgiltiga stadierna i bildandet av
erytrocyter och innebar att cellkdrnan helt enkelt avldgsnas frdn cellen. Detta
tillkortakommande maste 6verkommas innan vi kan ha effektiv produktion av
erytrocyter i labbet.

Malet for mina doktorandsstudier var att etablera metoder for att generera
enuklerade erytrocyter fran celler som har odndligt liv. I mitt forsta projekt sa testade
jag mer an 3,300 kemiska substrat och fann déarigenom ett antal som forbattrade
formagan till att ge enuklerade erytrocyterna. Vi noterade dock att de férdiga
cellerna var omtéliga och inte var helt vilfungerande. For att forsoka forsta och
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motverka detta sd undersokte vi den underliggande genetiska faktorn i dessa celler,
och fann att en gen vid namn ”SP7A4[” var nedreglerad. Denna gen ar involverad i
cellmembranet som omger alla celler, och skulle kunna vara en underliggande
anledning till varfor cellerna var dmtaliga. For att testa detta s& aterforde vi pa
konstgjord vig SPTAI in i cellerna och fann d& att kvalitén och frekvensen av
enuklerade erytrocyter 6kade. Detta tillvigagangssatt ar darfor ett steg pa vigen mot
snabb och effektiv produktion av erytrocyter i labbet.

I mitt andra doktorandsprojekt etablerade jag en ny odndlig kélla till celler i labbet
som kan ge uppkomst till erytrocyter. Vi anvinde oss av en unik strategi for att
uppna detta, da andra odddliga cellkéllor stinger av uttrycket av vissa gener for att
generera erytrocyter. Men varfor dessa gener maéste stingas av dr oként, sa jag
skapade en helt ny typ av cell dir vi inte stinger av generna; och fann att de
fortfarande kunde generera erytrocyter. Fran dessa celler isolerade jag tio stycken
unika kloner, som alla hade skapats fran en och samma donators HSC men som nu
i formen av oédndligt levande celler borjade producera olika typer av erytrocyter,
med karaktirsdrag fran vuxnas, fosters, och embryonala erytrocyter. Att f4 dessa
olika resultat fran kloner som genererats frdn en och samma donator var ovéntat och
intressant, och ytterligare studier kommer behdvas for att forsta varfor olika kloner
fick sin olika prégel.

I mitt tredje projekt undersokte jag den underliggande molekyldra orsaken bakom
variationen hos normala HSC formaga for att bilda erytrocyter. Vi isolerade och
jamforde formagan fran 50 olika navelstringsblod-donationer, och aterfann den
forviantade variation hos olika HSC att bilda erytrocyter. Vi jimforde direfter
genuttrycket och fann att signalering via en viss typ av signaleringsmolekyler (som
kallas ”GPCR”) var signifikant hdgre i donatorer som producerade fler erytrocyter.
Ifall vi paverkade den hér typen av signalering via kemiska substanser fick vi ocksa
en paverkan av mingden erytrocyter. Véra insikter indikerar darfor att denna typ av
signalering &r en underliggande orsak till variation hos olika donatorers olika
forméga till att bilda erytrocyter, men ytterligare undersdkningar kommer kréavas for
att forstd helhetsbilden bittre.

Effektiv produktion av erytrocyter i labbet utgdér en losning for att tillgodose
kontinuerliga och sikra blodtransfusioner, och dess tillgédnglighet Gver hela varlden.
Att finna det frdmsta materialet som mojliggér snabb och kostnadseffektiv
produktion av erytrocyter utgdr ett alltjamt skriande behov, och mitt
doktorandsarbete bidrar till att utveckla lampliga material for detta samt studerar
underliggande faktorer som skulle kunna anvéndas for att producera funktionella
erytrocyter i labbet.
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Mokslinio darbo santrauka

Kraujo perpylimas, tai gyvybes gelbéjanti procediira, kai naudojant kraujo donory
krauja paciento kraujas yra pakei¢iamas arba papildomas. Dazniausiai kraujo
perpylimo procediira reikalinga, kada asmuo kencia nuo anemijos (kraujo trikumas,
mazakraujysté) dél ligos, ar sunkiose situacijose, kai yra gyvybei pavojingas kraujo
netekimas. Deja, pacienty prieiga prie saugaus kraujo perpylimo globaliai yra ribota,
biitent dél to labai svarbu uztikrinti veiksmingg ir nuolatinj Sios procediiros
prieinamuma. Kraujo gamyba laboratorijose tai alternatyva kraujo donorystei ir
vienas i§ galimy problemos dél prieinamumo sprendimo bady. Sis raudonyjy kraujo
kiineliy gavimo biidas yra pagrindinis mano disertacijos akcentas.

Gausiausias lastelés tipas miusy kraujyje yra raudonasis kraujo kiinelis (arba
eritrocitas) ir jis naudojamas kraujo perpylimo gydyme. Neseniai mokslininkams
pavyko sukurti funkcionuojanéius eritrocitus  laboratorijoje, naudojant
hematopoetines kamienines lasteles (trumpai HSCs) kaip prading medZziaga.
Daugeliui lgsteliy, jskaitant eritrocitus, mokslininkai surado specifines salygas jy
vystymui. Tac¢iau HSC yra ribotas kiekis, todél netinka norint pagaminti didelj kiekj
eritrocity, kas yra buitina gydant anemija (nurodyta kaip prastas masto keitimas). Be
to, pastebéta, kad HSC is skirtingy donory duoda skirtinga subrendusiy eritrocity
skai¢iy, o tai dar labiau sumazina jy, kaip potencialiy, tinkamomis sglygomis
laboratorijoje pagaminto kraujo, Saltiniy, dél ko iSeiga laikui bégant kinta. Neseniai
mokslininkai sprendé masto problema ,, jamzindami ,, Iasteles, kurios teoriskai gali
gaminti neribotg eritrocity kiekj. Sios jamZintos eritoidinés lastelés yra kaip 3altinis
neribotai eritrocity gamybai ir nepriklauso nuo HSC donorystés daznumo. Lasteliy
jamzinimas tinkamas masto problemos sprendimui, bet tokios lastelés neefektyviai
gamina eritrocitus. Viena i§ problemy yra neefektyvi jy enukleacija, kuri yra
galutinio brendimo dalis, kai besivystantis eritrocitas iSspjauna savo Iastelés
branduolj. Turbut reikia atrasti tobulg jamZzinimo strategija, kad bebranduoliy
eritrocity gamyba laboratorijoje buty veiksmingesné.

Mano doktorantiiros studijy tikslas buvo sukurti metodus, kurie leidzia generuoti
bebranduoliy lgsteles naudojant besivystancius jamzintus eritrocitus. Pirmame
projekte as$ isbandziau daugiau negu 3,300 cheminiy junginiy ir radau cheminiy
junginiy, kurie pagerina bebranduoliy Igsteliy susidaryma (generacijg). Taip pat
pastebéjau, kad Sie cheminiai junginiai gamino silpnus eritrocitus, kurie
funkcionavo netinkamai. Norédami suprasti kodél, pazvelgéme j geny ekspresija po
apdorojimo cheminiais junginiais ir nustatéme, kad genas SPTAI buvo Zemyn
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reguliojamas. Sis genas yra susijes su lastelés membrana ir gali biiti dalis prieZasties,
kodél miisy eritrocitai buvo silpni. Norédami tai iSbandyti mes smarkiai padidinome
SPTAI kiekj, kuris pagerino bebranduoliy lgsteliy kiekj ir daznj po apdorojimo
cheminiais junginiais. Sis metodas leidZia greitai ir efektyviai gaminti RBC
laboratorijoje.

Savo antrajame doktorantiiros projekte sukiriau naujg eritroidiniy Igsteliy linija,
kaip potencialy S$altinj efektyviam eritrocity generavimui naudojant unikalig
jamzinimo strategija. Kity mokslininky sukurtos eritroidiniy lasteliy linijos padidina
RBC brandumg jei genai, kurie atsakingi uz jamzinimg yra atjungti. Taciau niekas
nickada neklausé, kodél gi jie turi buti atjungti. Taigi, a$ sukiiriau naujg Igsteliy
linija, kuri visg laikg turéjo Sio geno ekspresija; netgi tada lastelés vystési j brandzius
eritrocitus (RBC). IS Sios lasteliy linijos i§skyriau desimt skirtingy klony, kurie buvo
sukurti i§ vieno suaugusio HSC donoro ir iSsiaiskinau, kad skirtingi klonai sukélé
skirtingy tipy RBC su suaugusiojo, vaisiaus ir embriono turin¢iomis savybémis.
Toks skirtingas rezultatas i§ vieno iSteklio yra netikétas ir jaudinantis atradimas,
norint supranti, kodél toks kitimas jvyko reikia atlikti tolimesnius tyrimus.

TreCiajame savo projekte iStyriau HSC molekulinj heterogeniskuma, kuris
pagrindZia jy potencialg tapti eritrocitais. Mes palyginome CD34"HSC, isskirty i§
50 skirtingy virkstelés kraujo (UCB) donory, eritroidinj potencialg ir i$siaiskinome,
kad donorai sukélé jvairy eritrocity daznj, nepaisant panasaus HSC daznio
pradzioje, o tai parodo biidingg skirtumg jy gebéjime vystytis eritrocitams. Tada
palyginome CD34" Igsteliy geny ekspresijg ir nustatéme, kad GPCR signalizacijos
kelyje dalyvaujantys genai buvo Zymiai praturtinti donoruose, duodanciy didele
eritroiding iSvestj. Mes chemiskai manipuliavome du butinus $io kelio fermentus ir
nustatéme poveikj eritrocity vystymuisi. Miisy iSvados rodo, kad GPCR
signalizacija gali biiti potencialiai susijusi su skirtingu atskiry UCB donory
eritroidiniu potencialu, bet norint tai suprasti detaliau biitini tolimesni tyrimai.

Veiksminga eritrocity gamyba laboratorijose yra saugaus kraujo perpylimo visame
pasaulyje problemos sprendimas. Yra biitina rasti geriausia medziagg ir sukurti
greitus, jperkamus metodus efektyviai eritrocity gamybai. Todél tinkamy medziagy
kiirimas ir eritrocity brendimo tyrimai yra esminés Zinios, kurios bus taikomos
gaminant funkcionuojancius eritrocitus laboratorijoje.
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Pe3rome HaydyHOM padOThI

[lepenuBanme KpOBH — 3TO CHACHTENbHAS JUIA KU3HU MPOIEAypa, Ipyu KOTOPOU
KpPOBB IMAIIMECHTA 3aMEHSETCS WIH JOIONHIETCS JOHOPCKOM KpoBbio. Ilporemypa
MepenuBaHis KPOBH OOBIYHO HEOOXOIMMa, KOTJa YelNOBEK CTpajaeT aHeMHen
(MamoKpoBHEM) BCIEACTBHE OONIE3HH MITH B CIIOKHBIX CHTYaIlHsAX, KOTJ1a BOZHUKAET
omacHasi JJIs KU3HH KpoBomoTepsi. OMHAKO MOCTYI MAIMEHTOB K 0e30TacHOMY
MEPEeTUBAHUIO KPOBU BO BCEM MHUPE OTPaHHYEH, MOITOMY TaK BaXKHO O0ECIEUUTh
3¢ (eKTUBHYI0 W TOCTOSHHYIO JOCTYITHOCTh 3TOH mpoueaypsl. [IponsBoacTBo
KpOBU B 1ab60paTopusix — aabTepHATHBA JOHOPCTBY KPOBH M OJHO M3 BO3MOKHBIX
peuIeHu mpooIeMbl TOCTYITHOCTH. DTOT METO/ ITOJTyYCHUS SPUTPOIIUTOB SBJISCTCS
OCHOBHBIM HarpaBJICHHEM MOE! AUCCepTalliu.

Hamnbonee pacnpocTpaHeHHBIM THIIOM KJIETOK B HAIlIel KPOBH SBISIOTCS KpacHBIS
KpPOBSIHBIE TeJbIla (IPUTPOLMUTHI), U OHU HCIONB3YIOTCA MpH TpaHCHY3NOHHOM
Tepanuud. HemaBHO wuccnemoBaTeNd CMOTIM  CO3[aTh  (PYHKIIMOHHUPYHOIINE
SPUTPOLUTHI B JIADOPATOPHUH, HCIIONB3YysS T€MOIOATHYECKHE CTBOJOBBIE KIETKH
(I'CK) B xauecTBe MCcx0qHOTO MaTeprana. Jjis MHOTHX KJIETOK, B TOM YHUCIIE U IS
SPUTPOLUTOB, UCCICIOBATEIN HAILIN CHEIU(PUUSCKUE YCIOBUS IS UX PA3BHTHS.
Opnako xomumyectBo ['CK orpaHmyeHo, u MmO3TOMYy OHM HE HOAXOIAT HJIs
BOCIIPOHM3BOJICTBA OOIJBIIIOTO KOJWYECTBA JPUTPOIMTOB, HEOOXOTUMOTO TpHU
JICUeHUH aHEeMUHU (TaK Has3bpiBaeMmas IUToxas Macitabupyemocts). Kpome Toro,
opu10 3ameueHo, uTo ['CK oT pa3HBIX JOHOPOB MAlOT pa3HOE KOJIWYECTBO 3PEIIbIX
SPUTPOLIUTOB, YTO emle OoNbIIe OrpaHWYMBAET WX TMOTEHIMAT B KadecTBe
HMCTOYHHUKOB KPOBH, TIOJyYCHHON B COOTBETCTBYIONINX YCIOBUSX B JTAOOpaTOpHH,
YTO MOXKET MPUBECTH K HU3MEHEHHUIO KOJIMYECTBA MOMYyYAEMBIX SPUTPOIUTOB C
Te4eHHeM  BpeMeHH. HemaBHO  yu€Hele  oOpaTwiuch K mpoOieme
MAacCIITaOUPyEeMOCTH, UCIIOIb30BaB MMMOPTAIN30BaHHbIC («OECCMEPTHBIEY ) JIMHUN
KJIETOK, KOTOPBIE TEOPETUUECKU MOT'YT IIPOU3BOIUTH HEOTPAHUUEHHOE KOJTUYECTBO
SPUTPOLUTOB. ITH HMMMOPTAIM30BAHHBIE DPUTPOIUTHBIE KIIETKA CITy)KaT
MCTOYHUKOM HEOTPAaHHMYEHHOTO BOCHPOM3BOJICTBA DPUTPOIMTOB M HE 3aBUCST OT
gacToThl noHopcTBa ['CK. MMMopTanu3oBaHHBIC KICTKH MOAXOASAT IJIS PEIICHUS
MpOOJIEMBbI MAacCIITA0UPYEMOCTH, HO TaKhe KJIETKH Hed((EKTUBHO IMPOU3BOJIAT
sputporuTel. OgHOW W3 TpobieM ABIsSeTCS uX Hed(OEKTHUBHAS DHYKICAIIHS,
SIBJISTIOITIASICSL  YACThIO OKOHYATEIHHOTO CO3PEBaHUS, KOTAA Pa3BUBAIOIIMIICS
SPUTPOLUT U30ABJIAETCA OT CBOCTO KIETOYHOIO sjpa. Bo3MoxHO, upeambHOU
CTpaTerMell HMMMOPTANM3allid MOXET CTaTh crmocod Oonee 3¢ (EeKTHBHOTO
MIPOW3BOACTBA OC3bSICPHBIX DPUTPOIUTOB B TaOOPATOPHH.

66



Llenpro MOMX HAYYHBIX HCCIICOBaHUN OBUIO CO3JaHME METOJIOB, MO3BOJISIOIIMX
TeHepUPOBATH YHYKIICHPOBAHHBIE KJIETKH C UCTIOIh30BAaHHEM HMMOPTAITH30BaHHBIX
Pa3BHUBAIOIINXCS IPUTPOIMTOB. B CBOEM IIEpBOM MPOEKTE s MPOTECTUPOBaia 0ojee
3,300 XMMUYECKMX COCIUHCHHN W OOHapyXuia XUMHUYCCKHUE COCIMHCHUS,
YCHIIMBAIOIIHE 00pa30BaHUe YHYKICHPOBAHHBIX KIIETOK. S Takke 00HapyKUIIa, 4TO
9TH XUMHYECKHE COSAMHEHHWS MPOHM3BOMAT XPYIKHE DPUTPOIUTHI, KOTOpPHIE HE
(YHKITHOHUPYIOT TOJIKHBIM 00pa3oM. UTOOkI MOHSTh, TIOYEMY, MBI TOCMOTPEIH Ha
JKCIIPECCHUI0 TEHOB TMOCNIe OOpabOTKM XHUMHYSCKUMH COCAMHCHUSMU U
0oOHapyxuiu, 9T0 onuH TeH SPTAI monmaBisercs. DTOT T€H CBSI3aH ¢ KIETOYHOU
MEMOpaHOW M MOXET OBITh OJHON M3 MPHYUH XPYIKOCTH HAIIUX 3PUTPOLIMTOR.
Uto0bl MpOBEpUTH 3TO, MBI CBepx3kcmnpeccupoBanu SPTAI, 49TO yIydIIMIo
Ka4eCTBO M YaCTOTY 3HYKJICHPOBAHHBIX KIIETOK TOCJIE 00pa0OTKH XUMHYECKHMHU
coeMHCHUSAMH. Takol MOIX0J MO3BOJIAET OBICTPO M dPGHEKTHBHO MPOU3BOIUTH
SPUTPOLIUTHI B JIAOOPATOPHH.

B MoeM BTOpOM OKTOPCKOM MPOEKTE S CO3/1aja HOBYIO SPUTPOUIHYIO KIETOUHYIO
JIMHUIO B KAYECTBE MOTEHITHAITHHOTO UCTOYHUKA T 3 (HEKTUBHOTO 00pa30BaHM
SPUTPOLIUTOB C HCIOJb30BAaHUEM YHUKAJIBHOW CTpPATeTHH HMMOPTAJIU3AIINH.
Co3naHHbIE JIPYTMMH YYEHBIMHA DPUTPOHUJHBIC KICTOYHBIC JIMHUU CITy)KaT
WCTOYHUKOM  3pENBIX  JPHUTPOLUTOB  €CIM  TeHBl, OTBETCTBEHHBIE 3a
MMMOPTAJIN3AIINI0, BRIKIIOYeHBI. OJHAKO HUKTO HUKOTJA HE CIPAIIUBal, OYeMy
WX HY>KHO BBIKJTFOYATh. MITaK, s co3/1a1a HOBYIO KJICTOYHYO JIMHUIO, KOTOpas BCera
MMeNna DKCIPECCHI0 3TOTO TeHa, JaKe TOrla KIETKH Pa3BUBAIKACH B 3peibie
puTpOIUTHL. U3 3TO# KIETOYHOH JMHAM S BBIJIENHIIA AECATh Pa3INIHBIX KJIOHOB,
KOTOPEIE BCE MPOM3OILIN OT oaHOro B3pocioro moHopa ['CK, u obnapyxumna, 9To
Pa3HbIE KIIOHBI CITY KT UCTOYHUKAMH PA3HBIX TUIIOB 3PUTPOILIUTOB CO B3POCIBIMH,
(deradpHBIME WM OMOPHOHATBEHBIMH  OCOOCHHOCTSIMH. Takod pa3muJHBIH
pe3yJIbTaT M3 OJHOI'0 MCTOYHHKA SIBJSICTCS HEOXKUIAHHBIM W 3aXBaThIBAIOIIMM
OTKPBITHEM, U HEOOXOAMMEBI JTATbHEHIIINE UCCIIEAOBAHUS, YTOOBI IOHATh, MIOYEMY
IIPOM3OIILIIO ATO U3MEHEHHE.

B MoeM TpeTheM MpoeKTe s UCCieIoBaia MOJIEKYJIApHYt0 reteporedHocts I'CK,
JIKAIIYIO0 B OCHOBE UX CITOCOOHOCTH MPEBPAIIATHCS B SPUTPOLUUTHL. MBI CpaBHUIN
SPUTPOUAHBINA MOTEHIIHAI CD34"' I'CK, BblaeneHHbIH oT 50 Pa3IUYHbIX JTOHOPOB
IyIOBUHHBIX CTBOJIOBBIX KiIeTok (UCB), m oOHapy>KWjaM, YTO JOHOPHI JTaBaJIH
pa3IUHYI0 YaCTOTY JPHUTPOIIUTOB, HECMOTPS Ha WX oauHaKoByr wactoTy I'CK B
HayaJie, YTO YKa3bIBaeT Ha BPOXKJICHHYIO Pa3HUILY B UX CHOCOOHOCTH K Pa3BUTHIO
SPUTPOLIUTOB. 3aTeM Mbl CpPaBHHJIM dKchpeccuio renos CD34" kmerok u
OOHApy)XUJIM, YTO TEHbI, ydacTBywoomue B curHaibHoM myth GPCR, Obinm
3HAYUTEILHO aKTUBU3UPOBAHKI Y JIOHOPOB, AAFOIIUX BHICOKHIA BBIXOJI IPUTPOUIOB.
MBI XUMUYECKH MaHUWITYJTUPOBAIH JIBa HEOOXOIMMBIX (epMEHTa 3TOTO MyTH U
OOHapy)XWJIM WX BIMSHUE HA pPa3BUTHE JSPUTPOUHTOB. Hamm pe3ymbTaTh
MOKa3bIBalOT, 4TO0 mneperada curHanoB GPCR mnoreHnmansHO cBs3aHA C
Pa3IMYHBIMA DPUTPOUAHBIME TOTEHIIMANIaMH OTAENbHBIX noHOpoB UCB, HO
HEe0OXOAMMBI JATEHEHUIITHE UCCIICIOBAHUS, YTOOBI TOHITH 3TO O0JIee MOAPOOHO.
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D¢ dexTBHOE TPOU3BOACTBO 3PUTPOLUTOB B JaOOPATOPUM SIBISIETCS PELICHUEM
pobaeMbl 6€30IMacHOro MepenruBaHus KpoBU BO BceM mupe. Heo6xommum mouck
HaWJIydIIero Marepuayna M CO3JaHue OBICTPBIX M JOCTYHHBIX METOJOB JUIS
3G GEKTUBHOTO  IMOMYYCHUS OJPUTPOLUTOB. Takum oOpa3oM, pa3paboTka
HaJJIeKAIUX MaTepualloB M H3Y4deHHE IpOoILiecca CO3PEBAHMS JPUTPOLMTOB
ABJSIETCS B@KHBIM 3HAaHMEM, KOTOpoe OyneT NPUMEHAThCA Ul IOIY4YEeHUs
(YHKIMOHAIBHBIX SPUTPOLIUTOB B TA0OPATOPHH.
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