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Abstract 

With over two million red blood cells produced every second, erythropoiesis is one 

of the bodies most demanding processes. It is therefore unsurprising that multiple 

hereditary and acquired red blood cell disorders arise from such a complex system. 

Existing treatments are effective in managing some of these conditions, but few offer 

long-term cures. Finding new treatments relies on the full understanding of the 

cellular and molecular interactions associated with the development of red blood 

cells, which predominantly occurs within erythroblastic islands. Patients with 

congenital dyserythropoietic anemia type IV (CDA), caused by mutations in the 

transcription factor KLF1, present with a large number of nucleated erythrocytes in 

their peripheral blood. Erythroblastic island macrophages play a vital role in 

promoting red blood cell enucleation, and therefore a contribution of erythroblastic 

island macrophages to the defective enucleation observed in these patients was 

investigated. The use of patient-derived induced pluripotent stem cells, often termed 

‘Disease-in-a-Dish’ approaches, was an attractive option in this study due to the rarity 

of the disease and therefore limited availability of primary cells. 

A CDA type IV patient-derived iPSC line that has a mutation in KLF1 (E325K) was 

obtained and used to generate erythroid cells to confirm that CDA erythroid 

pathology could be recapitulated in vitro. Key erythroid genes such as GYPA, TFRC, 

SLC4A1, HBA1 and ICAM4 were downregulated in cells generated from CDA patient 

iPSCs compared to control iPSCs, in agreement with previously a published study. The 

CDA patient iPSC line was then used to generate macrophages in vitro, however, I 

found that iPSC-derived macrophages generated from CDA patient and control iPSCs 

expressed very low levels of KLF1. Based on previous studies, I would expect KLF1 

levels to be high in erythroblastic island macrophages, therefore I concluded that the 

CDA patient iPSC-derived macrophages were not a good model for CDA patient 

erythroblastic island macrophages. 

Activation of wild-type KLF1 in iPSC-derived macrophages had been previously 

demonstrated to induce a more ‘erythroblastic island macrophage-like’ phenotype. 

Therefore, I generated a KLF1-E325K inducible activation system in iPSCs. As proof of 
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principle, I generated cells under erythroid differentiation conditions from two 

inducible KLF1-E325K iPSC lines. These cells recapitulated CDA erythroid cell 

pathology, with a reduction in populations of CD235a+ cells and CD71+ cells upon 

KLF1-E325K activation.  

I applied the inducible KLF1-E325K activation system to generate macrophages and 

investigate their phenotype and function. I found that the E325K mutation prevents 

KLF1-induced macrophage maturation. In an in vitro model of the erythroblastic 

island, I observed reduced maturation and enucleation of erythroid cells in co-culture 

with KLF1-E325K macrophages compared to KLF1-WT macrophages. I hypothesised 

that the reduced function of KLF1-E325K macrophages to promote erythroid cell 

maturation and enucleation was the result of dysregulation of key erythroblastic 

island macrophage genes. The KLF1-E325K mutation had been identified to 

dysregulate several genes in erythroid cells, but whether there was any 

transcriptional dysregulation in CDA patient macrophages had not yet been 

investigated. Therefore, to investigate this hypothesis, I generated a transcriptomic 

dataset.   

RNA sequencing of KLF1-E325K macrophages revealed that KLF1-E325K does not 

induce expression of the same target genes as KLF1-WT, including genes encoding 

secreted factors previously identified to promote erythroid cell maturation and 

enucleation such as ANGPTL7. In fact, the transcriptome of KLF1-E325K macrophages 

was most comparable to macrophages generated from their parental line which 

express almost no KLF1. In combination with KLF1-E325K macrophages reduced 

function within the EBI, these data identified KLF1-E325K as a loss-of-function 

mutation in iPSC-derived macrophages. 

Collectively, these findings demonstrate that genetically modified iPSCs can be a 

valuable tool to study RBC disorders. Additionally, the inducible-activation strategy 

utilised here could be applied to model and investigate a contribution of EBI 

macrophages to other RBC disorders, with the goal of finding new druggable targets. 
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Lay Summary 

Red blood cell disorders are a group of conditions that affect red blood cells, the cells 

that deliver oxygen to all parts of the body. These disorders can be very common, for 

example iron deficiency anemia, or very rare. Rare red blood cell disorders often have 

far fewer effective treatment options. One such rare disorder is called congenital 

dyserythropoietic anemia type IV, in which patients have a defect in red blood cell 

development due to a specific mutation. I wanted to study this disease with the goal 

of identifying new targets for treatment. Due to the rarity of this disease, obtaining 

sufficient numbers of cells from patients to study was difficult. Instead, I used induced 

pluripotent stem cells that were made from a few patient cells to generate different 

cell types that have the disease-causing mutation. I made two cell types from these 

stem cells, red blood cells and macrophages.  

Red blood cell development is supported by a specific kind of cell called an 

erythroblastic island macrophage. I found that macrophages made from the patient-

derived stem cells did not express sufficient levels of the disease-causing mutation. 

Therefore, I genetically modified stem cells to switch on the disease-causing mutation 

in macrophages. I found that these macrophages were unable to mature as much as 

their healthy counterparts, and also had a reduced ability to support red blood cell 

development.  

Sequencing technology revealed that the disease-causing mutation in macrophages 

was able to regulate the expression of far fewer genes than the healthy counterpart. 

This included genes that encode for proteins that are secreted by macrophages and 

support red blood cell development. This study showed that genetically modified 

stem cells can be used to model rare blood cell disorders, and also revealed possible 

targets for future treatment of patients with congenital dyserythropoietic anemia 

type IV.  
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1.1 Haematopoiesis 

The earliest observation of blood cells can be attributed to Frenchman Pierre Borel, 

physician to King Louis XIV, who described a type of ‘worm’ observed in human blood 

in 1656 (1). In 1657, Jesuit priest and German scientist Athanasius Kircher made a 

similar observation when examining blood from plague victims (1). In the following 

year, 1658, Dutch Biologist Jan Swammerdam described ‘red blood corpuscles’, the 

first recorded observation of red blood cells (RBCs) (1). Swammerdam’s acquaintance 

Antoni van Leeuwenhoek later rendered the first illustrations of RBCs from several 

species (Figure 1.1) (2). In the hundreds of years that followed these observations, an 

extensive and detailed knowledge about the structure, development and function of 

blood cells has been gained.   

Haematopoiesis is the process of blood cell generation and arises in three 

overlapping waves during embryonic development. Haematopoiesis is most well 

studied in the mouse (Figure 1.2). The first two waves of haematopoiesis are 

haematopoietic stem cell (HSC)-independent, and the third wave is HSC-dependent. 

The first wave of haematopoiesis is characterised by the emergence of primitive 

erythroid cells as cell aggregates, termed blood islands, in the yolk sac of human, mice 

and avian embryos (3, 4, 5). In mice, the first wave begins at E7 and also generates 

some primitive/embryonic macrophages and megakaryocytes (6). The second wave 

of haematopoiesis is characterised by the emergence of erythro-myeloid progenitors 

(EMPs) from haemogenic endothelium in the yolk sac (7). EMPs give rise to definitive 

erythroid and myeloid cells (8, 9, 10). In the third wave of haematopoiesis HSCs 

emerge from haemogenic endothelium in the aorta-gonad mesonephros (AGM) 

region of the dorsal aorta during the endothelial to hematopoietic transition (11, 12, 

13). This hemogenic endothelium is distinct from the hemogenic endothelium that 

gives rise to EMPs (14). These HSCs migrate initially to the fetal liver, and 

subsequently to the adult bone marrow where they can differentiate into all cell 

types constituting the blood system (15, 16). 
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Figure 1.1 Erythrocytes in fish blood. Drawn by Antoni van Leeuwenhoek. Adapted from 
Davis et al (2).   

 

 

Figure 1.2 The three waves of haematopoiesis illustrated in mice. During the first wave, 
primate erythroid progenitors, macrophages and megakaryocytes emerge in the yolk sac. 
In the second wave erythromyeloid progenitors (EMPs) arise from hemogenic 
endothelium in the blood islands region of the yolk sac. In the third wave, haematopoietic 
stem cells (HSCs) arise from hemogenic endothelium in the AGM region of the embryo 
before colonising the fetal liver. Figure created with biorender.com. 
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1.2 Erythropoiesis  

RBCs, the most abundant cell type in humans, are generated through a process called 

erythropoiesis. The main function of RBCs is the delivery of oxygen loaded onto 

hemoglobin in the lungs and offloaded into tissues, and the clearance of carbon 

dioxide from tissues to the lungs for exhalation (17). In human adult RBCs, 

hemoglobin A (HbA, adult hemoglobin) accounts for approximately 97% of the 

protein molecules, and hemoglobin F (HbF, fetal hemoglobin) accounts for 1% (18). 

In addition to platelets and the lens fiber cells of the eye, RBCs are enucleated cells 

in humans, with the final stage of RBC development being the ejection of the nucleus 

(enucleation). RBCs need to be robust and flexible enough during their 120 day 

lifespan to allow them to deform and travel through capillaries which are only a few 

micrometres in diameter (17). This deformability is conferred by RBC membrane 

proteins. The RBC membrane consists of proteins such as spectrin, actin, protein 4.1R 

and ankyrin, which provide the RBC with the ability to deform (17).  

Erythropoiesis in mammals can be divided into primitive and definitive erythropoiesis 

(19). Primitive erythropoiesis generates the primitive RBCs of the embryo, and 

definitive erythropoiesis generates the definitive RBCs of the embryo and the adult 

(19).  

1.2.1 Primitive erythropoiesis 

Primitive erythropoiesis takes place in the yolk sac and is responsible for the 

production of the first blood cells in the mammalian embryo (Figure 1.3) (19). In mice, 

shortly after the onset of gastrulation at E7, mesoderm cells give rise to 

hemangioblasts, which then differentiate into erythroid colony-forming progenitors 

(EryP-CFC) (7, 19). EryP-CFCs differentiate through the erythroid precursors 

proerythroblast, basophilic erythroblast, polychromatic erythroblast, and 

orthochromatic erythroblast, to give rise to a wave of primitive erythroid cells (EryP) 

(20). After several days in circulation EryPs enucleate (21). This enucleation generates 

a transient population of pyrenocytes, which consist of the extruded nucleus 

surrounded by a thin layer of cytoplasm and a lipid bilayer (22). EryPs were noted to 

bind to fetal liver macrophages, forming erythroblastic islands (EBIs), which engulf 
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the extruded nuclei (23). Enucleated EryPs have been observed in the circulation of 

mice for several days post birth (21, 24).  

Primitive erythropoiesis has been most extensively studied in the mouse. Due to 

ethical concerns and the inaccessibility of the early embryo, relatively little is known 

about human primitive erythropoiesis. Ethical concerns surrounding human embryo 

research are often rooted in the belief that life begins at fertilisation, and that the 

destruction of these embryos once they have been used for research is preventing 

their normal development and birth (25). Human embryo research is restricted to 14 

days in several countries, at which timeframe it is unlikely that women will both know 

that they are pregnant and be able to donate embryos for research. Therefore, most 

embryos for research are sourced from assisted reproductive technologies such as in 

vitro fertilisation (25). Embryos donated for research should be high quality, and 

because embryos generated from assisted reproductive technologies are either 

implanted or preserved for future transplantation, access to these embryos is limited. 

In humans, blood islands and their primitive erythroid cells first arise between days 

18-20 of gestation and are the only circulating erythroid cells for the first 3 to 6 weeks 

of gestation (19). Nucleated primitive erythroid cells have been identified in the 

circulation of human embryos throughout the first trimester (19). As in the mouse 

system, human primitive erythroblasts enucleate (26).  

1.2.2 Definitive erythropoiesis 

Definitive erythroid cells are generated during the second and third waves of 

haematopoiesis (Figure 1.3). The second wave of haematopoiesis generates the first 

definitive erythroid cells in the mouse embryo from EMPs. In mice, EMPs arise at 

E8.25 and colonise the fetal liver by E10.5 (7). Definitive erythroid cells are distinct 

from their primitive erythroid counterparts and can be characterised by their smaller 

size, expression of adult globin genes and their maturation in circulation (27, 28, 29).  

The third wave of haematopoiesis generates HSC-derived definitive erythroid cells. 

HSC-dependent erythropoiesis occurs initially in the fetal liver, before migrating to 

the bone marrow which is the main site for erythropoiesis throughout adult life. 

Definitive erythropoiesis occurs in three distinct stages. In the first stage, HSCs 

sequentially differentiate to common myeloid progenitors (CMP), megakaryocyte-
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erythroid progenitors (MEP), burst-forming unit erythroid (BFU-E) progenitors, and 

colony-forming unit erythroid (CFU-E) progenitor (30, 31, 32, 33). BFU-Es and CFU-Es 

are traditionally defined by their ability to form colonies of maturing erythroid cells 

in in vitro colony assays (32, 33, 34, 35). BFU-Es have low numbers of EPO receptors, 

but as they mature into CFU-Es they become dependent on EPO for their ability to 

generate erythroid colonies and their survival, and this is concurrent with an increase 

in EPO receptors (section 1.2.4.1) (36, 37). While useful in the staging of 

erythroblasts, it is important to note that phenotypic characterisations of cells, such 

as morphology, and functional observations of cells, such as colony formation assays, 

may overlap.  

In the second stage, CFU-E progenitors differentiate through the erythroid precursors 

proerythroblast, basophilic erythroblast, polychromatic erythroblast, and 

orthochromatic erythroblast (38, 39). As the differentiating erythroblasts progress 

through this second stage of development, chromatin is condensed, and the cell 

undergoes extensive cytoskeletal remodelling in preparation for the expulsion of the 

nucleus (40, 41). This second stage of erythropoiesis occurs within a specialised 

microenvironment called the erythroblastic island (EBI), which will be described in 

subsequent sections.  

During the third stage of definitive erythropoiesis, also termed terminal 

differentiation, the nucleus is expelled from the orthochromatic erythroblast as a 

pyrenocyte (42). The resulting reticulocyte expels any remaining organelles and 

enters circulation (40). Considerable membrane remodelling then takes place to 

generate the fully mature, biconcave erythrocyte (41, 43, 44).   
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Figure 1.3 Primitive and definitive erythropoiesis. During both primitive and definitive 
erythropoiesis, erythroid progenitors give rise to erythroid precursors: proerythroblasts 
(ProE), basophilic erythroblasts (BasoE), polychromatophilic erythroblasts (PolyE), 
orthochromatic erythroblasts (OrthoE). OrthoEs enucleate to form a pyrenocyte and a 
reticulocyte (Retic) that gives rise to RBCs. The second stage of definitive erythropoiesis 
takes place within erythroblastic islands (EBI). Figure created with biorender.com. 

 

1.2.3 Stress erythropoiesis 

Steady-state erythropoiesis can be defined as the production of new RBCs at a 

consistent rate in the bone marrow to replace old and damaged RBCs (45). In contrast 

to steady-state erythropoiesis is stress erythropoiesis, a process in which RBC 

production increases up to 10-fold in response to anemia and hypoxia (46). During 

stress erythropoiesis, extramedullary sites such as the liver and spleen become sites 

of erythroid development in addition to the bone marrow (45, 47). This leads to 

expansion of the erythroid progenitor pool in the form of stress erythroid progenitors 

(SEPs) (47). As with steady-state erythropoiesis, stress erythropoiesis is largely 

regulated by EPO, and during severe hypoxia, EPO production can be increased up to 

1,000-fold (47, 48).  

As well as regulating expression of the transcription factors GATA1 and KLF1, which 

regulate erythropoiesis, the BMP4/Smad5 pathway has a significant role in stress 
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erythropoiesis (49, 50, 51). The demand for RBCs in stress erythropoiesis is similar to 

the demand for RBCs in a rapidly growing embryo (49). Indeed, BMP4/Smad5 

dependent stress erythropoiesis was identified to be required for the expansion of 

erythroid progenitors in the fetal liver during embryonic development (49). 

1.2.4 Regulation of erythropoiesis  

Erythropoiesis is regulated at multiple levels both intrinsically via transcription 

factors and microRNAs, and extrinsically via erythropoietin and cytokines (52). The 

most well studied regulators of erythropoiesis are described in this section.   

1.2.4.1 Cytokines 

Erythropoietin (EPO) is a 34 kDa glycoprotein hormone primarily, but not exclusively, 

produced by the kidneys which account for approximately 80% of EPO production in 

adults (53, 54). During fetal development, EPO is produced mainly in the fetal liver 

(55). Erythropoietin is one of the main drivers of erythropoiesis and prevents 

erythroid progenitor cell and primitive erythroblast apoptosis (55, 56, 57). EPO and 

EPOR null mice die at E13.5 with a lack of definitive erythrocytes (57). Erythropoietin 

is secreted by cells of the kidney in response to hypoxia through the activity of the 

hypoxia-inducible transcription factor (HIF) (55). Decreased oxygen delivery to the 

kidneys causes an increase in EPO expression and secretion, which stimulates the 

survival, proliferation, and differentiation of CFU-E erythroid progenitors (48, 52).  

Mutations in HIF pathway proteins have been identified to cause erythrocytosis, the 

excessive production of RBCs, in humans. For example, patients with polycythemia 

vera, a disease characterised by this excessive production of RBCs, carry a gain-of-

function mutation in Jak2 (Jak2V617F) which causes hypersensitivity of erythroid 

progenitors to EPO (58, 59, 60).  

The earliest erythroid progenitors are responsive to cytokines including 

thrombopoietin (TPO), granulocyte-macrophage colony stimulating factor (GM-CSF), 

interleukin 3 (IL-3), interleukin 11 (IL-11), and stem cell factor (SCF) (61). SCF is 

present in both soluble and membrane-bound form, with membrane-bound SCF 

demonstrated to have a role in erythropoiesis in addition to its soluble form by 

experiments utilising the Steel-Dickie mutant mouse (62, 63). Steel-Dickie mice carry 
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a deletion of exon 6 from the Scf gene which results in the production of soluble SCF 

and no membrane bound SCF, which causes impaired erythropoiesis and anemia in 

these mice (62). IL-3 and GM-CSF enhance BFU-E growth, with no effect on CFU-E 

growth (64). Insulin-like growth factor I enhances CFU-E growth (in the absence of 

insulin) (64). BFU-E cells also respond to glucocorticoids, and interleukin 6 (IL-6) (52). 

1.2.4.2 Transcription factor KLF1 (EKLF) 

Several transcription factors have been identified with a role in erythropoiesis, 

including EKLF1/KLF1, GATA1 and BCL11a, with KLF1 being the most studied 

transcriptional regulator of erythropoiesis (52, 61). Erythroid Krüppel-like factor 

(EKLF1) was first identified in 1992 and named as such due to its observed erythroid 

restricted expression and its likeness to the fruit fly pattern-determining protein 

Krüppel (65). EKLF1 was isolated by enriching for genes expressed in a mouse 

erythroleukemia cell line but not expressed in a mouse monocyte-macrophage cell 

line and was predicted to encode a 38 kDA protein with three zinc fingers (65). EKLF1 

protein was identified to bind to the motif 5’-CCACACCCT-3’, an essential element of 

the beta-globin promotor, and its expression was initially found to be limited to 

erythroid and mast cell lines (65). Subsequently, seventeen Krüppel-like factors have 

been identified and its nomenclature was changed to KLF1 to reflect the order of 

discovery within this gene family (66). Since its identification, KLF1 has be found to 

be highly expressed in MEPs and its expression has been shown to inhibit the 

formation of megakaryocytes while stimulating erythroid differentiation (67). KLF1 

has also been shown to be expressed in the supportive macrophages of the EBI niche 

(68).  

During early mammalian development, KLF1 expression is regulated by the BMP4 

pathway, particularly via Smad5 (50, 51, 69). KLF1 expression is initiated prior to 

erythroid commitment during hematopoiesis, and is likely first activated in a 

progenitor population that has erythroid-megakaryocytic potential (51). In murine 

development, Klf1 mRNA is first expressed at the neural plate stage E7.5 within 

primitive erythroid cells, followed by the fetal liver at E9 where it remains highly 

expressed and the sole source of Klf1 mRNA at E14.5 (70). KLF1 protein is expressed 
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in primitive erythroid cells and the fetal liver (71). KLF1 detection in the embryo 

coincides with the emergence of primitive erythroid progenitors (7).  

Following its discovery, several studies demonstrated that KLF1 is essential for 

erythropoiesis and beta-globin expression (72, 73). KLF1-/- mice are normal during the 

yolk sac stage of erythropoiesis, suggesting that KLF1 is not required for yolk sac 

primitive erythropoiesis (72, 73). Conversely, nucleated erythroid cells generated in 

the fetal liver of KLF1-/- mice lack the proper amount of hemoglobin, resulting in 

anemia and lethality at embryonic day 14-15, implicating KLF1 in definitive 

erythropoiesis (72, 73). This embryonic lethality was initially attributed to beta-globin 

deficiency, however the phenotype was not rescued upon correction of the globin 

chain imbalance (74). It was speculated that deficiency of KLF1 target genes is a 

contributor to this embryonic lethality, implicating KLF1 in the regulation of other key 

erythroid genes. This has since been confirmed by transcriptome analyses of KLF1 

null erythroid cells (75, 76). KLF1-dependent genes have been identified with roles in 

hemoglobin synthesis, membrane stability, and cell cycle regulation (75, 77, 78, 79). 

Comparison of KLF1-null erythroid cells with control, wild type cells has also identified 

downregulation of several genes involved in the terminal stage of erythroid 

differentiation in the absence of KLF1 (75, 80, 81, 82, 83, 84).  

While KLF1-/- mice appear normal during the yolk sac stage of erythropoiesis, several 

studies have identified a role for KLF1 in EryPs by regulating embryonic globin gene 

expression, cytoskeleton, and maintaining membrane stability (75, 79, 80, 85).  

In humans, the first reported loss-of-function mutations in KLF1 were identified as 

the basis of the rare blood group In(Lu) (inhibitor of Lutheran antigen expression) 

phenotype (86). Gene expression profiling identified over 650 putative KLF1 target 

genes, including the blood group antigens CD44 and BCAM which are suppressed in 

In(Lu) individuals (86). Haploinsufficiency for KLF1, in addition to several KLF1 

mutations have been identified to cause hereditary persistence of fetal hemoglobin 

in adults (87, 88). KLF1 was also identified as a key regulator of the Bcl11a gene, which 

encodes a suppressor of fetal hemoglobin expression (87). KLF1 regulates Bcl11a in 

mice and humans, and is therefore a regulator of globin switching in erythroid cells 

(89).  
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1.3 Red blood cell disorders   

RBC disorders represent a broad spectrum of conditions with mild to fatal clinical 

outcomes (90, 91, 92, 93, 94). Disorders range from inherited disorders such as sickle 

cell anemia and thalassemia, to acquired disorders such as paroxysmal nocturnal 

hemoglobinuria (PNH) and polycythemia vera (90, 91, 92, 93). Outcomes of these 

disorders can be mild, for example iron-deficiency anemia, or severe, such as poor 

growth and skeletal abnormalities which occur in a subgroup of beta-thalassemia (94, 

95). Anemia represents the most prevalent group of RBC disorders, crudely defined 

as a condition in patients who lack adequate numbers of healthy RBCs and diagnosed 

by a low blood hemoglobin (Hb) concentration (96). Anemias affect approximately 

1.62 billion people worldwide, which accounts for 8.8% of the total worldwide 

disease burden (97, 98).  

The most common treatments for RBC disorders include blood transfusions, iron 

supplements for iron-deficiency anemia, and iron chelation therapy to counteract 

iron accumulation in patients requiring repeated transfusions (95, 99). In severe cases 

of beta-thalassemia, transfusions can be required as often as every two weeks (95). 

Several erythropoiesis stimulating drugs, such as erythropoietin (EPO), have been 

approved as treatments and are routinely used to treat anemias associated with 

chronic kidney disease and cancer (100, 101, 102).  

There are fewer effective treatment options for rarer RBC disorders, and these are 

often prohibitively expensive. For example, PNH is a rare disorder characterised by 

hemolysis, the rupture and destruction of RBCs (91).Eculizumab is a monoclonal 

antibody against terminal complement protein C5 that is used to reduce hemolysis 

and stabilise hemoglobin levels in PNH patients (103). Eculizumab is widely reported 

as one of the world’s most expensive drugs at a cost of around $400,000 per year of 

treatment, but only 20% of patients reach normal hemoglobin values and 40% remain 

anemic (103, 104). Some rare RBC disorders, including PNH and acquired aplastic 

anemia, can be effectively cured by bone marrow transplantation (105, 106). 

However, due to the requirement for preconditioning which ablates the 

hematopoiesis of the host, bone marrow transplants are associated with significant 

morbidity and mortality rates (106, 107). 
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1.3.1 Congenital dyserythropoietic anemias  

Congenital dyserythropoietic anemias (CDAs) are a group of inherited RBC disorders 

that are characterised by ineffective erythropoiesis and classified into four types: CDA 

types I, II and III, and transcription-factor-related CDAs (108). CDAs are classified 

based on distinct morphological, clinical and genetic features (108).   

1.3.1.1 Congenital dyserythropoietic anemias type I, II and III 

Approximately 90% of CDA type I cases are caused by bi-allelic mutations in either 

CDAN1 or CD15orf41, and to date over 50 causative mutations have been 

documented (109, 110, 111). CDA type II is caused by bi-allelic mutations in SEC23B 

(112). CDA type III is a dominant disorder caused by the P916R mutation in kinesin 

family member, KIF23 (113). Morphologically, CDA type I is characterised by the 

presence of internuclear chromatin bridges between the nuclei of erythroblasts, type 

II by the presence of binucleate erythroblasts, and type III by the presence of large 

multinucleate erythroblasts (108). 

1.3.1.2 Congenital dyserythropoietic anemia type IV 

Congenital dyserythropoietic anemia type IV (CDA type IV) is in the transcription 

factor-related subgroup of CDAs (114, 115). The identification of a single-point 

mutation in KLF1 associated with dyserythropoietic anemia was the first association 

of this transcription factor with human disease (114, 116). A male patient presented 

at birth with anemia, deficiency of the erythroid proteins CD44 and Aquaporin 1, high 

HbF levels, and a large number of nucleated RBCs in peripheral blood (116). 

Ultrastructural abnormalities were identified in these nucleated cells, particularly 

abnormal cytoplasmic inclusions and enlarged nuclear pores (116). A female patient 

studied extensively in the 1990’s also presented at birth with severe anemia, high 

HbF levels, and deficiency of the erythroid proteins CD44 and Aquaporin 1 (117, 118, 

119). Examination of the coding sequence of KLF1 in both patients and comparison 

with unaffected relatives identified a point mutation in one allele, c.973G>A (114, 

116).  

CDA type IV is an autosomal dominant disease (116). The c.973G>A mutation results 

in the substitution of the glutamate 325 reside with a lysine residue (E325K) in the 

second zinc finger of KLF1 (116). Glutamate 325 is predicted to contact DNA and is 
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located on a helix directed toward the DNA backbone, according to a modelling 

structure of KLF1-DNA binding (116, 120). The substitution of glutamate for lysine 

found in patients reverses the side-chain charge from negative to positive and 

extends the side-chain towards the negatively charged DNA backbone. This charge-

reversal enhances the interaction between KLF1 and DNA and has the potential to 

create a novel hydrogen bond, and so the E325K variant of KLF1 was predicted to 

stabilise the binding of KLF1 to DNA (116).  

To date, nine patients worldwide have been reported with CDA type IV, with six of 

these carrying the E325K mutation in KLF1 (114, 116, 117, 118, 121, 122, 123, 124, 

125, 126). One other patient carries a novel KLF1 mutation (p.Ser323Leu, S323L), and 

genotypes are not available for the remaining two patients (122, 123, 127).  CDA type 

IV patients have been reported to present with a range of symptoms including the 

persistence of nucleated RBCs in peripheral blood, abnormalities in bone marrow 

erythroblasts, elevated fetal hemoglobin, and iron overload (Figure 1.4) (116, 121). 

Iron overload is reported as the most frequent complication of CDAs and has been 

most well studied in CDAII patients, in which increased levels of the hormone 

erythroferrone lead to impairment of iron regulation by reducing expression of 

hepcidin, a master regulatory of iron homeostasis (108). The cause of iron overload 

in CDA type IV patients is less clear, but could also result from alterations in 

erythroferrone and hepcidin expression, in addition to dysregulation of genes 

involved in iron metabolism, and repeat blood transfusions.  

The most comparable mouse model for CDA type IV is the neonatal anemia mouse 

(nan). This spontaneous mouse mutant carries a mutation in KLF1, KLF1-E339D, which 

is at the corresponding position in the second zinc finger domain of KLF1 to KLF1-

E325K in humans (128). However, this results in a substitution of glutamate 339 for 

aspartic acid, and the phenotype of nan mutant mouse erythroid cells is very different 

to CDA type IV patient erythroid cells (116, 129). Nan mouse erythroid cells exhibit 

present spherocytosis, where RBCs have a spherical shape and are more fragile, but 

normal enucleation (129).  

The molecular mechanisms of the KLF1-E325K mutation in erythroid cells have been 

well studied (130, 131). These studies demonstrated that the KLF1-E325K mutation 
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induces cell cycle arrest in erythroid cells, in addition to dysregulation of key erythroid 

genes involved in iron-utilisation, membrane protein expression and cell-cycle 

regulation (130, 131).  

 

Figure 1.4 Symptoms of congenital dyserythropoietic anemia type IV. Patients with CDA 
type IV have been reported with bone marrow erythroblast abnormalities such as 
multinucleated erythroblasts, persistence of nucleated RBCs in peripheral blood, iron 
overload and elevated fetal hemoglobin. Bone marrow and peripheral blood smears 
adapted from Arnaud et al (116). Figure created with biorender.com.  
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1.4 Therapeutic potential of in vitro generated RBCs 

Blood transfusions are an essential and life-saving procedure during surgeries, cancer 

treatment, chronic illnesses and traumatic injuries (132). Patients can receive  RBCs, 

platelets or plasma (132). In 2019 in the United States alone, over 10 million RBC units 

were transfused, which equates to approximately 29,000 units of RBCs per day (133). 

Compared to the 5,000 units of platelets and 6,500 units of plasma transfused daily, 

RBCs are the most widely transfused blood component (132).  

While the majority of blood transfusions are safe and effective, there are several 

limitations that could be addressed by the transfusion of laboratory (lab)-grown cells 

(134, 135). Currently, all blood transfusions come from volunteer donors and are 

therefore susceptible to supply issues. Estimates indicate that only 3% of age-eligible 

people donate blood yearly (132). In October 2022, NHS Blood and Transplant UK 

issued an amber alert as blood stocks fell below a two-day supply, meaning that 

hospitals would be asked to put management plans in place to protect blood stocks 

(136).  

Acute haemolytic transfusion reactions occur in cases of transfusion with ABO 

incompatible RBCs, mostly against rare RhD, RhC or RhE antigens, and the interaction 

of recipients antibodies with donor RBC antigens results in the immediate destruction 

of transfused RBCs (134). These reactions result in kidney damage and account for a 

significant proportion of all transfusion-related deaths (137). If RBCs were to be 

generated from recipient-derived cell, this would eliminate the risk of immune 

incompatibility. Although extensive blood-screening technologies for known 

pathogens are in place, blood transfusions still carry a risk of transmission of blood-

borne infections. Recent estimates place the risk of catching human 

immunodeficiency virus from a blood transfusion at 1 in 2 million, hepatitis B at 1 in 

300,000, hepatitis C at 1 in 1.5 million, and West Nile Virus at 1 in 350,000 (132).  

The transfusion of in vitro derived RBCs presents an especially attractive treatment 

option for patients in which finding a well-matched donor is difficult, for example 

patients with rare blood types and diseases such as sickle cell disease and beta-

thalassemia who require regular transfusions (95, 138). An estimated 300,000 babies 
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are born with sickle cell anemia each year and require repeated blood transfusions 

throughout their lives (138).  

In 2011, RBCs generated from peripheral blood CD34+ haematopoietic stem and 

progenitor cells (HSPCs) were successfully injected into one human recipient and 

persisted in circulation for several weeks, establishing proof of principle for the 

transfusion of in vitro generated RBCs (139). In November of 2022, researchers from 

The University of Cambridge in collaboration with NHS Blood and Transplant UK 

began the first clinical trial of the transfusion of lab-generated RBCs into another 

person (140). RBCs were generated from CD34+ HSPCs, and approximately 24 litres 

of nutrient media were required to generate one to two tablespoons of RBCs. Whilst 

this is an exciting progression in the field, progress still needs to be made to generate 

a more cost-effective method to generate RBCs with a higher yield.  

Extensive work has been undertaken to generate RBCs from CD34+ haematopoietic 

stem and progenitor cells (HSPCs), pluripotent stem cells (PSCs), and immortalised 

erythroid cell lines.  

1.4.1 CD34+ HSPC-derived RBCs 

HSPCs express the cell surface marker CD34 and can be isolated from both peripheral 

blood (PB) and umbilical cord blood (UCB) using flow cytometry or magnetic sorting 

(141, 142, 143, 144, 145, 146). The Duoay group was the first to produce human RBCs 

in vitro from isolated CD34+ cells (141). CD34+ UCB-derived HSPCs were cultured with 

SCF, IL-3, and EPO before co-culture with murine stromal cells (MS5). RBC enucleation 

rates were observed at over 90%, and interestingly elimination of the contact 

between erythroid cells and stromal cells using a transwell reduced enucleation to 

approximately 2% (141). Erythroid cells generated using this protocol expressed adult 

hemoglobin, fetal hemoglobin, and were able to bind and release oxygen (141). The 

main limitation to the scaling-up and clinical application of this protocol is the 

complexity associated with the co-culture. In an attempt to overcome this limitation, 

RBCs were generated in the same cytokine cocktail but without co-culture and with 

the addition of vascular endothelial growth factor (VEGF) and insulin-like growth 

factor II (142). As observed by the Duoay lab, there were very low RBC enucleation 

rates (142). Human RBCs were also differentiated from CD34+ UCB-derived HSPCs co-
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cultured with human CD34+ UCB derived macrophages where 99.4% of erythroblasts 

enucleated (143). Protocols for generating UCB CD34+ HSPC-derived RBCs in the 

absence of supporting cells with higher enucleation rates have since been developed 

(144, 145).  Several studies have shown that these in vitro generated RBCs survive 

and continue to mature and enucleate when transplanted into mice in vivo (144, 

147).  

Traditionally, RBC yields from PB-derived CD34+ cells are lower than those from UCB 

and have a lower expansion potential (146). Following work generating CD34+ UCB-

derived RBCs, a protocol for efficient expansion and differentiation of PB-derived 

CD34+ cells to RBCs without co-culture was described (146). Cells were cultured with 

transferrin, insulin, and hydrocortisone in addition to SCF, IL-3, and EPO, and this 

achieved an enucleation rate of 45% (146). Subsequently, RBCs generated from PB-

derived CD34+ cells under good manufacturing practise conditions (GMP) were 

successfully injected into one human recipient and persisted in circulation for several 

weeks (139).  

The main limitations to generating RBCs from CD34+ HSPCs is that, like blood 

transfusion, these cells are donor dependent. They are also a rare cell population with 

reports that they constitute approximately 1.33% of human UCB cells (148). CD34+ 

cells can be mobilised to peripheral blood, but even then the mean percentage of 

CD34+ cells in the leukocyte fraction obtained has been reported at 0.2-0.5% (149).  

1.4.2 Immortalised erythroid cell lines 

RBCs have also been generated from immortalised human erythroid cell lines (150, 

151). Immortalised cell lines have been established from erythroid progenitor cells 

differentiated from iPSCs, ESCs or CD34+ UCB-derived HSPCs (152, 153, 154). Unlike 

RBCs generated in vivo from definitive erythropoiesis, RBCs generated from these 

immortalised cell lines express fetal and embryonic globin and have terminal 

differentiation deficiencies (152, 153, 154). To address these limitations, an 

immortalised erythroid cell line (Bristol Erythroid Line Adult; BEL-A) was established 

from adult human erythroid cells (150). BEL-A cells were demonstrated to be able to 

generate erythroid cells that enucleate to generate mature reticulocytes and have 

similar survival rates to adult donor RBCs in vivo (150).  
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The use of immortalised erythroid cell lines to generate RBCs have several 

advantages. Unlike RBCs obtained from traditional donation, these lines are able to 

generate RBCs that are donor-independent once the lines have been established 

from the initial donor cells. They are also inexpensive to grow and easy to acquire. 

However, enucleation rates in immortalised erythroid cell lines are still not high 

enough for transfusion into patients.  

1.4.3 PSC-derived RBCs 

Human PSCs, including embryonic stem cells (ESCs) and induced pluripotent stem 

cells (iPSCs), are self-renewing cells that can be differentiated to the three embryonic 

lineages: ectoderm, mesoderm and endoderm (155). Several studies demonstrated 

that RBCs can be generated from human ESCs, however these are subject to both 

ethical and legislative challenges (156, 157, 158, 159).  

In 2006 and 2007, two ground-breaking studies from Takahashi and Yamanaka 

reported that iPSCs could be generated from both mouse and human fibroblasts by 

transiently expressing four transcription factors: OCT4, SOX2, C-MYC, and KLF4 (160, 

161). Since then, a wide range of cell types have been generated from iPSCs, including 

cells of the neural lineage, hepatocytes, and of course, RBCs (162, 163). RBCs can be 

generated from iPSCs irrespective of donor cell type of origin and are subject to fewer 

of the ethical and legislative challenges that ESC-derived cells are (164, 165, 166, 

167).  

One of the biggest advantages to generating RBCs from iPSCs is that iPSCs can be 

subjected to a vast array of techniques for genetic manipulation, including zinc finger 

nucleases, TALENS, lentiviral vectors, and CRISPR-Cas9 (168, 169, 170, 171, 172, 173). 

iPSC technology has even been used to generate disease-corrected patient-specific 

blood cells. Fibroblasts taken from patients with Fanconi anemia, the most commonly 

inherited bone marrow failure syndrome, were corrected with lentiviral vectors and 

iPSCs were generated (174). It was observed that uncorrected fibroblasts could be 

reprogrammed to iPSCs but could not be maintained past the third passage in culture, 

therefore correction of patient cells was a pre-requisite for iPSC generation (174). 

These corrected iPSCs were demonstrated to generate phenotypically normal CD34+ 

haematopoietic progenitors capable of differentiation into cells of myeloid and 



19 
 

erythroid lineages (174). The therapeutic potential of such corrected patient-specific 

cells is vast.  

Protocols for the generation of RBCs from human PSCs can be divided into feeder 

cell-dependent or feeder cell-independent. The most commonly used feeder cells in 

feeder cell-dependent protocols are the OP9 murine bone marrow cell line, however 

human mesenchymal cell lines and human primary stromal cells from fetal liver have 

also been used with the aim of preventing xenogenic contamination (175, 176). 

Enucleation rates using these protocols is low, with between 2-10% enucleation 

observed, and the RBCs express predominantly fetal and embryonic globins (176). 

Feeder-free protocols include the production of 3-dimensional structures known as 

embryoid bodies (EB) and erythroid cells produced in this way have been reported to 

express high levels of embryonic and fetal globins, with low enucleation rates (177). 

More recently, feeder-free protocols with an EB step have been reported to generate 

erythroid cells with up to 60% enucleation rates (165).  

Serum- and feeder-free protocols for the generation of RBCs from PSCs were 

subsequently developed to be GMP compliant (159, 178). These protocols are 

complex and expensive, requiring careful modulation of an extensive array of 

cytokines including BMP4, VEGF, SCF, and IL3 (159, 178). Using these protocols, a 

single PSC can produce up to 200,000 erythroid cells in 31 days, but these erythroid 

cells express predominantly fetal globins and, as observed in feeder cell-dependent 

and feeder-free protocols, less than 10% of cells enucleate (159).  

One of the main limitations to the generation of RBCs from iPSC cells is their low 

enucleation rates, typically only 2-10% of erythroid cells generated from iPSCs 

enucleate (159, 176). Additionally, embryonic globins are expressed at high levels, 

with almost no expression of adult globins (159, 172, 176, 177). Comparison of the 

dynamics of the gene expression program between iPSC-, PB CD34+ HSPC-, and UCB 

CD34+ HSPC -derived erythroid progenitors indicated that iPSC-derived erythroid cells 

may be more primitive and suggested several mechanisms to explain the low 

enucleation of these cells (179). For example, TRIM58, a protein that facilitates 

erythroblast enucleation, was identified to be downregulated in iPSC-derived 

erythroid cells (179).   



20 
 

Proteomic comparisons performed on erythroid cells derived from three iPSC lines 

and PB CD34+ HSPC-derived erythroid cells quantified 1989 proteins (180). Of the 

1989 proteins quantified, less 3% of these differed in expression levels (2-fold or 

more) between erythroid cells generated from the three iPSC lines (180). When 

compared to PB CD34+ HSPC-derived erythroid cells, 11% of the proteins quantified 

differed in levels of expression (180). Cytoskeletal proteins were identified in the pool 

of differentially expressed proteins and this was suggested to, in part, explain the low 

enucleation rates of iPSC-derived erythroid cells (180).  

1.5 The Erythroblastic island 

The proerythroblast to orthochromatic stages of definitive erythropoiesis in 

mammals occur within erythroblastic islands (EBIs) (Figure 1.3). First visualised by 

Marcel Bessis in 1958, EBIs are specialised microcompartments consisting of a central 

macrophage surrounded by erythroblasts at varying stages of differentiation (181, 

182). EBIs have been identified in all sites of mammalian definitive erythropoiesis, 

including the fetal liver, bone marrow, and spleen in rodents and humans (183, 184).  

EBIs are predominantly situated in the bone marrow during steady-state 

erythropoiesis but can expand into the liver and spleen during stress erythropoiesis 

(47, 181, 185, 186). EBIs are not spatially restricted within the bone marrow, and their 

composition is altered depending on their proximity to sinusoids. EBIs adjacent to 

sinusoids are enriched for orthochromatophilic erythroblasts, while nonadjacent EBIs 

are enriched in proerythroblasts (187). This suggests either a mechanism in which the 

entire island migrates closer to sinusoids or a mechanism in which erythroblasts 

detach and re-attach to EBIs situated closer to sinusoids as their differentiation 

progresses.  

The composition of EBIs varies across mammalian species, with rat EBIs consistently 

containing around 10 erythroblasts per island, compared to human EBIs which are 

variable with between 5-30 erythroblasts surround the central macrophage (188, 

189). To date, EBIs have not been identified in non-mammalian vertebrate species 

(birds, reptiles, amphibians, and fish) and it has been hypothesised that this is due to 

the fact that the erythrocytes of these species do not enucleate (190). An interesting 



21 
 

exception to this is the enucleated erythrocytes identified in some salamander and 

one teleost fish species (191, 192). In salamanders, enucleation is speculated to have 

evolved as a response to problems associated with the circulation of large RBCs 

through small capillaries, which is a theory shared for the emergence of enucleated 

RBCs in mammals (193).  

Compared with extensive studies into the HSC bone marrow niche 

microenvironment, the EBI niche has been the focus of a relatively small number of 

research groups (194, 195, 196). Most of these studies into the EBI have been 

performed in mice. While there are a vast array of cell types implicated in the HSC 

niche, the EBI niche appears to be comparatively simple consisting primarily of the 

central macrophage and developing erythroblasts (16). A recent study suggested a 

role for the EBI in granulopoiesis in parallel with erythropoiesis (197). Within the HSC 

bone marrow niche, macrophages function to maintain HSC retention and self-

renewal and their depletion mobilises HSCs to the blood stream (198). In contrast, 

central macrophages in the EBI promote the differentiation of erythroblasts into 

mature and enucleated RBCs that enter the blood stream.  

1.5.1 Erythroblastic island macrophages 

Erythroblastic island macrophages were first hypothesised to supply ferritin to the 

developing erythroblasts for hemoglobin synthesis, and since then several additional 

functions of the central macrophage have been elucidated (199). EBI macrophages 

support erythroblast differentiation by several mechanisms including cell-cell 

contact, secretion of supportive factors, phagocytosis of extruded nuclei, and 

providing a source of iron (Figure 1.5) (199, 200, 201, 202, 203, 204).  

Cell surface markers associated with EBI macrophages in mice and rats include 

vascular cell adhesion molecule 1 (Vcam-1), F4/80, EPOR, CD163, and CD169 (205, 

206, 207, 208). To date, human EBI macrophages have been found to express the 

following cell surface markers: FcRI, FcRII, FcRIII, CD4, CD13, CD14, CD16, CD18, CD31, 

CD32, CD11a, CD11c, EPOR, and and HLA-DR (183, 188, 209). Intact EBIs isolated from 

different haematopoietic tissues in mice and rats and analysed for known EBI 

macrophage cell surface markers showed them to be a heterogenous macrophage 

population (205, 210). For example, in mouse bone marrow Vcam1 and CD169 are 
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broadly expressed by EBI macrophages, while only a proportion of EBI macrophages 

express CD163 (210). No markers have yet been identified to be exclusive to EBI 

macrophages.  

1.5.1.1 Cell-Cell contact 

The association of erythroblasts with macrophages promotes erythroid cell 

proliferation, maturation, and enucleation, with cultured erythroblasts proliferating 

3-fold more when in contact with macrophages (211, 212). The proteins that facilitate 

these attachments are critical for EBI integrity and are highly expressed in 

proerythroblasts, with expression progressively lost by the orthochromatic 

erythroblast stage (39). The most studied macrophage-erythroblast attachment 

proteins are described below, however the precise role of most macrophage-

erythroblast attachments is not completely understood.  

1.5.1.1.1 Erythroblast α4β1 integrin binds macrophage VCAM1 

One of the first erythroblast-macrophage attachment proteins identified was α4β1 

integrin. Expressed by erythroblasts, α4β1 integrin binds to VCAM-1 expressed by 

macrophages (207). Blocking of either receptor using monoclonal antibodies was 

demonstrated to significantly impair EBI formation in vitro (207).     

1.5.1.1.2 Erythrocyte macrophage protein 

Erythrocyte macrophage protein, also known as macrophage erythroid attacher 

(MAEA), is a 36kDa transmembrane protein expressed by both macrophages and 

erythroblasts that is important for enucleation (211, 213). Erythrocyte macrophage 

protein will be referred to as EMP/MAEA to prevent confusion with erythromyeloid 

progenitors (EMPs). EMP/MAEA null embryos die shortly after birth and present with 

an increased number of nucleated, immature erythrocytes in their peripheral blood 

(214, 215). Very few EBIs were observed in the fetal liver of EMP/MAEA null mice 

(214). EMP/MAEA expressed by macrophages, but not by erythroblasts has been 

demonstrated to maintain adult EBIs (216). EMP/MAEA was deleted in macrophages 

using MaeaCsf1r-Cre and MaeaCD169-Cre mice and deleted in erythroid cells using 

MaeaEpor-Cre mice (216). EMP/MAEA deletion in macrophages significantly reduced 

bone marrow macrophages, erythroblasts and in vivo EBI formation, while deletion 

in erythroid cells had no phenotype (216). The authors suggested that this points to 
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the presence of a currently unidentified macrophage EMP/MAEA receptor on 

erythroid cells (216).   

EMP/MAEA has also been implicated in the phagocytosis of extruded nuclei by EBI 

macrophages. As the nucleus is expelled, EMP/MAEA expressed on erythroblasts 

partitions predominantly to the plasma membrane surrounding the extruded nucleus 

(pyrenocyte) rather than the reticulocyte (217). This would allow binding of the 

pyrenocyte to the EBI macrophage, facilitating its uptake (183, 217).  

1.5.1.1.3 Erythroblast ICAM-4 binds macrophage αv integrins  

In vitro antibody inhibition studies identified that intercellular adhesion molecule-4 

(ICAM-4), a member of the intercellular adhesion molecule family expressed in 

erythroid cells, binds to α4 β1integrin and αv integrins (218). The subsequent 

observation that EBIs are defective in Icam-4 null mice and the demonstration that it 

interacts with αv integrins on macrophages confirmed its involvement in maintaining 

EBI integrity (219).  A significant decrease in EBI formation was observed in Icam-4 

null mice compared to WT mice both in vivo and in vitro through reconstitution 

studies (219). The transcription factor KLF1 directly activates Icam4 in erythroid cells, 

and ICAM4 levels mirror KLF1 during both primitive and definitive erythropoiesis (68, 

220). 

1.5.1.1.4 Other attachment proteins 

Several other macrophage proteins have been implicated with a role in erythroblast 

attachment, however these are much less studied. Rat CD163 is a receptor for 

hemoglobin-haptoglobin complexes, contributing to the clearance of free 

hemoglobin. CD163 was identified as an erythroblast adhesion receptor, and in rats 

was demonstrated to stimulate erythroid expansion, with no significant effects on 

erythroid maturation (221). CD169, also known as Siglec1, is extensively expressed 

by EBI macrophages and has been shown to localise to sites of macrophage-

erythroblast contact in EBIs (222). 

Palladin, an actin cytoskeleton-associated protein, has also been implicated with a 

role in macrophage-erythroblast attachment (223, 224). Palladin-/- mouse embryos 

were observed to have a significant defect in definitive erythropoiesis, with a 
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reduction in fetal liver erythroid cells accompanied by increased apoptosis and partial 

stalling of erythroid differentiation (224). There was no observed defect in primitive 

erythropoiesis, which suggested a defect in the erythropoietic microenvironment, 

the EBI. As expected, Palladin-/- fetal liver cells failed to form EBIs in vitro. WT 

macrophages could form EBIs with either WT or PALLADIN-null erythroblasts, 

whereas PALLADIN-null macrophages were unable to bind WT or PALLADIN-null 

erythroblasts, supporting the idea that PALLADIN is a critical component of the 

microenvironment where erythroid cells mature (224).  

1.5.1.2 Secreted factors 

In addition to attachment protein interactions, EBI macrophages support erythroid 

cell proliferation and maturation through contact-independent mechanisms. Co-

cultures of human peripheral blood mononuclear cell (PBMC) derived macrophages 

and erythroblasts increased the proliferation of erythroid cells when compared to 

erythroblasts cultured alone. When contact between these MDMs and erythroblasts 

was prevented in trans-well culture experiments, the increase in erythroid cell 

proliferation was reduced by about 75% (209). In a study conducted by the Forrester 

lab, co-culture of iPSC-derived macrophages and CD34+ umbilical cord blood (UCB) 

derived erythroblasts increased the production of mature, enucleated erythroid cells 

when compared to erythroblasts cultured alone (201). This increase in mature 

enucleated erythroid cells was partially retained when contact between 

macrophages and erythroblasts was prevented in trans-well experiments (201). 

Together, these studies demonstrate that both cell-cell contact and mechanisms that 

are not contact-dependent are involved in erythroid development within the EBI 

(201, 209). 

It has been reported that macrophages secrete factors that are able to act as positive 

regulators of erythropoiesis (211, 225). For example, macrophages secrete insulin-

like growth factor 1 stimulates erythroid proliferation and cell survival (64, 226). EPO 

is one of the key regulators of erythropoiesis, driving erythroid proliferation and 

differentiation and preventing apoptosis (55, 56, 57). Subsets of both mouse and 

human EBI macrophages express EPOR (210). Over 90% of mouse EBI macrophages 

analysed were EPOR+, while approximately 27% of CD163+ human fetal liver 
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macrophages (which enriches for EBI macrophages) were EPOR+ (210). Pre-treatment 

of macrophages with EPO significantly increased the number of erythroblasts 

attached to macrophages in an in vitro model of the EBI, providing evidence for the 

hypothesis that EPO plays a role in EBI formation by acting on EPO-responsive 

macrophages (210). EPO mRNA expression has been identified in EBI macrophages, 

and co-culture of erythroblasts with macrophages has been shown to prevent 

erythroblast apoptosis, however it remains unclear whether EPO is one of the factors 

secreted by EBI macrophages  (213, 227).  

There is also some evidence that EBI macrophages secrete factors that act as negative 

regulators of erythropoiesis (225). Bone marrow macrophages secrete soluble 

receptor binding cancer antigen expressed in Siso cells which activates proapoptotic 

capases-8 and -3 in immature erythrocytes (228).  

Erythroblasts themselves also secrete factors that act as positive and negative 

regulators of erythropoiesis, including growth arrest specific 6 (Gas6), vascular 

endothelial growth factor A, and placenta growth factor (229, 230). Binding of Gas6 

to its erythroblast receptor decreases macrophage secretion of the inhibitory factors 

IL-10, IL-13, IL-1α, IL-1β, IL-6, and TNF-α within the EBI (229). Erythroblasts have no 

receptors for vascular endothelial growth factor A or placenta growth factor, while 

macrophages do, suggesting that these factors may be mediators of cross-talk 

between erythroblasts and macrophages within the EBI (225, 230). 

1.5.1.3 Phagocytosis of extruded nuclei  

EBI macrophages have been demonstrated to be highly phagocytic, phagocytosing 

the extruded nuclei of erythroblasts within the EBI (201, 231, 232). This phagocytic 

ability is selective, phagocytosing only the extruded nuclei and not the remaining 

reticulocyte. The mechanism for this selectivity has not been fully elucidated but 

could be due in part to the partitioning of erythroblast membrane proteins such as 

EMP/MAEA to the pyrenocyte and not the reticulocyte (217). Enucleation is one of 

the final steps of erythropoiesis, in which the nucleus is expelled from an erythroblast 

as a pyrenocyte (42). Pyrenocytes are engulfed by macrophages via a MerTK-protein 

S-dependent mechanism in which protein S binds to phosphatidylserine on 

pyrenocytes and MerTK on macrophages (233, 234). Once ingested, DnaseII breaks 
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down the nuclei. This is supported by observations in vivo showing that the fetal liver 

macrophages of mice lacking DnaseII become enlarged with several ingested but not 

digested nuclei (235). Interferon-β mRNA was detected in EBI macrophages with a 

build-up of undigested nuclei, resulting in a severe defect in erythropoiesis and 

embryonic lethal anemia. (236).  

1.5.1.4 Iron source 

Observations of ferritin molecules in the human EBI, which are incorporated into 

erythroblasts, led to speculation that EBI macrophages act as a source of iron (199, 

202). Macrophages were later demonstrated to support erythroid cell growth in the 

absence of transferrin in culture, and this was shown to be via ferritin synthesised 

and secreted by macrophages (204, 237). In macrophage-erythroblast co-culture 

studies, macrophages were identified to synthesise and secrete ferritin via 

endocytosis, which is subsequently taken up by erythroblasts. Iron is then released 

from ferritin by acidification and proteolysis and used for heme synthesis (204). 

However, the transfer of iron from EBI macrophages to erythroblasts has not yet 

been conclusively proven in vivo. 

1.5.1.5 EBI macrophages in stress and disease  

One hallmark of stress erythropoiesis in the mouse is the generation of stress 

erythroid progenitors (SEPs), and the extension of RBC production from the bone 

marrow to extramedullary sites such as the liver and the spleen (47, 49, 238, 239). 

During healthy erythropoiesis a population of tissue-resident macrophages in the 

spleen, red pulp macrophages (RPM), function to phagocytose senescent 

erythrocytes and recycle their iron and degrade heme (240). In times of 

erythropoietic stress following bone marrow transplantation and myeloablation, 

RPMs have been observed to form EBIs (241). The role of EBI macrophages during 

stress erythropoiesis has been demonstrated by macrophage depletion studies (209, 

242). Using a CL2MDP-liposome strategy splenic RPMs were depleted, and this 

resulted in a 5-day delay in splenic erythropoiesis and suppression of erythropoiesis 

at the CFU-E level (242). F4/80+ macrophages emerged from day 6 and this coincided 

with a recovery of erythropoietic activity (242). Macrophages were also depleted 

using a CD169-DTR mouse strain in which the human diphtheria toxin receptor (DTR) 
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is expressed under the control of the endogenous Siglec-1 (CD169) promotor (243). 

Bone marrow CD169+ macrophage depletion significantly impaired erythropoietic 

recovery in murine models of hemolytic anemia, acute blood loss and myeloablation, 

causing a significant delay in hematocrit and reticulocytosis recovery (209). A further 

study showed that during recovery from anemia, monocytes are recruited to the 

spleen where they differentiate into RPMs and associate with SEPs to form EBIs (244). 

These data suggest a model in which RPMs, both resident and monocyte-derived, 

form EBIs with SEPs to promote their expansion and differentiation, thus contributing 

to erythropoietic recovery during stress erythropoiesis (209, 242, 244).  

As well as their contribution to stress erythropoiesis, macrophages have been 

implicated in the pathological progression of two RBC disorders, polycythemia vera 

and beta-thalassemia (209, 245). In a murine model of polycythemia vera, a disease 

in which a point mutation in Jak2 (Jak2V617F) causes excessive production of erythroid 

cells, blood hematocrit was normalised following depletion of CD169+ macrophages 

(59, 60, 209). Using the Jak2V617F/+ murine model of polycythemia vera, clodronate-

mediated macrophage depletion also normalised RBC numbers (58, 245). 

Clodronate-mediated macrophage depletion also improved the phenotype of a 

mouse model of beta-thalassemia, increasing hemoglobin and RBC numbers (245, 

246). It is important to note that while these models deplete CD169+ EBI 

macrophages, they do not exclusively deplete EBI macrophages. It is unclear what 

contribution, if any, the depletion of other subsets of macrophages has on 

erythropoiesis.  

1.5.1.6 KLF1 in erythroblastic island macrophages 

Aside from the well-defined intrinsic role of KLF1 in erythroid cells, KLF1 has been 

identified to have an extrinsic role on erythropoiesis within the macrophage 

compartment of the EBI (68). KLF1 was identified in EBI macrophages isolated from 

E13.5 fetal livers, and these KLF1+ macrophages expressed more DNase2 and Vcam1 

compared to KLF1- macrophages (68). Approximately 30% of KLF1+ macrophages 

were shown to express VCAM1 on their surface, and this in combination with studies 

showing VCAM1 levels are decreased in total liver cell RNA from KLF1-null embryos 

suggests that KLF1 regulates VCAM1 (68, 84). DNaseII, which is required for 
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degradation of ingested nuclei in macrophages, is also a KLF1 target (200). KLF1 

expressed in EBI macrophages was shown to bind and activate the promotor of 

DnaseII (200). EPOR+ macrophages, which have been annotated as EBI macrophages, 

were also identified to express KLF1 (210).  

There is some evidence indicating that KLF1 expression in EBI macrophages could also 

have a role in stress erythropoiesis. The BMP4/Smad5 pathway both regulates KLF1 

expression and stress erythropoiesis (49, 50, 51). Macrophage depletion has been 

shown to lead to a reduction in BMP4 activity, and it has been considered that 

compromised KLF1 levels could be contributing to the low erythroid numbers 

observed after stress induction (68, 209). 
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Figure 1.5 EBI macrophages support erythropoiesis via several mechanisms.                          1: 
Cell-cell contact. Cultured erythroblasts proliferate 3-fold more when in contact with 
macrophages. EMP, CD163, CD169, PALLADIN, VCAM-1, αv, α4β1, and ICAM4 have been 
identified as membrane proteins involved in the attachment of erythroblasts and 
macrophages.                                                                                                                                      2: 
EBI macrophages secrete factors that promote erythroid cell maturation and enucleation.                                                                                                                                       
3: EBI macrophages phagocytose the extruded nuclei of erythroblasts.                                 4: 
EBI macrophages have been shown to act as a source of iron for erythroblasts in vitro.   

 

1.5.2 In vitro modelling of the erythroblastic Island 

The vast majority of studies into the EBI have been performed in mice, using 

techniques such as the isolation of intact EBIs, reconstitution of islands in vitro, in vivo 

macrophage depletion studies, and gene targeting studies to model and study the EBI 

(212, 214, 216, 219, 224, 235, 245).  

The isolation of intact EBIs from rodent bone marrow were the first models utilised 

in the study of EBIs, allowing for morphological analyses via microscopy and 

characterisation of cells by antibody staining (181, 208, 247). Studies employing 

reconstituted EBIs were used to observe that macrophage contact with erythroblasts 

supports their proliferation and differentiation, and later to identify proteins involved 
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in this macrophage-erythroblast attachment, including erythroblast α4β1 integrin 

and macrophage VCAM-1 (207, 211, 212). The reconstitution of EBIs in vitro through 

the co-culture of erythroblasts and macrophages was first proposed in 1979 and is 

now a method widely employed (22, 212, 219, 224, 248).  

Gene targeting studies have been used to interrogate genes speculated to have an 

important role in EBIs and strengthen observations made in previous in vitro studies. 

Antibody inhibition studies in vitro identified that ICAM-4 binds to α4 β1integrin and 

αv integrins (218). The subsequent isolation of intact EBIs from ICAM-4 null mice 

confirmed that its interaction with αv integrins on macrophages is involved in 

maintaining EBI integrity (219). Additionally, both targeted gene inactivation using a 

gene trapping approach and macrophage-specific condition gene deletion confirmed 

the in vivo function of EMP/MAEA as critical for island integrity, which had been 

previously implicated as an important mediator of erythroblast-macrophage 

attachment and enucleation (211, 213, 214, 216).  

Stress erythropoiesis has been shown to be particularly sensitive to modifications in 

the EBI niche, and gene targeting studies in the mouse have been used to assess the 

role of specific genes in this process (47). Growth-differentiation factor 15 (Gdf15), is 

an essential regulator of stress, but not steady-state, erythropoiesis in both mice and 

humans (249, 250). Gdf15-/- mice exhibited a reduced expansion of the splenic stress 

erythropoiesis niche from monocyte recruitment, resulting in an impaired 

proliferation of SEPs (250). Macrophage depletion studies have been used to identify 

a role for EBI macrophage in the pathological progression of two RBC disorders, beta-

thalassemia and polycythemia vera (209, 245). 

Mouse models have contributed significantly to our understanding of the murine EBI 

niche (184). However, it unclear whether these models precisely mimic the human 

EBI niche. Models of the human EBI niche are required to enable a full understanding 

of the processes involved in erythropoiesis within the human EBI. Due to their 

inaccessibility in the bone marrow, human EBIs are difficult to obtain and as a result 

rarely studied (188). Therefore, the majority of studies into the human EBI niche have 

relied upon in vitro modelling. To model the human EBI, EBIs have been generated in 

vitro from CD34+ HSPCs, PBMCs, and iPSCs (201, 204, 231, 251). These models could 
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also be applied to modelling the EBI niche in RBC disorders, enabling the 

identification of new therapeutic targets. 

1.5.2.1 CD34+ HSPC-derived EBIs 

Human EBIs can be generated in vitro from CD34+ HSPCs that differentiate into both 

macrophages and erythroid cells and form EBIs. Gene expression and proteomic 

studies on in vitro CD34+ cell derived EBIs generated in an Mpl-based Cell Growth 

Switch system identified expression of common EBI proteins such as EMP, ICAM-4, 

CD163, and DNASE2 (251, 252). These EBIs were able to support the maturation of 

erythroid cells, with 78% of the erythroblasts in contact with macrophages reaching 

the pre-reticulocyte stage (251).  

One major advantage to CD34+ HSPC-derived EBIs is that the macrophages and 

erythroid cells develop in concert with each other. While the ontogeny of EBI 

macrophages remains unknown, studies have demonstrated that during stress 

erythropoiesis macrophages and erythroid cells mature in concert with each other 

within the EBI (244). Therefore, this system may most accurately reflect the 

developmental ontogeny of EBIs. This is also a limitation however, especially in the 

context of disease EBI modelling for which the culture of healthy and diseased cells 

of the EBI niche together could allow for dissection of their individual contributions 

to disease pathology.    

1.5.2.2 PBMC-derived EBIs 

Human EBIs can also be generated in vitro from PBMCs that differentiate into both 

macrophages and erythroid cells (204). These cells can be independently generated 

using specific differentiation conditions, then subsequently co-cultured to form EBIs. 

In one study, this strategy was used to demonstrate that macrophages can function 

as a ferritin source for erythroblasts (204). The addition of glucocorticoids to 

monocytes isolated from PBMCs induced their differentiation to a more ‘EBI 

macrophage’ like phenotype and function, in which EBIs are formed and erythroid 

cells enucleate within these EBIs (231). 
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1.5.2.3 iPSC-derived EBIs 

Human EBIs have been generated in vitro through the co-culture of iPSC-derived 

macrophages (iPSC-DMs) and CD34+ HSPCs (201). There are several advantages to 

the use of iPSC-DMs over other human macrophage sources to model the EBI in vitro. 

One of the main advantages is that they are genetically manipulatable. In a study 

from the Forrester lab, a 4OH-tamoxifen-ERT2 expression system was used in which 

the transcription factor KLF1 was expressed under the control of a constitutive CAG 

promoter and translocates to the nucleus upon 4OH-tamoxifen addition. 4-

hydroxytamoxifen (4OH-tamoxifen) is generated in the liver in vivo and is one of the 

active metabolites of tamoxifen. Therefore, in vitro experiments use this active 

compound, 4OH-tamoxifen, directly.  Nuclear translocation, and therefore activation, 

of KLF1 in iPSC-DMs led to the generation of macrophages with an ‘EBI macrophage’ 

like phenotype and function. KLF1-activated iPSC-DMs were highly phagocytic, 

expressed EBI macrophage markers, and were better able to promote erythroblast 

maturation and enucleation compared to WT control macrophages (201). The use of 

this in vitro EBI model enabled the identification of three KLF1-regulated secreted 

factors, interleukin-33 (IL-33), serpin family B member 2 (SERPINB2), and 

angiopoietin-related protein 7 (ANGPTL7), that were demonstrated to be important 

for promoting erythropoiesis (201).  

Unlike EBIs generated from CD34+ HSPCs and PBMCs, iPSC-DMs are not reliant upon 

repeated donations. Of course, a fully iPSC-derived EBI would reduce this reliance on 

donations even further. However, replacing CD34+ HSPCs with iPSC-derived erythroid 

cells has its own challenges. iPSC-derived RBCs have very low enucleation rates, and 

enucleation is one of the defining stages of erythropoiesis within the EBI (159, 176, 

183) 

1.6 Macrophages 

Macrophages, first identified by the Russian zoologist Élie Metchnikoff, are often 

described as the most plastic cells of the haematopoietic system. In adult mammals, 

macrophages can be found in the majority of tissues, where have they a diverse range 

of functions and are able to alter their phenotype rapidly upon environmental cues 

(253, 254, 255, 256). Macrophages are often named based on the tissue in which they 
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reside, for example ‘Kupffer cells’ in the liver, ‘Microglia’ in the brain, and 

‘Erythroblastic Island Macrophages’ in the bone marrow (183, 257, 258, 259). 

Metchnikoff suggested that macrophages have a role in the maintenance of tissue 

integrity and homeostasis, for which he was awarded a Nobel Prize, and for which we 

now have a wealth of studies (253).   

1.6.1 Developmental origin 

It was initially assumed that all macrophages are derived from HSCs during the third 

wave of haematopoiesis. However, observations that bone marrow transplantation 

leads to inefficient replacement of tissue-resident macrophages coupled with 

observations of macrophages in embryos before the emergence of HSCs prompted 

further investigation into the developmental origins of macrophages (6, 260, 261). 

The identification of the transcription factor Myb as indispensable for the 

development of HSCs, CD11bhigh monocytes and macrophages, but dispensable for 

yolk sac macrophages allowed for the identification of tissue-resident macrophages 

as an HSC-independent population (6).  Several studies have identified macrophages 

that arise with EryPs during the first wave of haematopoiesis, some of which persist 

as tissue-resident macrophages (262, 263). Tissue-resident macrophages also derive 

from EMPs generated during the second wave of haematopoiesis (264). The 

generation of a Cx3cr1-GFP mouse reporter line, which marks yolk sac derived 

macrophages in mice and humans, allowed for in vivo observations of macrophage 

colonisation of embryonic tissues, predominantly via intravascular trafficking (262).  

Depending on the tissue, these yolk sac derived tissue-resident macrophages either 

persist or are gradually replaced by circulating HSC-derived monocytes (263, 264, 

265, 266, 267, 268).  

While the exact developmental origins of EBI macrophages have not yet been 

elucidated, it is thought that they arise from yolk sac-derived EMPs, thus sharing 

ontogeny with tissue-resident macrophages (6, 269). This EMP population arises in 

the E8.25 yolk sac before seeding the fetal liver by E11.5. Observations that single 

cells derived from EBs can give rise to EBIs has also been speculated as evidence for 

EMP-derived EBI macrophages and EBIs (68). Of course, what differentiates EBI 

macrophages from other tissue-resident macrophage populations is their situation in 
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the bone marrow, which is also the site of HSC-dependent haematopoiesis. Whether 

the EBIs observed in the fetal liver associated with EryPs migrate and colonise the 

bone marrow remains to be seen (23). It is possible that similar to tissue-resident 

macrophages in serous cavities and the intestine, EBI macrophages are initially yolk 

sac derived and are replaced by HSC-derived macrophages either neonatally or 

progressively with age (265, 266). Equally, any yolk sac-derived contribution to EBI 

macrophages could be replaced by HSC-derived macrophages during the late 

embryonic and neonatal stages, as observed in the salivary gland (268).  

HSC-dependent macrophages emerge during the third wave of haematopoiesis and 

are replaced continually from a macrophage and dendritic cell progenitor (270, 271). 

HSC-derived macrophages are transcription factor Myb and Run1xc dependent (261).  

1.6.2 Heterogeneity of function 

Historically, macrophages have been classified as immune cells whose main function 

is immune surveillance. As described in section 1.5.1, macrophages play a vital role 

in the development of RBCs within EBIs during steady-state and stress erythropoiesis, 

and these EBI macrophages have been implicated in the pathological progression of 

two RBC disorders. Macrophages are now known to have a vast  array of functions 

during development, homeostasis, disease and tissue repair, in addition to the 

immune system (253). The varied roles of macrophages have been the subject of 

extensive reviews, in this section only the role of macrophages within the immune 

system and disease are discussed. 

1.6.2.1 Macrophages within the immune system 

The main function of inflammation is to restore tissue homeostasis through the 

removal of damaged tissue or infectious agents (272, 273). Inflammation, in response 

to tissue damage or infection, utilises both HSC-dependent and HSC-independent 

tissue-resident macrophages (273). Stressed, damaged or dying cells produce 

damage-associated molecular patterns that interact with pattern recognition 

receptors and activate the innate immune system (274, 275). Tissue-resident 

macrophages express a large range of pattern recognition receptors, therefore 

contributing to the activation of the innate immune system in response to tissue 

damage (276). One of the most important processes during activation of the innate 
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immune system is the recruitment of monocytes to the site of inflammation (273). 

HSC-dependent macrophages differentiate from these monocytes. These monocyte-

derived macrophages promote the resolution of inflammation in various ways, 

including the secretion of anti-inflammatory cytokines and the phagocytosis of 

pathogens (277).  

1.6.2.2 Macrophages in disease 

In addition to the role of macrophages in the pathological progression of beta-

thalassemia and polycythemia vera discussed in section 1.5.1.5, macrophages have 

been implicated with a role in several other diseases such as cancer and rheumatoid 

arthritis (209, 245, 268, 278, 279, 280).  

At the point of tumour initiation, macrophages generate an inflammatory 

environment (278). During tumour progression, macrophages promote malignant 

progression by stimulating angiogenesis, enhancing tumour cell migration and 

invasion, and suppressing anti-tumour immunity (278). The majority of these tumour 

associated macrophages arise from HSC-dependent monocytes (278, 281). Aside 

from their role in cancer initiation and tumour progression, macrophages have been 

identified to have a role in tissue repair after cancer treatment. Radiation therapy is 

a common treatment for cancers, including head and neck cancer where it carries the 

side effect of damaging salivary glands and drastically reducing saliva production 

(282). Using a MafbCre/+:Cx3cr1LSL-DTR/+ mouse strain in which macrophages can be 

depleted through the addition of diphtheria toxin, a study demonstrated that 

submandibular salivary gland tissue-resident macrophages are essential for 

supporting tissue repair following irradiation injury (268).  

There is often an interplay in disease in which MDMs contribute to disease 

progression, while a tissue-resident macrophage population proceeds to aid in the 

resolution of disease and restoration of tissue homeostasis. Rheumatoid arthritis is a 

good example of these opposing macrophage roles.  Rheumatoid arthritis is an 

autoimmune and inflammatory disease characterised by disordered adaptive 

immune responses against host cells and cytokine dysregulation that causes the 

synovium of a joint to become inflamed (283). During active rheumatoid arthritis 

there is an influx of monocytes into synovial tissue, which then differentiate into pro-



36 
 

inflammatory macrophages and secrete TNF(279). In contrast, two synovial tissue-

resident macrophage subsets have been identified to promote the restoration and 

maintenance of synovial homeostasis (280).  

1.6.3 In vitro macrophage models 

Therapeutic modulation and targeting of macrophage subpopulations have been 

proposed as a potential treatment for diseases including rheumatoid arthritis, beta-

thalassemia, and polycythemia vera, and also as a method of promoting tissue repair 

following radiotherapy (209, 245, 268, 280). Indeed, therapies targeting tumour-

associated macrophages have already been clinically validated (284). Tumour cells 

commonly overexpress CD47, often called the ‘don’t eat me’ signal, which binds to 

signal-regulatory protein alpha (SIRPα) on macrophages and prevents their 

phagocytosis (284). Targeting the ‘don’t eat me’ signalling pathway by blocking this 

CD47-SIRPα interaction between tumour cells and macrophages has been 

demonstrated to enhance phagocytosis of tumour cells leading to impaired tumour 

growth, inhibition of metastasis and tumour regression (284, 285).  

Understanding the molecular mechanisms associated with macrophage function in 

disease is therefore crucial to the identification of novel therapeutic targets and 

strategies. The elucidation of these molecular mechanisms relies upon in vivo and in 

vitro modelling of human macrophage subpopulations in disease. In vivo studies of 

macrophages, traditionally in mice, have employed the use of techniques such as 

macrophage depletion, in vivo tracing, and the generation of genetic deletion strains 

(209, 245, 262). As with the techniques used to model the mouse EBI niche, these 

tools to study macrophages in vivo cannot be applied to the human system. 

Additionally, the study of macrophages within the human embryo are limited due to 

ethical and legislative challenges, with a 14-day limit imposed on human embryo 

research (286). Therefore, in vitro-derived macrophage models prove especially 

useful for the study of human macrophages. Macrophages can be derived for study 

in vitro from peripheral blood monocytes, immortalised monocytic cell lines, and 

PSCs.  
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1.6.3.1 Monocyte-derived macrophages 

Human macrophage studies have relied heavily on MDMs generated from peripheral 

blood monocytes. Monocytes are mainly sourced from peripheral blood (287). 

Monocyte isolation protocols from peripheral blood have high purity and yields and 

involve the separation of PBMCs from either whole blood or buffy coats by density 

centrifugation (288, 289). Monocytes can then be isolated from PBMCs using several 

methods, however the method most often employed is magnetic bead cell-

enrichment and this results in the highest cell viability, reported at over 95% (288, 

290). Macrophages are then derived from monocytes using differentiation conditions 

that include macrophage-colony stimulating factor (M-CSF), and these macrophages 

also have high reported viability (90%) (288). 

One of the main advantages associated with MDMs is that they more closely 

resemble in vivo macrophages when compared to macrophages derived from 

monocytic cell lines. In the context of macrophages for cell-based therapies, MDMs 

have successfully been generated in a GMP-compliant protocol (288, 291). 

Macrophages generated from this protocol expressed high levels of mature 

macrophage markers such as 25F9 and CD206, had an effective phagocytic capacity, 

and were functionally viable for up to 48 hours (291).  

One of the main disadvantages associated with MDMs, as with CD34+ HSPC-derived 

RBCs is availability, as collection of peripheral blood is donor dependent. This is 

especially challenging for studying macrophages in rare diseases, for which there may 

be limited donors. Additionally, the phenotype of macrophages is significantly 

impacted by the monocyte isolation technique used. A study comparing MDMs from 

monocytes isolated using three common techniques (plastic adhesion, negative 

selection and CD14+ selection) identified differential expression of macrophage 

markers including CD163 on the resulting MDMs (292). To date, PB monocytes have 

not been successfully expanded in vitro and this therefore restricts the yields of 

MDMs.  

1.6.3.2 Immortalised monocytic cell lines 

Immortalised human monocyte cell lines such as U-937, Mono Mac 6, and THP-1 can 

also generate macrophages (293). The U-937 line was derived from tissue from a 



38 
 

male adult donor with generalised histiocytic lymphoma (294). U-937 cells can be 

differentiated into macrophages through the addition of phorbol-12-myristate-13-

acetate (PMA), interferon-gamma, or vitamin D3 (295, 296). The Mono Mac 6 line 

was derived from the peripheral blood of a male adult patient with monoblastic 

leukaemia and cells can be differentiated into macrophages through the addition of 

PMA or LPS (297). 

Currently, the most widely used immortalised cell line for macrophage generation is 

the THP-1 line, derived from the peripheral blood of a 1-year old leukemic child (298). 

THP-1 cells can be differentiated into macrophages through the addition of PMA or 

M-CSF (299). PMA treatment is described as the most effective and induces a 

macrophage morphology (flat, elongated, and adherent cells), an increase in the 

expression of macrophage markers and a decrease in the expression of the monocyte 

marker CD14 (299, 300, 301).  

Immortalised monocytic cell lines share the same advantages as immortalised 

erythroid cell lines discussed in section 1.4.3, namely that once established these 

lines are donor-independent, inexpensive to grow, and easy to acquire. Additionally, 

while PB monocytes to date have not been successfully expanded in vitro, THP-1 and 

U397 monocytic cells can be expanded indefinitely and quickly, significantly 

increasing the numbers of macrophages able to be generated (299). THP-1 

macrophages have been demonstrated to be comparable to MDMs as a model to 

study bacterial infection (302). In an in vitro model of Mycobacterium tuberculosis 

infection, THP-1 macrophage and MDM response to infection was found to be 

comparable, with similar bacterial uptake, viability and host response to drug-

susceptible and drug-resistant infections (302).  

Immortalised monocytic cell lines have been derived from cancer cells. This raises the 

question of how ‘normal’ these cells are and how well they recapitulate features of 

in vivo cells. Indeed, THP-1 cells have been identified to be karyotypically abnormal 

(303). When compared to their physiological counterparts PB monocytes, THP-1 cells 

express low levels of CD14 amongst other differences (304).  
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1.6.3.3 iPSC-derived macrophages 

Macrophages have been successfully generated from both human ESC and iPSC lines. 

However, due to the ethical and legislative challenges associated with human ESC 

research, iPSC-derived macrophages are focussed on here (158).  

Macrophages have been generated from human iPSCs using several different 

protocols. Protocols that are serum- and feeder-free are more adaptable to GMP 

compliant procedures, have proven to be reproducible, and generate high and pure 

yields of macrophages (303, 305). In these serum and feeder-free protocols iPSCs are 

mechanically dissociated and cultured in low adherence plates, and mesodermally 

primed with the addition of the cytokines bone morphogenetic protein (BMP4), SCF 

and VEGF (303, 305).  This results in the formation of EBs that are plated onto an 

adherent surface and cultured with the addition of IL-3 to support haematopoietic 

progenitors, and M-CSF to drive myeloid cell-fate specification. These EBs produce 

monocyte-like suspension cells, characterised by expression of the monocyte-marker 

CD93, that are terminally differentiated into macrophages by additional culture with 

M-CSF.  

iPSC-DMs are Myb-independent, and therefore resemble the developmental 

ontology of tissue-resident macrophages (6, 269). In addition, iPSC-DMs express high 

levels of CD163, with is a macrophage-specific marker highly expressed on tissue-

resident macrophages and lowly expressed by MDMs (201, 254, 305, 306). It has been 

speculated that iPSC-derived macrophages would best model tissue-resident 

macrophages, and this has been the subject of much discussion within the field (307). 

The inaccessibility of tissue-resident macrophages has presented challenges to the 

study of these macrophages, therefore their generation from iPSCs allows for their 

study.  

iPSC-DMs share the advantages of immortalised monocytic cell lines, namely that 

once established these lines are donor-independent and easy to acquire. However, 

the costs associated with iPSC cell culture are much higher than monocytic cell lines. 

iPSC-DMs can be harvested repeatedly from cultures, which greatly increases the 

available yield of macrophages compared MDMs (305).  
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In macrophage therapies, the generation of macrophages from recipient-derived 

iPSCs would reduce the risks associated with immune rejections and open a route for 

personalised treatments (308). Several iPSC lines have been established from 

patients with a variety of diseases, including Parkinson’s disease, Huntington disease 

and both Duchenne and Becker muscular dystrophy (309). iPSCs have also been 

successfully used to model disease-specific pathologies. Motor neurons generated 

from iPSCs reprogrammed from the fibroblasts of a child with spinal muscular 

atrophy contained far fewer nuclear gems compared with WT-iPSC-derived motor 

neurons (nuclear aggregate structures containing survival motor neuron protein) 

(310). Nuclear gems are reduced in spinal muscular atrophy patient motor neurons.  

One of the main advantages of iPSC-DMs, shared with the iPSC-derived RBCs 

described in section 1.4.4, is that iPSCs can be subjected to genetic manipulation 

(168, 169, 170, 171, 172, 173). Indeed, genetically modified iPSCs have been used to 

model specific macrophage subsets (201). Genetic manipulation of iPSCs to generate 

KLF1-activated iPSC-DMs (described in section 1.5.2.3) generated an in vitro model 

for EBI macrophages and were utilised to identified factors that promote 

erythropoiesis (168, 201). iPSC technology also allows for the development of often 

termed ‘disease-in-a-dish’ approaches in which patient-derived iPSCs can be used to 

model cell types and investigate the pathogenesis of diseases (311). This would prove 

useful not only for diseases in which a role of macrophages in pathogenesis has been 

well defined, but to investigate a possible contribution of macrophages to other 

diseases.  

1.7 Rationale and hypothesis 

Existing treatments for RBC disorders are often effective in managing these 

conditions, while offering no long-term cures (95, 99). The establishment of new 

treatments for RBC disorders relies on the full understanding of the cellular and 

molecular interactions associated with the production and maturation of RBCs. 

Considering that the majority of erythropoiesis occurs in the EBI niche, little is 

understood about the contribution of the niche to RBC disorders. The elucidation of 

processes associated with the EBI niche both in health, stress erythropoiesis and 

disease has relied upon in vivo modelling and reconstitution of the EBI in animal 
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models, with complexities dissected using in vitro systems. Recent progress in the 

field has utilised state of the art stem cell and gene editing technology, enabling a 

more detailed study of the human EBI niche. I speculated that this technology could 

be applied to modelling the EBI niche in RBC disorders, specifically CDA type IV. 

Furthermore, these models could aid in research into the manufacturing of RBCs in 

vitro to replace donor blood transfusions, which is the most common treatment of 

blood disorders.  

I applied iPSC technology to the study of the EBI niche in CDA type IV. The intrinsic 

effect of the KLF1-E325K mutation in RBCs has been well defined, but it had not been 

investigated in macrophages (116, 131). To address this, Iused iPSCs derived from a 

CDA type IV patient and developed a novel iPSC line where the KLF1-E325K mutant 

protein could be activated in an inducible manner. 

I hypothesised that the KLF1-E325K mutation affects the macrophage compartment 

of the EBI niche, reducing their ability to mature and enucleate RBCs.  

1.8 Aims 

1. Assess the effect of the KLF1-E325K mutation on the phenotype and function of 

iPSC-DMs derived from a CDA patient iPSC line.  

2. Establish a novel iPSC line where the mutant KLF1-E325K protein can be activated 

by the addition of 4OH-tamoxifen. 

3. Assess the effect of KLF1-E325K activation on the phenotype and function of iPSC-

DMs. 

4. Characterise the transcriptome of KLF1-E325K iPSC-DMs to investigate whether 

any genes are differentially regulated by KLF1-WT and KLF1-E325K. 
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2.1 Cell culture 

2.1.1 Production of iPSCs 

The SFCi55 human iPSC line was generated by Roslin Cells from fibroblasts obtained 

from the skin of an O Rhesus negative individual (R Biomedical Ltd, Edinburgh, UK 

under REC 1/AL/0020 ethical approval). Fibroblasts were reprogrammed to iPSCs 

using an episomal strategy with four transcription factors, OCT4, KLF4, SOX2 and 

cMYC (160). The BM2.3 and CDA type IV patient iPSC lines were generated by 

ReachBio LLC #0200-100 and provided to us by the James Bieker lab at Mount Sinai, 

New York.  Fibroblasts obtained from a skin biopsy were reprogrammed to iPSCs 

using the CytoTune-iPS Sendai Reprogramming Kit (Invitrogen).  

2.1.2 iPSC Maintenance  

2.1.2.1 Culture of iPSCs 

Human iPSC lines were maintained in StemProTM hESC SFM media (A1000701, Gibco) 

supplemented with 20 ng/ml human basic FGF (R&D) on either CELLstartTM Substrate 

(A1014201, Gibco) or Vitronectin (A31804, Gibco) coated wells. To coat CELLstartTM 

Substrate on plates, the original stock of CELLstartTM was diluted with DPBS 

containing Ca2+ and Mg2+ at a ratio of 1:50. To coat Vitronectin on plates, 6 ul 

vitronectin stock was diluted in PBS (10010023, Gibco) at a ratio of 1:10. StemProTM 

hESC SFM was compromised of 500 ml DMEM/F-12 with Glutamax TM media (10565-

018, Gibco) supplemented with 40 ml 25% BSA (A10208-01, Gibco), 10 ml StemPro 

supplement (A10006-01, Gibco) and 1 ml of 50 mM β-Mercaptoethanol  (31350010, 

Gibco). Media was changed daily.  

2.1.2.2 Passage of iPSCs 

iPSCs were passaged when wells reached approximately 70-80% confluency. Culture 

media was exchanged on a confluent well with fresh StemProTM hESC SFM media 

approximately 1 hour before passaging. The cell colonies were then cut into small 

squares using a StemPro EZPassageTM Disposable Stem Cell Passaging Tool 

(23181010, Gibco). These small squares in suspension were then transferred to new 

CELLstartTM or Vitronectin coated wells in fresh StemProTM hESC SFM media at a ratio 

of 1:4.  
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2.1.2.3 Cryopreservation of iPSCs 

StemProTM hESC SFM media supplemented with 10 uM ROCK inhibitor (Y-27632, 

MERCK) was changed on cells of 70-80% confluent well 1 hour prior to 

cryopreservation. Cells were cut with a StemPro EZPassageTM tool and centrifuged at 

300 g for 5 minutes. Colonies were resuspended in 1 ml of cold CryoStor® cell 

cryopreservation media (C2874, Sigma-Aldrich) and divided into two labelled 

cryovials. Cryovials were cooled at a rate of approximately 1°C per minute in a Mr 

FrostyTM Freezing Container (5100-0001, ThermoFisher Scientific) in a -80°C freezer 

overnight before moving to long-term storage in a -150°C freezer.  

2.1.2.4 Thawing of iPSCs 

A cryovial of iPSCs was thawed at 37°C in a bead bath before cells were washed with 

warm StemProTM media and centrifuged at 300 g for 5 minutes. Cell colonies were 

resuspended in 1.5 ml StemProTM supplemented with 10 uM ROCK inhibitor and 

transferred to 1 CELLstartTM or Vitronectin coated well. ROCK inhibitor was removed 

after 24 hours.  

2.1.3 Differentiation of iPSCs under erythroid differentiation conditions 

2.1.3.1 Step 1: Generation of EBs 

One 70-80% confluent iPSC well was cut using the StemPro EZPassageTM tool into 3 

ml of StemPro Mix 1 media. Cell colonies were split into 2 wells of 6-well plate with 

Cell-Repellent Surface (657970, Greiner Bio-One Inc). Cell colonies were maintained 

for 4 days to induce EB formation, with a top-up of cytokines on day 2.  

StemPro Mix 1: StemProTM hESC SFM media (Gibco) supplemented with 50 ng/ml 

Recombinant human BMP4-CF (Bio-Techne Ltd), 50 ng/ml Recombinant Human 

VEGF165 (Bio-Techne Ltd) and 20 ng/ml SCF (C-Kit Ligand) Recombinant Human 

Protein (PHC2111, Life Technologies).  

2.1.3.2 Step 2: Maintenance of EBs 

10-15 EBs per well were transferred to a 0.1% gelatin coated 6-well tissue culture 

treated plate (Greiner Bio-One Inc) with 3 ml SFD media per well supplemented with 

100 ng/mL SCF (PHC2111, Life Technologies), 3 U/ml Recombinant Human 

Erythropoietin (EPO) (287-TC, R&D Systems), and 5 ng/mL IL-3 (200-03-10uG, 
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Peprotech EC Ltd). SFD media was changed on EB plates every 7 days. EB plates start 

to produce haematopoietic suspension cells after approximately 2-3 weeks.   

SFD media: 500 ml IMDM media (12440053, Gibco) supplemented with 167 ml Ham’s 

F12 Nutrient Mix (11765054, Gibco), 5 ml N-2 Supplement 100X (17502048, Gibco), 

10 ml B-27™  50X serum free (17504044, Gibco), 5 mg/ml Ascorbic Acid (A4544, 

Sigma-Aldrich), 2.5 ml GlutaMAX™ Supplement 100X (35050038, Gibco), 19.5 ul MTG 

11.5M (M6145, Sigma-Aldrich), 2.5 ml Human serum albumin and 50 mg/ul holo-

Transferrin human (T0665, Sigma-Aldrich). 

2.1.3.3 Step 3: Collection of suspension cells 

Suspension cells were harvested from EB plates once every 7 days and analysed at 

the point of harvest. All suspension cells were collected for analysis, with yields 

varying between 5 x 105 to 5 x 106 cells per 6-well plate of EBs.    

2.1.4 Differentiation of iPSCs to macrophages 

2.1.4.1 Step 1: Generation of EBs 

One 70-80% confluent iPSC well was cut using the StemPro EZPassageTM tool into 3 

ml of StemPro Mix 1 media. Cell colonies were split into 2 wells of 6-well plate with 

Cell-Repellent Surface (657970, Greiner Bio-One Inc). Cell colonies were maintained 

for 4 days to induce embryoid body (EB) formation, with a top-up of cytokines on day 

2.  

StemPro Mix 1: StemProTM hESC SFM media (Gibco) supplemented with 50 ng/ml 

Recombinant human BMP4, CF (314-BP-010/CF, Bio-Techne Ltd), 50 ng/ml 

Recombinant Human VEGF165 (293-VE-010, Bio-Techne Ltd) and 20 ng/ml SCF 

(PHC2111, Life Technologies).  

2.1.4.2 Step 2: Maintenance of EBs 

10-15 EBs per well were transferred to a 6-well tissue culture treated plate (Greiner 

Bio-One Inc) coated with 0.1% gelatin (brand) with 3 ml Mix 2. Mix 2 media was 

changed on EB plates every 3-4 days. EB plates start to produce macrophage 

precursor cells after approximately 2 weeks.   
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Mix 2: Lonza XVivo 15 with Gentamycin and PR media (LZBE02-060Q, Scientific 

Laboratory Supplies Ltd) supplemented with 100 ng/ml Recombinant Human M-CSF 

carrier-free protein (574806, Biolegend), 25 ng/ml Human IL-3 (200-03-10uG, 

Peprotech EC Ltd), 1% Penicillin-Streptomycin (brand), 2 mM GlutaMAX supplement 

(35050038, Life Technologies), and 0.55 mM β-Mercaptoethanol.  

2.1.4.3 Step 3: Maintenance of suspension cells (macrophages) 

Macrophage precursor cells were harvested every 3-4 days into 6-well tissue culture 

treated plates (Greiner Bio-One Inc) with 3 ml Mix 3 per well. Suspension cells were 

maintained in Mix 3 for 9-11 days to allow maturation into macrophages. For KLF1-

E325K and KLF1-WT activation experiments, 100 nM 4-hydroxy4OH-tamoxifen 

(H6278, Sigma-Aldrich) was added to the cultures on days 8 and 10.  

Mix 3: Lonza X-VIVOTM 15 Serum-free Hematopoietic Cell Medium with Gentamycin 

(BE02-060F, Scientific Laboratory Supplies Ltd) supplemented with 100 ng/ml 

Recombinant Human M-CSF carrier-free protein (574804, Biolegend), 1% Penicillin-

Streptomycin (15140122, Gibco), and 2 mM GlutaMAX supplement (35050061, 

Gibco).  

2.1.5 Transfection of cells 

The SFCi55 iPSC line was transfected with either the pZDonor-AAVS1-Puromycin-

CAG-HA-KLF1E325K-ERT2-PA plasmid or the CAG-PURO-GFP control plasmid using 

XfectTM Transfection Reagent (631317, Takara Bio) following the manufacturer’s 

instructions. Briefly, plasmid was mixed with Xfect buffer and Xfect polymer, 

vortexed thoroughly and incubated for 10-20 minutes at room temperature. 1 million 

iPSCs in single suspension were added to a CELLstartTM or Vitronectin coated 10 cm 

tissue culture dish, and the Xfect mixture was added in a drop-wise manner. Cells 

were incubated overnight, and media was changed in the morning to remove Xfect 

reagents. Cells were maintained in StemProTM hESC SFM media that was changed 

daily. Puromycin selection was started at 2 ug/ml two days post transfection and 

increased to 4 ug/ml 4 days post transfection. Surviving colonies were picked 

approximately 2 weeks post transfection and grown into a 6-well plate format for 

genomic DNA extraction and PCR screening.  
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2.1.6 Thawing, expansion and cryopreservation of human UCB CD34+ cells 

A vial of 10 x6 CD34+ cells isolated from UBC (70008, STEMCELL Technologies) was 

thawed at 37°C in a bead bath. Cells were washed with warm IMDM Mix 0 media and 

resuspended in 18 ml of IMDM Mix 1 media and transferred to 6-wells of a 6-well 

plate. A complete media change of IMDM Mix 1 was carried out on days 2 and 4. On 

day 6, cells were frozen at a density of 5 x5 cells per vial in 0.5 ml of IMDM Mix 0 and 

0.5 ml of 60% KnockOutTM Serum Replacement (10828028, Gibco), 20% DMSO 

(D12345, Invitrogen) and 20% IMDM Mix 0. Cryovials were cooled at a rate of 

approximately 1°C per minute in a Mr FrostyTM Freezing Container in a -80°C freezer 

overnight before moving to long-term storage in a -150°C freezer. 

IMDM Mix 0: IMDM media (Gibco) supplemented with 5% Human Serum (H4522, 

Sigma-Aldrich), 3 U/ml Heparin sodium salt from porcine intestinal mucosa (H3149, 

Sigma-Aldrich), 10 ug/ml Insulin (I9278, Sigma-Aldrich), and 200 ug/ml holo-

Transferrin human (T0665, Sigma-Aldrich). 

IMDM Mix 1: IMDM Mix 0 supplemented with 60 ng/ml SCF (PHC2111, Life 

Technologies), 5 ng/ml Human IL-3 (200-03-10uG, Peprotech EC Ltd), 3 U/ml 

Recombinant Human Erythropoietin (EPO) (287-TC, R&D Systems) and 1 uM 

hydrocortisone (74142, STEMCELL technologies).  

2.1.7 In vitro assays 

2.1.7.1 Methylcellulose assay  

Suspension cells harvested from differentiations of iPSCs under erythroid 

differentiation conditions were counted and 1 x104 cells were resuspended in SFD 

media. Cells were seeded into 2 ml of MethoCult™ H4435 Enriched Methylcellulose-

based media (04435, STEMCELL Technologies). Cells were incubated at 37°C for 14 

days.  

2.1.7.2 Cell cycle analysis 

1 x 105 cells per sample were resuspended in PBS with 1% BSA (A2153, Sigma-Aldrich) 

and 5 mM EDTA (15575020, Invitrogen). Samples were kept on ice until DAPI staining 

and data collection using the LSR Fortessa (BD Biosciences) and BD FACSDIVATM 

software. DAPI (D9542, Sigma-Aldrich) was added to samples for 1 minute prior to 
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data collection at 1:1000. Data was analysed using FlowJo 10.8.1 software (Figure 

2.1). Flow cytometry plots were gated for single cells, and segregated into cycling and 

non-cycling cells (Figure 2.1).  

 

 
Figure 2.1 Flow cytometry gating strategy for cell cycle analyses. Cells were gated, and 
non-cycling and cycling cells were segregated in a histogram. 

 

2.1.7.3 Erythroid cell maturation and enucleation assay (in vitro EBI model) 

A vial of frozen day 6 expanded CD34+ cells was thawed at 37°C in a bead bath. Cells 

were washed with warm IMDM Mix 0 media and resuspended into 18 ml of warm 

IMDM Mix 1 media (Section 2.1.6) and cultured in 6 wells of a 6-well plate.  

On day 8, expanded CD34+ cells were resuspended into IMDM Mix 2 media in a 12-

well plate at a density of 50 10 x4 cells per well. For the in vitro erythroblastic island 

model, iPSC-derived macrophages were added at a ratio of 1:3 (expanded CD34+cells: 

macrophages). For KLF1-E325K and KLF1-WT activation experiments, 100 nM 4-

hydroxy4OH-tamoxifen (H6278, Sigma-Aldrich) was added every other day for the 

duration of the culture. For investigations into IGFBP-6, IGFBP-6 was added every 

other day for a final concentration of 100 or 200 nM during the duration of the 

culture. Cytokines were topped up on day 10.  

IMDM Mix 2: IMDM Mix 0 supplemented with 60 ng/ml SCF (PHC2111, Life 

Technologies), 3 U/ml EPO (R&D Systems), 1 uM hydrocortisone (74142, STEMCELL 

technologies) and 300 ug/ml holo-Transferrin human (T4778, Sigma-Aldrich).  

On day 11, suspension cells were adjusted to a density of 1 x6 cells per well in IMDM 

Mix 3 media. Cytokines were topped up on days 13, 17 and 20. Full media changes 



49 
 

were conducted on days 15 and 18. For the in vitro erythroblastic island model,  a top 

up of 150,000 macrophages were added on day 15. Suspension cells are analysed via 

cytospin and flow cytometry on days 11, 14, 18 and 21.  

IMDM Mix 3: IMDM Mix 0 supplemented with 3 U/ml EPO (R&D Systems) and 300 

ug/ml holo-Transferrin human (Sigma-Aldrich).  

 

Figure 2.2 Erythroid cell maturation and enucleation assay. Cytokines are topped up on 
days 10, 13, 17 and 20. Full media changes are conducted on days 11, 15 and 18. Cells are 
cultured in IMDM Mix 1 from days 0-8, IMDM Mix 2 from days 8-11, and IMDM Mix 3 from 
days 11 to 21.  

2.2 Molecular Biology Techniques  

2.2.1 Restriction enzyme digestions 

Restriction enzyme digests were carried out at 37 °C for 1 hour with 1 µg plasmid and 

1 unit per restriction enzyme (EcoRI R010S, HindIII R0104S, New England Biolabs) in 

the provided CutSmart Buffer. Digestion reactions were run on a 1% agarose gel with 

1:10,000 GelRed (41003, Biotium) for 45 minutes at 110V.  

2.2.2 Ligation reactions 

Ligation reactions were performed using the Quick Ligation™ Kit (M2200S, New 

England Biolabs) for 5 minutes at room temperature following the manufacturer’s 

instructions.  
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2.2.3 Site-directed mutagenesis 

Site-directed mutagenesis on the pBR332-KLF1 subcloning plasmid was performed 

using the Q5® Site-Directed Mutagenesis Kit (E0554S, New England BioLabs) 

following the manufacturer’s instructions. The forward KLF1 SDM NEB_FW 

(CGGGTCAGCTTGTCCGAGCGC) and reverse KLF1 SDM NEB_RV 

(CCACTACCGGAAACACACGGG) primers were used.  

2.2.4 Sanger sequencing  

Samples for sequencing of KLF1 around the KLF1-E325K mutation locus were sent to 

Source Bioscience for sequencing using the KLF1FW2 primer 

(CACTTTGTTCATCCTAGTCCCA) .  

2.2.5 Transformation of competent cells 

50 ul of competent cells were thawed on ice. 2 ul of either a ligation reaction or a 

plasmid was added to the competent cells, mixed gently by flicking the tube, and 

incubated on ice for 20 minutes. Cells were then heat-shocked at 42°C for 45 seconds, 

before being allowed to recover on ice for 2 minutes. Cells were mixed with 1 ml 

room temperature LB media and incubated at 37°C with shaking at 200 rpm for 1-2 

hours. After incubation, 150 ul culture was spread onto agar plates with 50 ug/ml 

ampicillin (A5354, Sigma-Aldrich). Plates were incubated overnight at 37°C and kept 

at 4°C for short-term storage.  

2.2.6 Plasmid purification  

One colony of bacteria was picked and expanded in 5 ml LB media with 50 ug/ul 

ampicillin (A5354, Sigma-Aldrich) at 37°C with shaking at 200 rpm overnight. Plasmid 

was then extracted using the QIAprep Spin Miniprep Kit (27106, QIAGEN) following 

manufacturer’s instructions. Plasmid was eluted into nuclease-free water (129114, 

QIAGEN) and stored at -20°C. For long term storage of plasmids, bacterial glycerol 

stocks were generated as follows. One colony of bacteria was expanded in 5 ml LB 

media with 50 ug/ul ampicillin (A5354, Sigma-Aldrich) at 37°C with shaking at 200 

rpm overnight. 500 ul of overnight culture was added to 500 ul 50% glycerol (G5516, 

Sigma-Aldrich), gently mixed, and stored at -80°C. 
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2.2.7 Gel extraction 

DNA was extracted from 1% agarose gels using the QIAquick Gel Extraction Kit 

(28704, QIAGEN) following the manufacturer’s instructions.  

2.2.8 Genomic DNA extraction 

Genomic DNA was extracted from a pellet of approximately 1 x106 cells using the 

MasterPureTM Complete DNA and RNA Purification Kit (MC85200, EpicentreBio) 

following the Total Nucleic Acids Purification Protocol. RNA was removed from 

samples by incubation with RNase A (MRNA092, EpicentreBio). Genomic DNA was 

resuspended in nuclease-free water (129114, QIAGEN) and kept at -20°C for short-

term storage (<1 month) and -80°C for long-term storage (>1 month). 

2.2.9 PCR  

Polymerase chain reactions (PCR) were performed on genomic DNA extracted from 

iPSC clones transfected with a pZDonor-AAVS1-CAG-HA-KLF1-E325K-ERT2-PolyA 

plasmid to screen for correct integration. 100 ng genomic DNA was added to 25 ul 

PrimeSTAR Max Premix (2X) (R045A, TakaraBio), 0.2 uM of forward and reverse 

primers (Table 2.1) and sterile distilled water for a total reaction volume of 50 ul. 

Reactions were carried out on the following programme for 30 cycles: 98°C for 10 

seconds, 55°C for 5 seconds, and 72°C for 5 seconds.  

PCR primer name Sequence 

KLF1_FW GAGGATCCAGGTGTGATAGCCGAGA 

ERT2_RV CTTCATGCTGTACAGATGCTCCATG 

pZDonor_FW CCGTCGACGCTCTCTAGAGCTAG 

Int_RV CCGTCGACGCTCTCTAGAGCTAG 

5’aavs1_FW CGGAACTCTGCCCTCTAACGCTGCCG 

5’aavs1_RV CTGCCAGATCTCTCGAGGCCCTGTGG 

Ext_RV ACAGCCCCAGGTGGAGAAACTG 
Table 2.1 Primers used for PCR screening of clones.  

2.3 Cell Surface Marker Analyses 

2.3.1 Flow cytometry analysis of cells generated under erythroid differentiation 

conditions 

Cells were resuspended in PBS with 1% BSA (A2153, Sigma-Aldrich) and 5 mM EDTA 

(15575020, Invitrogen). 1 x 105 cells per sample were stained with the appropriate 

antibodies for 15 minutes at room temperature (Table 2.2). For panel 1, DAPI (D9542, 
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Sigma-Aldrich) was added to samples immediately prior to data collection at 1:1000 

as a marker to gate out dead cells (Figure 2.3A). For panel 2, LIVE/DEADTM Fixable 

Near-IR Stain Kit (L10119, Invitrogen) was included in the antibody stain to allow 

gating of live cells (Figure 2.3B). Samples were kept on ice until data collection using 

the LSR Fortessa (BD Biosciences) and BD FACSDIVATM software. Data was analysed 

using FlowJo 10.8.1 software.  Flow cytometry plots were gated using fluorescence 

minus one (FMO) controls. Briefly, single and live cells were gated, and then FMO 

controls were used to distinguish populations positive and negative for a specific 

marker (Figure 2.3).  

Cell Surface Marker Conjugated 
Fluorochrome 

Manufacturer Dilution 

CD43 APC 17-0439-42, Invitrogen 1:100 

EpCAM PE 324205, Biolegend 1:100 

CD235a FITC 349104, Biolegend 1:200 

CD71 APC 17-0719-42, Invitrogen 1:200 
Table 2.2 Antibodies used for flow cytometry analysis of cells generated under erythroid 

differentiation conditions.  
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Figure 2.3 Flow cytometry gating analyses of cells generated under erythroid 
differentiation conditions. Single, live cells were gated and analysed for the expression of 
the cell surface markers CD43, EpCAM, CD235a and CD71 in two panels: . A: CD43 and 
EpCAM. B: CD235a and CD71. FMO controls were used to gate and quantify the 
percentage of cells expressing each marker. Representative plots shown.  

 

2.3.2 Flow cytometry analysis of iPSC-derived macrophages 

Single cell suspensions were prepared by incubating macrophages with either Cell 

Dissociation Buffer (13151014, Gibco) or StemPro™ Accutase™ Cell Dissociation 

Reagent (A1110501, Gibco) for 5 minutes at room temperature or 37 °C, respectively. 

Cells were resuspended in PBS with 1% BSA (A2153, Sigma-Aldrich) and 5 mM EDTA 
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(15575020, Invitrogen). 1 x 105 cells per sample were stained with the appropriate 

antibodies for 10 minutes at room temperature (Table 2.3). Samples were kept on ice 

until data collection using the LSR Fortessa (BD Biosciences) and BD FACSDIVATM 

software. DAPI (D9542, Sigma-Aldrich) was added to samples immediately prior to 

data collection at 1:1000 as a marker to gate out dead cells. Data was analysed using 

FlowJo 10.8.1 software. Flow cytometry plots were gated using FMO controls. Briefly, 

single and live cells were gated, and then FMO controls were used to distinguish 

populations positive and negative for a specific marker (Figure 2.4). 

Cell Surface Marker Conjugated 
Fluorochrome 

Manufacturer Dilution 

CD45 APC 15577936, Ebioscience 1:100 

CD93 PE 10804637, Ebioscience 1:200 

25F9 E-FLUOR-660 15599866, Ebioscience 1:20 

CD163 PE-CY7 333614, Biolegend 1:25 

CD169 APC 346007, Biolegend 1:25 
Table 2.3 Antibodies used for flow cytometry analysis of iPSC-derived macrophages.  
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Figure 2.4 Flow cytometry gating analyses of iPSC-derived macrophages. Single, live cells 
were gated and analysed for the expression of the cell surface markers CD45, CD93, 25F9, 
CD163 and CD169 in two panels: . A: CD45, CD93 and 25F9. B: CD163 and CD169. FMO 
controls were used to gate and quantify the percentage of cells expressing each marker. 
Representative plots shown. 

 

2.3.3 Flow cytometry analysis of suspension cells generated from the erythroid cell 

maturation and enucleation assay 

Cells were resuspended in PBS with 1% BSA (A2153, Sigma-Aldrich) and 5 mM EDTA 

(15575020, Invitrogen). 1 x 105 cells per sample were stained with Hoechst 33342 

(R37605, Invitrogen) for 5 minutes at room temperature. Cells were then further 

stained with CD235a, CD71 and LIVE/DEADTM Fixable Near-IR Stain Kit (L10119, 

Invitrogen) for 15 minutes at room temperature. Samples were kept on ice until data 

collection using the LSR Fortessa (BD Biosciences) and BD FACSDIVATM software. Data 
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was analysed using FlowJo 10.8.1 software. low cytometry plots were gated using 

FMO controls. Briefly, single and live cells were gated, and then FMO controls were 

used to distinguish populations positive and negative for a specific marker (Figure 

2.5). 

  

Figure 2.5 Flow cytometry gating analyses of suspension cells generated from the 
erythroid cell maturation and enucleation assay. Single, live cells were gated and 
analysed for the expression of the cell surface markers CD235a and CD71, and the nuclear 
dye Hoechst.  

 

2.4 Imaging 

2.4.1 Cytospins  

Cells for cytospins were suspended at a density of 3 x 105 cells in 200 ul PBS. Cells 

were cyto-centrifuged onto polysine slides at 500 rpm for 5 minutes in a Thermo 

Shandon Cytospin 4 and allowed to air-dry for 4-12 hours. Cells were fixed and 

stained using the Shandon™ Kwik-Diff™ Staining Kit (9990702, Thermo Fisher 

Scientific) containing 3 solutions: Reagent 1, a fixative; Reagent 2, Eosin; Reagent 3, 

Methylene Blue.  Air-dried slides were first dipped into Reagent 1 for 20 seconds, 

immediately transferred into Reagent 2 for 40 seconds, immediately transferred into 

Reagent 3 for 30 seconds, and were then rinsed in water and air-dried. 
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2.4.2 Immunohistochemistry 

Cells were fixed into 96-well glass bottom plates (6055302, Perkin Elmer) in 4 % 

Formaldehyde (10231622, Fisher Scientific) for 15 minutes at room temperature. 

Cells were washed thrice with PBS and then permeabilised in PBS with 1 % BSA 

(A2153, Sigma-Aldrich) and 0.5 % Triton X-100 (X100, Sigma-Alrich) for 1 hour at room 

temperature. Cells were washed thrice with PBS before overnight incubation at 4°C 

in PBS with 1% donkey serum (ab7475, Abcam) and 1:200 Anti-EKLF/KLF1 antibody 

(ab2483, Abcam). Cells were then washed thrice with PBS and incubated for 1 hour 

at room temperature in PBS with 1 % donkey serum (ab7475, Abcam) and 1:1000 

Donkey anti-Goat IgG (H+L) Cross-Absorbed Secondary Antibody, Alexa Fluor 647 (A-

21447, Invitrogen). Cells were washed once with PBS and incubated with 1:1000 DAPI 

(D9542, Sigma-Aldrich) for 5 minutes at room temperature. Cells were washed twice 

with PBS and stored in PBS at 4 °C before imaging. Cells were imaged at 40X on the 

Opera Phenix® Plus High-Content Screening System and processed with Fiji software. 

All images had their contrast enhanced by 0.3%.  

2.5 Gene Expression Analyses 

2.5.1 RNA extraction 

RNA extraction was performed using the RNAeasy Mini Kit (74106, QIAGEN). 1 x 106 

cells were collected into 500 ul of RLT buffer supplemented with 1% β-

Mercaptoethanol. 500 ul 70% ethanol was added to the columns and mixed well 

before 700 ul was transferred to an RNAeasy spin column. Columns were centrifuged 

for 15 seconds at 10,000 RPM, supernatant was discarded and the column was 

washed with 350 ul RW1 buffer. DNA was removed from samples using the RNase-

free DNase Set (79254, QIAGEN). 80 ul DNase 1 mix (10 ul DNase1 and 70 ul RDD 

buffer) was added to the spin column, and columns were incubated at room 

temperature for 15 minutes. Columns were washed with 350 ul RW1 buffer, followed 

by 500 ul of RPE buffer. Columns were placed into collection tubes, 35 ul RNase-free 

water was added, and RNA was eluted by centrifuging for 1 minute at 10,000 RPM. 

RNA samples were stored at -80°C.  
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2.5.2 cDNA synthesis 

cDNA was generated from 500 ng of RNA per sample using the High-Capacity cDNA 

Reverse Transcription Kit (4368814, Thermo Fisher Scientific). 500 ng RNA in a total 

volume of 10 ul RNase free water was added to 10 ul of High-Capacity cDNA Reverse 

Transcription Kit Mix containing: 10X RT Buffer, 25X dNTP Mix (100mM), 10X RT 

Random Primers, and MultiScribe Reverse Transcriptase. These 20 ul reactions were 

carried out on the following programme: 25°C for 5 minutes, 37°C for 2 hours, 85°C 

for 5 minutes before cooling to 4°C. cDNA samples were kept at -20°C for short-term 

storage (<1 month) and -80°C for long-term storage (>1 month). 

2.5.3 qRT-PCR analysis 

Real-Time Quantitative Reverse Transcription polymerase chain reaction (qRT-PCR) 

reactions were performed on the Roche LightCycler® 480 Instrument. 2 ng of cDNA 

was amplified per reaction in a 364-well plate (4729749001, Roche) with LightCycler® 

480 SYBR Green I Master (4887352001, Roche) according to the manufacturer’s 

instructions. All reactions were performed with 3 biological and 3 technical replicates. 

Primers used are listed in Table 2.4.   

Amplification reactions were carried out using the following programme: 95°C for 5 

minutes (pre-incubation, 1 cycle), 95°C for 10 seconds, 54°C for 10 seconds and 72°C 

for 10 seconds (Amplification, 45 cycles), 95°C for 5 seconds, 65°C for 1 minute and 

97°C for 1 minute (Melting curve, 1 cycle). CT values were normalised to the 

reference gene GAPDH or the mean of the reference genes GAPDH and β-Actin. These 

housekeeping genes were selected as their expression remained consistent across 

cell lines, and differentiation of cell lines into different cell types. Data was analysed 

using the 2–∆∆Ct method. Graphs were generated and statistical analysis was 

performed using GraphPad Prism 8 software. To analyse data relative to GAPDH, the 

following equation was used: (2^GAPDH CT value)/(2^CT value gene of interest).  
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Gene Forward primer sequence Reverse primer sequence 

CD163 GAAGATGCTGGCGTGACA  GCTGCCTCCACCTCTAAG 

CD169 GGATCATCCAACACCTCACTC  GGTGATGGTGACACCTGGA 

CD11B GGCATCCGCAAAGTGGTA  GGATCTTAAAGGCATTCTTTCG 

CD64 GACCCCATACAGCTGGAAATC  ACCTCAAGGCCAGAGGTTCT 

TNF-α CAGCCTCTTCTCCTTCCTGAT  GCCAGAGGGCTGATTAGAGA 

PECAM-1 GCAACACAGTCCAGATAGTCGT  GACCTCAAACTGGGCATCAT 

VCAM1 TGCACAGTGACTTGTGGACAT  CCACTCATCTCGATTTCTGGA 

EMP AAGAGACTGGACGCTGTGAGA  GTCCAGCTGGCTCCCTTC 

ITGAV AAGCTGAGCTCATCGTTTCC  GCACAGGAAAGTCTTGCTAAGG 

CD68 GTCCACCTCGACCTGCTCT  CACTGGGGCAGGAGAAACT 

KLF1-WT  ACACCAAGAGCTCCCACCT  GTAGTGGCGGGTCAGCTC 

KLF1-WT + 
KLF1-
E325K 

ACACCAAGAGCTCCCACCT GTAGTGGCGGGTCAGCT 

CMAF GTACAAGGAGAAATACGAGAAG TATGAAAAACTCGGGAGA 

CD11a CCAGAAGTGAGAGCAGGCTATT GAGGCCAGCAACGAAGTCT 

IL33 CCACCAAAAGGCCTTCACT AAGGCAAAGCACTCCACAGT 

IGFBP6 CACAGGATGTGAACCGCAGAGA CACTGAGTCCAGATGTCTACGG 

GYPA ATATGCAGCCACTCCTAGAGCTC CTGGTTCAGAGAAATGATGGGCA 

TFRC ATCGGTTGGTGCCACTGAATGG ACAACAGTGGGCTGGCAGAAAC 

SLC4A1 CTGCTGGTGTTTGAGGAAGCCT CACCAGCAGGATGAGCCAGAAG 

ICAM4 GGCACCCATTACACTGATGCTC AGGCACTTGCATAGGTACGCAG 

HBA1 GACCCGGTCAACTTCAAGC AGAAGCCAGGAACTTGTCCA 
Table 2.4 Primers used for qRT-PCR gene expression analyses.  

2.5.4 Transcriptomic analyses (RNA-sequencing) 

RNA extraction was performed using the RNAeasy Mini Kit (QIAGEN) following the 

manufacturer’s instructions. DNA was removed from samples using the RNase-free 

DNase Set (QIAGEN). RNA quantity and quality was assessed using the Agilent 2100 

Bioanalyser in conjuction with the RNA 6000 PicoLabChip Kit following 

manufacturer’s instructions. 35 automated TruSeq stranded mRNA-seq libraries from 

total RNA samples were generated by Edinburgh genomics and sequenced using 

NovaSeq 100PE. Reads were trimmed using Cutadapt (version cutadapt-1.18-venv) 

(312). Reads were trimmed for quality at the 3’ end using a quality threshold of 30 

for adaptor sequences of the TruSeq DNA kit (AGATCGGAAGAGC). Reads after 

trimming were required to have a minimum length of 50. The reference used for 

mapping was the Homo sapiens (GRCh38) genome from Ensembl. The annotation 

used for counting was the standard GTF-format annotation for that reference 

(annotation version 104). Reads were aligned to the reference genome using STAR 
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(version 2.7.3a) specifying paired-end reads and the option --outSAMtype BAM 

Unsorted (313). All other parameters were left at default. Resulting BAM files were 

analysed using the DeSEQ2 package by myself in R-4.2.1 for Windows. Genes were 

filtered and only genes with a count of 10 or higher in at least 2 samples were kept. 

Principal component analysis and multidimensional scaling were undertaken on 

normalised and filtered expression data. For differential gene expression analyses, 

genes were filtered to include only genes with an adjusted p-value below 0.05.  

2.6 Statistical analyses 

Statistical analyses were performed using GraphPad Prism 8 software. Error bars are 

expressed as mean ± standard error mean (SEM). p-values less than 0.05 were 

considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001). 

The following statistical analyses were used: 

1. One-way ANOVA to compare one factor across multiple groups. 

2. Unpaired t-test to compare one factor across two groups.  
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3.1 Introduction 

In recent decades, erythroblastic island (EBI) macrophages have been implicated in 

the pathological progression of two RBC disorders, polycythemia vera and beta-

thalassemia (209, 245). Polycythemia vera is a disease characterised by excessive 

erythrocyte production (erythrocytosis) as a result of a gain-of-function mutation in 

Jak2 (Jak2V617F) (314). Using mouse models of polycythemia vera, the Frenette and 

Rivella lab independently demonstrated that macrophage depletion normalised the 

erythroid compartment of these mice, reducing erythrocytosis (209, 245). Beta-

thalassemia is a blood disorder that reduces hemoglobin production (95). 

Macrophage depletion improved the phenotype of a mouse model of beta-

thalassemia, with increased hemoglobin production observed in macrophage 

depleted mice (245). Considering this data, and the critical role that EBI macrophages 

play in RBC development, I speculated that EBI macrophages could be contributing 

to the pathological progression of other RBC disorders. One such disorder is 

congenital dyserthropoietic anemia type IV (CDA type IV).  

Patients with CDA type IV can present with a range of symptoms, including a large 

number of nucleated RBCs in their peripheral blood, abnormalities in bone marrow 

erythroblasts, elevated fetal hemoglobin, and iron overload (116, 121). CDA type IV 

is caused by mutations in the transcription factor KLF1. Of the nine patients world-

wide that have been reported with CDA type IV, six carry the mutation KLF1-E325K, 

which has been associated with genetic disarray and cell cycle arrest in erythroid cells 

(116, 121, 122, 123, 124, 125, 126, 127, 130, 131, 315). Genotypes are not available 

for two of the nine patients, and the remaining patient has a novel KLF1 mutation 

(p.Ser323Leu, S323L) (122, 123, 127). 

A possible contribution of EBI macrophages to the erythroid pathologies observed in 

CDA type IV patients is supported by the following observations: 

1. EBI macrophages promote and support the enucleation of developing 

erythroblasts before they enter circulation. It is therefore interesting to speculate 

that a disease in which there is a defect in enucleation could in part be associated 

with a deficiency in EBI macrophages (200, 235).  
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2. CDA type IV is the result of mutations in KLF1. Aside from the well-defined intrinsic 

role of KLF1 within the erythroid lineage, an extrinsic role of KLF1 has also been 

identified within the EBI niche (68). KLF1 has been shown to regulate genes 

associated with island integrity in EBI macrophages, and island integrity is adversely 

affected in KLF1-null mouse embryos (68, 201).  

CDA type IV is a rare disease, with only 9 reported cases worldwide (116, 117, 118, 

121, 122, 123, 124, 125, 126, 315). This makes sourcing any primary cells for 

investigation very difficult. While careful flushing of bone marrow with divalent-ion 

containing media has been successfully employed to isolate intact mouse EBIs, this is 

not a method that has been employed using human bone (205). Intact human EBIs 

have been isolated from human rib specimens resected during surgery, however 

there are no recent reports of this technique in the literature (188). The production 

of cell types associated with the EBI niche from patient-derived iPSCs provides a 

powerful alternative to model the diseased EBI niche in vitro.  

The in vitro modelling of the human EBI niche is also especially useful for diseases in 

which animal models do not exactly recapitulate the human disease. This is the case 

for CDA type IV in which the nan mutant mouse is currently the closest available 

mouse model. The neonatal anemia mouse carries a mutation in KLF1 (KLF1-E339D) 

homologous to the KLF1-E325K mutation that is observed in patients, but the 

phenotype is very different (116, 129). These KLF1-E339D mice present with 

spherocytosis, in which the erythrocytes have a spherical shape, but do not have any 

defects in enucleation. 

I hypothesised that macrophages generated from a CDA type IV patient-derived iPSC 

line, and therefore carrying the E325K mutation, could be used to model the diseased 

EBI niche in vitro. This could prove especially useful when dissecting the contribution 

and interaction of the different cell types in the EBI niche to the disease. For example, 

patient iPSC-derived macrophages could be cultured with healthy erythroid cells and 

vice versa to assess both the extrinsic and intrinsic effects of the KLF1 mutation. A 

fuller understanding of how the KLF1-E325K mutation in EBI macrophages 

contributes to the patient pathology will also determine whether targeting the niche 

might be a therapeutic option.  
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3.2 Aims and Approaches  

1. The first aim of the experiments presented in this chapter was to confirm that the 

disease phenotype in erythroid cells could be recapitulated by cells generated from 

the CDA type IV patient-derived iPSC line (CDA patient line). To do this, a published 

iPSC erythroid differentiation protocol was adapted, and the production and 

phenotype of cells generated were compared (165).   

2. The second aim of this chapter was to generate macrophages from the CDA patient 

line and characterise their phenotype compared to macrophages generated from 

control iPSC lines.  

3. The third aim of this chapter was to assess the function of CDA patient iPSC-derived 

macrophages in an in vitro model of the EBI niche by comparing their ability to 

support the erythroid differentiation, maturation and enucleation of UCB CD34+ cells 

to control iPSC-derived macrophages. UCB CD34+ cell-derived erythroid cells have a 

much higher enucleation rate in vitro compared to iPSC-derived erythroid cells, with 

reported enucleation ranging from 44.20-67.50% (144, 316). This makes UCB CD34+ 

cell-derived erythroid cells a better option than iPSC-derived erythroid cells to use in 

an in vitro model of the EBI where the output assessed is enucleation.  
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3.3 Results 

3.3.1 Cells generated from CDA patient iPSCs under erythroid differentiation 

conditions recapitulate disease pathology 

3.3.1.1 Establishing an adapted iPSC erythroid differentiation culture system 

To establish a protocol for erythroid differentiation from iPSCs, a published protocol 

from the Dorn lab was adapted (Section 2.1.3) (165). This protocol reported high rates 

of enucleation for iPSC-derived erythroid cells, up to 60%, through the generation of 

an intermediate which they termed a ‘haematopoietic cell forming complex’ (HCFC). 

This is speculated to roughly mimic the physiological niche of definitive 

erythropoiesis and therefore in part recapitulates the second stage of erythropoiesis 

(Figure 3.1A). From these HCFCs, CD43+ haematopoietic progenitors and CD36+ 

erythroid precursors emerge and are continually released into suspension and 

collected repeatedly for several weeks. The authors noted that the progenitors 

released had high erythroid colony-forming potential.  

Briefly, the protocol to generate erythroid cells from iPSCs consists of two steps 

(Figure 3.1). In the Dorn lab protocol, EBs were generated from iPSCs without the 

addition of cytokines, and these EBs were plated with the addition of SCF, IL-3 and 

EPO to generate erythroid cells (Figure 3.1B). In adapted protocol, EBs were 

generated from iPSCs with the addition of BMP4, VEGF, and SCF, and plated with the 

addition of SCF, IL-3 and EPO (Figure 3.1C). Suspension cells were harvested every 

seven days for eight weeks and were analysed on the day that they were harvested.  

The Dorn lab protocol included a third step of the culture in which harvested 

suspension cells undergo further erythroid differentiation into mature erythroid cells, 

and up to 60% undergo enucleation. This was attempted in the adapted protocol 

however cells did not remain viable 1-2 days post-harvest (Data not shown).  
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Figure 3.1 Establishment of an erythroid differentiation culture system.                                      
A: A schematic diagram of the three stages of definitive erythropoiesis.  
B: The Dorn lab protocol. In step 1, EBs are generated from iPSCs derived from CD36+ 

erythroblasts (PEB-iPSCs) or umbilical cord blood derived CD34+
 cells (CD34-iPSCs) without 

the addition of cytokines. In step 2, EBs are plated with the addition of SCF, IL-3 and EPO 
to form HCFCs from which haematopoietic cells emerge. Adapted from Bernecker et al 
(165).                                                                                                                                          
C: A schematic diagram of the  adapted erythroid differentiation culture system. In step 1, 
EBs are generated from iPSCs derived from fibroblasts, with the addition of BMP4, VEGF, 
and SCF. In step 2, EBs are plated with the addition of SCF, IL-3 and EPO to generate 

haematopoietic cells.                                                
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3.3.1.2 Cells generated from CDA patient and control iPSCs under erythroid 

differentiation conditions are morphologically comparable 

Cells were generated from the CDA patient iPSC line and two control iPSC lines that 

possess a wildtype KLF1 genotype (SFCi55 and BM2.3) under erythroid differentiation 

conditions. Cells generated from the CDA patient iPSC line are morphologically 

comparable to cells generated from the control iPSC lines (Figure 3.2). Interestingly, 

macrophages are generated in differentiations from all iPSC lines. These 

macrophages are in contact with other cells and can be identified by their larger size 

and the presence of large vesicles throughout the cytoplasm lines (Figure 3.2). This is 

consistent with previous reports that observed that macrophages were generated in 

erythroid differentiation conditions from murine embryonic stem cells, and these 

macrophages were observed to be in contact with erythroid cells (68).  

The remaining cells generated from all iPSC lines, which in the Dorn lab protocol 

consist of haematopoietic progenitors and erythroid precursors, have a spherical 

shape and range between approximately 10-20 μm in size. This cell size, in 

combination with the cell morphology and contact with macrophages, suggests that 

a large proportion of these cells are erythroblasts (40).   

This stage of the differentiation protocol recapitulates the second stage of 

erythropoiesis, and as such the majority of erythroid cells are still nucleated (Figure 

3.2). It is therefore not possible to assess whether these CDA patient iPSC-derived 

erythroid cells have the same defect in enucleation observed in the peripheral blood 

of CDA patients at this stage (116).  

 
Figure 3.2 Cells generated from CDA patient and control iPSCs under erythroid 
differentiation conditions are morphologically comparable. Representative Kwik-Diff 
stained cytospins of suspension cells generated under erythroid differentiations from two 
control KLF1-WT iPSC lines (SFCi55 and BM2.3) and a CDA type IV patient-derived iPSC line. 
Cytospins were performed on the day that suspension cells were harvested. 20x 
magnification. 20 μm scale bar. 
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3.3.1.3 Significantly fewer CD235a+ cells and CD71+ cells are generated from CDA 

patient iPSCs compared to control iPSCs under erythroid differentiation conditions  

Harvested suspension cells generated under erythroid differentiation conditions 

from CDA patient iPSCs were assessed for the expression of several cell surface 

markers and compared to cells generated from control iPSCs.  

• CD43: A pan hematopoietic marker, also known as leukosialin or sialophorin. 

CD43 identifies early progenitors committed to hematopoietic development, 

before expression of CD45 (317). In hESC culture, the first-appearing 

CD34+CD43+CD235a+CD41a+/–CD45– cells are representative of precommitted 

erythro-megakaryocytic progenitors, and CD43+ cells have been identified as 

the cell population of origin for in vitro erythropoiesis (317, 318).  

• Epithelial cell adhesion molecule (EpCAM): Also known as CD326. Bone 

marrow erythroid progenitor cells have been shown to express EpCAM (319, 

320). EpCAM is also a marker of erythroid-committed progenitors in in vitro 

differentiations of human PSCs to HSPCs (321). Therefore, EpCAM is an 

appropriate marker to identify erythroid-committed progenitors in in vitro 

differentiations.  

• Glycophorin A (CD235a): CD235a is a transmembrane protein expressed by 

human erythroid precursors and erythrocytes both in vivo and in vitro (322). 

• Transferrin receptor 1 (CD71): CD71 is a transferrin receptor highly expressed 

by developing erythroblasts that mediates the uptake of transferrin-iron 

(323). The vast majority of mature erythrocytes lack CD71 expression, thus 

making CD71 in combination with CD235a a good marker to distinguish 

immature and mature erythrocytes (39, 324, 325).  

Flow cytometry plots were gated as described (Chapter 2 Section 2.3.1). A 

comparable percentage of cells generated under erythroid differentiation conditions 

from all iPSC lines were CD43+ and EpCAM+, with no significant difference observed 

in the numbers of cells positive for either marker between iPSC lines (Figure 3.3).  

There were significantly fewer CD235a+ cells generated from CDA patient iPSCs 

compared to control iPSCs (Figure 3.3). The percentage of CD235a+ cells generated 



69 
 

under erythroid differentiation conditions, averaged across harvests: control (SFCi55) 

68.26%+, control (BM2.3) 72.31%+, and CDA patient 8.24%+.  

There were also significantly fewer CD71+ cells generated from CDA patient iPSCs 

compared to control iPSCs (Figure 3.3). The percentage of CD71+ cells generated 

under erythroid differentiation conditions, averaged across harvests: control (SFCi55) 

70.56%+, control (BM2.3) 47.05%+, and CDA patient 17.38%+.  

These data are consistent with previously published RNA-sequencing data that 

analysed erythroid cells generated from healthy donor and CDA type IV patient-

derived PBMCs and showed a downregulation of the genes encoding for CD235a and 

CD71 in CDA patient cells (131).  
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Figure 3.3 Significantly fewer CD235a+ cells and CD71+ cells are generated from CDA 
patient iPSCs under erythroid differentiation conditions. Flow cytometry analyses were 
performed on suspension cells generated under erythroid differentiation conditions from 
two control iPSC lines (SFCi55 and BM2.3) and a CDA type IV patient-derived iPSC line. 
Suspension cells were assessed on the day that they were harvested.                                                                                            
A: Representative flow cytometry plots of suspension cells generated under erythroid 
differentiation conditions assayed for expression of CD43 and EpCAM.                                              
B: Representative flow cytometry plots of suspension cells generated under erythroid 
differentiation conditions assayed for expression of CD235a and CD71.                                                     
C: Quantification of flow cytometry analyses of the percentage of cells expressing each 
marker. Datapoints represent individual suspension cell harvests. Error bars represent 
SEM. One-way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01.  
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3.3.1.4 GYPA, TFRC, SLC4A1, HBA1 and ICAM4 are downregulated in cells generated 

from CDA patient iPSCs compared to control iPSCs under erythroid differentiation 

conditions  

Harvested suspension cells generated under erythroid differentiation conditions 

from CDA patient iPSCs were assessed for the expression of several erythroid genes 

that were previously identified as being expressed at lower levels in cells generated 

from CDA type IV patient PBMCs compared to the appropriate control cells (131).  

• GYPA: Encodes for CD235a, a transmembrane protein expressed on human 

erythrocytes with a poorly characterised molecular function (326, 327). 

• TFRC: Encodes for CD71, a transferrin receptor mediates the uptake of 

transferrin-iron (323). 

• SLC4A1: Encodes for BAND 3, a membrane transport protein that also 

comprises part of the ankyrin complex that anchors the RBC cytoskeleton to 

its cell membrane (328, 329).   

• HBA1: Encodes for the alpha chain of adult hemoglobin. Shortly after birth, 

there is a switch from fetal to adult hemoglobins (330). CDA type IV patients 

have been reported to present with elevated and high levels of fetal 

hemoglobin (116, 118, 121, 124, 125, 331).  

• KLF1: Total KLF1 expression was previously identified to be lower in CDA 

erythroid cells (131).  

• ICAM4: Also known as Landstein-Wiener blood group antigen. A KLF1-

regulated adhesion molecule that binds to αV integrin expressed by EBI 

macrophages and therefore EBI integrity (219).    

Consistent with previously published data, GYPA, TFRC, SLC4A1, HBA1 and ICAM4 

were downregulated in cells generated from the CDA patient iPSCs compared to 

control iPSCs (131) (Figure 3.4). KLF1 expression in cells generated from CDA patient 

iPSCs was comparable to cells generated from control iPSCs (Figure 3.4).  
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Figure 3.4 GYPA, TFRC, SLC4A1, HBA1 and ICAM4 are downregulated in cells generated 
from CDA patient iPSCs under erythroid differentiation conditions. qRT-PCR of RNA 
extracted from suspension cells generated under erythroid differentiation conditions from 
two control iPSC lines (SFCi55 and BM2.3) and a CDA patient iPSC line. RNA was taken on 
the day that suspension cells were harvested. Datapoints represent individual suspension 
cell harvests Fold change analysed relative to cells generated from SFCi55 iPSCs under 
erythroid differentiation conditions. Error bars represent SEM. One-way ANOVA with 
Tukey post-test. *p < 0.05, **p < 0.01, *** p <0.001.  

 

3.3.1.5 Characterisation of erythroid differentiation hematopoietic output by 

methylcellulose assay 

In an attempt to characterise the haematopoietic output of suspension cells 

generated under erythroid differentiation conditions, methylcellulose assays were 

attempted on suspension cells on the day that they were harvested. However, no 

colonies were formed from cells generated under erythroid differentiation conditions 

from all cell lines.    
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3.3.2 CDA patient iPSC-DMs are comparable to control iPSC-DMs  

Macrophages were generated from the CDA patient iPSC line and two control iPSC 

lines (SFCi55 and BM2.3) in a three-step protocol (Figure 3.5) (305). In Step 1, iPSCs 

were mesodermally primed with the addition of BMP4, VEGF, and SCF, and formed 

EBs. In Step 2, EBs were plated with the addition of IL-3 and M-CSF to induce the 

release of macrophage precursors into suspension. In the third step, macrophage 

precursors were harvested from suspension twice per week and terminally 

differentiated into mature macrophages with M-CSF for 11 days. Macrophages were 

analysed after 11 days of terminal maturation.  

 
Figure 3.5 iPSC-derived macrophage differentiation protocol (305). In step 1 of the 
differentiation, iPSCs are mesodermally primed with BMP4, VEGF, and SCF, and form EBs. 
In step 2, EBs are plated and cultured with IL-3 and M-CSF and after 2 weeks release 
macrophage precursors into suspension. In the third step, these macrophage precursors 
are harvested and terminally differentiated into mature macrophages with the addition of 
M-CSF.  
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3.3.2.1 CDA patient iPSC-DMs are comparable to control iPSC-DMs in terms of 

morphology  

Macrophages were generated from CDA patient iPSCs (CDA patient iPSC-DMs) and 

had a comparable morphology to macrophages generated from control iPSCs (control 

iPSC-DMs) (Figure 3.6). Macrophages generated from all iPSC lines ranged between 

20-40 μm in size, with a small nucleus and numerous large vesicles throughout the 

cytoplasm (Figure 3.6). This morphology is characteristic of in vitro PSC-derived 

macrophages (201, 254, 303, 305). In contrast to cells generated under erythroid 

differentiation conditions in which both erythroid cells and macrophages were 

observed (Figure 3.2), macrophage differentiation conditions generated a pure 

macrophage population (Figure 3.6). 

 

Figure 3.6 CDA patient iPSC-DMs are comparable to control iPSC-DMs in terms of 
morphology. Representative Kwik-Diff stained cytospins of macrophages generated from 
two control iPSC lines (SFCi55 and BM2.3) and a CDA type IV patient-derived iPSC line. 20x 
magnification. 20 μm scale bar.  

 

3.3.2.2 CDA patient iPSC-DMs are comparable to control iPSC-DMs in terms of cell 

surface marker expression 

CDA patient iPSC-DMs were assessed for expression of several cell surface markers 

to assess their haematopoietic lineage commitment and maturation in comparison 

to control iPSC-DMs: 

• CD45: A pan leukocyte marker. CD45 is expressed on all nucleated 

haematopoietic cells (332).  

• CD93: A highly glycosylated transmembrane protein expressed on monocytes, 

endothelial cells, neutrophils and stem cells (333). CD93 is not expressed by 

mature macrophages (334).  
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• 25F9: The 25F9 monoclonal antibody recognises an uncharacterised protein 

specifically expressed on the surface of mature human macrophages (334). 

Expression is not found on monocytes or immature macrophages, thus 

making 25F9 in combination with CD93 a good marker to distinguish 

immature and mature macrophages.  

• CD163: Exclusively expressed by monocytes and macrophages, CD163 is a 

receptor that scavenges haemoglobin by mediating endocytosis of 

hemoglobin-haptoglobin complexes (335, 336, 337). CD163 has also been 

identified as erythroblast adhesion receptor within the EBI (221). 

• CD169: Also known as Siglec-1, CD169 is expressed on different macrophage 

subpopulations including iPSC-derived macrophages, bone marrow 

macrophages and Kupffer cells (305, 338). CD169 is also heterogeneously 

expressed on EBI macrophages (205).  

Flow cytometry plots were gated as described (Chapter 2 Section 2.3.2). 

Haematopoietic commitment was assessed using the marker CD45, and a 

comparable percentage of iPSC-DMs from all iPSC lines were CD45+ (Figure 3.7). 

Macrophage maturity was assessed using the markers CD93 and 25F9. Mature 

macrophages are negative for the monocyte marker CD93, and positive for the 

mature macrophage marker 25F9. A comparable percentage of iPSC-DMs from all 

iPSC lines are CD93+ and 25F9+ (Figure 3.7). CD163 and CD169 were selected to assess 

cell surface expression of markers expressed by EBI macrophages. A comparable 

percentage of iPSC-DMs from all iPSC lines were CD163+ and CD169+ (Figure 3.7). 
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Figure 3.7 CDA patient iPSC-DMs are comparable to control iPSC-DMs in terms of cell 
surface marker expression. Flow cytometry analyses were performed on iPSC-DMs 
generated from two control iPSC lines (SFCi55 and BM2.3) and a CDA type IV patient-
derived iPSC line.                                                                                                                                                                 
A: Representative flow cytometry plots of iPSC-DMs assayed for expression of CD45.                      
B: Representative flow cytometry plots of iPSC-DMs assayed for expression of CD93 and 
25F9.                                                                                                                                                                                                                      
C: Representative flow cytometry plots of iPSC-DMs assayed for expression of CD163 and 
CD169.                                                                                                                                                                                                                  
D: Quantification of flow cytometry analyses of the percentage of cells expressing each 
marker. Datapoints represent individual macrophage harvests. Error bars represent SEM. 
One-way ANOVA with Tukey post-test generated no statistically significant p-values.                                                                                                                                          
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3.3.2.3 CDA patient iPSC-DMs are comparable to control iPSC-DMs in terms of gene 

expression 

CDA patient iPSC-DMs were assessed for expression of the following EBI macrophage 

associated genes: TNF-α, CMAF, PECAM-1, ITGAV, CD11a, CD11b, EMP/MAEA, 

VCAM1, CD68, CD163, CD169, and CD64. CDA patient iPSC-DMs expressed 

comparable levels of all genes compared to control iPSC-DMs (Figure 3.8).  

 

Figure 3.8 CDA patient iPSC-DMs are comparable to control iPSC-DMs in terms of gene 
expression. qRT-PCR of RNA extracted from macrophages generated from two control 
iPSC lines (SFCi55 and BM2.3) and a CDA patient iPSC line. Datapoints represent individual 
macrophage harvests. Error bars represent SEM. One-way ANOVA with Tukey post-test 
generated no statistically significant p-values.                                                                                                                                          
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3.3.2.4 CDA patient iPSC-DMs are functionally comparable to control iPSC-DMs in a 

model of the erythroblastic island niche  

The majority of patients with CDA type IV have a KLF1-E325K mutation and present 

with a large number of nucleated RBCs in their peripheral blood (116, 121, 122, 123, 

124, 125, 126, 127, 131, 315). The enucleation step of erythropoiesis takes place 

within the EBI, supported and promoted by EBI macrophages. It was therefore 

hypothesised that KLF1-E325K might affect the macrophage compartment of the EBI 

niche in CDA type IV patients, reducing macrophages ability to support and promote 

erythroblast enucleation, contributing to the disease pathology. 

To assess whether KLF1-E325K affects the function of EBI macrophages, CDA patient 

iPSC-DMs were used in an in vitro model of the EBI niche. In this model, iPSC-DMs 

were co-cultured with UCB-derived CD34+ cells under erythroid differentiation cell 

culture conditions (Figure 3.9). Erythroid differentiation efficiency was measured by 

assessing the proportion of mature enucleated erythroid cells in the culture by flow 

cytometry on days 11, 14 , 18 and 21. Macrophages predominantly remain adherent 

in the culture, therefore analysis of only the suspension cell population enriches for 

differentiating UCB-derived CD34+ cells. Flow cytometry plots were gated as 

described (Chapter 2 Section 2.3.3).  

 

Figure 3.9 In vitro erythroblastic island model protocol. Day 0-8: UCB-derived CD34+ cells 
were cultured with SCF, IL-3, hydrocortisone (HC) and EPO. Day 8-11: iPSC-DMs were 
added and cultured with the erythroid progenitors with SCF, HC, EPO and transferrin (TF). 
Day 11-21: Co-cultures were cultured with EPO and TF. At days 11, 14, 18 and 21 
suspension cells were analysed by flow cytometry for expression of CD235a, CD71 and 
Hoechst.   
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Based on cytospin analyses of suspension cells sampled at each timepoint, which 

were not quantified, cells cultured with iPSC-DMs were observed to form EBI 

structures in which the differentiating erythroblasts attach to the macrophages 

(Figure 3.10). Flow cytometry analyses showed that from day 11 to day 21, the 

suspension cells decreased in size, as shown by forward scatter (Figure 3.10). There 

was a corresponding increase in the percentage of CD235a+ cells and a decrease in 

CD71+ cells indicating the maturing of erythrocytes (Figure 3.10). Loss of CD71 

expression coincided with the loss of Hoechst staining, a DNA/nuclear marker (Figure 

3.10). The loss of this nuclear marker is an indication that the erythroid cell has 

ejected its nucleus and can be referred to as enucleated. Therefore, a mature and 

enucleated erythrocyte is marked by positive expression of CD235a, and negative 

expression of CD71 and Hoechst (CD235a+CD71-Hoechst-).  

There was a progressive increase in the percentage of CD235a+ suspension cells in 

the cultures, and by day 21 over 96% of suspension cells in all conditions were 

CD235a+ (Figure 3.10). In agreement with previous studies, the presence of 

macrophages in the culture significantly increased erythroblast maturation and 

enucleation (Figure 3.10) (201, 211, 212). Averaged across cell lines, the percentage 

of mature enucleated erythroid cells increased from around 20% when cells were 

cultured alone to around 55-60% when cells were cultured in the presence of iPSC-

DMs (Figure 3.10).  

CDA patient iPSC-DMs supported erythroid cell maturation and enucleation at 

comparable levels to control iPSC-DMs. The percentage of Hoechst-CD71- cells in 

cultures with CDA patient iPSC-DMs comparable to the percentage of Hoechst-CD71- 

cells in cultures with control iPSC-DMs at each timepoint (Figure 3.10).  
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Figure 3.10 CDA patient iPSC-DMs are functionally comparable to control iPSC-DMs in an 
in vitro EBI model.                                                                                                                                                                    
A: Representative Kwik-Diff stained cytospins of CD34+ cells cultured in the presence or 
absence of iPSC-DMs on days 11, 14, 18 and 21 of the culture.                                                                
B: Representative flow cytometry plots of suspension cells assayed for CD235a, CD71 and 
Hoechst for days 11, 14, 18 and 21 of the culture.                                                                                      
C: Quantification of flow cytometry analyses of the percentage of suspension cells 
expressing CD235a for days 11, 14, 18 and 21 of the culture. Datapoints represent 
individual experiments.  Error bars represent SEM. One-way ANOVA with Tukey post-test 
generated no statistically significant p-values.                                                                                                    
D: Quantification of flow cytometry analyses of the percentage of Hoechst-CD71- 
suspension cells for days 11, 14, 18 and 21 of the culture. Datapoints represent individual 
experiments. Error bars represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05, 
**p < 0.01.  
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3.3.2.5 iPSC-DMs express low levels of KLF1 

A previous study observed that KLF1 is expressed at very low levels in iPSC-DMs (201). 

To investigate KLF1 expression levels, in both control and CDA patient iPSC-DMs, CT 

values of genes analysed previously in section 3.3.2.3 were compared to the CT values 

of the reference gene GAPDH. This allowed for comparison of relative expression 

between KLF1 and other genes. Compared to other genes in this analysis, KLF1 was 

expressed at the lowest level (Figure 3.11). CT values for KLF1 were consistently high 

in macrophages generated from all iPSC lines indicating low expression levels. Based 

on previous studies,I would expect KLF1 levels to be higher in EBI macrophages, 

therefore I concluded that the CDA patient iPSC-derived macrophages characterised 

in this chapter may not represent a good model of an EBI macrophage (68, 201).  

   
Figure 3.11 iPSC-DMs express low levels of KLF1. qRT-PCR of RNA extracted from 
macrophages generated from two control iPSC lines (SFCi55 and BM2.3) and a CDA patient 
iPSC line. Datapoints represent individual macrophage harvests. Gene expression was 
analysed compared to GAPDH. Error bars represent SEM.  
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3.4 Discussion 

I have shown that cells generated from CDA patient iPSCs under erythroid 

differentiation conditions recapitulate the disease phenotype. There is a significant 

decrease in the populations of CD235a+ cells and CD71+ cells generated from CDA 

patient iPSCs compared to those derived from control iPSCs. Additionally, GYPA, 

TFRC, SLC4A1, HBA1 and ICAM4 are expressed at a lower level in cells derived from 

CDA patient iPSCs cells compared to controls, consistent with findings in a previous 

study (131). Macrophages generated from CDA patient iPSCs have comparable 

morphology, cell surface marker expression and gene expression to macrophages 

generated from control iPSC lines. CDA patient iPSC-DMs function within the EBI 

niche at comparable levels to control iPSC-DMs, and iPSC-DMs from all iPSC lines 

express low levels of KLF1.  

3.4.1 iPSC erythroid differentiation culture system 

One of main advantages to the erythroid differentiation culture system used in this 

chapter compared to other protocols is that it is a harvestable system. Suspension 

cells can be harvested from plates once every 7 days, and these harvests are the only 

media changes made throughout the culture. This system was adapted from a 

protocol that uses low numbers of supporting cytokines and is therefore much more 

cost effective than other published protocols in which the addition of over 10 

cytokines can be required (159, 165, 178). Additionally, these protocols require 

careful modulation of these cytokines, whereas in this system IL-3, SFC and EPO are 

added only once every 7 days when the media is changed and is therefore a much 

simpler culture system (159, 165, 178). This protocol therefore consumes less media, 

is less complex, and has a high output of cells compared to other published protocols 

(159, 165, 178).  

The Dorn lab reported that CD43 expression is progressively gained in the first three 

weeks of culture, and therefore suspension cells were only harvested and analysed 

in my system three weeks after the plating of EBs (165). The Dorn lab protocol 

reported that over 90% of suspension cells were CD43+ which is higher than my 

system in which 77% of cells generated from all iPSC lines were CD43+. The Dorn lab 

used CD36 as a marker for erythroid progenitors and reported that approximately 
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80% of suspension cells were CD36+ (165). In this study I used the human erythroid 

cell marker CD235a, and approximately 60% of suspension cells generated from 

control WT iPSC lines were CD235a+, which was lower than the published protocol.  

It is interesting to note that the protocol published by the Dorn lab used human iPSC 

lines generated from both cord blood CD34+ cells and CD36+ erythroblasts (165). The 

iPSC lines used in this chapter were generated from fibroblasts. Persistent donor cell-

specific gene expression patterns have been identified in human iPSCs produced from 

different cell types, which suggests an influence of the cell type of origin on the 

resulting iPSC (339). Additionally, the cell type of origin has been identified to affect 

differentiation of human iPSCs, for example iPSCs generated from endothelial cells 

were better able to differentiate into endothelial cells than iPSCs generated from 

fibroblasts and cardiac progenitor cells (340). This could explain why more 

haematopoietic and erythroid progenitors were generated in the published protocol 

compared to those reported in this chapter. In contrast, a previous report has shown 

that erythroid differentiation of human iPSCs was independent of the donor cell type 

of origin, however this used a different erythroid differential protocol and did not 

include fibroblasts as a cell type of origin (167).  

The Dorn lab culture system harvested suspension cells for a further 18 days in a 

three-phase erythropoiesis assay (167). Suspension cells generated in this chapter 

using the adapted protocol were put in the same further erythroid differentiation 

cultures, however cells did not remain viable 1-2 days post-harvest (Data not shown). 

It is possible that this is caused by the replacement of the STEMdiff media (STEMCELL 

Technologies) used in the published protocol with the SFD media used in this adapted 

protocol. SFD media is more cost effective, and EBs cultured in SFD with EPO, SCF and 

IL-3 were able to generate erythroid progenitors. The composition of STEMdiff media 

is proprietary information, therefore it can only be speculated that the media 

contains a factor that promotes erythroid progenitor viability allowing them to be 

terminal differentiated. The composition of media for the further erythroid culture in 

both the published and adapted protocol were the same.  

In a single-cell RNA sequencing dataset generated on human HSPCs derived at day 10 

of iPSC differentiation, EpCAM was predominantly expressed throughout the 
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erythroid annotated clusters (321). Therefore, EpCAM was selected as a marker to 

identify HSPCs that had committed to the erythroid lineage in the erythroid 

differentiation protocol used in this study. However, I noted that EpCAM was 

expressed on only a very small minority of cells generated in the differentiation of all 

iPSC lines suggesting that at the stage of differentiation tested, the cells had matured 

beyond this erythroid commitment step and had lost expression of this marker. 

Consistent with this interpretation, the morphology of the cells generated from both 

the control and CDA patient iPSC lines indicated that they had progressed to an 

erythroblast stage of erythropoiesis and that it is likely that these populations of cells 

contain few erythroid committed HSPCs i.e., EpCAM+ cells. 

3.4.2 Assessment of CDA disease pathology in cells generated from CDA patient 

iPSCs under erythroid differentiation conditions  

iPSCs have been reported to be able to successfully model disease-specific 

pathologies, for example motor neurons generated from iPSCs reprogrammed from 

a child with spinal muscular atrophy displayed features of the disease (310). In this 

study, cells generated from CDA patient iPSCs under erythroid  differentiation 

conditions recapitulated features of CDA erythroid cells, including downregulation of 

GYPA, TFRC, SLC4A1, HBA1 and ICAM4 (131).  

The low viability of harvested suspension cells prevented further erythroid culture, 

and therefore it could not be assessed whether the cells generated from CDA patient 

iPSCs recapitulated the low enucleation rates observed in CDA patient erythroid cells. 

However, while the erythroid cell enucleation rates reported using the Dorn lab 

protocol are high for iPSC-erythroid differentiations, up to 60%, this is still low 

compared to in vivo RBCs (165). Therefore, iPSC-derived erythroid cells are limited as 

models for RBC disorders in which defective enucleation is a feature, such as CDA 

type IV (116, 121). 

3.4.3 iPSC-DMs express low levels of KLF1 

Expression of the KLF1 gene is very low in both CDA patient iPSC-DMs and control 

iPSC-DMs. A previous report in the Forrester lab demonstrated that iPSC-DMs that 

carried a transgene that increases KLF1 expression 60-fold were more ‘EBI 

macrophage-like’, with increased expression of EBI-related macrophage genes and 
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an increased functional effect on erythroid cell maturation and enucleation (201). 

Thus, as a result of their low KLF1 expression, the iPSC-DMs generated from control 

and patient iPSCs may not be an accurate model of an EBI macrophage. This might 

explain why no functional differences on UCB CD34+-derived erythroid cell 

maturation and enucleation were observed between control and CDA patient iPSC-

DMs.  Any transcriptional dysregulation or functional defect in CDA patient EBI 

macrophages as a result of the mutation may not be revealed because KLF1 

expression is so low.  
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4.1 Introduction 

A human iPSC line expressing a 4OH-tamoxifen inducible KLF1 fusion protein (KLF1-

ERT2) was previously generated in the Forrester lab (172). In this system, the KLF1 

expression vector (pZDonor-AAVS1-CAG-HA-KLF1-ERT2-PolyA) was targeted into the 

AAVS1 ‘safe-harbor’ locus of the SFCi55 human iPSC line. The AAVS1 locus, in intron 

1 of PPP1R12C (protein phosphate 1 regulatory subunit 12C), has been reported as a 

‘safe harbor’ because integration of sequences into this locus are not subject to 

silencing and do not have adverse effects on the cell (169, 341). The CAG promotor 

used here was previously identified to drive high levels of transgene expression 

during stem cell differentiation towards mesoderm and is therefore appropriate for 

use in experiments in this and the subsequent chapter in which erythroid cells and 

macrophages are generated from mesodermally primed EBs (342). The pZDonor-

AAVS1-puromycin vector was used as the back-bone vector. The resulting inducible 

KLF1-WT iPSC line (iKLF1-WT) constitutively expressed KLF1 protein in the cytoplasm 

of the cell. The ERT2 domain sequesters KLF1 in the cytoplasm via association with the 

HSP90 chaperone (343). Upon 4OH-tamoxifen addition, the KLF1-ERT2 fusion protein 

dissociates from HSP90 and translocates to the nucleus, where it can function as a 

transcription factor and is therefore active. 

iPSCs from the iKLF1-WT line were differentiated into macrophages and incorporated 

into the in vitro model of the EBI niche described in the previous chapter. Activation 

of KLF1-WT in iPSC-DMs, via 4OH-tamoxifen addition, induced a more ‘EBI 

macrophage-like’ phenotype. KLF1-WT activation in iPSC-DMs increased expression 

of several EBI-associated genes and cell surface markers such as CD163 and CD11b 

(201). Within the in vitro EBI model, there was an increase in the percentage of 

mature enucleated erythroid cells in suspension cell populations cultured with KLF1-

WT activated macrophages. This increase was identified to be, in part, the result of 

up-regulation of the secreted factors IL-33, SERPINB2 and ANGPTL7, which were 

demonstrated to promote erythroid cell maturation and enucleation (201).   

Macrophages generated from the CDA patient-derived iPSC line in the previous 

chapter have a very low level of endogenous KLF1-expression (Figure. 3.10). I 

therefore hypothesised that macrophages generated from a KLF1-E325K inducible 
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activation iPSC line (iKLF1-E325K), which would have increased expression of KLF1-

E325K due to the CAG promotor, would be a more appropriate model for a CDA 

patient EBI macrophage. In addition to increasing the expression levels of KLF1-E325K 

in iPSC-DMs, this strategy also provides isogenic controls. The effect of KLF1-E325K 

activation can be assessed by comparing cells in the presence (activation) and 

absence of 4OH-tamoxifen. As the iKLF1-E325K cell lines were generated from the 

same parental line as the KLF1-WT cell line (SFCi55) and therefore have the same 

genetic background, comparison of these lines allows for the assessment of  the 

effect of KLF1-E325K only.  

4.2 Aims and Approaches 

1. The first aim of this chapter was to generate a pZDonor-AAVS1-CAG-HA-KLF1-

E325K-ERT2-PolyA construct by site directed mutagenesis of an existing pZDonor-

AAVS1-CAG-HA-KLF1-ERT2-PolyA construct.  

2. The second aim was to generate an iPSC line carrying an inducible KLF1-E325K 

activation system where a pZDonor-AAVS1-CAG-HA-KLF1-E325K-ERT2-PolyA 

construct was targeted to the AAVS1 locus.  

3. The third aim was to generate erythroid cells from inducible KLF1-E325K iPSC lines 

and to investigate whether this strategy could recapitulate the CDA disease 

phenotype in erythroid cells.  

 

 

 

 

 



89 
 

4.3 Results 

4.3.1 Generation of inducible KLF1-E325K iPSC lines 

4.3.1.1 Generation of pZDonor-AAVS1-CAG-HA-KLF1-E325K-ERT2-PolyA plasmid  

The KLF1-E325K mutation (c.973G>A) was introduced into an existing pZDonor-

AAVS1-CAG-HA-KLF1-ERT2 plasmid via site-directed mutagenesis. Due to the GC-rich 

sequences contained in both the CAG promotor and KLF1 gene, site-directed 

mutagenesis could not be performed on the whole plasmid. Therefore, the mutation 

was introduced using a three-part subcloning strategy (Figure 4.1). 

1. A fragment of the existing KLF1-WT plasmid was excised using restriction enzymes 

at EcoRI and HindIII restriction sites. The resulting fragment was subcloned into a 

pBR332 plasmid at the same restriction sites. This resulted in the generation of a 

pBR332-KLF1-WT plasmid (Figure 4.1A).  

2. Site-directed mutagenesis was performed on the pBR332-KLF1-WT plasmid to 

introduce the c.973G>A mutation, generating a pBR332-KLF1-E325K plasmid 

(Chapter 2 Section 2.2.3) (Figure 4.1B). 

3. A fragment of this pBR332-KLF1-E325K was excised using restriction enzymes and 

ligated back into the existing plasmid backbone to generate the pZDonor-AAVS1-

CAG-HA-KLF1-E325K-ERT2 plasmid (Figure 4.1A).  
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Figure 4.1 Generation of pZDonor-AAVS1-CAG-HA-KLF1-E325K-ERT2-PolyA plasmid.           
A: Schematic diagram of the strategy used to generate the   pZDonor-AAVS1-CAG-HA-
KLF1-E325K-ERT2-PolyA plasmid.                                                                                                                                
B: Sanger sequencing of KLF1 around the c.973 site of the c.973G>A mutation showing: 1. 
The KLF1-WT base in the existing KLF1-WT plasmid and 2. The mutated G>A base in the 
KLF1-E325K plasmid.  
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4.3.1.2 Transfection of pZDonor-AAVS1-CAG-HA-KLF1-E325K-ERT2-PolyA plasmid 

into SFCi55 iPSCs 

The SFCi55 iPSC line was selected for transfection with the pZDonor-AAVS1-CAG-HA-

KLF1-E325K-ERT2-PolyA plasmid because it is the parental line of the KLF1-WT 

inducible iPSC line (172). This ensures that any differences observed between the two 

iPSC lines and derived cells is the result of the KLF1 mutation and not other genetic 

differences in the genetic background of the cells. Parental iPSCs were transfected 

with the pZDonor-AAVS1-CAG-HA-KLF1-E325K-ERT2-PolyA plasmid using the XfectTM 

Transfection Reagent Protocol (Chapter 2 Section 2.1.5). Following transfection, cells 

were cultured in maintenance media supplemented with puromycin to select for 

clones carrying the transfected plasmid.  

4.3.1.3 Screening of clones via PCR 

Following puromycin selection for 14 days, 23 puromycin resistant colonies were 

picked and expanded into 6-well plates. The correct integration of the KLF1-E325K-

ERT2 construct was confirmed by PCR analysis of genomic DNA extracted from these  

iPSC clones. Genomic DNA from the parental SFCi55 iPSC line and the inducible KLF1-

WT iPSC line were used as negative and positive controls respectively. 5 different PCR 

reactions were used to assess integration. PCR reactions 1-4 used primer pairs that 

generated specific amplicons used to confirm integration of the intact construct and 

to confirm correct integration into the AAVS1 locus (Figure 4.2A). PCR 5 consisted of  

a primer pair that assessed whether the construct has been integrated into one or 

both of the AAVS1 alleles (Figure 4.2B).  

• PCR 1: Generates a KLF1-ERT2 amplicon  

• PCR 2: Generates an amplicon at the right homology arm of the construct  

• PCR 3: confirms integration into the 5’ AAVS1 locus 

• PCR 4: confirms integration into the 3’ AAVS1 locus  

• PCR 5: Generates an amplicon from the unedited AAVS1 locus. In combination 

with PCRs 1-4, PCR 5 was used to assess whether clones have integration of the 

construct into one or both AASV1 alleles.  
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Four clones were shown to have successful integration of the entire construct into 

the AAVS1 locus: clones 1, 19, 20 and 21 (Figure 4.2A). Of these four clones, three 

were shown to have heterozygous integration of the construct, i.e. integration into 

one AAVS1 allele (1, 19 and 21) and the remaining clone had homozygous integration 

of the construct, i.e. integration into both AAVS1 alleles (20) (Figure 4.2B). Clones 1-

10 were generated from the first transfection, and clones 11-14 and 15-23 were 

generated in two separate subsequent transfections. iPSC clones were named 

iCDA4.1, iCDA4.19, iCDA4.20 and iCDA4.21 respectively, for inducible Congenital 

Dyserythropoietic Anemia type 4 (iCDA4).  

The iKLF1-E325K iPSC lines iCDA4.1 and iCDA4.20 were selected for the experiments 

presented in this thesis, representative of one heterozygous and one homozygous 

iPSC line.  

 

Figure 4.2 PCR screening of iPSC clones for correct integration of the KLF1-E325K-ERT2 
construct into the AAVS1 locus of SFCi55 iPSCs.  
A: A schematic diagram of the KLF1-E325K-ERT2 construct targeted into the AAVS1 locus 
showing the amplicons for PCRs 1-4 and the PCR screening results for clones 1-23. Negative 
control (NC): SFCi55 iPSCs. Positive control (PC): iKLF1-WT iPSCs.  
B: A schematic diagram of the non-targeted AAVS1 locus showing the amplicon for PCR 5 
and the PCR screening results for the NC, PC and clones 1-23. 
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4.3.1.4 Confirmation of KLF1-E325K expression in selected clones  

qRT-PCR was used to confirm that expression of KLF1-E325K was at a level consistent 

with CAG promotor activity (Figure 4.3A). Both iKLF1-E325K iPSC lines (iCDA4.1 and 

iCDA4.20) expressed significantly more KLF1 than the parental line (Figure 4.3B). It 

was previously reported that the iKLF1-WT iPSC line was homozygous with the 

transgene being integrated into both AAVS1 alleles (172). The homozygous iKLF1-

E325K iPSC line (iCDA4.20) had comparable KLF1 expression to the iKLF1-WT line. As 

predicted the iKLF1-E325K iPSC line (iCDA4.1), in which the KLF1-E325K-ERT2 

construct is integrated into only one AAVS1 allele, expressed less KLF1 than the two 

homozygous lines (Figure 4.3B). 

Upon the addition of 4OH-tamoxifen, the KLF1-E325K-ERT2 fusion protein 

translocates from the cell cytoplasm to the nucleus. Therefore, I also investigated 

whether this translocation of KLF1-E325K-ERT2 to the nucleus had an effect on 

endogenous KLF1 expression. To investigate any potential transcriptional feedback 

loop of KLF1-E325K expression on endogenous KLF1 expression, qRT-PCR was 

performed using a reverse primer that is complementary to the KLF1-WT sequence 

and will therefore only amplify KLF1-WT transcript and not KLF1-E325K (Figure 4.3A). 

iPSCs were either untreated or treated with 100 nM 4OH-tamoxifen for 24 hours prior 

to fixing and staining. Use of this primer confirmed that there was no significant 

increase in endogenous KLF1-WT expression in both iKLF1-E325K iPSC lines upon 

4OH-tamoxifen induced KLF1-E325K activation (Figure 4.3C).  
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Figure 4.3 Gene expression of KLF1-WT and KLF1-E325K in undifferentiated iPSCs 
assessed by qRT-PCR.  
A: KLF1 qRT-PCR strategy. qRT-PCR 1 amplifies both KLF1-WT and KLF1-E325K transcripts. 
qRT-PCR 2 amplifies only KLF1-WT transcripts. qRT-PCRs were conducted on RNA extracted 
from iPSCs from the parental (SFCi55), iKLF1-WT, and both iKLF1-E325K iPSC lines.  
B: qRT-PCR for both KLF1-WT and KLF1-E325K. Fold change analysed relative to parental 
line. Datapoints represent individual iPSC harvests. 
C: qRT-PCR for KLF1-WT only. Fold change analysed relative to parental line iPSCs -Tam.    
Error bars represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01, 
***p<0.001, ****p<0.0001. Datapoints represent individual iPSC harvests. 
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4.3.1.5 Confirmation of KLF1-E325K-ERT2 fusion protein nuclear translocation 

Immunohistochemistry was used to confirm that the KLF1-E325K-ERT2 fusion protein 

translocated to the nucleus upon 4OH-tamoxifen addition, and that the KLF1-E325K 

mutation does not affect this activity. iPSCs were either untreated or treated with 

100 nM 4OH-tamoxifen for 24 hours prior to fixing and staining. iKLF1-WT iPSCs were 

used as a positive control as translocation of the KLF1-WT-ERT2 fusion protein has 

been previously confirmed (172).  

Fixed iPSCs from all inducible iPSC lines (+/- 4OH-tamoxifen) were evaluated by 

immunofluorescence staining using an anti-KLF1 antibody (Chapter 2 Section 2.4.2). 

KLF1 was detected in the cytoplasm of iPSCs from the iKLF1-WT and iKLF1-E325K lines 

(Figure 4.4). There was a noticeable reduction in the intensity of KLF1 staining in the 

cytoplasm of 4OH-tamoxifen treated cells compared to untreated cells.  Also, more 

intense staining of KLF1 was observed in the nucleus of iPSCs from all lines treated 

with 100 nM of 4OH-tamoxifen compared to untreated cell. Taken together this 

demonstrates that the strategy was working as predicted and KLF1-E325K-ERT2 fusion 

protein translocated to the nucleus (Figure 4.4). There was no observable difference 

between KLF1-WT and KLF1-E325K fusion protein translocation suggesting that the 

E325K point mutation had no effect on this activity (Figure 4.4). I did observe some 

staining of KLF1 in the nucleus of untreated cells, showing that there is some nuclear 

translocation of the KLF1-WT/E325K-ERT2 fusion proteins without 4OH-tamoxifen 

addition.  
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Figure 4.4 KLF1-WT-ERT2 and KLF1-E325K- ERT2 fusion proteins translocate to the cell 
nucleus upon 4OH-tamoxifen addition in undifferentiated iPSCs.                                                                                                                    
A: Representative images of fixed iKLF1-WT iPSCs in the presence and absence of 4OH-
tamoxifen using an anti-KLF1 antibody.  
B: Representative images of fixed iKLF1-E325K iPSCs from the heterozygous line (iCDA4.1) 
in the presence and absence of 4OH-tamoxifen using an anti-KLF1 antibody.  
C: Representative images of fixed iKLF1-E325K iPSCs from the homozygous line (iCDA4.20) 
in the presence and absence of 4OH-tamoxifen using an anti-KLF1 antibody. Magenta 
represents nuclei and green represents KLF1. 40X magnification. 10 μm scale bar.  
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Together, these data confirm that iKLF1-E325K iPSCs express high levels of transgenic 

KLF1-E325K and that the KLF1-E325K-ERT2 fusion protein translocated from the 

cytoplasm of the cell to the nucleus upon 4OH-tamoxifen addition.  

4.3.2 KLF1-E325K activation recapitulates disease pathology in cells generated from 

iKLF1-E325K iPSCs under erythroid differentiation conditions  

With the iKLF1-E325K iPSC cell lines established, it was first assessed whether 

erythroid cells could be generated from these lines, and whether activation of KLF1-

E325K in erythroid cells induced a CDA patient phenotype.  

4.3.2.1 KLF1-E325K activation does not alter the morphology of cells generated 

under erythroid differentiation conditions 

Cells were generated under erythroid differentiation conditions from two inducible 

iKLF1-E325K iPSC lines (iCDA4.1 and iCDA4.20) and one control iKLF1-WT iPSC line 

(Figure 3.1C). 100 nM 4OH-tamoxifen was added to cultures every 2 days to induce 

KLF1-E325K activation. Cells generated from the iKLF1-E325K iPSC lines are 

morphologically comparable to cells generated from control iKLF1-WT iPSCs (Figure 

4.5). 4OH-tamoxifen addition alone has no effect on cell morphology (Appendix 3). 

Macrophages can be observed in suspension cell populations generated under 

erythroid differentiation conditions from all iKLF1-E325K and iKLF1-WT lines (Figure 

4.5). These macrophages are in contact with other cells and can be identified by their 

larger size and the presence of large vesicles throughout the cytoplasm lines (Figure 

4.5).  

The remaining cells generated from all iPSC lines, which consist of haematopoietic 

cells and erythroid precursors, have a spherical shape and range between 

approximately 10-20 μm in size. This cell size, in combination with the cell 

morphology and contact with macrophages, suggests that a large proportion of these 

cells are erythroblasts. Induction of both KLF1-WT and KLF1-E325K activation via the 

addition of 4OH-tamoxifen appears to have no effect on the morphology of cells 

generated (Figure 4.5). 
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Figure 4.5 KLF1-E325K activation does not alter the morphology of cells generated under 
erythroid differentiation conditions. Representative Kwik-Diff stained cytospins of cells 
generated from erythroid differentiations of a KLF1-WT iPSC line and two control iKLF1-
E325K iPSC lines (iCDA4.1 and iCDA4.20) in the presence and absence of 4OH-tamoxifen. 
Cytospins were performed on suspension cells on the day they were harvested. 20x 
magnification. 20 μm scale bar. 

 

4.3.2.2 KLF1-E325K activation significantly reduces populations of CD235a+ cells and 

CD71+ cells generated under erythroid differentiation conditions  

Cells generated under erythroid differentiation conditions from two inducible iKLF1-

E325K iPSC lines (iCDA4.1 and iCDA4.20) were assessed for the expression of the cell 

surface markers CD43, EpCAM, CD235 and CD71, and compared to cells generated 

from a control iKLF1-WT iPSC line. 

Flow cytometry plots were gated as described (Chapter 2 Section 2.3.1). A 

comparable percentage of cells generated under erythroid differentiation conditions 

from all iPSC lines were CD43+ and EpCAM+, with no significant difference observed 

in the numbers of cells positive for either marker between iPSC lines and 4OH-

tamoxifen untreated vs treated cells (Figure 4.6B).  

In Chapter 3 I observed that significantly fewer CD235a+ cells and CD71+ cells were 

generated from CDA patient iPSCs compared to control iPSCs under erythroid 

differentiation conditions (Chapter 3 Section 3.3.1.2). It was therefore assessed 

whether KLF1-E325K activation induced this phenotype. KLF1-E325K activation 
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significantly reduced the populations of CD235a+ cells and CD71+ cells (Figure 4.6C/D). 

KLF1-E325K activation in both iKLF1-E325K lines reduced the population of CD235a+ 

cells by approximately 50%, and the population of CD71+ cells by approximately 60%. 

KLF1-WT activation had no effect on the populations of CD235a+ cells and CD71+ cells 

generated (Figure 4.6C/D). 4OH-tamoxifen addition alone had no effect on the  

proportion of cells expressing CD43, EpCAM, CD235a and CD71 (Appendix 3). 

There appears to be a KLF1-E325K expression level-dependent effect on the 

reduction in populations of CD235a+ cells and CD71+ cells. Upon KLF1-E325K 

activation, there was a significantly lower percentage of CD235+ cells generated from 

iKLF1-E325K iPSCs from the homozygous line (iCDA4.20) that had two copies of the 

KLF1-E325K-ERT2  transgene, compared to cells generated from iKLF1-E325K iPSCs 

from the heterozygous line (iCDA4.1) that had one copy (Figure 4.6D). There is a 

similar trend in CD71+ cells populations. Upon KLF1-E325K activation, there were 

fewer CD71+ cells generated from iKLF1-E325K iPSCs from the homozygous line 

(iCDA4.20) compared to cells generated from iKLF1-E325K iPSCs from the 

heterozygous line (iCDA4.1) (Figure 4.6D). 



100 
 

 

Figure 4.6 KLF1-E325K activation significantly reduces populations of CD235a+ cells and 
CD71+ cells generated under erythroid differentiation conditions. Flow cytometry 
analyses were performed on suspension cells generated under erythroid differentiation 
conditions from two inducible iKLF1-E325K iPSC lines and one control iKLF1-WT iPSC line. 
Suspension cells were assessed on the day that they were harvested. Datapoints represent 
individual suspension cell harvests.  
A: Representative flow cytometry plots of suspension cells generated in the presence and 
absence of 4OH-tamoxifen assayed for expression of CD43 or EpCAM.  
B: Quantification of flow cytometry analyses of the percentage of cells expressing CD43 or 
EpCAM. Error bars represent SEM. One-way ANOVA with Tukey post-test generated no 
statistically significant p-values.  
C: Representative flow cytometry plots of suspension cells generated in the presence and 
absence of 4OH-tamoxifen assayed for expression of CD235a or CD71 Quantification of 
flow cytometry analyses of the percentage of cells expressing each marker.  
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D: Quantification of flow cytometry analyses of the percentage of cells expressing CD235 
or CD71. Error bars represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05 **p < 
0.01. 

 

4.3.3. Tamoxifen treatment alone has no observed effect on cells generated under 

erythroid differentiation conditions  

Untreated and 4OH-tamoxifen treated cells generated under erythroid 

differentiation conditions from the parental iPSC line (SFCi55) were used to assess 

any effects as a result of 4OH-tamoxifen treatment only.  

4OH-tamoxifen treatment had no effect on the morphology or cell surface marker 

expression of CD43, EpCAM, CD235a or CD71 of cells generated under erythroid 

differentiation conditions (Figure 4.7).  

 



102 
 

 
Figure 4.7 4OH-tamoxifen treatment alone has no observed effect on cells generated 
from parental line iPSCs (SFCi55) under erythroid differentiation conditions.                                                                            
A: Representative Kwik-Diff stained cytospins of cells generated under erythroid 
differentiation conditions from parental line (SFCi55) iPSCs. Cytospins were performed at 
the point of harvest. 20X magnification. 20 μm scale bar.                                                                                       
B: Representative flow cytometry plots of suspension cells generated under erythroid 
differentiation conditions assayed for expression of CD43, EpCAM, CD235a and CD71.                             
C: Quantification of flow cytometry analyses of the percentage of cells expressing each 
marker. Datapoints represent individual suspension cell harvests. Error bars represent 
SEM. Unpaired t-tests generated no statistically significant p-values.                                                                                                                                          
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4.4 Discussion  

I generated several iKLF1-E325K iPSC lines in which a KLF1-E325K-ERT2 fusion protein 

was constitutively expressed in the cytoplasm of the cell and translocated to the 

nucleus upon 4OH-tamoxifen addition. I selected two iKLF1-E325K iPSC lines, with 

either one (iCDA4.1) or two (iCDA4.20) copies of the KLF1-E325K-ERT2 transgene, for 

experiments. KLF1-E325K gene expression levels in both iKLF1-E325K iPSC lines were 

confirmed to be consistent with CAG promotor activity, and I observed nuclear 

translocation of the KLF1-E325K-ERT2 fusion protein in both lines. I then showed that 

KLF1-E325K activation in cells generated from both iKLF1-E325K iPSC lines under 

erythroid differentiation conditions induced the CDA erythroid cell phenotype, with 

a significant reduction in the percentage of CD235a+ cells and CD71+ cells generated.  

4.4.1 Leakiness of KLF1-E325K-ERT2 system  

Leakiness of the ERT2 system has been previously reported in bone marrow cells, and 

also in erythroid differentiations of iKLF1-WT iPSCs (172, 344). Both iKLF1-WT and 

iKLF1-E325K iPSCs do appear to show some leakiness here, with staining of KLF1 

observed in the nucleus of iPSCs in the absence of 4OH-tamoxifen. This leakiness was 

not quantified. In the absence of tamoxifen, I would not expect to observe baseline 

KLF1 expression as endogenous KLF1 expression is not well detected by 

immunocytochemistry, therefore I have attributed the KLF1 staining  in the nucleus 

to leakiness. The observation of KLF1 staining, and therefore the KLF1-E325K- ERT2 

fusion protein, in the nucleus of untreated iKLF1-E325K iPSCs does not appear to have 

functional consequences in cells generated under erythroid differentiation 

conditions. Cells generated from both iKLF1-E325K iPSC lines in the absence of 4OH-

tamoxifen show no decrease in the percentage of CD235a+ cells and CD71+ cells 

compared to cells generated from iKLF1-WT iPSCs.  

4.4.2 Assessment of CDA disease pathology in cells generated from iKLF1-E325K 

iPSCs under erythroid differentiation conditions 

A previous study that noted that fewer cells were generated during erythroid 

differentiations of iKLF1-WT iPSCs compared to a parental control line (172). In 

agreement with this study, far fewer cells were generated from iKLF1-E325K and 

iKLF1-WT iPSC lines under erythroid differentiation conditions compared to the CDA 
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patient and control iPSC lines described in Chapter 3 (Data not shown). As a result, 

cell yields were sufficient for cytospins and flow cytometry analyses only. No RNA was 

extracted from cells generated from the iKLF1-WT and iKLF1-E325K iPSC lines and 

therefore no gene expression analyses could be performed on these cells. This 

decrease in yields is likely due to the presence of the construct itself, rather than 

being a KLF1-E325K or KLF1-WT specific effect as there was no significant difference 

in yields between iKLF1-E325K and iKLF1-WT differentiations.  

Additionally, there were technical factors that could have introduced variability 

between experiments. Erythroid differentiations of CDA patient and control iPSC lines 

were conducted several months before erythroid differentiations of the iKLF1-E325K 

and iKLF1-WT lines. During this 6-month period, no EBs were able to be generated. 

This was due to an unidentified issue with StemProTM iPSC maintenance media in 

which iPSCs were either not viable or did not form EBs. This indicated either an issue 

or change in formulation of the StemProTM media, which could have impacted upon 

subsequent differentiations once EBs could be generated again.  

There appears to be a KLF1-E325K expression level-dependent effect on the 

reduction in populations of CD235a+ cells and CD71+ cells generated under erythroid 

differentiation conditions when KLF1-E325K is activated. Upon KLF1-E325K 

activation, there are significantly fewer CD235a+ cells generated from homozygous 

iKLF1-E325K iPSCs that had two copies of the KLF1-E325K-ERT2 transgene (iCDA4.20) 

compared to cells generated from heterozygous iKLF1-E325K iPSCs with one copy 

(iCDA4.1). There is a similar trend in CD71+ cells populations. The percentage of 

CD235a+ cells and CD71+ cells generated from both iKLF1-E325K iPSC lines upon KLF1-

E325K activation are comparable with the percentage of CD235a+ cells and CD71+ 

cells generated under erythroid differentiation conditions from the CDA patient iPSC 

line (Chapter 3). I would therefore speculate that the KLF1-E325K-ERT2 system results 

in expression of KLF1-E325K comparable to that of endogenous KLF1 expression in 

CDA patient erythroid cells, however I could not confirm this via qRT-PCR. 

There are more CD71+ cells than CD235a+ cells generated under erythroid 

differentiation conditions from CDA patient iPSCs. Conversely, there are more 

CD235a+ cells than CD71+ cells generated under erythroid differentiation conditions 
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from both iKLF1-E325K iPSC lines. There are several explanations for this observed 

trend: 

1. More macrophages, which are CD71+, are generated from CDA patient-derived 

iPSCs than iKLF1-E325K iPSCs under erythroid differentiation conditions. Based on 

observations of cytospin images of the cells, this does not appear to be the case.  

2. Cells generated under erythroid differentiation conditions from iKLF1-E325K iPSCs 

are more mature than cells generated from CDA patient iPSCs. As erythroid 

differentiation progresses, expression of CD71 is lost, while expression of CD235a is 

gained (39). CD235a is expressed by both erythroid precursors and erythrocytes 

(322). Therefore, CD235a+ CD71- cells represent mature erythroid cells.  

3. The erythroid differentiation presented in Chapter 3 was less efficient than the 

erythroid generation presented in this chapter. Approximately 70% of cells generated 

from two iPSC control lines in Chapter 3 are CD235a+, compared to approximately 

80% of cells generated from the untreated inducible iPSC lines. This does indeed 

suggest that the erythroid differentiation in this chapter was more efficient than the 

previous differentiation and could explain the increase in CD235a+ cells.  

One limitation to the generation of erythroid cells from iPSCs, using both the patient-

derived iPSCs and the iKLF1-E325K iPSCs used in this chapter, is that expression of 

KLF1-related structural proteins such as ICAM4, tropomodulin 1, and BAND 3 are 

significantly lower in CDA type IV patient erythroid cells (131). Low levels of these 

proteins in CDA patient erythroid cells have been speculated to contribute to the 

fragility of patients RBCs (131). One of the existing limitations to the differentiation 

of RBCs from iPSCs is that the cells produced have a fragile morphology (172). This 

limitation is therefore amplified when trying to generate erythroid cells from iPSCs 

that carry a mutation that affects the expression of structural proteins in these cells. 

As a result, it was very challenging to generate KLF1-E325K erythroid cells robust 

enough for any additional assays or analyses, and this likely also contributed to the 

low cell numbers that were able to be harvested. This is therefore a key limitation to 

using iPSCs to model erythroid cells in RBC disorders.  
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5.1 Introduction 

The ability to genetically engineer iPSCs, and therefore any cells derived from them, 

presents a promising approach to dissect the role of individual genes within the 

human EBI niche. Indeed, the 4OH-tamoxifen-ERT2 system has been particularly 

useful as it appears to recapitulate endogenous gene expression levels, avoiding the 

very high non-physiological expression levels often seen in standard transgenic or 

viral expression systems (172, 201). A KLF1-WT activation strategy was previously 

shown to induce phenotypic and functional changes in iPSC-DMs, inducing a more 

EBI-macrophage like phenotype (201). This human iPSC-derived macrophage strategy 

holds great potential in the context of RBC disorders, where pathogenic gene 

mutations can be introduced into EBI-like macrophages to investigate whether 

genetic deficiencies in the niche contribute to disease pathology. 

One key limitation of the CDA patient iPSC-derived macrophages that were described 

and characterised in Chapter 3 is that they expressed very low levels of KLF1 and so 

might not accurately model in vivo EBI macrophages. EBI macrophages in mice have 

been shown to express KLF1, and the Forrester lab previously demonstrated that 

increasing the level of KLF1 resulted in an EBI-like macrophage phenotype in iPSC-

DMs (201). I hypothesised that the generation of a faithful model of CDA patient EBI 

macrophages might also require increased KLF1-E325K expression levels. I therefore 

generated and validated two iPSC lines carrying an activatable form of KLF1-E325K 

(iKLF1-E325K) (Chapter 4). KLF1-E325K activation in cells generated under erythroid 

differentiation conditions from both of the iKLF1-E325K iPSC lines mimicked the CDA 

patient phenotype.  

5.2 Aims and Approaches 

1. The first aim of this chapter was to generate macrophages from iKLF1-E325K iPSC 

lines and confirm that KLF1-E325K expression levels and translocation of the KLF1-

E325K-ERT2 fusion protein are comparable to undifferentiated iPSCs.  

2. The second aim of this chapter was to characterise and compare the phenotype of  

iKLF1-E325K iPSC-DMs with iKLF1-WT iPSC-DMs following activation with 4OH-

tamoxifen.  
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3. The third aim of this chapter was to assess the function of iKLF1-E325K iPSC-DMs 

in an in vitro model of the EBI niche by comparing their ability to support the erythroid 

differentiation, maturation and enucleation of erythroid cells with iKLF1-WT iPSC-

DMs. 
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5.3 Results 

5.3.1 Generation and confirmation of inducible KLF1-E325K iPSC-DMs  

Macrophages were generated from two inducible iKLF1-E325K iPSC lines (iCDA4.1 & 

iCDA4.20) and one control iKLF1-WT iPSC line. 4OH-tamoxifen was added during the 

terminal maturation stage, stage 3, of the iPSC-macrophage differentiations on days 

8 and 10 (Figure 3.5).  

5.3.1.1 KLF1-E325K activation does not alter macrophage morphology  

Macrophages generated from all iPSC lines were large in size, ranging between 20-40 

μm, with a small nucleus and numerous cytoplasmic vesicles (Figure 5.1). This is 

consistent with the morphology of macrophages characterised in Chapter 3. iKLF1-

WT iPSC-DMs had a comparable morphology to iKLF1-E325K iPSC-DMs and activation 

of KLF1-WT or KLF1-E325K via the addition of 4OH-tamoxifen had no obvious effect 

on macrophage morphology (Figure 5.1).  

 

Figure 5.1 The E325K mutation in KLF1 does not alter macrophage morphology. 
Representative Kwik-Diff stained cytospins of macrophages generated from two inducible 
iKLF1-E325K iPSC lines (iCDA4.1 & iCDA4.20) and one control iKLF1-WT iPSC line. 20x 
magnification. 20 μm scale bar. 
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5.3.1.2 Confirmation of KLF1-E325K expression in iKLF1-E325K iPSC-DMs  

Using the strategy presented in Chapter 4, qRT-PCR was used to confirm that iKLF1-

E325K iPSC-DMs expressed KLF1-E325K at a level consistent with CAG promotor 

activity, and that KLF1-E325K activation did not induce endogenous KLF1-WT 

expression (Figure 5.2A).  

iKLF1-E325K iPSC-DMs generated from both iKLF1-E325K iPSC lines (iCDA4.1 and 

iCDA4.20) expressed high levels of KLF1-E325K (Figure 5.2B). iKLF1-E325K iPSC-DMs 

generated from the heterozygous line that had one copy of the KLF1-E325K-ERT2 

transgene (iCDA4.1) expressed a lower level of KLF1-E325K than iPSC-DMs generated 

from the homozygous line that had two copies (iCDA4.20) (Figure 5.2B). KLF1-E325K 

activation did not significantly affect endogenous KLF1-WT expression in iKLF1-E325K 

iPSC-DMs from both lines (Figure 5.2C). 4OH-tamoxifen addition alone had no effect 

on the expression level of KLF1 (Appendix 3). 
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Figure 5.2 Gene expression of KLF1-WT and KLF1-E325K in iPSC-DMs assessed by qRT-
PCR. A: KLF1 qRT-PCR strategy. qRT-PCR 1 amplifies both KLF1-WT and KLF1-E325K 
transcripts. qRT-PCR 2 amplifies only KLF1-WT transcripts. qRT-PCRs were conducted on 
RNA extracted from iPSC-DMs generated from the parental (SFCi55), iKLF1-WT, and both 
iKLF1-E325K iPSC lines.  
B: qRT-PCR1 to detect KLF1-WT and KLF1-E325K. Fold change analysed relative to parental 
line iPSCs. Error bars represent SEM. Unpaired t-test. *p < 0.05. Datapoints represent 
individual macrophage harvests.                                                                                                                         
C: qRT-PCR to detect KLF1-WT only. Fold change analysed relative to parental line iPSCs -
Tam. Error bars represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05, **p < 
0.01, ***p<0.001, ****p<0.0001. Datapoints represent individual macrophage harvests.  
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5.3.1.3 Confirmation of KLF1-E325K-ERT2 fusion protein nuclear translocation in 

iKLF1-E325K iPSC-DMs  

As presented in Chapter 4, the KLF1-E325K-ERT2 fusion protein translocated to the 

nucleus upon 4OH-tamoxifen addition in undifferentiated iPSCs (Figure 4.4). The 

same immunofluorescence staining protocol was used to confirm that this 

translocation activity was retained in differentiated macrophages generated from 

iKLF1-E325K iPSC lines. 

iKLF1-E325K iPSC-DMs were either untreated or treated with 100 nM 4OH-tamoxifen 

for 24 hours prior to fixing and staining. iKLF1-WT iPSC-DMs were used as a positive 

control. 

Fixed iPSC-DMs from all inducible iPSC lines (+/- 4OH-tamoxifen) were evaluated by 

immunofluorescence staining using an anti-KLF1 antibody (Chapter 2 Section 2.4.2). 

KLF1 was detected in the cytoplasm of iPSC-DMs from the iKLF1-E325K and iKLF1-WT 

lines (Figure 5.3). As observed in undifferentiated iPSCs, there was a noticeable 

reduction in the intensity of KLF1 staining in the cytoplasm of 4OH-tamoxifen treated 

cells compared to untreated cells.  More intense staining of KLF1 was observed in the 

nucleus of iPSC-DMs generated from all lines treated with 100 nM of 4OH-tamoxifen 

compared to untreated iPSC-DMs. Taken together, this demonstrates that the KLF1-

E325K-ERT2 fusion protein retained its ability to translocate to the nucleus upon 4OH-

tamoxifen addition in iKLF1-E325K iPSC-DMs (Figure 5.3).   

As observed in undifferentiated iPSCs, I see staining of KLF1 in the nucleus of 

untreated cells, showing that there is nuclear translocation of the KLF1-WT/E325K-

ERT2 fusion proteins without 4OH-tamoxifen addition (Figure 5.3). The nuclear KLF1 

staining observed in untreated iPSC-DMs appears much brighter than the nuclear 

KLF1 staining observed in undifferentiated iPSCs (Figure 4.4, Figure 5.3). This was not 

quantified. This suggests that the system is ‘leakier’ in iPSC-DMs, meaning that there 

is more translocation of the fusion proteins without 4OH-tamoxifen addition in iPSC-

DMs compared to undifferentiated iPSCs.  
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Figure 5.3 KLF1-WT-ERT2 and KLF1-E325K- ERT2 fusion proteins translocate to the cell 
nucleus upon 4OH-tamoxifen addition in iPSC-DMs.   
A: Representative images of fixed iKLF1-WT iPSC-DMs in the presence and absence of 4OH-
tamoxifen using an anti-KLF1 antibody.  
B: Representative images of fixed iKLF1-E325K iPSC-DMs from the heterozygous line 
(iCDA4.1) in the presence and absence of 4OH-tamoxifen using an anti-KLF1 antibody.  
C: Representative images of fixed iKLF1-E325K iPSC-DMs from the homozygous line 
(iCDA4.20) in the presence and absence of 4OH-tamoxifen using an anti-KLF1 antibody. 
Magenta represents nuclei and green represents KLF1. 20X magnification. 10 μm scale bar. 
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5.3.2 The E325K mutation impedes the loss of CD93 induced by KLF1 

Flow cytometry analyses of cells generated from iKLF1-E325K iPSCs under erythroid 

differentiation conditions confirmed that KLF1-E325K activation could induce a CDA 

patient phenotype. Therefore, iKLF1-E325K iPSCs were phenotypically characterised 

by flow cytometry to assess the effects of KLF1-E325K activation on the expression of 

cell surface markers in iPSC-DMs. iKLF1-E325K iPSC-DMs were assessed for 

expression of the following cell surface markers to assess the effect of KLF1-E325K 

activation on haematopoietic lineage commitment and maturation: CD45, CD93, 

25F9, CD163 and CD169.  

Flow cytometry plots were gated as described in the methods (Chapter 2 Section 

2.3.2) and representative plots for iPSC-DMs generated from each inducible iPSC line 

are shown (Figure 5.4). KLF1-E325K activation had no effect on the haematopoietic 

commitment of iKLF1-E325K iPSC-DMs, with a comparable percentage of CD45+ cells 

observed between untreated and 4OH-tamoxifen treated iKLF1-E325K iPSC-DMs 

(Figure 5.4). KLF1-E325K activation also had no effect on the expression of the EBI 

macrophage markers CD163 and CD169, with a comparable percentage of CD163+ 

and CD169+ cells observed between untreated and 4OH-tamoxifen treated iKLF1-

E325K iPSC-DMs (Figure 5.4). There was a comparable percentage of CD45+, CD163+ 

and CD169+ cells between iKLF1-E325K and iKLF1-WT iPSC-DMs. 4OH-tamoxifen 

addition alone had no effect on expression of CD45, CD163 and CD169 (Appendix 3). 
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Figure 5.4 The E325K mutation in KLF1 has no effect on cell surface expression of CD45, 
CD163 and CD169. Flow cytometry analyses were performed on iPSC-DMs generated from 
two inducible iKLF1-E325K iPSC lines (iCDA4.1 and iCDA4.20) and one control iKLF1-WT 
iPSC line.  
A: Representative flow cytometry plots of iPSC-DMs assayed for expression of CD45.  
B: Representative flow cytometry plots of iPSC-DMs assayed for expression of CD163 and 
CD169.  
C: Quantification of flow cytometry analyses of the percentage of cells expressing each 
marker. Datapoints represent individual macrophage harvests. Error bars represent SEM. 
One-way ANOVA with Tukey post-test generated no statistically significant p-values. 
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KLF1-E325K activation had no discernible effect on the expression of the mature 

macrophage marker 25F9, with a comparable percentage of 25F9+ cells observed 

between untreated and 4OH-tamoxifen treated iKLF1-E325K iPSC-DMs (Figure 5.5).  

As iPSC-DMs mature, they lose expression of the monocyte marker CD93 (334). In 

agreement with a previous study in which KLF1-WT activation significantly increased 

cell surface expression of the mature macrophage marker CD206 (201), KLF1-WT 

activation reduced the percentage of immature CD93+ iPSC-DMs (Figure 5.5). This 

suggests that KLF1-WT activation promotes iPSC-DM maturation.  In contrast, KLF1-

E325K activation increased the percentage of immature CD93+ iPSC-DMs generated 

from both the heterozygous and homozygous iPSC Iines (Figure 5.5). This suggests 

that the presence of the E325K mutation in KLF1 impedes its ability to induce the 

maturation of macrophages. In fact, activation of the KLF1-E325K protein in 

macrophages appears to inhibit macrophage maturation resulting in an increase in 

the proportion of cells expressing CD93. 

Interestingly, there were significantly more CD93+ iKLF1-E325K iPSC-DMs from 

untreated iPSC-DMs generated from the homozygous (iCDA4.20) iPSC line compared 

to untreated iKLF1-WT iPSC-DMs (Figure 5.5). This shows that there was a phenotypic 

effect to the leakiness of the KLF1-E325K-ERT2 system within iPSC-DMs, with 

observation of KLF1 staining and therefore the KLF1-E325K-ERT2 fusion protein in the 

nucleus of untreated macrophages (Figure 5.3).  

Further evidence that the inhibition of macrophage maturation is associated with the 

KLF1-E325K mutation is provided by the observation that the increase in the 

proportion of CD93+ cells is correlated with the level of expression of KLF1-E325K. 

There were significantly more immature CD93+ iKLF1-E325K iPSC-DMs generated 

from the homozygous line (iCDA4.20) in which there are two copies of the KLF1-

E325K-ERT2 transgene, compared to iKLF1-E325K iPSC-DMs generated from the 

heterozygous line (iCDA4.1) that only had one copy (Figure 5.5).  

4OH-tamoxifen addition alone has no effect on expression of 25F9 and CD93 

(Appendix 3). 
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Figure 5.5 The E325K mutation in KLF1 impedes its ability to induce the maturation of 
macrophages. Flow cytometry analyses were performed on iPSC-DMs generated from two 
inducible iKLF1-E325K iPSC lines (iCDA4.1 and iCDA4.20) and one control iKLF1-WT iPSC 
line.  
A: Representative flow cytometry plots of iPSC-DMs assayed for expression of 25F9 and 
CD93.  
B: Quantification of flow cytometry analyses of the percentage of cells expressing each 
marker. Datapoints represent individual macrophage harvests. Error bars represent SEM. 
One-way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001.  
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5.3.3 Reduced maturation and enucleation of erythroid cells in co-culture with 

iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-DMs                                                                                      

I observed that the presence of the E325K mutation induced a phenotypic effect in 

iKLF1-E325K iPSCs, showing that KLF1-E325K impedes the loss of the monocyte 

marker CD93 from iKLF1-E325K iPSC-DMs (Figure 5.5). I next wanted to assess 

whether this phenotypic change in macrophage marker expression has any functional 

consequences. I hypothesised that iKLF1-E325K iPSC-DMs would be a more 

appropriate model for a CDA patient EBI macrophage due to their increased KLF1-

E325K expression levels. Therefore, I assessed whether KLF1-E325K affected the 

function of  EBI macrophages, specifically their supportive role in erythroid cell 

maturation. iKLF1-E325K iPSC-DMs were used in an in vitro model of the EBI niche 

described in chapter 3. Briefly iPSC-DMs were co-cultured with UCB-derived CD34+ 

cells under erythroid differentiation cell culture conditions (Figure 3.9). Erythroid 

differentiation efficiency was measured by assessing the proportion of mature 

enucleated erythroid cells in the culture by flow cytometry on days 11, 14 , 18 and 

21. Flow cytometry plots were gated as described in the methods (Chapter 2 Section 

2.3.3).  

The effect of co-culture with iKLF1-E325K iPSC-DMs was compared to the effect of 

iKLF1-WT iPSC-DMs as activation of KLF1 was previously shown to increase the 

percentage of mature enucleated erythroid cells produced from differentiating UCB-

derived CD34+ cells (201).  

In agreement with results presented in Chapter 3, there was a progressive increase 

in the percentage of CD235a+ suspension cells in all cultures, and by day 21 over 98% 

of cells in all conditions expressed CD235a (Figure 5.6B) . This result indicates that the 

E325K mutation in KLF1 had no significant effect on erythroid lineage commitment. 

In agreement with previous studies and results presented in Chapter 3, the presence 

of macrophages in the culture significantly increased erythroid cell maturation and 

enucleation (Figure 5.6C) (201, 211, 212). Averaged across cell lines, the percentage 

of mature enucleated erythroid cells increases from around 20% when cells are 

cultured without macrophages, to around 55-60% in the presence of macrophages 

(Figure 5.6C).  
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Interestingly, there was a decrease in the percentage of mature enucleated erythroid 

cells at both days 18 and 21 when differentiating erythroid cells were co-cultured 

with iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-DMs irrespective of 4OH-

tamoxifen treatment (Figure 5.6C). At day 21, this decrease was approximately 15% 

(Figure 5.6). Consistent with CD93 expression described in the previous section, there 

appears to be a KLF1-E325K expression level-dependent effect on the number of  

mature enucleated cells produced. There was a slightly lower proportion of mature 

enucleated cells in co-cultures with iCDA4.20 iPSC-DMs that had two copies of the 

transgene compared to iCDA4.1 iPSC-DM that only had one (Figure 5.6C). 

There is a modest increase in the percentage of mature enucleated cells in cultures 

with KLF1-WT activated iPSC-DMs at day 21, however the  effect of activation was 

significantly less than previously observed (Figure 5.6C) (201).  In agreement with 

previous findings there was no non-specific effect of 4OH-tamoxifen on expression of 

CD235a, or the percentage of mature enucleated cells in cultures when cultured with 

control iPSC-DMs that did not contain the transgene (Appendix 3). 
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Figure 5.6 Fewer erythroid cells mature and enucleate in co-culture with iKLF1-E325K 
iPSC-DMs compared to iKLF1-WT iPSC-DMs.  
A: Representative Kwik-Diff stained cytospins of UCB CD34+ cells cultured in the presence 
of inducible line iPSC-DMs for days 11, 14, 18 and 21 of the culture. 
B: Quantification of flow cytometry analyses of the percentage of CD235a+ suspension cells 
for days 11, 14, 18 and 21 of the culture. Error bars represent SEM. One-way ANOVA with 
Tukey post-test generated no statistically significant p-values. Datapoints represent 
individual experiments.   
C: Quantification of flow cytometry analyses of the percentage of Hoechst-CD71- 
suspension cells for days 11, 14, 18 and 21 of the culture. Error bars represent SEM. One-
way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001. 
Datapoints represent individual experiments.  



121 
 

 

5.3.4 Tamoxifen treatment alone has no observed effect on iPSC-derived 

macrophage phenotype and function within the erythroblastic island 

Untreated and 4OH-tamoxifen treated iPSC-DMs from the parental iPSC line (SFCi55) 

were used to assess any effects as a result of 4OH-tamoxifen treatment only.  

4OH-tamoxifen treatment had no effect on iPSC-DM morphology or cell surface 

marker expression of CD45, CD93, 25F9, CD163 or CD169. 4OH-tamoxifen treatment 

also had no effect on CD235a expression and the percentage of mature enucleated 

cells at several timepoints in an in vitro model of the EBI (Figure 5.7).  
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Figure 5.7 4OH-tamoxifen treatment alone has no observed effect on macrophages 
generated from parental line iPSCs (SFCi55)  
A: Representative Kwik-Diff stained cytospins of parental line (SFCi55) iPSC-DMs. 20X 
magnification. 20 μm scale bar.                                                                                                      
B: Representative flow cytometry plots of parental line iPSC-DMs assayed for expression 
of CD45, CD93, 25F9, CD163 and CD169.  
C: Quantification of flow cytometry analyses of the percentage of iPSC-DMs expressing 
each marker. Datapoints represent individual macrophage harvests. Error bars represent 
SEM. Unpaired t-tests generated no statistically significant p-values.  
D: Quantification of flow cytometry analyses of the percentage of suspension cells 
expressing CD235a, Hoechst and CD71 for days 11, 14, 18 and 21 of the culture. Datapoints 
represent individual experiments. Error bars represent SEM. Unpaired t-tests generated 
no statistically significant p-values.                                                                                                                                                                                                                                                                                                                             
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5.4 Discussion 

Macrophages were generated from both the heterozygous and homozygous iKLF1-

E325K iPSC lines (iCDA4.1 and iCDA4.20). I have shown that the presence of a E325K 

mutation in iPSC-DMs impedes the maturation of macrophages assessed using the 

monocyte marker CD93. Additionally, the E325K mutation reduced the function of 

iPSC-DMs in an in vitro model of the EBI niche. Fewer erythroid cells matured and 

enucleated in co-culture with iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-

DMs.  

5.4.1 Leakiness of KLF1-E325K-ERT2 system in iPSC-DMs 

As observed in undifferentiated iPSCs in Chapter 4, both iKLF1-E325K and iKLF1-WT 

iPSC-DMs show leakiness, with staining of KLF1 and therefore the KLF1-E325K/WT-

ERT2 fusion protein, observed in the nucleus of untreated iPSC-DMs. This leakiness 

was not quantified however comparison of KLF1 staining images presented in this 

and the previous chapter show that there is more leakiness of the system in iPSC-

DMs compared to the undifferentiated iPSCs. This cell-specific effect suggests that 

either an aspect of the intrinsic biology of macrophages themselves induces 

translocation of the fusion protein, or an experimental factor in the differentiation of 

iPSCs to macrophages is inducing translocation. It is possible that one of the media 

components used in the differentiation and culture of iPSC-DMs contains a 4OH-

tamoxifen analogue, and as a result is inducing translocation of the fusion protein. It 

is difficult to control for changes in purchased media, and as discussed in Chapter 4 

an issue or a change in formulation of media could introduce experimental variability.   

In contrast to cells generated under erythroid differentiation conditions, the 

presence of the KLF1-E325K- ERT2 fusion protein in the nucleus of untreated iKLF1-

E325K iPSC-DMs had a significant phenotypic effect. There were significantly more 

CD93+ iKLF1-E325K iPSC-DMs from untreated iPSC-DMs generated from the 

homozygous (iCDA4.20) iPSC line compared to untreated iKLF1-WT iPSC-DMs. This 

shows that there was sufficient translocation of the KLF1-E325K-ERT2 fusion protein 

to the nucleus in untreated macrophages to induce effects of the E325K mutation. 
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5.4.2 The E325K mutation impedes the loss of CD93 induced by KLF1 

As iPSC-DMs mature, they lose expression of the monocyte marker CD93 (334). 

Activation of KLF1-WT reduced the percentage of CD93+ iPSC-DMs, suggesting that 

KLF1-WT activation promotes iPSC-DM maturation. This supports previous work 

showing that activation of KLF1-WT significantly increased the cell surface expression 

of the mature macrophage marker CD206 (201). In contrast, significantly more 

macrophages derived from the iKLF1-E325K lines expressed CD93 compared to 

control macrophages where KLF1-WT was activated. As CD93 is a monocyte marker 

that is lost in mature macrophages, these data suggest that the presence of the E325K 

mutation in KLF1 impedes the ability of this transcription factor to induce 

macrophage maturation.  

Over 99% of iPSC-DMs generated from both iKLF1-E325K iPSC lines are positive for 

the mature macrophage marker 25F9, with over 97% of these already positive for this 

marker only 3 days after being harvested from EBs (unpublished data). At this early 

stage of differentiation, most iPSC-DMs express CD93 (unpublished data) and are 

therefore immature. These mature over the next few days and by 9 days after 

harvesting from EBs, over 89% lose CD93 expression and are 25F9+ CD93- 

(unpublished data). Thus, the majority of iKLF1-E325K iPSC-DMs being 25F9+ does not 

implicate them as mature macrophages, only in combination with loss of CD93 are 

iPSC-DMs considered fully mature.  

5.4.3 Fewer erythroid cells matured and enucleated in co-culture with iKLF1-E325K 

iPSC-DMs compared to iKLF1-WT iPSC-DMs                                                                                      

I observed a lower percentage of mature enucleated erythroid cells at both days 18 

and 21 in co-cultures with iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-DMs. 

At day 21, this decrease was approximately 15%. While this decrease was not 

statistically significant, it could represent a biologically relevant result. Indeed, 

several studies caution against dismissing results simply because they do not meet 

the p > 0.05 significance threshold (345, 346). A decrease of 15% in enucleation in 

human definitive erythropoiesis, in which 2 million RBCs are generated each second, 

would equate to a decrease of 300,000 mature enucleated RBCs each second (19). 

Additionally, when compared to cultures with no macrophages, significantly more 
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erythroid cells mature and enucleate in the presence of iKLF1-WT iPSC-DMs 

compared to iKLF1-E325K iPSC-DMs.  

A previously published study which used iKLF1-WT iPSC-DMs in the same in vitro EBI 

model reported a significant increase in the percentage of mature enucleated 

erythroid cells in cultures when KLF1-WT was activated in iPSC-DMs (201). In contrast, 

I observed a modest increase in the percentage of mature enucleated erythroid cells 

in cultures with 4OH-tamoxifen treated iKLF1-WT iPSC-DMs (KLF1 activation) 

compared with untreated iKLF1-WT iPSC-DMs. One explanation for the reduced 

effect of KLF1-WT activation in our EBI model could be due to the leakiness of the 

system. I observed KLF1 staining, and therefore the KLF1-WT-ERT2 fusion protein, in 

the nucleus of untreated iKLF1-WT macrophages. It is possible that KLF1-WT-ERT2 

fusion protein was present the in the nucleus of untreated iKLF1-WT iPSC-DMs at 

levels sufficient to induce expression of KLF1-target genes, for example those 

previously identified to encode for secreted factors that promote erythroid cell 

maturation and enucleation (201).  

RNA-sequencing analysis of CDA patient erythroid cells identified that the gene 

encoding for the structural protein ICAM4 is expressed at a lower level in CDA patient 

erythroid cells compared to cells from a healthy donor (131). ICAM4 on erythroblasts 

binds to αv integrin on macrophages and is critical for EBI integrity (218, 219). 

Therefore, it would be very interesting to investigate whether reduced ICAM4 

expression affects EBI integrity in vitro using our EBI model. Additionally, it would be 

interesting to investigate whether EBIs generated from CDA patient erythroid cells 

cultured with iKLF1-E325K iPSC-DMs have less integrity than EBIs generated from 

CDA patient erythroid cells cultured with iKLF1-WT iPSC-DMs. Attempts were made 

to investigate these questions, however due to the low viability of cells generated 

from both CDA patient and iKLF1-E325K iPSCs under erythroid differentiation 

conditions, they were unable to survive in such in vitro EBI cultures. 
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6.1 Introduction 

RNA-sequencing analysis of CDA patient erythroid cells identified several 

dysregulated genes in comparison with healthy erythroid cells (131). For example, 

genes encoding structural proteins such as ICAM4, and genes encoding membrane 

proteins such as BAND 3, are downregulated in CDA erythroid cells compared to 

healthy control cells (131). The intrinsic transcriptional effect of KLF1-E325K within 

erythroid cells of CDA patients is therefore well defined. However, whether there is 

a transcriptional effect in patient EBI macrophages had not been investigated. Over 

65 mutations in KLF1 have been identified in humans, resulting in a diverse range of 

phenotypes (347). It is possible that these phenotypes are, in part, the result of 

mutant KLF1 expression in cell types outside of the erythroid lineage, such as EBI 

macrophages. I applied the iKLF1-E325K iPSC system to generate macrophages and 

investigate their phenotype and function. I identified that the KLF1-E325K mutation 

prevents the loss of CD93 by iPSC-DMs and observed reduced maturation and 

enucleation of erythroid cells in co-culture with iKLF1-E325K iPSC-DMs compared to 

co-culture with iKLF1-WT iPSC-DMs (Chapter 5).  

I hypothesised that this reduction in the function of iKLF1-E325K iPSC-DMs to support 

erythroid cell maturation and enucleation within the EBI is due to the dysregulation 

of key genes involved in EBI macrophage function. To investigate this hypothesis, I 

generated a transcriptomic dataset. Generating a transcriptomic dataset of iKLF1-

E325K macrophages would allow for their comparison with iKLF1-WT macrophages 

to investigate whether there are any transcriptomic alterations as a result of the 

KLF1-E325K mutation in macrophages. Characterisation and validation of any 

dysregulated genes could identify new therapeutic targets for the treatment of CDA 

within EBI macrophages. Additionally, the dataset could be used to identify factors 

that can be tested for a role in erythroid cell maturation and enucleation.  

6.2 Aims and Approaches 

1. The first aim of this chapter was to generate a transcriptomic data set of iKLF1-

E325K and iKLF1-WT iPSC-DMs and investigate whether any genes are differentially 

regulated by KLF1-E325K compared to KLF1-WT. Bulk-RNA sequencing was 

performed on macrophages generated from the parental (SFCi55), iKLF1-WT and the 
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heterozygous iKLF1-E325K iPSC line (iCDA4.1) in the presence and absence of 4OH-

tamoxifen.  

2. The second aim of this chapter was to utilise the transcriptomic dataset to identify 

factors that could play a role in supporting erythroid cell maturation and enucleation.  
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6.3 Results 

6.3.1 Transcriptome profiling of iPSC-derived macrophages  

6.3.1.1 Sample preparation and quality control 

I generated macrophages from three iPSC lines: parental line (SFCi55), iKLF1-E325K 

(iCDA4.1) and iKLF1-WT. Macrophages were either untreated or treated with 100 nM 

of 4OH-tamoxifen (5 replicates of each). Macrophages were harvested on day 11 of 

the terminal maturation stage, stage 3, of the iPSC-macrophage differentiation 

(Figure 3.5). For 4OH-tamoxifen treated samples, 4OH-tamoxifen was added during 

stage 3 on days 8 and 10. RNA was extracted from these samples and tested for 

integrity. The integrity of RNA used in an RNA-sequencing (RNA-seq) analysis is the 

most important factor for obtaining good quality data (348). The integrity of the RNA 

used for RNA-seq in this analysis was assessed by calculating an RNA Integrity 

Number (RIN) using a Bioanalyzer (Chapter 2 Section 2.5.4). The use of RIN allows for 

standardisation of RNA quality control and can be more accurate than using the ratio 

of 28S:18S to assess RNA quality (349). RIN values above seven are considered 

suitable for downstream analyses (348). RIN values for each of the samples was 

above 8, and therefore of good quality (Figure 6.1). TruSeq stranded mRNA-seq 

libraries were generated from RNA samples by Edinburgh Genomics, who also 

performed sequence alignments (Chapter 2 Section 2.5.4).  
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Figure 6.1 Assessment of RNA quality of samples generated for bulk-RNA sequencing. 
iPSC-DMs were generated from the parental (SFCi55), iKLF1-WT and iKLF1-E325K (iCDA4.1) 
iPSC lines. RNA was extracted from 10 harvests per cell line, 5 cultured with the addition 
of 100nM 4OH-tamoxifen for 4 days, and 5 cultured in the absence of 4OH-tamoxifen.  
A: Separation profiles for all 30 samples                                                                                        
B: RIN values for each sample. 

 

 

 

 

 



131 
 

6.3.1.2 Principal component analyses and clustering  

Principal component analyses (PCA) plots were generated for the first and second 

principal components for all 30 samples. Samples were annotated for the iPSC line 

that macrophages were generated from, and 4OH-tamoxifen treatment (Figure 

6.2A). The main difference between samples was between iKLF1-WT iPSC-DMs and 

the other samples (iKLF1-WT and parental line iPSC-DMs). iKLF1-E325K iPSC-DMs 

cluster closely with parental line iPSC-DMs. A multidimensional scaling (MDS) plot 

was generated for all samples and annotated for the iPSC line macrophages were 

generated from, and 4OH-tamoxifen treatment (Figure 6.2B). There is a clear 

segregation between untreated iKLF1-WT iPSC-DMs and 4OH-tamoxifen treated 

iKLF1-WT iPSC-DMs (Figure 6.2B). PCA and MDS plots are both techniques for 

dimensionality reduction and visualisation, however they optimise for different 

parameters. PCA projects directions in the data with the most variance, while MDS 

projects points where distances are preserved. Samples were also clustered by 

euclidean distances and again, iKLF1-E325K iPSC-DMs cluster closely with parental 

line iPSC-DMs (Figure 6.2C).  
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Figure 6.2 iKLF1-E325K iPSC-DMs cluster separately from iKLF1-WT iPSC-DMs and closely 
to parental line iPSC-DMs Samples were annotated for the iPSC line macrophages were 
generated from, and 4OH-tamoxifen treatment. Datapoints represent individual samples.  
A: PCA plot of the first and second principal components generated using all 30 samples. 
B: MDS plot generated using all 30 samples.  
C: Clustering of all 30 samples based on euclidean distances.    
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6.3.1.3 Differential gene expression analyses 

Differential gene expression analyses were performed using the DESeq2 package 

(Chapter 2 Section 2.5.4). Genes were filtered for a count of 10 or higher in at least 2 

samples, and an adjusted p-value below 0.05. It was anticipated that KLF1-WT would 

regulate more genes than KLF1-E325K for two reasons. Firstly, 4OH-tamoxifen 

treatment of iKLF1-WT iPSC-DMs activates KLF1-WT, the fully functional protein that 

has been previously identified to regulate gene expression in EBI macrophages (68, 

201). Secondly, as described in Chapter 4, iKLF1-WT iPSCs have two copies of the 

KLF1-WT-ERT2 transgene, while iKLF1-E325K iPSCs have only one copy of the iKLF1-

E325K-ERT2 transgene.  

Differential expression analysis between untreated and 4OH-tamoxifen treated 

iKLF1-E325K iPSC-DMs identified 17 up-regulated and 2 down-regulated genes 

(Figure 6.3A). Differential expression analysis between untreated and 4OH-tamoxifen 

treated iKLF1-WT iPSC-DMs identified 221 up regulated genes and 203 down-

regulated genes (Figure 6.3B). Differential gene expression analysis between 

untreated and 4OH-tamoxifen treated parental line iPSC-DMs identified 19 up-

regulated and 2 down-regulated genes. Of these 4OH-tamoxifen up- and down-

regulated genes only SRPX2, a proteoglycan over expressed in human cancer, was 

regulated by either KLF1-WT or KLF1-E325K and was down-regulated upon KLF1-WT 

activation (350). As such, SRPX2 is excluded from further analyses presented in this 

chapter.  

KLF1 has been demonstrated to regulate several genes important for integrity of the 

EBI, and KLF1 activation was previously shown to up-regulate several genes involved 

within the EBI (68, 201). Because I hypothesised that the reduction in the function of 

iKLF1-E325K iPSC-DMs to support erythroid cell maturation and enucleation within 

the EBI presented in the previous chapter is due to the dysregulation of key genes 

involved in EBI macrophage function, I focussed my analysis on the top up-regulated 

genes (Figure 6.3C/D). Most strikingly, of the 221 genes up-regulated upon KLF1-

activation, only 5 were also up-regulated upon KLF1-E325K activation (Figure 6.3E). 
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TRG-AS1, PHOSPHO1, SLC11A1, an uncharacterised transcript, and IL-33 are up-

regulated upon activation of both KLF1-WT and KLF1-E325K (Figure 5.3E).  



135 
 

 

Figure 6.3 Differential gene expression analyses of iKLF1-E325K and iKLF1-WT iPSC-DMs. 
Genes were filtered for a count of 10 or higher in at least 2 samples, and an adjusted p-
value below 0.05.  
A/B: Volcano plots for specified contrasts illustrating up-and down-regulated genes by 
Log2 fold change (Log2FC). Blue dots represent individual genes with an adjusted p-value 
below 0.05.  
C: Table of genes up-regulated in iKLF1-E325K iPSC-DMs treated with 4OH-tamoxifen 
compared to untreated iKLF1-E325K iPSC-DMs. Genes ordered in ascending Log2FC.  
D: Table of genes up-regulated in iKLF1-WT iPSC-DMs treated with 4OH-tamoxifen 
compared to untreated iKLF1-WT iPSC-DMs. Genes ordered in ascending Log2FC.  
E: Venn diagram of genes up-regulated in 4OH-tamoxifen treated iKLF1-WT iPSC-DMs and 
genes up-regulated in 4OH-tamoxifen treated iKLF1-E325K iPSC-DMs. 
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This data is consistent with a previous report that identified IL-33 as a gene up-

regulated upon KLF1-WT activation in iPSC-DMs (201). IL-33 encodes for the 

secreted factor IL-33, and IL-33 treatment was demonstrated to significantly 

increase the maturation and enucleation of UCB-derived CD34+ cells under 

erythroid differentiation conditions when added to cultures in combination with 

two other secreted factors, ANGPTL7 and SERPBINB2 (201). IL-33 in combination 

with either ANGPTL7 and/or SERPINB2 was able to increase erythroid cell 

maturation and enucleation, however IL-33 treatment alone did not (201). In this 

dataset, ANGPTL7 is significantly up-regulated upon KLF1-WT activation, but not 

upon KLF1-E325K activation (Figure 6.3C/D). SERPINB2 was not identified as an up-

regulated gene in this transcriptomic dataset. I observed in the previous chapter 

that fewer erythroid cells matured and enucleated in co-culture with iKLF1-E325K 

iPSC-DMs compared to iKLF1-WT iPSC-DMs (Figure 5.6). The loss of ANGPTL7 

expression in iKLF1-E325K iPSC-DMs could be responsible for this reduced function 

within the EBI niche.  

 

There is no significant increase in IL-33 counts in parental line iPSC-DMs upon the 

addition of 4OH-tamoxifen, therefore IL-33 expression is not up-regulated by 4OH-

tamoxifen treatment only (Figure 6.4A). qRT-PCR was used to validate IL-33 

expression in iKLF1-E325K iPSC-DMs from the homozygous line (iCDA4.20) as only 

the heterozygous iPSC line was included in RNA-sequencing (Figure 6.4B). Both 

normalised count data and qPCR suggest that up-regulation of IL-33 is lower in 

iKLF1-E325K iPSC-DMs compared with iKLF1-WT iPSC-DMs (Figure 6.4A/B). The 

decrease in IL-33 up-regulation between iKLF1-WT iPSC-DMs and iKLF1-E325K iPSC-

DMs appeared to be correlated with the level of expression of KLF1-E325K. There 

was a lower up-regulation of IL-33 in iKLF1-E325K iPSC-DMs generated from the 

homozygous line (iCDA4.20) in which there are two copies of the KLF1-E325K-ERT2 

transgene, compared to iKLF1-E325K iPSC-DMs generated from the heterozygous 

line (iCDA4.1) that only had one copy (Figure 6.4B).  
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I identified TGFA to be the only gene that is differentially regulated by KLF1-E325K 

compared to KLF1-WT (Figure 6.4C). TGFA encodes for the protein transforming 

growth factor alpha (TGF-α), a member of the epidermal growth factor which 

activates a signalling pathway for cell proliferation (351). TGFA is significantly up-

regulated upon KLF1-E325K activation, and in contrast is significantly down-

regulated upon KLF1-WT activation (Figure 6.4).  Primers to assay TGFA expression 

in iKLF1-E325K iPSC-DMs generated from the homozygous line could not be 

obtained in time for preparation of this thesis.  

  

 

Figure 6.4 Normalised counts and gene expression analyses. Normalised counts shown 
for all 30 samples sequenced. qRT-PCRs were conducted on RNA extracted from iPSCs from 
the parental (SFCi55), iKLF1-WT, and both iKLF1-E325K iPSC lines (iCDA4.1 and iCDA4.20).                                                                                                                                            
A: Normalised counts for IL-33. Datapoints represent individual samples.  
B: Gene expression of IL-33 assessed by qRT-PCR. Datapoints represent individual harvests. 
Fold change analysed relative to parental line (SFCi55) iPSC-DMs -tam. Error bars represent 
SEM. One-way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01.  
C: Normalised counts for TGFA. Datapoints represent individual samples.  
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6.3.1.4 Differentially expressed genes encoding secreted factors not identified by 

differential gene expression analyses  

One limitation to the iPSC-DMs used to generate this transcriptomic dataset is that I 

observed translocation of the KLF1-WT- and KLF1-E325K-ERT2 fusion proteins to the 

nucleus of untreated macrophages (Figure 5.3). This translocation in the absence of 

4OH-tamoxifen was shown to be at amounts sufficient enough to induce a 

phenotypic effect in iKLF1-E325K iPSC- DMs (Figure 5.5). I speculated that this 

leakiness to the system in iPSC-DMs could hinder the identification of differentially 

expressed genes. Due to this leakiness, some differentially expressed genes could be 

up- or down-regulated in untreated iPSC-DMs sufficiently enough that they would 

not be identified as differentially expressed.   

To investigate this, I utilised a previously published dataset of bulk RNA-sequencing 

of untreated and 4OH-tamoxifen treated iKLF1-WT iPSC-DMs (201). These iKLF1-WT 

iPSC-DMs demonstrated less nuclear translocation of the KLF1-WT-ERT2 fusion 

protein in untreated macrophages than the macrophages used in this chapter 

(unpublished data). Differential expression analysis of untreated and 4OH-tamoxifen 

treated iKLF1-WT iPSC-DMs in the published dataset identified 803 up-regulated and 

593 down-regulated genes upon KLF1-WT activation. This is much higher than the 

221 up regulated and 203 down-regulated genes identified upon KLF1-WT activation 

in my dataset (Figure 6.3B).  This data suggests that there are a considerable number 

of KLF1-WT regulated genes not identified in my analyses. 

I probed my dataset for expression of the previously validated top-20 most 

differentially expressed genes encoding secreted factors up-regulated by KLF1-WT 

activation (201). Ie chose to probe for genes encoding secreted factors because 

several of these factors were subsequently identified to support erythroid cell 

maturation and enucleation. 4 of the top-20 genes encoding secreted factors were 

identified in my differential gene expression analysis as up-regulated upon KLF1-WT 

activation: FDCSP, ANGPTL7, IL-33, and ABI3BP (Figure 6.5A). Probing for the 

remaining previously identified 16 genes encoding secreted factors up-regulated 

upon KLF1-WT activation using normalised count data identified one gene that 

appeared to be up-regulated upon KLF1-WT activation in my dataset, IGFBP6 (Figure 
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6.5B). IGFBP6 has been previously indicated to have a potential role in erythroid cell 

maturation and enucleation (unpublished data). There is no increase in counts in 

parental line iPSC-DMs upon the addition of 4OH-tamoxifen, therefore IGFBP6 

expression was not up-regulated by 4OH-tamoxifen treatment only (Figure 6.5B). 

qRT-PCR was used to investigate whether IGFBP6 expression was significantly 

upregulated in 4OH-tamoxifen treated iKLF1-WT iPSC-DMs. qRT-PCR was also used 

to investigate IGFBP6 expression in iKLF1-E325K iPSC-DMs from the homozygous line 

(iCDA4.20). IGFBP6 is significantly up-regulated upon KLF1-WT activation, but not 

upon KLF1-E325K activation (Figure 6.5C). 
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Figure 6.5 IGFBP6 is up-regulated upon KLF1-WT activation and not upon KLF1-E325K 
activation. Normalised counts shown for all 30 samples sequenced. qRT-PCRs were 
conducted on RNA extracted from iPSCs from the parental (SFCi55), iKLF1-WT, and both 
iKLF1-E325K iPSC lines (iCDA4.1 and iCDA4.20).  
A: Table showing the previously validated top-20 genes encoding for secreted factors that 
are up-regulated by KLF1-WT (201). Genes in red were not identified in my dataset. Genes 
in green were identified in my data set by differential gene expression analysis of 
untreated and 4OH-tamoxifen treated iKLF1-WT iPSC-DMs. Genes in orange were 
identified in my dataset by normalised counts. 
B: Normalised counts for IGFBP6. Datapoints represent individual samples.  
C: Gene expression of IGFBP6 assessed by qRT-PCR. Fold change was analysed relative to 
untreated iKLF1-WT iPSC-DMs. Datapoints represent individual harvests. Error bars 
represent SEM. One-way ANOVA with Tukey post-test. *p < 0.05, **p < 0.01.                                                                                       
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6.3.1.5 Genes encoding EBI macrophage attachment proteins  

In the in vitro model of the EBI presented in the previous chapter, fewer erythroid 

cells matured and enucleated in co-culture with iKLF1-E325K iPSC-DMs compared to 

iKLF1-WT iPSC-DMs (Figure 5.6). However, there are still significantly more mature 

enucleated cells in the cultures with iKLF1-E325K iPSC-DMs compared to cultures 

with no macrophages (Figure 5.6). This demonstrates that iKLF1-E325K iPSC-DMs 

have a reduced function within the EBI niche, but still retain a significant ability to 

mature and enucleate erythroid cells. The cell-cell contact of macrophages with 

erythroblasts within the EBI has been indicated to be more important to promoting 

erythroid cell maturation and enucleation than the secretion of factors (201, 209). I 

speculated that this partially retained ability of iKLF1-E325K iPSC-DMs to promote the 

maturation and enucleation of erythroid cells is due to cell-cell contact mediated by 

attachment proteins. No genes encoding for EBI attachment proteins were identified 

to be differentially expressed in my differential expression analyses, therefore I 

probed my dataset for normalised counts of the following genes encoding EBI 

macrophage attachment proteins: 

• VCAM1: VCAM1 on macrophages binds to α4β1 integrin on erythroblasts 

(207).  

• EMP/MAEA: Erythrocyte macrophage protein, also known as macrophage 

erythroid attacher (MAEA). EMP/MAEA on macrophages binds both 

EMP/MAEA on erythroblasts and to a currently unidentified macrophage 

EMP/MAEA receptor on erythroblasts (211, 213, 214, 216). 

• ITGAV. Also known as αv integrin. ITGAV on macrophages binds to ICAM4 on 

erythroblasts (218, 219).  

• CD163. An in vitro study in rat EBIs demonstrated that CD163 promotes 

erythroid cell proliferation (221, 225). 

• CD169. Also known as Siglec1. CD169 is extensively expressed by EBI 

macrophages and has been shown to localise to sites of macrophage-

erythroblast contact in EBIs (222). 

• PALLADIN: PALLADIN-null macrophages fail to reconstitute EBIs, while 

PALLADIN-null erythroblasts retain the ability to do so (223, 224).   
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VCAM1, EMP/MAEA, ITGAV, CD163, CD169 and PALLADIN are expressed by iKLF1-

E325K, iKLF1-WT and parental line iPSC-DMs irrespective of 4OH-tamoxifen 

treatment (Figure 6.6).  

 

Figure 6.6 iKLF1-E325K and iKLF1-WT iPSC-DMs express comparable levels of EBI 
macrophage attachment proteins. Normalised counts shown for all 30 samples 
sequenced for the following genes encoding EBI macrophage attachment proteins: 

VCAM1, EMP/MAEA, ITGAV, CD163, CD169 and PALLADIN. Datapoints represent 
individual samples. 
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6.3.2 Investigation of the effect of IGFBP6 on erythropoiesis 

The second aim of this chapter was to use the transcriptomic dataset to identify 

factors that could be important for erythroid cell maturation and enucleation.  

6.3.2.1 IGFBP6 has no effect on erythroid cell maturation and enucleation 

The KLF1-WT activation system in iPSC-DMs was previously used to identify up-

regulation of the genes encoding the secreted factors IL-33, SERPINB2 and ANGPTL7 

upon KLF1-WT activation, which were then demonstrated to promote erythroid cell 

maturation and enucleation (201). As identified by differential expression analysis, 

several genes are up-regulated upon KLF1-WT activation that are not up-regulated 

upon KLF1-E325K activation (Figure 6.3). Functionally, there is a decrease in the 

percentage of mature enucleated cells in an in vitro model of the EBI when cells are 

cultured with iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-DMs (Figure 5.6). 

Therefore, it was speculated that a gene up-regulated by KLF1-WT activation and not 

by KLF1-E325K activation could be important for erythroid cell maturation and 

enucleation.  

One of the genes encoding secreted factors identified by RNA-sequencing that was 

up-regulated upon KLF1-WT activation and not by KLF1-E325K activation was IGFBP6 

(Figure 6.5). The insulin and insulin-like growth factor signalling pathway is highly 

conserved among multi-cellular organisms and is regulated by Insulin-like growth 

factor-binding proteins (IGFBPs) (352). Preliminary data from the Forrester lab 

suggests that IGFBP6 could play a role in erythropoiesis. IGFBP6 was added in 

combination with NRG1, NOV, CCL13 and TNFSF10 to UCB-derived CD34+ cells under 

the erythroid cell differentiation conditions. Addition of these 5 factors increased the 

percentage of mature enucleated erythroid cells present in cultures, and removal of 

IGFBP6 resulted in a significant decrease in this population. This is unpublished. 

I therefore wanted to investigate whether IGFBP6 alone could promote erythroid cell 

enucleation and maturation. The scaling up of protocols to generate RBCs for 

therapies need to be cost-effective for wide-spread use. Identifying the key players 

in promoting RBC differentiation will enable a reduction in the numbers of costly 

cytokines that need to be added. To assess the effect of IGFBP6 alone on erythroid 

cell maturation and enucleation, two concentrations of IGFBP6 (100 and 200 nM) 
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were added to UCB-derived CD34+ cells under erythroid cell differentiation 

conditions (Chapter 2 Section 2.1.7.3). These concentrations of IGFBP6 were selected 

based on a previously published study showing that addition of 100 nM IGFBP2 

increased proliferation of erythroid progenitors in vitro (353). IGFBPs have been 

demonstrated to compensate for each other in vitro, therefore the same 100 nM 

concentration and a higher 200 nM concentration was deemed appropriate for 

experiments (352). Erythroid differentiation efficiency, defined as the proportion of 

mature enucleated erythroid cells in the culture, was assessed by flow cytometry of 

suspension cells on days 11, 14, 18 and 21. Flow cytometry plots were gated as 

described in the methods (Chapter 2 Section 2.3.3).  

Differentiating UCB-derived CD34+ cells cultured alone or in the presence of two 

concentrations of IGFBP6 reduced in size across the course of the culture, before 

expelling their nucleus (Figure 6.7A). There was a progressive increase in the 

percentage of CD235a+ suspension cells in the cultures and by day 21 over 92% of 

suspension cells in all conditions expressed CD235a (Figure 6.7B). Addition of IGFBP6 

had no effect on the percentage of CD235a+ cells compared to the addition of no 

factors at all timepoints (Figure 6.7B). There was also a progressive increase in the 

percentage of mature enucleated (Hoechst-CD71-) suspension cells in the cultures 

across the differentiation, however the addition IGFBP6 had no effect on the 

percentage of mature enucleated cells at each timepoint assayed (Figure 6.7B).  
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Figure 6.7 IGFBP6 has no effect on erythroid cell maturation and enucleation. IGFBP6 was 
added to UCB-derived CD34+ cells under erythroid differentiation conditions every 2 days 
at a concentration of either 100 nM or 200 nM.  
A: Representative Kwik-Diff cytospin images of suspension cells for days 11, 14, 18 and 21. 
20X magnification.                                                                                                                           
B: Quantification of flow cytometry analyses of the percentage of CD235a+ suspension cells 
for days 11, 14, 18 and 21. Datapoints represent individual experiments. Error bars 
represent SEM. One-way ANOVA with Tukey post-test generated no statistically significant 
p-values. 
C: Quantification of flow cytometry analyses of the percentage of Hoechst-CD71- 
suspension cells for days 11, 14, 18 and 21 of the culture. Datapoints represent individual 
experiments. Error bars represent SEM. One-way ANOVA with Tukey post-test generated 
no statistically significant p-values.  
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6.3.2.2 IGFBP6 has no effect on the percentage of cycling UCB-derived CD34+ cells 

under erythroid differentiation conditions 

Several members of the IGFBP family have been identified to have roles in regulating 

the cell cycle in a diverse range of cell types. IGFBP2 regulates the expression of cell 

cycle genes in neural stem cells, IGFBP3 and IGFBP5 induce cell cycle arrest in human 

breast cancer cells, and IGFBP7 acts as a cell cycle repressor in human thyroid cancer 

(354, 355, 356, 357). IGFBP6 has also been implicated in cell cycle regulation. IGFBP6 

knock-down in vascular smooth muscle cells induced S phase arrest during the cell 

cycle (358). Within the blood system, a role for IGFBP2 in the control of cell cycle 

progression during EHT has recently been identified (353). Therefore, the effect of 

IGFBP6 addition on the cell cycle of UCB-derived CD34+ under erythroid cell 

differentiation conditions was investigated (Chapter 2 Section ).   

As erythroid cell differentiation progresses from day 12 to day 21, there was a 

decrease in the percentage of cycling cells from approximately 38% to approximately 

7% (Figure 6.7). This corresponds with the increase in mature enucleated cells from 

day 11-21 of the cultures and is consistent with reports that cell cycle exit is required 

for erythroblast enucleation (Figure 6.7) (78). The addition of IGFBP6 has no effect on 

the percentage of cycling cells in the culture (Figure 6.8).  
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Figure 6.8 IGFBP6 has no effect on the percentage of cycling UCB-derived CD34+ cells 
under erythroid cell differentiation conditions. IGFBP6 was added to UCB-derived CD34+ 
cells under erythroid differentiation conditions every 2 days at a concentration of either 
100 nM or 200 nM.  
A: Representative flow cytometry histogram plots for days 12, 15, 18 and 21 of the 
differentiation.  
B: Quantification of flow cytometry analyses of the percentage of cycling cells in the 
cultures for days 12, 15, 18 and 21. Datapoints represent individual experiments. Error 
bars represent SEM. One-way ANOVA with Tukey post-test generated no statistically 
significant p-values. 
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6.4 Discussion 

I generated a transcriptomic dataset of iKLF1-E325K, iKLF1-WT and parental line iPSC-

DMs. I identified significantly fewer genes are regulated by KLF1-E325K (19) 

compared to KLF1-WT (424). I identified that several KLF1-WT target genes, including 

ANGPTL7 and IGFBP6, are not KLF1-E325K targets. Taken together with the results 

presented in Chapter 5 that show that fewer erythroid cells matured and enucleated 

in co-culture with iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-DMs, these 

data identify KLF1-E325K as a loss-of-function mutation in iPSC-derived 

macrophages.  

6.4.1 Homozygous vs heterozygous iKLF1-E325K iPSC lines 

One limitation I anticipated with myRNA-sequencing data set was that I was 

comparing iKLF1-WT iPSC-DMs which had two copies of the KLF1-WT-ERT2 transgene 

(homozygous),with iKLF1-E325K iPSC-DMs which had one copy of the KLF1-E325K-

ERT2 transgene (heterozygous). Validation of expression of IL-33 and IGFBP6 by qRT-

PCR in iKLF1-E325K iPSC-DMs generated from a homozygous iPSC line which had two 

copies of the KLF1-E325K-ERT2 transgene show expression of both genes consistent 

with iKLF1-E325K iPSC-DMs generated from the heterozygous line. Validation of 

further genes in homozygous iKLF1-E325K iPSCs is needed to conclude more broadly 

that the transcriptomic dataset of iKLF1-E325K iPSC-DMs generated from the 

heterozygous line are reflective of iKLF1-E325K iPSC-DMs generated from the 

homozygous line.  

6.4.2 Genes encoding for secreted factors  

A previous study using iKLF1-WT iPSC-DMs identified that genes encoding the 

secreted factors IL-33, SERPBINB2, and ANGPTL7, were up-regulated upon KLF1-WT 

activation, and these factors were then shown to have a role in promoting 

erythropoiesis (201). Addition of all three of these secreted factors to UCB-derived 

CD34+ cells under erythroid differentiation conditions significantly increased the 

percentage of mature enucleated erythroid cells in the cultures. Removal of any 

individual secreted factor resulted in a significant reduction in the number of mature 

enucleated cells, with removal of IL-33 resulting in the most significant reduction. 
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Interestingly, addition of IL-33 alone did not increase erythroid cell maturation and 

enucleation, indicating that IL-33 acts in synergy with other secreted factors (201).  

In agreement with this previous study, IL-33 and ANGPTL7 were up-regulated in iPSC-

DMs upon KLF1-WT activation. In contrast to the previously published dataset, 

SERPINB2 was not up-regulated, and was not identified to be expressed in any 

macrophages in my dataset. This lack of SERPINB2 expression in iKLF1-WT iPSC-DMs 

could be responsible for the modest increase in mature enucleated cells I observed 

in cultures with iKLF1-WT iPSC-DMs compared to 4OH-tamoxifen treated iKLF1-WT 

iPSC-DMs (Figure 5.6). This increase between untreated and treated iKLF1-WT iPSC-

DMs was significant in a previously published experiment (201).  

I observed that fewer erythroid cells matured and enucleated in co-culture with 

iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-DMs, with a decrease of 

approximately 15% at day 21 of the culture. KLF1-E325K activation in iPSC-DMs up-

regulates IL-33 but not ANGPTL7. This loss of ANPTL7 expression could explain this 

reduction in the numbers of mature enucleated erythroid cells, as IL-33 has been 

previously shown to promote erythroid cell maturation and enucleation only in 

combination with ANPTL7 and/or SERPINB2 (201).  

TGFA is the only gene that I identified to be differentially regulated in my dataset. 

TGFA is significantly up-regulated upon KLF1-E325K activation and in contrast is 

significantly down-regulated upon KLF1-WT activation. In macrophages, TGF-α 

expression and secretion has only been reported by alveolar macrophages (359, 360). 

TGF-α addition to avian erythroid progenitors was shown to promote their self-

renewal, and removal of TGF-α from erythroid progenitors from chick bone marrow 

caused them to terminally differentiate (361, 362, 363). It is important to note that 

avian erythroid cells do not enucleate as part of terminal erythroid differentiation, 

while human erythroid cells do. Further experiments are needed to investigate 

whether TGF-α also promotes the self-renewal of human erythroid progenitors, and 

what if any effect this has on cell cycle exit, which is required for erythroblast 

enucleation (78). If TGF- α was identified to promote self-renewal in human erythroid 

progenitors, it is interesting to speculate that its secretion by CDA patient EBI 

macrophages promotes the self-renewal of nucleated erythroid progenitors, 
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preventing their terminal differentiation and contributing to the persistence of 

nucleated erythroid cells in the peripheral blood of CDA patients.  

6.4.3 Leakiness of KLF1-E325K-ERT2 system in iPSC-DMs hinders identification of 

differentially expressed genes 

I identified IGFBP6 as a gene up-regulated upon KLF1-WT activation using normalised 

count data in combination with qPCR data. IGFBP6 was not identified to be 

differentially expressed between untreated and treated iKLF1-WT iPSC-DMs in my 

differential expression analysis. This is likely due to the leakiness of the KLF1-ERT2 

system, as normalised count data showed that two untreated iKLF1-WT iPSC-DM 

samples had higher IGFBP6 counts than two 4OH-tamoxifen treated samples. 

Therefore, it is possible that other KLF1-WT or KLF1-E325K regulated genes were not 

identified in my dataset due to the leakiness of the 4OH-tamoxifen ERT2 system. 

I observed less nuclear translocation in untreated undifferentiated iPSCs compared 

to untreated iPSC-DMs, and in contrast to iPSC-DMs I did not see a phenotypic effect 

of this leakiness in cells generated under erythroid differentiation conditions. I 

therefore speculated that the leakiness in the system was the result of either an 

aspect of the intrinsic biology of macrophages that induces translocation, or an 

experimental factor. Untreated iKLF1-WT iPSC-DMs demonstrated less nuclear 

translocation of KLF1-WT-ERT2 fusion protein in previously published data compared 

with the macrophages used in this chapter, which suggests that a technical rather 

than a biological factor is inducing translocation. This could be, for example, the 

presence of a 4OH-tamoxifen analogue in the media used in the differentiation and 

culture of macrophages.  

Interestingly, there does seem to be significant heterogeneity to phenotypic effect of 

the leakiness in iPSC-DMs. Using IGFBP6 as an example, there is a range between 

almost 0 and over 200 counts for IGFBP6 between untreated iKLF1-WT iPSC-DM 

samples. I have observed harvest-specific effects in iPSC-DMs, for example CD93 

expression decreases with each sequential harvest (unpublished data). While 

parental, iKLF1-WT and iKLF1-E325K iPSC-DMs were harvested at the same time as 

each other, all 5 harvests for each of the 5 samples generated per line were 

conducted over a period of 5 weeks. It is therefore possible that variability between 
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harvests is responsible for the heterogeneity in expression data, and possibly the 

heterogeneity in leakiness. 

6.4.4 Genes encoding for EBI attachment proteins 

I observed a reduced number of mature and enucleated erythroid cells in in vitro EBI 

cultures with iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-DMs, iKLF1-E325K 

iPSC-DMs were still able to support the maturation of a significant number of cells. I 

probed my transcriptomic dataset for expression of genes encoding proteins that 

have been identified or implicated with a role in macrophage-erythroblast 

attachments within the EBI. I found that VCAM1, EMP/MAEA, ITGAV, CD163, CD169 

and PALLADIN were expressed by iKLF1-E325K, iKLF1-WT and parental line iPSC-DMs 

irrespective of 4OH-tamoxifen treatment. I speculate that the unaltered expression 

of these genes in iKLF1-E325K macrophages is largely responsible for their partially 

retained ability to mature and enucleate erythroid cells.  

6.4.5 A role for exosomes within the EBI? 

A recent study observed the transfer of mitochondria from EBI macrophages to 

erythroblasts, and this transfer enhanced erythroid recovery from stress in a 

phenylhydrazine-induced model of acute hemolytic anemia (364). A mechanism for 

this mitochondrial transfer has not yet been elucidated. Other macrophage types 

have been implicated in mitochondrial transfer, and mitochondria have been 

previously observed to be transferred between cells via exosomes (365, 366). 

Therefore, it is interesting to speculate that mitochondria could be transferred from 

EBI macrophages to erythroblasts within exosomes. RAB27B was one of the top up-

regulated genes identified in differential gene expression analysis of iKLF1-WT iPSC-

DMs, and is significantly up-regulated upon KLF1-WT activation. RAB27B is widely 

expressed in secretory cells, neurons and cells involved in surface protection, and 

encodes for a protein that has been identified to promote exosome secretion (367, 

368). Additionally, RAB27B is not up-regulated by KLF1-E325K. It is interesting to 

speculate that if exosomes do have a role within the EBI, lack of exosomes could be 

contributing to the erythroid defects of CDA type IV patients 
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7.1 Summary 

In summary, I have shown that cells generated from a CDA patient iPSC line under 

erythroid differentiation conditions were able to recapitulate the disease phenotype 

of CDA type IV patient erythroid cells. There was a significant decrease in the 

percentage of CD235a+ cells and CD71+ cells generated from CDA patient iPSCs under 

erythroid differentiation conditions compared to those generated from two control 

iPSC lines. Additionally, GYPA, TFRC, SLC4A1, HBA1 and ICAM4 were expressed at a 

lower level in CDA patient iPSC-derived cells compared to controls. This is consistent 

with findings in a previous study that identified downregulation of several key 

erythroid genes in CDA type IV patient erythroid cells (131).  

CDA type IV patient-derived iPSC line-derived macrophages expressed very low levels 

of endogenous KLF1, and I concluded that these would not be a faithful model of an 

EBI macrophage. Therefore, a KLF1-E325K inducible activation system was generated 

and employed. I confirmed expression of KLF1-E325K consistent with CAG promotor 

activity in a heterozygous line in which the KLF1-E325K-ERT2 construct is integrated 

into one AAVS1 allele, and a homozygous line in which the KLF1-E325K-ERT2 construct 

is integrated into both AAVS1 alleles. I also confirmed nuclear translocation of the 

KLF1-E325K-ERT2 fusion protein upon the addition of 4OH-tamoxifen in both lines. As 

proof of principle, I showed that KLF1-E325K activation in cells generated from both 

iKLF1-E325K iPSC lines under erythroid differentiation conditions recapitulated CDA 

patient erythroid cell phenotype, generating significantly fewer CD235+ and CD71+ 

cells.  

Macrophages were then generated from both KLF1-E325K iPSC lines. I have shown 

that E325K impedes the maturation of macrophages induced by KLF1-WT. In an in 

vitro model of the erythroblastic island, fewer erythroid cells matured and 

enucleated in co-culture with iKLF1-E325K iPSC-DMs compared to iKLF1-WT iPSC-

DMs. Overall, these data show that the E325K mutation impedes phenotypic and 

functional changes induced by KLF1 in iPSC-DMs.  
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Bulk RNA-sequencing revealed that activation of KLF1-E325K induced the expression 

of significantly fewer genes compared to KLF1-WT activation. I identified that several 

KLF1-WT target genes, including ANGPTL7 and IGFBP6, are not KLF1-E325K targets 

Taken together with the results of in vitro EBI assays, the data presented in this thesis 

identify KLF1-E325K as a loss-of-function mutation in iPSC-derived macrophages  

7.2 Perspectives 

7.2.1 Generation of human genetically modified iPSC-derived cells to model rare 

RBC disorders 

Of the 9 patients worldwide reported with the rare disease congenital 

dyserythropoietic anemia type IV, 6 are reported to carry the KLF1-E325K mutation 

(116, 121, 122, 123, 124, 125, 127, 130, 131, 315, 331). I hypothesised that the 

production of cell types associated with the EBI niche from iPSCs would provide a 

powerful tool to model the diseased EBI niche in vitro. This would be especially useful 

for rare diseases such as CDA type IV in which the sourcing of primary tissue is 

difficult, and in which animal models do not exactly recapitulate the human disease.  

I have shown that the integration of a KLF1-E325K-ERT2 construct into iPSCs is able to 

generate a platform to derive erythroid cells that recapitulate the erythroid cell 

disease pathology of these patients. I did identify challenges to using iPSCs to model 

erythroid cells of RBC disorders, as these disorders often have pathologies that 

compound the difficulties in generating RBCs from iPSCs. For example, CDA type IV 

erythroid cells have a defect in terminal erythropoiesis, during which erythroid cells 

enucleate. This is difficult to model using iPSC-derived erythroid cells which already 

do not enucleate at physiological levels. Additionally, I generated macrophages using 

these iKLF1-E325K-iPSCs and utilised them to identify previously uncharacterised 

phenotypic and transcriptional changes in KLF1-E325K macrophages.  

This study has demonstrated that in vitro modelling of the human EBI niche in disease 

can be used to investigate a contribution of EBI macrophages to pathologies 

associated with RBC disorders. The KLF1-E325K-ERT2 system used in this thesis  could 

be easily mutated to investigate other disease-causing KLF1 mutations, but also to 

study other genes entirely.  
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7.2.2 Evaluation of the contribution of secreted factors to iKLF1-E325K function 

within the EBI niche 

I identified that iKLF1-E325K macrophages express the following genes encoding 

proteins that have been identified or implicated with a role in macrophage-

erythroblast attachments within the EBI, VCAM1, EMP/MAEA, ITGAV, CD163, CD169 

and PALLADIN. I speculated that the expression of these genes in iKLF1-E325K 

macrophages is responsible for their partly retained ability to mature and enucleate  

a significant number of erythroid cells in an in vitro model of the EBI niche.  

Significantly fewer erythroid cells matured and enucleated in culture with iKLF1-

E325K iPSC-DMs compared to iKLF1-WT iPSC-DMs. I speculated that this reduction in 

function within the EBI could be the result of a lack of expression of the secreted 

factor ANGPTL7, which has shown to be required in addition to IL-33 to promote 

erythroid cell maturation and enucleation. Both IL-33 and ANGPTL7 are up-regulated 

upon KLF1-WT activation. The addition of a transwell to the in vitro EBI assay, which 

prevents the interaction of macrophages with erythroblasts, has been previously 

used to investigate the contribution of secreted factors only to erythroid cell 

maturation and enucleation (201, 209). The addition of a transwell to in vitro EBI 

assays with iKLF1-E325K iPSC-DMs would be useful to confirm whether the reduced 

function of iKLF1-E325K iPSC-DMs is the sole result of secreted factors, and not any 

unidentified macrophage-erythroblast attachment proteins or other factors.  

It is interesting to speculate that ANGPTL7 treatment could be used in patients with 

CDA type IV to increase the terminal maturation of their erythroid cells. Reducing the 

nucleated RBCs in the peripheral blood of CDA patients could help to alleviate 

symptoms such as splenomegaly, which are likely the result of increased removal of 

RBCs from the blood stream. ANGPTL7 is the least studied member of the 

angiopoietin-like family of cytokines, for which 8 members have been identified 

(369). ANGPTL7 has been demonstrated to promote angiogenesis in vitro by 

stimulating the proliferation, motility and invasiveness of endothelial cells, and has 

been identified to be essential for HSC repopulation (369, 370).  

However, it is evident that ANGPTL7 could be a difficult factor to target 

therapeutically due to its diverse roles and context dependent nature. Modulation of 
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ANGPTL7 has been previously suggested therapeutic target for increased intraocular 

pressure (IOP) and glaucoma (371). Current glaucoma medications work by lowering 

IOP, and Angptl7 knockout mice were identified to have lower IOP compared to WT 

mice (371). Injection of ANGPTL7 into mouse eyes increased OAP, suggesting that 

modulation of ANGPTL7 could help to maintain healthy IOP and prevent the onset or 

progression of glaucoma (371). ANPTL7 has also been identified to promote insulin 

resistance and type 2 diabetes mellitus (372). Therefore, ANGPTL7 treatment could 

increase terminal maturation of CDA patient erythroid cells, at the expense of 

increasing patients glaucoma risk, insulin sensitivity and risk of type 2 diabetes 

mellitus.  

7.3.3 A role for TGF-α in human erythroid progenitor renewal  

TGF-α has been previously demonstrated to promote the self-renewal of chick 

erythroid progenitors, with removal of TGF-α inducing terminal differentiation of 

chick erythroid progenitors in vitro (361, 362, 363). It is interesting to speculate that 

TGF-α may also have a role in the self-renewal of human erythroid progenitors. It 

would also be interesting to investigate whether TGF-α has any effect on cell cycle 

exit, which is required for erythroblast enucleation (78). To test both of these 

questions in vitro, TGF-α could be added to UCB-derived CD34+ progenitors under 

erythroid differentiation conditions to investigate whether these cells proliferate 

more, and whether fewer of these cells exit the cell cycle to enucleate.  

TGFA was the only differentially expressed gene that I identified in my transcriptomic 

dataset. TGFA is up-regulated by KLF1-E325K activation, and down-regulated by KLF1-

WT activation. It is interesting to speculate that, if TGF-α does indeed promote 

human erythroid progenitor renewal, its secretion by CDA patient EBI macrophages 

could promote the self-renewal of nucleated erythroid progenitors, preventing their 

terminal differentiation and contributing to the persistence of nucleated erythroid 

cells in the peripheral blood of CDA patients. The mechanism by which CDA patient 

erythroid cells fail to enucleate has not yet been elucidated.  
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