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General introduction and scope of the thesis

Haematopoiesis

Red blood cells (RBCs) are essential for the existence of vertebrate organisms, due to their oxygen
delivery function and are required during all stages of life, excluding the first stages of embryogenesis.
Haematopoiesis is the formation of blood cells, where the establishment and maintenance of the
blood system relies on self-renewing and differentiation of haematopoietic stem cells (HSCs) that
reside in the bone marrow niche.' Since mature blood cells are predominantly short lived in adults,
HSCs are required to replenish multi-lineage intermediate progenitors and precursors committed to
individual haematopoietic lineages through differentiation of haematopoietic cell generation, resulting
in a hierarchy of progenitors that become progressively restricted to several lineages.” Differentiated
and mature haematopoietic cells make up the majority of the bone marrow,' of which 5-15% are
erythroid progenitors.3 Whereas the most immature (long-term) haematopoietic cells (less than 0.5%)
are a minority." Short-term HSCs, multipotent progenitors (MPPs) differentiate towards commit-
ted progenitors and produce mature blood cells, such as RBCs, lymphocytes, megakaryocytes, and

myeloid cells including macrophages and neutrophils.

Erythropoiesis: the progression from HSCs to enucleated reticulocytes

Erythropoiesis is a multistep process that involves HSC proliferation and differentiation through early
erythroid progenitors to produce circular biconcave enucleated RBCs. Committed erythroid progeni-
tors support the production of 2.4 million RBCs per second in human adults that on average circulate
120 days. Under normal conditions, each day about 1% of the RBCs pool is replenished. During
acute or chronic stress, such as blood loss due to acute trauma or haemolysis, however, the production
increases through a process termed stress erythropoiesis.

Erythropoiesis is a tightly regulated process that can be divided into two stages: early and late
erythropoiesis. During the early stages, HSCs give rise to common myeloid progenitor (CMP) and
subsequently megakaryocyte-erythrocyte progenitors (MEP) or granulocyte-macrophage progenitors
(GMP). These cell populations can be purified by flow cytometric sorting based on the expression of
various cell surface markers. Lineage progression of the megakaryocytic/erythroid progenitors (MEP)
can be characterized by the expression of cell surface marker CD34, an adhesion factor, the stem cell
factor (SCF) receptor c-Kit (CD117), and platelet glycoprotein 4 (CD36)." Haematopoietic stem
and progenitor cells are primarily CD34+CD36- but progress towards CD34+CD36+ MEPs.” The
differentiation towards the erythroid lineage is initiated by transcription factor Kriippel-like factor 1
(KLF1) and GATA binding factors in MEPs.” KLF1 is suggested to promote erythroid lineage develop-
ment and represses the megakaryocyte lineage, throughout erythroid maturation.*” Commitment to
the erythroblast lineage can be determined by mature differentiated cells emerging in colony assays in
response to growth factors. Immature highly proliferative erythroid progenitors are identified as burst

forming unit erythroid (BFU-E).*"* They are a mix of the early committed progenitors in the ery-
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throid lineage identified ex vivo and give rise to large multi-subunit colonies. The proliferation of these
progenitors is dependent on several factors, the most important of which are stem cell factor (SCF),
thrombopoietin (TPO), and interleukin 3 (IL3)." Transcription factor GATA activates several early
erythroid genes, such as the Epo-receptor, at the start of erythropoiesis to maintain proliferation and
differentiation of immature erythroid cells, and haemoglobin genes. Colony-forming units-erythroid
(CFU-E), identified ex vivo between the MEP and proerythroblast stage contains committed erythroid
progenitors with limited proliferative properties generating smaller (5-10) cell colonies in the late-stage
erythroid lineage. During the late erythropoiesis stage the proerythroblasts undergo rapid cell divisions
to produce increasing smaller basophilic, polychromatic, and orthochromatic erythroblasts (figure 1).
Kidney-derived cytokine erythropoietin (Epo), which is induced under hypoxic conditions, stimulates
terminal proliferation and differentiation of erythroblasts.” Epo-receptor knockout in mice, as well
as Epo knockout, has shown to be embryonically lethal due to lack of mature RBCs.'>'® Hypoxia-
inducible factors are key transcription factors for oxygen-dependent gene regulation and help regulate
the expression of Epo in the kidneys."” The first committed pro-erythroblasts respond to several growth
factors additionally to Epo, such as SCE IGF1, corticosteroids, interleukin-3 (IL-3), and IL-6."*Y
Stat5 and other erythropoietin regulated transcriptional regulators interact with erythroid-lineage
transcriptional regulators, such as GATA-1, TAL1, LMO2, LDBI1, and KLF1, to produce mRNAs
essential for erythropoiesis, crucial for terminal differentiation.”” During stress-induced erythropoiesis,
upon anaemia, the glucocorticoid receptor synergizes with c-Kit and Epo-receptor to induce prolif-
eration of erythroblasts while delaying commitment to terminal differentiation. The glucocorticoid
receptor thus allows additional cell cycles to occur suppressing terminal erythroblast differentiation,
leading to increased output of erythrocytes and directly regulating the speed of the erythroid recovery
after stress upon anemia.”"** As differentiation progresses, Epo is the primary survival cytokine and
cells rapidly downregulate c-kit, the SCF-receptor.” This change promotes erythroid specific gene ex-
pression, apoptosis protection and cell cycle regulation to induce specific rapid proliferation divisions
at the onset of erythroblast differentiation. During differentiation to enucleated erythrocytes, there are
2 or 3 rapid cell divisions with short or absent G (growth) cell cycle phase, as most cells are in S (DNA
synthesis) or M (mitosis) cell cycle phase. During this phase cell size and cell cycle progression are un-
coupled to ensure cell size reduction.* Erythroblasts start the process of haemoglobinization through
upregulation of the holo-transferrin receptor (CD71) to import iron ions. The distinct cell mor-
phologies of terminally differentiating erythroblasts (proerythroblast, basophilic, polychromatophilic,
orthochromatophilic, and reticulocyte (figure 1) can be followed through the expression dynamics
of CD71 and CD235 (glycophorin A containing the M and N blood group antigen), beginning with
CD71""CD235% proerythroblast. During terminal differentiation gradually Epo-receptor levels go
down. This leads to a decrease in transcription factor Stat5 levels, resulting in lower transcription of its
target genes, among others CD71. This leads, after the complex process of reticulocyte formation, to
CD235+ CD71™® reticulocytes and finally RBCs.”** In addition, expression of membrane proteins
important for the integrity of RBCs are being upregulated to ensure stable, circular, biconcave cells.

A selection of these membrane proteins also harbour the specific blood group antigens. For instance,
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General introduction and scope of the thesis

CD235 or glycophorin A carrying the MN blood group is highly expressed on reticulocytes and RBC.
Band 3, the most abundantly expressed protein on RBC membranes, harbours the Diego blood group
antigens, while expression of the Wright B blood group antigens require the interaction of GPA and
band 3.**% The Rhesus proteins encode the Rhesus D, C, ¢, E, and e antigens and erythroid specific
DARC contains the Duffy blood group system.
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Figure 1. Erythropoiesis. Overview of erythropoiesis with the morphological state of the precursor and progenitor
cells; CMP: common myeloid progenitor; MEP: Megakaryocyte/ erythrocyte progenitor; the distinct cell morphol-
ogies of maturing erythroblasts (terminal differentiation); RBC: red blood cell. Expression of the main erythroid

membrane surface markers, cytokines, and transcription factors during erythropoiesis indicated.

In vitro erythropoiesis and culture systems

In vitro generated RBCs could potentially be used to reduce the shortage of blood supply acquired
through blood donations and the potential risk of alloimmunization and other transfusion-related
complications that limit the availability of transfusion units for chronically transfused patients. More-
over, the cells obtained throughout the process of culturing and the enucleated erythrocyte end-product
can be used as a model to study the pathophysiology of specific haematologic disorders or fundamental
research of blood group systems. This can lead to the discovery of novel treatments. Several culture sys-
tems have been described that are derived from different starting material for instance CD34-positive
haematopoietic stem and progenitor cells from various sources (cord blood, bone marrow, peripheral
blood or foetal liver) but also induced pluripotent stem cells or immortalized erythroblasts.””*® These
culture systems have various efficiencies in terminal differentiation to enucleated cells that depend
on a large array of parameters including culture media components, specific culture protocols, and
growth factor regimes.'®*"**¥ Cells derived from adult HSCs or immortalized adult erythroblast cell
lines undergo an adult transcriptional program leading for instance to adult haemoglobin. However,
cells derived from embryonic/foetal cord blood mainly express foetal haemoglobin reflecting ontogeny
dependent transcriptional programs.***®* Whether this is also reflected in erythrocyte functional-
ity remains to be investigated. The culture systems require a number of cytokines, growth factors,

and proteins that are genetically shown to be important for erythroid differentiation as described
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above. In addition, glucocorticoids have been shown to be essential for stress erythropoiesis.” "> By
exploiting the synergy of Epo, SCE, and glucocorticoids involved in stress-erythropoiesis expansion of

41,43 thus

CD71"s"CD235%™ proerythroblast can be prolonged in a serum/plasma-free environment,
ensuring optimal expansion of early-stage erythroblasts."® CD14-positive monocytes/macrophages,
present in peripheral blood mononuclear cells (PBMCs), have shown to secrete factors that enhance
the expansion of CD34-positive haematopoietic stem and progenitor cells and sustain cell survival.®
Moreover, the use of PBMCs as HSPC source instead of CD34 positive cells, has shown maximum
expansion without the necessity to first isolate CD34 positive cells, thereby making the culture system
derived from PBMCs more cost-effective.'™** Using total PBMCs ensures outgrowth of all CD34 posi-
tive progenitors, but also CD34 negative haematopoietic progenitors present in blood that have the
capacity to differentiate toward erythroid cells, as CD34 negative cells hold a significant potential for in
vitro erythroid expansion.** Erythroblast terminal differentiation to enucleating reticulocytes can be
induced by increasing the concentration of Epo and holo-transferrin while supplementing the media
with plasma.'® Several culture protocols add serum and/or plasma during expansion in combination
with glucocorticoid agonists. However, addition of plasma can lead to premature terminal erythroblast
differentiation, even in the presence of glucocorticoids."*"* Addition of heparin is not required for
the erythroid culture system, as CD34+ progenitors cultured with or without heparin produced the
same number of reticulocytes and maintained the same morphology.” However, when plasma is added
to (differentiation) culture medium, heparin is needed to prevent the medium from clotting. To obtain
the amount of iz vitro cultured RBCs needed for transfusion, optimal proerythroblast expansion in the

absence of plasma/serum is required.

Blood group antigens

Karl Landsteiner laid the foundations for the blood group system in 1901, with the discovery of the
ABO blood group.”” Many blood group systems followed, which are documented by the International
Society of Blood Transfusion (ISBT).* The ISBT currently recognizes 39 blood group systems (of
which one is provisional).”” Each blood group system represents either a single gene or a cluster of
closely linked homologous genes. 45 genes are responsible for the blood group systems and comprise
over 375 antigens.” The blood group genes are associated with polymorphisms, of which most result
from single nucleotide polymorphisms (SNPs), leading to minor variations, and are subsequently
recognized as different blood group antigens. Low incidence antigens occur in less than 1% of the
population, whereas high incidence antigens occur in more than 90% of the population. Some of
these antigens have not been assigned to a particular blood group due to insufficient information
known for that antigen, for example Cost (Cs" 95% and Cs® 34% incidence) or antigens for which the
molecular background has not yet been determined (low incidence 700 series and high incidence 900
series).49 In the membrane blood group systems, antigens are found on well-defined structures, which

are classified, based on their known or suggested function, into several groups; cytoskeleton proteins,
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receptors, complement regulatory proteins, transporters and channels, glycoproteins, and enzymes.”

Antigens play an important role in the administration of blood transfusions. Alloimmunization against
a foreign RBC antigen may result in transfusion reactions or haemolytic disease of the foetus or new
born. In extreme situations complement is activated by these antibodies and can lead to intravascular
haemolysis and death. Therefore donor-recipient compatibility is crucial. The severity of transfusion
reactions varies significantly between blood groups. In contrast to the clinical importance of these
antigens for transfusion practice, most blood group antigens seem to be non-essential for individuals
as individuals negative for blood groups, caused by homozygous mutations of the blood group genes,
show no to little significant health problems.”" Other proteins are probably capable of taking over func-
tions of missing blood group antigens. This is however not applicable for some blood group systems,
for example for the Diego blood group system. The antigens of the Diego blood group system are
carried on the erythroid band 3 protein anion exchanger 1, which is essential for membrane stability,52
and is the major RBC anion exchange protein which is crucial for CO, transport in blood among
others.” The presence of many of the different blood group systems and their polymorphisms is most
likely due to natural selection. For instance evolutionary pressure of specific pathogens, e.g. malaria
strains, has resulted in the modification or absence of red blood cell antigen/proteins. In the case of
Duffy(a-b-), RBCs are resistant to infection by several malaria strains and this phenotype is highly
prevalent in plasmodium vivax endemic region in sub-Saharan Africa.”* But for most of the blood
group antigens the evolutionary pressure is not known, and the genetic diversity might also be the

result of genetic drift.

The spectrin cytoskeleton during enucleation and in red blood cells

During erythropoiesis erythroblasts terminally differentiate towards enucleating reticulocytes, which
subsequently maturate into blood group antigen presenting RBCs. Transcription factor KLF1 controls
gene activation and repression by regulation of chromatin configuration, transcriptional initiation and
elongation, and localization of gene loci to transcription complexes in the nucleus. This leads to global
expansion of erythroid gene expression where it directly involves foetal to beta globin switching,
membrane stability, and regulating cell cycle exit, which is needed for terminal differentiation.’ Matu-
ration of reticulocytes is initiated in the bone marrow, where they become more deformable and lose
adhesion receptors, which allows their release into the bloodstream where they further maturate into
circulating RBCs.” The reticulocytes develop into RBCs by adopting a biconcave morphology and the
ability to undergo reversible large deformation and fluidity, by which ATP is a critical factor in the
maintenance of the global shape of the RBC.”*” These elastic properties in mature RBCs are domi-
nated by the interaction between an asymmetric lipid membrane that is attached to an underlying
spectrin-actin based cytoskeletal network via the interaction of cytoskeletal adaptor proteins with inte-
gral membrane proteins.”*®' Spectrin is a long, flexible, wormlike protein composed of 2 chains; o, and
B. Each chain contains a tandem array of triple-helical spectrin-type repeats. The head-end of the a
and B chains is the point of association and the repeats at the end of each chain join to form a complete

3-helix repeat of3-heterotetramers. The several side-to-side interactions between the longer o-chains
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and af-heterotetramers contribute to self-association, albeit that spectrin self-association is weak.®?
95% of spectrin is tetrameric or a higher oligomer form.®* The tetramers dissociate and reform under
physiological conditions, which enables the deformability of the RBCs when shear forces are encoun-
tered in the microvasculature.” The interactions of the cytoskeletal adaptor proteins with membrane
proteins enables the spectrin cytoskeleton to provide the globally structural rigidity to the cell mem-
brane,* while locally regulating the membranes flexibility through reversible phosphorylation at the
anchoring nodes.”"> Many of these membrane proteins comprise blood group antigens and are known
to be localised in multicomplexes in the RBCs membrane (more on this later).**”” The binding capac-
ity to the cytoskeletal network of these complexes depend on their phosphorylation state.*”" Meta-
bolically driven forces that result in active remodelling of the spectrin tetramer junctions in the cyto-
skeleton have been shown,” which explains the reversible deformation property while maintaining the
fixed associations of the cell membrane with the spectrin cytoskeleton. The spectrin-based network
determines the material properties of the membrane, while actin, another important protein of the
membrane skeleton is required for short protofilaments of the skeletal lattice. Spectrin has at his head-
end functional domains for self-association and ankyrin binding and at the tail-end domains for
binding actin, protein 4.1, and other associated proteins. The spectrin tetramers bind to a short actin
filament. Approximately, 6 spectrins bind per F-actin filament, resulting in a quasi-hexagonal net-
work.”” The actin protofilament lies parallel to the membrane. The uniformity of F-actin filament
length in RBCs enables spectrin junctions, which is essential for the quasi-hexagonal symmetry.”
However, dynamic actin subunit exchange occurs between the cytosol and actin filaments in the RBC
membrane skeleton.”*” Actin has high levels in proerythroblasts, but decreases as erythroid terminal
differentiation begins,25 with only a small number of actin needed for the process of enucleation. This
process depends on actin and microtubule polymerization and vesicle trafficking, which enables reor-
ganization of the plasma membrane and cytoskeletal proteins.”® During erythropoiesis the nucleus
progressively condenses and polarises to one side of the cell. This process needs to take place before the
nucleus can be extruded and has been shown to be dependent on histone deacetylation, microtubule
rearrangements and phosphoinositide 3-kinase activity.”””® In erythroblasts microtubules form a web,
while during enucleation microtubules regulate the migration of the nucleus to one side of the cyto-
plasm. Enucleation takes place via pinching off the plasma membrane enclosed nucleus in a process
which is mediated by constriction of an actomyosin ring.79 As the nucleus is extruded, a proportion of
the (orthochromatic)erythroblast membrane, the part surrounding the nucleus, the bulk of the endo-
plasmic reticulum and some of the cytoplasm is lost.*” Numerous membrane proteins (such as Rh,
RhAG, GPA, GPB, and Kell) and cytoskeletal proteins (such as alpha-, beta-spectrin, ankyrin, protein
4.1, adducin, and protein 4.2) are shown to partition to the reticulocyte during enucleation, either
predominantly or exclusively, whereas the bulk of ER and nuclear proteins (such as histones, lamins,
and calnexin) were found in the extruded nuclei.” Peptides from actin and actin binding proteins
(such as cortactin and actinin) also partition to the nucleus, reflecting their additional role in nuclear
processes.”’ By consequence, protein sorting during enucleation plays a crucial role in determining the

protein content of reticulocyte membranes and cytoskeleton. The partitioning to the reticulocyte of
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membrane and cytoskeletal proteins takes place at a late stage of enucleation, when the nucleus is al-
most completely extruded.”® Several of these reticulocyte-retained proteins are either located in the
spectrin-actin based cytoskeletal network (cytoskeletal adaptor proteins) or integral membrane pro-
teins. It is hypothesized that enucleation could be seen as a stage at which excessively synthesized pro-
tein, a freely diffuse protein population of either individual proteins, or protein complexes which are
not required for membrane/cytoskeletal multiprotein complex formation, is discarded by the cell.*
This suggests that the proteins association with the cytoskeleton could regulate, at least partially, the
partitioning of a protein. Thus, inclusion of proteins within cytoskeletal-membrane interacting net-
works facilitates reticulocyte retention during enucleation and vice versa localization to the nuclei
upon non-inclusion.®> However, other unknown mechanisms or factors might target some proteins
specifically to the plasma membrane surrounding the nucleus. A significant population of band 3 and
to a lesser extent GPC is lost during enucleation. Binding of ankryin, a cytoskeletal adaptor protein,
to band 3 and the spectrin cytoskeleton helps maintain the erythrocyte biconcave shape. In the absence
of ankyrin, band 3 fails to form tetrameric complexes and expression is lost together with GPA.** This
occurs due to reduced retention within the reticulocyte membrane during enucleation. Ankyrin defi-
ciency however, has an even greater effect on the stability of the Rhesus (Rh) protein sub complex,
specifically Rh and Rh-associated protein (RhAG).* Loss of Rh and RhAG takes place because of in-
stability at the membrane and via a mechanism involving lysosomal degradation, prior to enucleation.*
Adhesion protein CD44, which is shown to decrease its expression during terminal differentiation,® is
lost during enucleation. CD44 can bind ankyrin and the additional loss during enucleation may result
from continued competition for ankyrin binding sites with ankyrin binding partner (tetrameric) band
3. Additionally, severe ankyrin depletion has also shown to impact reticulocyte expression of o/f
spectrin and adducin.” This emphasizes the importance of ankyrin interactions with the cytoskeletal
network. Nonetheless, some proteins without cytoskeletal attachment retain in the reticulocyte mem-
brane, such as flotillin, or integrins preferentially sort to the membrane surrounding the nucleus, while
others partition equally, such as stromatin.*” Furthermore, vesicle trafficking contributes to enucleation
by supplying (parts of) membranes to the progressing budding at the cleavage point and thus facilitat-
ing the separation of nucleus enclosed pyrenocyte from the reticulocyte.* Hereby protein content can
get lost and remaining expression in reticulocytes can decrease. Therefore, enucleation provides an
important point in erythroblast differentiation at which proteins not required for the function of the
erythrocyte can be lost, while those that are important for the structure or functional properties of
mature RBCs should be efficiently retained in the reticulocyte plasma membrane. Membranes of
young reticulocytes are shown to be mechanically much less stable compared to those of mature
RBCs.** This membrane property difference suggests structural protein remodelling through specific

interactions or lipid content remodelling in reticulocytes to obtain biconcave mature RBCs,*”**

yet
reorganization of specific protein into large protein complexes resulting in masking of specific blood
group epitopes could also play a role. As a reticulocyte matures, several membrane proteins decrease in
expression, with some proteins losing expression in reticulocytes completely, such as CD71 and integ-

rin alpha subunit (known as CD49d), while others undergo changes in epitope exposure.” In addi-
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tion, high levels of cytoskeleton associated protein tubulin are retained in reticulocytes, but is lost
during reticulocyte maturation.* Reticulocytes lose approximately 20% of their surface area due to
exosome/vesicle formation/shedding, water content regulation, and lose of cytosolic organelles.go’%
The vesicles are shown to adhere to the inner surface of the membrane.”* Several integral proteins
(GPC, XK, and Kell) demonstrated a more loose link to the membrane skeleton in reticulocytes than
erythrocytes, while others (band 3, GPA, Rh, and RhAG) showed the same degree of linkage in reticu-
locytes as RBCs.” This however, could imply that a weaker linkage between transbilayer proteins and

membrane skeletal proteins might contribute to vesiculation in reticulocytes.”

Membrane complexes

During erythropoiesis the cytoskeleton is rearranged to facilitate large multiprotein membrane
complexes which leads to the structural integrity of RBCs in the circulation through regulation of
morphology by modulating interactions of integral membrane proteins with the cytoskeleton or ion-

67,83, . .. . . . 66,96,
transport.””**** The protein membrane complexes can be divided into a junctional complex,****””

6798195 see figure 2. There are additionally freely floating proteins in the

and an ankyrin complex,
membrane.'”*'” Anion transport protein band 3, the most abundant protein in RBCs, forms the
core of the multiprotein complexes in the erythrocyte membrane, where the assembly of major com-
ponents of band 3 complexes occur at early stages during erythropoiesis.” However, from basophilic
to orthochromatic erythroblast spectrin, adducin, and tropomodulin are increased before proteins
involved in linking the skeletal protein network to the lipid bilayer, such as Band 3, RhAG, ankyrin,
and protein 4.1 accumulate.”>*'* This suggests that the spectrin-based network is assembled late in
erythropoiesis.”> Nonetheless, the synthesis of these spectrin-based network components takes place
before the synthesis of the linking proteins.” Even so, the assembly of major components of the junc-
tional membrane complex occur in early stages during erythropoiesis, as newly synthesized Band 3 and
protein 4.2 are found associated at the plasma membrane from the basophilic stage of erythropoiesis.”
Assembly of proteins that form the critical core of multiprotein complexes might therefore already
begin at an early stage during erythropoiesis. Both junctional as the ankyrin complexes serve as sites
of vertical association between the membrane protein components and the underlying spectrin-based
cytoskeleton.”” Disrupting these connections results in misshapen poorly functioning red cells (sphe-

rocytes, elliptocytes or ovalocytes) and pathology such as hereditary spherocytosis and elliptocytosis.

Junctional complex

Spectrin tetramer junctions form the centre of the junctional complex. The spectrin junction arises
from lateral connections between protein 4.1, actin, and B-spectrin and stabilizes the actin-spectrin
associations via direct binding of protein 4.1.'"”” Additional cytoskeletal adaptor proteins that are as-
sociated with this complex are adducin, dematin, protein 4.1, and p55. Other integral membrane
components are band 3, glucose transporter type 1 (Glutl), GPA, Dufly, Kell, and Kx. Dimeric band
3 provides another direct vertical link between the RBC membrane and cytoskeleton through the

junctional complex, besides tetrameric band 3 through the ankyrin compl«:—:x.(’G’96 Tropomyosin dimers
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Figure 2. Multiprotein membrane networks (Ankyrin and Junctional complex) and additional free floating proteins
such as band 3 (adapted from Salomao et al.”)

enclose actin, which is subsequently capped by tropomodulin.”” Whereas adducin caps the end of
actin and recruits spectrin to nearby sites on actin.'”'” These functions of adducin are regulated by
calmodulin and several kinases and links the actin junction to band 3 and Glut1.**""*""! Protein 4.1
links actin to the membrane through interactions with glycophorin C and D (carrying the Gerbich

blood group), and p55.""” Protein 4.1 is in competition with ankyrin for binding to band 3.

Ankyrin complex

The ankyrin complex consists of two sub complexes; the band 3 tetrameric complex and the Rhesus
(Rh) complex. The band 3 tetrameric complex involves tetrameric band 3 associated with GPA,
carbonic anhydrase T1, and protein 4.2,”>"*"'® whereas the Rh complex is formed by core proteins
Rh (RhCe, RhD) and Rh-associated glycoprotein (RhAG). Other membrane proteins CD47, LW
protein, and glycophorin B are further comprising this complex.” Ankyrins association with band
3, protein 4.2 and RhAG enables direct binding of the band 3 tetrameric complex and Rh complex
proteins.”” "1 Progein 4.2 might link both complexes through its associations with band 3 and
CD47."" Protein 4.2 stabilizes the band 3-ankyrin association, thereby playing an important role in
maintaining erythrocyte stability and flexibility.””*'*" The 15¢h spectrin repeat element of B-spectrin
is involved in the attachment to ankyrin,"** as well as residues 1101—1192 within the spectrin binding
domain of ankyrin.'” Deletions at sites directly involved with ankyrin binding of spectrin or post-
translational modifications of the ankyrin binding site in spectrin can significantly alter its binding
activity, as this interaction is sensitive to conformational constraints. ,'” Band 3 (Anion Exchanger 1)
is a membrane transporter protein that regulates bicarbonate—chloride ion exchange across the plasma
membrane through its 12-14 transmembrane helices, located at the C-terminal membrane domain
(360-911 amino acids)."* Band 3 forms oligomers in the RBC membrane of which 60% are dimers
and 40% are trimers.'” In addition, band 3 is responsible for the association of the complex with the

cytoskeleton through its N-terminal domain. This domain contains binding sites for ankyrin, protein

19




Chapter 1

1.66116126 The C_terminus holds the binding site for carbonic anhydrase II,

4.2, adducin, and protein 4.
which is an soluble enzyme that plays an important role in CO influx and efflux."””'*® Band 3 carries
the antigens of the Diego blood group system.'” GPA, a sialoglycoprotein expressing the antigens M
and N of the MNS blood group system, is thought to function as a chaperone like molecule for band
3 as band 3 traficking is altered in the absence of GPA indicated by glycosylation changes and its
functional activity. However, band 3 levels at the cell surface of RBCs are not affected.'”’ Additionally,
GPA plays an important role in prevention of red cell aggregation in the circulation by its major
contribution to negative charge of the glycocalyx."'

The Rh complex, an intricate association of RBC membrane polypeptides, carries the Rh blood
group antigens. The Rh complex consists of two major components: the Rh proteins RhD and RhC-
cEe and the homologous RhAG. Rh appears to form a trimer with RhAG, composed of two RhAG
molecules and either RhCE or RhD.*'** The function of the Rh proteins is yet to be determined,
but has been implicated to play a role in NH5/NH," and CO, transporter."* A close association of Rh
proteins and CD47 is suggested, as CD47 expression is significantly reduced in individuals with the
Rh-null phenotype.”'** CD47 is a surface protein of the immunoglobulin (Ig) superfamily, which
is expressed in virtually all cells, and is suggested to form a link between the band 3 complex and Rh
complex by binding to protein 4.2 as protein 4.2 and band 3 deficiency results in an 80% reduc-
tion of CD47 expression.””'"*'* Tn addition, glycophorin B, a sialoglycoprotein carrying the S and s
antigens of the MNS blood group, and glycoprotein intercellular adhesion molecule-4, expressing the
Landsteiner-Wiener (LW) blood group and functions in adhesion or cell interaction events, are also
part of the Rh complex. GPB has been implicated as a chaperone for RhAG."”

It is shown that disruption of cytoskeletal network interactions affect partitioning of proteins and
lead to incorrect localization of membrane proteins to the nucleus,'® such as the excessive loss of band
3 and Rh and RhAG expression with ankyrin deficiency, as described before. Mutations in protein 4.2,
spectrin, band 3, and ankyrin lead to more or less severe loss of cytoskeleton interactions. This has a
significant effect on the maintenance of the global shape of the RBC. Ankyrin gene mutations leading

138,139

to fragile Spherocytosic RBCs,

showed reduction of several membrane proteins such as band 3,
RhAG, GPA, and protein 4.2 expression, but as well a reduction of spectrin and adducing.'®"**'*!
Comparable, band 3 gene mutations resulting in Hereditary Spherocytosis led to decrease of band
3 binding partners such as glycophorin A (GPA) and cytoskeletal interactions.””*"'*? Protein 4.1R
gene mutations, leading to Elliptocytic RBCs,'*'* did not only show lack of protein 4.1R, but also
binding partner glycophorin C (GPC), which has a crucial role in linking the cytoskeleton to the lipid
bilayer.”'* Tt suggests that during enucleation inappropriate partitioning of specific proteins could

contribute to the membrane differences observed in RBC membrane disorders such as Hereditary

Spherocytosis and Hereditary Elliptocytosis.'”®

Freely diffuse membrane proteins
About 25% of band 3 is present in the membrane as diffusing dimeric band 3 complexes and not

in either the ankyrin or junctional complex.'”® The band 3 diffuse dimers move untethered with the
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membrane lipid bilayer. The complexes of some proteins associated with band 3 are hypothesized to
not be constant, namely, that some proteins are present in much smaller numbers than others (such
as Kell, Kx, CD44, CD47, Dufly, and LW). The amounts of the cytoskeleton adaptor proteins p55,
adducin, and dematin are insufficient to interact with all the spectrin/protein 4.1/actin complcxes.]46
Therefore, the ankyrin and junctional complexes vary in composition and mobility. Not only band
3 is known to be present as a free diffusing protein, CD47 is associated with the cytoskeleton, but is
also present as a non-cytoskeleton anchored, freely mobile protein, which is more mobile in the RBC
membrane.'” CD47 may therefore exert different functions in RBCs depending on its mobility in
the plasma membrane. The freely mobile CD47 pool is suggested to be of importance to accumulate
CD47 in specific membrane areas upon cell-cell contact in order to efficiently interact with SIRPa on
other cell types such as phagocytic cells to prevent phagocytosis in the spleen.'® It cannot be ruled out
that more membrane proteins are part of the membrane complexes, while a portion of that protein is

free diffusing, which may result in different functionality of these proteins depending on their location.

The Vel blood group system

The Vel antigen was first described by Sussman and Miller in 1952 and involved a female patient, Mrs V.,
who received two units of crossmatch-compatible group O RhD-negative blood within three days and
suffered an acute haemolytic transfusion reaction, after having received the second transfusion.'*® The
antibody was directed against a high incidence antigen. The patient serum was tested against 10’000
donors resulting in 4 compatible donors," showing a Vel-negative phenotype frequency of 1:2500.
Several screening studies resulted in an estimated global incidence of 1:3700."%"" With 1:4000 in
Europe, 1:2500 in North America, and 1:2120 in southwestern Germany.">"** A study in Northern
Sweden individuals, however, showed a higher prevalence of 1:1761," indicating a potential founder
effect for the isolated and sparsely populated area. Family studies on the Vel antigen suggested it to be
inherited as an autosomal recessive trait.'”>"**">®

For blood transfusion the identification of the Vel antigen has always been important, as several
severe haemolytic transfusion reactions have been described'*"**'**"*" and in rare cases haemolytic

diseases of the foetus or newborn, ¢!

making haemolytic reactivity a hallmark of anti-Vel. Vel expres-
sion on the RBC varies greatly. Individuals with extreme low Vel expression (Vel-weak) are at risk of
being, incorrectly, serologically typed Vel negative. When using these Vel-weak individuals as Vel-
negative donors for a transfusion, Vel-immunised Vel-negative recipients might develop transfusion
reactions upon contact with the Vel antigen. Discrimination between these Vel-negative and Vel-weak
donors is therefore important for safe blood transfusions, but achieving this by serologic testing has
been challenging due to the low incidence of Vel-negative donors and limited availability of anti-Vel
typing sera. In 2013, we and two other groups independently discovered the genetic basis for the Vel
antigen. The Vel-negative phenotype is caused by a homozygous 17-basepair (bp) frameshift deletion

(64_80de]AGCCTAGGGGCTGTGTC) in Exon 3 in the coding sequence (CDS) of the gene small
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integral membrane protein 1 (SMIM]1), located on chromosome 1 at 1p36.32 (figure 3). 152157164 Thig
deletion leads to a truncation during mRNA translation and is responsible for lack of SMIMI in
Vel-negative individuals. The ISBT subsequently allocated system 34 as the Vel blood group system.”
Via polymerase chain reaction screening, based on SMIM1 as the molecular basis underlying the Vel-
negative phenotype, Vel-negative donors were successfully identified.”*"** SMIM1 CDS showed to be
highly conserved among mammalian species (figure 3).">'* In particular, SMIM1 is highly conserved
for primates showing little differences in amino acid sequence between species, with the C-terminus
being completely similar (figure 3). The allele frequency of the SMIM1*64_80del allele is 1.46% the
Caucasian population,'” whereas it was 1.01% in the Brazil population.'® The prevalence of the mu-
tated allele in people with African or Asian origin is, on the other hand, much lower: 0.56% and 0.6%
respectively.” The Vel antigen is not detected on lymphocytes, monocytes, or neutrophils.'® RNA
expression levels of SMIM1 showed upregulation of SMIM1 towards the erythroid lineage as it was
not detected on MPPs or CLPs, but on CMPs and showed higher expression levels on erythroblasts
than megakaryocytes.'* Protecomics showed SMIMI to be initially upregulated during differentiation
and maintained during differentiation.'®’ In a genome-wide gene-regulatory network SMIM1 showed
a network in which its neighbourhood was dominated by known blood group genes such as RHD,
XK, KEL, and erythroid genes such as KLF1, ANK1, HBQI.152 ‘There was no significant difference
detected in the expression levels of other RBC membrane proteins (GPA/B/C/D, RhDCE, RhAG,
Band3, or CD71), indicating that the variable level of Vel expression does not influence these RBC
membrane protein expression levels.'”

SMIMI is a 78 amino acid single-pass transmembrane protein, whose function remains unclear
even though conservation across species indicates an important function. Zebrafish smim1 knock
down studies showed a mild reduction in the number of mature primitive erythrocytes, suggesting a
novel regulatory role for SMIM1 in erythropoiesis.'* In addition, SMIM1 is postulated to represent

the long-sought Plasmodium falciparum receptor,”>'**'®”

as phosphoproteomics analysis of Plasmo-
dium falciparum invaded RBCs showed an association between SMIM1 phosphorylation of serine22
and serine28 and the mature schizont stage of the parasite life cycle,"”” even though a specific role of

SMIM1 in malaria still needs to be described.

Molecular basis of weak Vel expression

Vel expression on RBCs varies considerably from one individual to another. With the genetic basis
for the Vel blood group discovered, the cause for this variability in Vel antigen strength could be
investigated. Vel-weak expression can be caused by the heterozygous presence of the 17-bp deletion
in SMIM1 and missense mutations affecting the CDS.">'* Missense mutations at nucleotide posi-
tion 152 (c.152T>A: p.Met51Lys; VEL*01 W.01 or ¢.152T>G: p.Met51Arg; VEL*01 W.02) have
been identified in Vel-weak individuals.'” These missense mutations occur in a heterozygous manner
and result in lower Vel expression levels than donors with a heterozygous deletion. This suggests a
dominant negative effect of these SMIM1 missense mutants on wild type SMIM1. Expression studies

using the two missense mutations constructs in human embryonic kidney (HEK) 293T cells showed a
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Figure 3. SMIM1 gene, transcript, protein, and conservation. SMIM1 comprises four exons that make up the

Conservation

78 amino acid protein. Four known single nucleotide polymorphisms influence SMIM1 expression. The 17-bp
deletion (c.64_80del), marked in red, is responsible for the Vel-negative phenotype . SMIM1 is a single-pass trans-
membrane protein with several serines available for phophorylation and a GxxxG motif. The amino acids Lys76-
Cys77-Lys78 (KCK) at the C-terminal domain is hypothesised to have a role in Vel antigen epitope presentation.
Adapted from Storry et al. 2013."> Alignment of human SMIM1 and vertebrate’s orthologues shows high level of
conservation. Amino acids are coloured according to their properties (green; hydrophobic, purple; polar uncharged,

blue; positive charge, red; negative charge, yellow; other amino acids).

significant decrease of Vel expression for SMIM1*c.152T>A: p.Met51Lys construct and hardly any Vel
expression by HEK293T cells transfected with SMIM1*c.152T>G: p.Met51Arg."”> Other noncoding
polymorphisms in the regulatory region in SMIM]I in intron 2 have been correlated to variable Vel
expression. Single nucleotide polymorphism (SNP) rs1175550, has been shown to contribute to vari-
able Vel expression and was shown to influence the mean haemoglobin concentration."”*'*'”"'”> The
major A allele (reference allele, frequency of 77% in UK10K cohort'”), was associated with lowered
SMIM] transcript level in an expression quantitative trait loci (eQTL) study.174 Whereas the minor G
allele has associations with higher transcript levels. Over 60% of SMIM1 transcript level variation can
be explained by this SNP.'** SNP 151175550 is located in a regulatory region of SMIM] of a partially
conserved TAL1/GATA-1 binding motif (CTG(n8)GATT), however, it is only 3 bp apart from a
particular TAL1-like binding sitt CAGCCT, (degenerate from the canonical CAGNTG motif).!”>17¢
Transcription factor Gfi-1B, on the other hand, binds the DNA sequence AATC, which is the comple-
ment reverse of GATT."” The binding of transcription factor TAL1 is suggested as a potential mediator
of the increased expression of the minor G allele as the change of 151175550 A>G favours TAL1
binding'” and steric hindrance makes it difficult for both transcription factors TAL1 and to bind
simultaneously. GATA-1, however, is indicated to bind near rs1175550 (directly or indirectly) regard-
less of genotype (figure 4)."” In addition to SNP rs1175550, with the effect of the major A and minor
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G allele on SMIM1 transcript levels, tri-nucleotide insertion of SNP rs143702418 (C > CGCA),
located 96 bp upstream of rs1175550, has been shown to correlate with Vel antigen expression.'” The
two SNP variants are shown to be tightly linked in Caucasians (s1175550G with rs143702418CGCA
and rs1175550A with 1s143702418C)."” While the effect of both SNPs showed to be separated in
African Americans, indicating that both variants are transcriptionally active, however rs1175550
results in a more pronounced effect.'”” The frequency of the unlinked rs1175550G/rs143702418C
allele was 0.26 in African Americans, compared to 0.01 in Europeans.””” In the African population
the allele frequency for rs1175550G is 0.60 and 0.26 for rs143702418CGCA."” In Northern-central
regions of Thailand wild type SMIM1 homozygotes donors are shown to be 97% homozygous for
1s1175550A."7° In addition, a novel SNP was found in intron 3 position 193 (CC) in the Chinese
population.””” Patients with haematological diseases (aplastic anaemia, myelodysplastic syndromes,
and chronic myelocytic leukaemia) showed lower expressions of SMIM1 mRNA when the SNP (CA)
was heterozygous present compared to a healthy control group."”” However, there were no differences
found in Vel antigen expression on the RBC membrane. Nonetheless, discoveries of novel SNPs could
contribute to unravel the very weak Vel expressing donors who could not be explained based on the

c.64_80del, known missense mutations, or common intronic variation in SMIM1.'>

a
DNA sSMIM1 rs1175550 c.152
1 | T>AIGh
I L I I
GACAGTTATCAGGGGCTGCAGCCTAGETTGGGCCACAAT
GATA1 deg. TAL1 ———
compl.rev.
Gfi-1B
b
rs1175550 A rs1175550 G
TTATCA CAGCCT GATT AATAGT CAGCCT cGTT

AATAGT GTCGGA  cTaa

Figure 4. Single nucleotide polymorphism rs1175550 allele and its possible transcription factors. a) location of
51175550 and the possible transcription factor binding sites in close proximity. b) rs1175550A enables binding of
GATA1 and TALI in the LDB1 complex, while rs1175550G favours Gfi-1B binding.

Biochemistry

By use of a recombinant Kell-SMIM1 hybrid and SMIM1 tagged with a Flag protein in human
erythroleukemia K562, SMIM1 was shown to be a type II membrane protein with an extracellular
C-terminus of approximately 3-12 amino acids." In addition, SMIM1 tagged with an opsin-derived
N-glycosylation reporter showed a clear preference for SMIMI1 to orient in the membrane with its N-

terminus located in the cytosol, most likely belonging to a tail-anchored class of membrane proteins.'™
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Different protease treatments, such as trypsin, proteinase K, pronase E, and a-chymotrypsin, of intact
Vel-positive RBCs indicated an c.-chymotrypsin sensitivity."”” Mass Spectrometry analysis on SMIM1
identified several posttranslational modifications.'™ These modifications include phosphorylation of
four serine residues (Ser6, Serl7, Ser22 and Ser27) and acetylation of the first methionine in the
N-terminal region of SMIM1."® SMIM1 showed to be readily phosphorylated in transiently trans-
fected HEK293T cells.'® Dephosphorylation of SMIM1 did not show to affect Vel expression on the
membrane of HEK293T cells.'®

SMIM1 is shown to be present in monomeric and dimeric state on immunoblot,"”””"*"'* with
similar patterns of dithiothreitol (DTT)-dependent changes in dimerization to anti-Vel™ (SMIM1
C-terminus) and anti-SMIM1 (SMIM1 N-terminus) monoclonal reagents (figure 5). Polyclonal anti-
Vel reagents, however, showed varying sensitivity to DTT treatment. The treatment abolished anti-Vel
reactivity of Vel-positive RBCs for the majority of the polyclonal anti-Vel as well as the monoclonal
antibody SpG213Dc.'® Nevertheless, some polyclonal reagents recognized Vel-positive RBCs inde-
pendent of DTT treatment or showed only reduced reactivity for RBCs exposed to DTT. This showed
that SMIM1 dimerization is probably based on disulphide linkage, but the dimerization is not essential
for Vel epitope presentation on the RBC membrane.'®"'® On the other hand, all polyclonal anti-Vel
reagents recognized Vel expression on intact RBCs, suggesting that dimerization of SMIM1 might
affect SMIM1 complex formation by which Vel antigen presentation is optimal. Moreover, Cys77
is described to enable Vel antigen exposure in K562 expressing wtSMIM1 by dimerizing SMIM1
through the formation of disulphide bonds."** In addition, the Gly67xxxGly71 motif most likely
provides helix-helix interactions in the transmembrane, since mutating this motif showed a reduc-
tion in SMIM1 dimerization.'® This motif also showed to prevent display of the Vel antigen on the
membrane in K562 cells." However, this is based on detection by polyclonal anti-Vel for which the
DTT sensitivity is not stated."® On immunoblots under denaturing and reducing conditions the Vel
epitope still showed to be recognized by polyclonal anti-Vel. This could indicate that SMIM1 does not

1521
257 or that

require to be in a native conformation or a molecular complex for epitope recognition,
the polyclonal antibody does not requires SMIM1 to be in a specific complex formation. However, it
is hypothesized that through interaction of the positively charged Lys76 and Lys78 with the negatively
charged phospholipid bilayer, monomeric SMIM1 folding might hide Vel antigen exposure on the
membrane and Cys77 and the Gly67xxxGly71 motif interactions stabilize Vel epitope presentation.'*

Associations of SMIM1 with other RBC membrane proteins have not yet been described. But as a

small protein with the ability to dimerize and possibly form multimers it could be expected to interact

and/or function in a RBC membrane complex.
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Figure 5. SMIM1 complex on immunoblot. SMIM1 is present in monomeric and dimeric state on immunob-

lot,”””"*" with similar patterns of dithiothreitol (DTT)-dependent changes in dimerization to (a) anti-Vel, adapted

form Danger et al., 2015' (SMIM1 C-terminus) and (b) anti-SMIM1 (SMIM1 N-terminus), adapted from
Storry et al., 2013" monoclonal reagents.

Antibodies

Antibodies to Vel are elicited after immunisation by transfusion or pregnancy. Vel antibodies can
be both IgG or IgM antibodies, making anti-Vel sera usually a mixture of IgM and IgG.ISO’151 The
development of monoclonal anti-Vel antibody IgG SpG213Dc,"* has contributed to the identification
of dozens new Vel- donors. IgG SpG213Dc increased sensitivity in flow cytometry upon biotinylation
and showed higher sensitivity to Vel+ RBCs on immunoblot then polyclonal anti-Vel.'* Monoclonal
antibodies enable more efficient serologic screening for Vel- donors compared to molecular methods
that screen for the SMIMI1*64_80del. Another characteristic of Vel antibodies is to haemolyse Vel+

RBCs by activating the complement system''#15

and they demonstrate a wide thermal range of
reactivity.”' Treatment of Vel+ RBCs with papain, ficin, trypsin, or ai-chymotrypsin enhances sero-
logical reactivity of anti-Vel antibodies. Anti-Vel antibodies (poly- and monoclonal) showed different
sensitivity to 200 mmol/L DTT, with some antibodies recognizing a DT T-insensitive antigen, while

the majority of the antibody sensitivity was affected.'®>'**

Scope of thesis

The research described in this thesis is aimed at elucidating the molecular mechanism and characteriza-
tion for expression of the SMIM1 protein and its Vel antigen. Due to the possible severe haemolytic
transfusion reactions when blood donors are incorrectly typed for Vel expression, the Vel blood group
system is clinically important. The biological function, however, is still unknown. Nevertheless, there
are several arguments pointing towards a possible role for SMIM1 in erythropoiesis, namely i) SMIM1
transcript expression levels based on haematological lineage RNA-Sequencing showed no transcription
in the lymphoid progenitor, but high expression in the erythroid lineage.'® In addition, SMIM1 tran-

script expression in several cell lines showed that SMIML1 is highest expressed in cell lines derived from
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chronic or acute myeloid leukaemia patients, with HEL and JK-1, possessing erythroid differentiation,
as the highest expressing cell lines.”* i) The change A>G of major A allele of SNP rs1175550, located
in a regulatory region in intron 2 of SMIM1 and leading to lower Vel expression, has lower binding
affinity with transcription factor TAL1, where this change distorts a recognition site of transcription
factor GATA-1.">"¢ Simultaneous binding of TAL1 and GATA-1 is difficult due to steric hindrance
as the motifs are only three bp apart. EQTL studies has associated the SNP rs1175550 with mean

corpuscular haemoglobin concentration (MHCH) of red blood cells."”"

iii) zebrafish smim1 depleted
embryos showed a mild reduction of mature primitive erythrocytes.'**

When screening for Vel- donors, most blood banks depend on antibodies from immunised individu-
als as a first screening method. These patient-derived sera lead to restrictions due to limited volumes
and they often vary in quality. Indeed, not always do they accurately detect Vel-weak expression.
More reagents are needed, such as monoclonal antibodies, to facilitate identification of numerous
new Vel- donors with serologic screening in a facile manner, with correct typing of Vel-weak donors.
In addition, these recombinant antibodies could help promote the research on SMIM1 and the Vel
antigen by flow cytometry, imaging, and immunoprecipitation, as it is necessary to understand the
function of this protein, how it its attached in the RBC membrane, in which membrane complex it is
incorporated, to what extent the protein is connected to the cytoskeleton in the RBC membrane, or
what effect the phosphorylation of SMIM1 have on differential interactions in the RBC to find the
origin of (lowered) Vel expression on RBCs.

In chapter 2 the generation of the recombinant human anti-Vel IgM antibody (M3F5S-IgM) and
its application in an automated screening assay is described. The monoclonal IgM antibody is charac-
terized by flow cytometry and serologic testing. In the course of this project an anti-Vel monoclonal
IgG became available. However, this IgG lacks the ability of direct agglutination and is therefore
unsuitable for high throughput screening of blood donors based on direct agglutination.

The difficulty of correctly discriminating between Vel- and Vel-weak is accentuated in chapter 3.
Among 9 putative Vel- donors a novel missense mutation in SMIM1 is found. This missense mutation
VEL*01 W.03, like the previously described missense mutations VEL*01 W.01 and VEL*01 W.02, is
present in a heterozygous manner but result in very weak Vel expression.

The cause for the very weak Vel expression of the three known SMIM1 missense mutations is inves-
tigated in chapter 4. Transient expression of HEK293T cells of the construct carrying the missense
mutations is used as a model, whereas following in vitro differentiation of erythroblast to enucleating
reticulocyte and subsequent #7 vivo reticulocyte maturation more accurately represents the process.

In chapter 5 the effect of SMIM1 phosphorylation on erythroid terminal differentiation is studied.

Finally, this work is discussed in chapter 6.
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