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 I 

Abstract 

The work presented in this thesis combines two hugely promising nascent 

technologies by establishing a CRISPR-Cas9 based genome editing toolkit for use in 

the immortalized erythroblast line BEL-A (Bristol Erythroid Line - Adult). Various 

approaches to CRISPR-Cas9 editing were tested to achieve knockouts, knock-ins, 

and transcriptional activation. An efficient workflow for generation of lentiviral 

CRISPR-mediated knockouts was established and multiple enucleation competent 

cell lines deficient in individual blood groups were produced as tools for diagnostics 

and as proof of principal for transfusion therapy. Multiple blood group knockouts 

were combined to generate a cell line which could be differentiated to form 

reticulocytes deficient in multiple antigens responsible for the most common 

transfusion incompatibilities: ABO (H0), Rh (Rhnull), Kell (K0), Duffy (Fynull) and GPB 

(S- s- U-). This represents a significant step towards the generation of engineered 

red blood cells for transfusion of patients with specific blood group matching 

requirements, such as those with very rare blood types or those with diseases 

requiring regular transfusion therapy. The genetic toolkit was expanded to 

demonstrate gene regulation in the BEL-A cell line and efficient activation of 

erythroid genes ICAM4 and SLC14A1 (Kidd) and non-erythroid genes CD4 and 

CD8A was achieved using the CRISPR activator SunTag system. The genome 

editing techniques established here provide valuable tools for the generation of 

engineered red blood cells which holds great promise for basic research purposes, 

for the future provision of a sustainable blood source for transfusion, and as a 

platform for erythrocyte-based therapeutic applications.  
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1 Chapter 1 – Introduction 

1.1 Erythrocyte Biology 

1.1.1 Function 

Erythrocytes, also known as red blood cells (RBCs), are the most abundant cell in 

the human body, comprising 84% of all cells (1). RBCs are produced in a process 

called erythropoiesis in the bone marrow. Immature erythrocytes (reticulocytes) are 

released into the bloodstream at a rate of 2 million per second (2) and mature to 

erythrocytes in circulation over approximately 48 hours (3). The primary function of 

erythrocytes is the transportation of oxygen, for which they are highly specialised: 

they contain no organelles, maximising volume for oxygen carrying haemoglobin 

(which accounts for over 95% of cytosolic protein content (4)), they have a 

specialised plasma membrane and cytoskeleton, enabling extensive, reversible 

deformation for passage through narrow capillaries; and they have a characteristic 

biconcave shape which provides a large surface area (~140 µm2) for efficient gas 

exchange (5). Erythrocytes have a long circulatory life span, averaging 

approximately 120 days (6). Damaged and senescent RBCs are normally detected 

and removed from circulation by cells of the reticuloendothelial system, primarily by 

macrophages in the spleen (7).  

1.1.2 Erythropoiesis 

Haematopoiesis is the production of all blood and immune cells, including 

erythrocytes, leukocytes (white blood cells), and platelets. Erythropoiesis refers 

specifically to the production of RBCs. It begins with a tiny contingent of pluripotent 

haematopoietic stem cells (HSCs) with self-renewing capacity, which execute a 

program of lineage commitment and differentiation (Figure 1-1). HSCs reside within 

the endosteal niche of the bone marrow. Multipotent long-term HSCs (LT-HSCs) 

have the greatest self-renewal capacity and in vivo persist for the lifespan of the 

organism, whereas short-term HSCs (ST-HSCs) have reduced self-expansion 

capacity (8). The CD34+ cell surface marker is widely used to identify hematopoietic 

stem and progenitor cells, but it should be noted that these represent a 

heterogenous population which generally contains just ~0.1-1% LT-HSCs (9). The 
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classical model of haematopoiesis begins with LT-HSCs which give rise to ST-HSCs 

and then multipotent progenitors (MPP) which subsequently differentiate into lineage 

restricted progenitors (10). Following the erythroid pathway, common myeloid 

progenitors (CMP) give rise to bipotent megakaryocyte-erythroid progenitors (MEP) 

which can ultimately form megakaryocytes (which produce platelets) or erythrocytes. 

In this model CMPs are the first lineage restricted progenitor in hematopoiesis. 

However, recent evidence has suggested that some MPPs are already lineage 

committed to the myeloid pathway and therefore the first commitment step occurs 

within a population of MPPs (11, 12).  

The erythroid cells downstream of MEPs are erythroid committed. Slowly 

proliferating Burst Forming Unit Erythroblasts (BFU-E) mature to rapidly dividing 

Colony Forming Unit Erythroblasts (CFU-E), which then undergo terminal 

differentiation sequentially becoming proerythroblasts, basophilic erythroblasts, 

polychromatic erythroblasts and orthochromatic erythroblasts, which enucleate to 

become reticulocytes. Reticulocytes then egress from the bone marrow and mature 

into erythrocytes in the bloodstream. During terminal differentiation, cells undergo 

substantial changes that include progressive reduction in cell volume, increase in 

haemoglobin content, loss of RNA, expulsion of organelles, haemoglobin and 

erythroid protein synthesis, nuclear condensation and enucleation. 



 3 

 

Figure 1-1 Adult hematopoietic differentiation hierarchy. Long-term HSCs (LT-HSC) 

become short-term HSCs (ST-HSC) and multi-potent progenitors (MPPs). MPPs give rise to 

common lymphoid progenitors (CLPs) or common myeloid progenitor (CMPs). Recent 

evidence suggests that classically defined CMPs are in fact a highly heterogenous 

population with individual CMPs already committed to myeloid (via granulocyte–macrophage 

progenitors (GMPs)) or erythroid lineages (via megakaryocyte–erythrocyte progenitors 

(MEPs)). Erythropoiesis is shown in colour. Burst forming unit-erythroid (BFU-E) cells 

differentiate to become colony forming unit-erythroid (CFU-E), proerythroblasts (ProE), 

basophilic erythroblasts (BasoE), polychromatic erythroblasts (PolyE) and orthochromatic 

erythroblasts (OrthoE), which enucleate to become reticulocytes (Retic) which mature into 

red blood cells (RBC) in the bloodstream. Figure adapted from (13). 

 

Erythropoiesis is regulated by a complex array of factors including cytokines, growth 

factors, hormones, transcription factors, epigenetics and miRNA (14). Numerous 

hormones act on BFU-E cells to stimulate differentiation, including erythropoietin, 

stem cell factor, insulin like growth factor 1, glucocorticoids, and interleukins 3 and 6 

(14). Erythropoietin is essential for the early stages of terminal differentiation, but 

later stages are erythropoietin independent. Erythropoietin is a cytokine produced by 

the peritubular capillary endothelial cells in the adult kidney in response to hypoxic 
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conditions and is essential for regulation of differentiation (15). Erythropoietin binds 

to the erythropoietin receptor causing homodimerization and triggering multiple 

signal transduction pathways including the signal transducer and activator of 

transcription 5 (STAT5), Phosphoinositide-3 kinase (PI3K), and extracellular signal-

regulated kinase (ERK) pathways (16). 

1.1.3 RBC structure 

The RBC has a diameter of approximately 8 μm and a width of approximately 2 μm. 

Despite this, it has to be capable of squeezing through vasculature that is just 3 μm 

wide and also slits in the reticuloendothelial system as small as 0.5 μm (5). The RBC 

is able to achieve this deformation due to its specialised membrane and its cellular 

viscosity which is regulated through hemoglobin and water content (5). The 

membrane mass is approximately 52% protein, 42% lipid, and 8% carbohydrate (5). 

The plasma membrane is composed of three layers: the glycocalyx, the lipid bilayer, 

and the underlying cytoskeleton. The glycocalyx is a carbohydrate layer surrounding 

the cell membrane resulting from carbohydrate moieties of membrane glycoproteins 

and glycolipids. The lipid bilayer consists of phospholipids, glycolipids, and 

cholesterol. Lipids are distributed asymmetrically in the erythrocyte bilayer, with 

phosphatidylserine found exclusively in the inner bilayer (7). There are numerous 

membrane proteins which are either held in the lipid bilayer (integral proteins) or 

associated with the membrane (peripheral proteins). The membrane contains over 

850 proteins, with approximately 20 of these being major protein constituents (17). 

Membrane proteins serve numerous functions in RBC homeostasis such as 

transport, structural integrity, regulation of complement, protein trafficking and 

protein assembly. The underlying cytoskeleton maintains the biconcave shape which 

provides an efficient surface area to volume ratio for gas exchange and also 

provides the flexibility required for massive reversible deformation.  

The cytoskeleton is a pseudohexagonal lattice composed of repeating triangular 

units of α- and β-spectrin tetramers (18). F-actin protofilaments reside at the 

triangular vertices. The cytoskeleton is linked to the plasma membrane through 

vertical interactions with band 3 based multiprotein complexes: the ankyrin complex 

and junctional complex (18–21). Junctional complexes are located at the triangle 

vertices and are linked to actin protofilaments, whilst ankyrin complexes are located 
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along the triangle edges at spectrin-ankyrin binding sites (Figure 1-2). 

Spectrin chains confer flexibility to the cell membrane. Spectrin is a long, flexible 

protein consisting of two parallel chains of α- and β-spectrin orientated in opposite 

directions (18). A number of properties contribute to spectrin’s flexibility and enable it 

to withstand massive deformation: interactions between α- and β-spectrin are 

relatively weak, enabling the chains to slide past each during deformation; spectrin 

tetramers have the ability to dissociate and reform; and, spectrin chains are made up 

of multiple triple helical repeating units which can stretch, rearrange and unfold (18).  

 

 

Figure 1-2. Model of a hexagonal unit of the erythrocyte membrane skeleton. Spectrin 

tetramers are arranged in a pseudohexagonal lattice centred around actin protofilaments 

which lie parallel to the membrane with random orientation. Protofilaments consist of double-

helical actin filaments with 6-8 monomers per strand. The protofilament is capped by 

adducin and tropomodulin and is associated with protein 4.1R which binds spectrin and 

actin. The cytoskeleton is linked to the membrane via vertical linkages with multiprotein 

complexes. Junctional complexes are located above actin protofilaments and ankyrin 

complexes are located part way along spectrin tetramers. Figure produced from (18). 
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Actin protofilaments are short, double helical filaments which lie parallel to the 

membrane and are randomly orientated (18). Each protofilament contains 6-8 actin 

monomers per strand and is capped by adducin and tropomodulin. There are 

~30,000 to 40,000 protofilaments per erythrocyte. Protein 4.1R binds to the actin 

protofilament and plays an important role in strengthening the interaction between 

actin and spectrin. The protofilament is bound to the junctional multiprotein complex 

through several linkages: first protein 4.1R binds band 3, then protein 4.2 of the 

junctional complex binds spectrin, and finally, adducin binds to band 3 (18). The 

junctional complex consists of actin, spectrin α and β, protein 4.1R, band 3, 

glycophorin A/C/D, glucose transporter 1, stomatin, adducin, dematin, p55, protein 

4.2, proteins of the glycolytic metabolon, as well as blood group proteins Kx/Kell and 

DARC/Duffy (Figure 1-3) (19). 

The ankyrin multiprotein complex is linked to the spectrin cytoskeleton via ankyrin 

which binds to the junction of the 14th and 15th β-spectrin repeats (22). The complex 

consists of ankyrin, band 3, glycophorin A or B, protein 4.2, alongside the rhesus 

subcomplex (containing RhAG, RhD, RhCE, CD47 and ICAM-4) and glycolytic 

metabolon proteins associated with the N-terminus of band 3 (Figure 1-3) (18, 19). 

The composition of multiprotein complexes vary as not all proteins are present in 

every complex. The ankyrin complex is critical to maintaining membrane structure 

and defects in spectrin, ankyrin, band 3 or protein 4.2 cause hereditary 

spherocytosis (23).  
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Figure 1-3. Current model of the multi-protein complexes of the erythrocyte 
membrane. Cytoskeletal proteins are primarily linked to the membrane at two 

macrocomplexes: the ankyrin complex and the junctional complex. Known protein contacts 

are depicted, but the relative positions of proteins and their shapes are mostly imagined. The 

ankyrin complex consists of the band 3 tetrameric complex (band 3, glycophorin A (GPA), 

protein 4.2, carbonic anhydrase II) and the Rh complex (RhAG, RhCE, RhD, CD47, ICAM-4, 

glycophorin B (GPB)).The complex is anchored to the cytoskeleton via ankyrin which 

interacts with β-spectrin. The junction complex consists of actin, α- and β-spectrin, protein 

4.1R, band 3, glycophorin A, glycophorin C/D, glucose transporter 1, stomatin, adducin, 

dematin, p55, proteins of the glycolytic metabolon, Kx/Kell and Duffy. The junctional complex 

is bound to the cytoskeleton through interactions between glycophorin C and D with p55 and 

protein 4.1R. The macroprotein complexes can vary in composition. The cytoskeleton 

consists of a lattice of hexagonal spectrin tetramers with short actin filaments at the 

junctions. Image republished from Lux et al. (18) with permission.  
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1.1.4 Blood group antigens 

The complex RBC membrane provides numerous substances to which the immune 

system can respond. These substances are known as blood group antigens and are 

either oligosaccharides (e.g. ABO) or amino acids (e.g. Kell, Duffy, Kidd, GPB). 

RBCs have more than 350 known antigens (as recognised by the International 

Society of Blood Transfusion). Antigens are grouped into systems according to a 

common underlying gene locus (or cluster of homologous gene loci). To date, 36 

different blood group systems have been identified. Blood group antigens vary in 

their immunogenicity according to their abundance and the properties of the 

antibodies generated against them. ABO antigens are the most clinically important 

as anti-A and -B antibodies are naturally occurring (due to exposure to ABO antigens 

in foods and microorganisms), and anti-A and -B antibodies are capable of causing 

hemolysis (24). The second most clinically important blood group system is Rh (25). 

The RhD antigen (often notated by + or - following an individual’s ABO type, e.g. O-), 

is highly immunogenic and readily causes anti-D antibody formation when transfused 

into a RhD negative individual (causing haemolytic transfusion reaction (HTR)), or 

when fetal RBCs are RhD positive and the mother is RhD negative, causing 

haemolytic disease of the newborn (HDN) (24). ABO and Rh are by far the most 

clinically significant blood group systems, but other systems are still of importance, 

especially in patients who receive multiple blood transfusions. Below, the immune 

response to blood group antigens is discussed. 

1.1.5 Haemolytic transfusion reaction 

A haemolytic transfusion reaction (HTR) is defined by RBC lysis following a 

mismatched transfusion (25). Symptoms include aches and pains, fevers, jaundice 

and in the most serious cases, renal failure and even death (26). Donor RBCs are 

targeted for destruction by alloantibodies in the recipient’s bloodstream. 

Alloantibodies are antibodies which are generated against non-self antigens. They 

can occur naturally, due to exposure of antigens in the environment, or as a result of 

exposure to RBC antigens from transfusion or pregnancy (24). Upon first exposure 

to a donor antigen, alloantibodies may not be detectable for several weeks or 

months. But in subsequent exposures, antibodies levels rise rapidly leading to HTR. 

HTR can be acute, occurring within 24 hours, or delayed, occurring later than one 
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day following transfusion. Acute HTR almost always occurs when an antibody was 

serologically detectable in the patient’s plasma prior to transfusion and are therefore 

usually avoidable (27). Delayed HTRs usually occur in patients who have 

alloantibodies as a result of previous transfusions, but in whom alloantibody levels 

have dropped to a level too low to cause hemolysis (27). The severity of HTR 

depends on transfusion size, antigen abundance and the nature of the alloantibodies 

(type IgG or IgM).  

Prior to transfusion, a sample of patient’s blood is tested for ABO and RhD blood 

groups and matched with donor blood (28). Therefore, mismatches of these blood 

groups are often the result of administrative error (29). Patient serum or plasma is 

also screened for the presence of clinically significant alloantibodies which may have 

arisen from previous transfusions or pregnancies (28). Despite matching for ABO, 

alloimmunisation is relatively common. In a study of 2404 patients in the UK, who 

had no detectable alloantibodies, 2.6% developed alloantibodies after receiving a 

ABO RhD matched transfusion, however only one patient showed clinical evidence 

of haemolysis (30).  

Alloimmunisation is much more likely to occur in patients who require chronic 

transfusions. In sickle-cell disease patients alloimmunisation occurs in approximately 

30% of cases (31). Common alloantibodies generated in chronically transfused 

patients with sickle cell disease include those to the C and E antigens of the Rh 

blood group system, K in the Kell system, Fya and Fy3 in the Duffy system, Jkb in 

the Kidd system (JK), and U and S in the MNS blood group system (32–34). Such 

incompatibilities often result from the differing prevalence of antigens between sickle 

cell disease recipients of African descent compared to a predominately Caucasian 

donor base.  

  



 10 

1.1.6 Blood group systems  

Blood group systems which are relevant to work in this thesis are discussed below, 

system names are given according to ISBT nomenclature. 

1.1.6.1 ABO and H (Bombay) 

The ABO blood group is defined by extracellular oligosaccharide chains, mostly 

presented on band 3, but also on glucose transporter, RhAG and CHIP-1 (35). 

Carbohydrate antigens are synthesised by the sequential addition of sugar residues 

to a precursor substance by glycosyltransferases. Therefore, the genes underlying 

carbohydrate blood group antigens usually encode transferase enzymes. The 

common precursor to ABO antigens is the H antigen (Figure 1-4) (36). Type O blood 

is defined by the presence of the H antigen. The underlying genetic basis of type O 

is usually a single nucleotide deletion in the ABO gene resulting in a loss of function 

of the encoded transferase (25). The A and B antigens are defined by the addition of 

a sugar residue to galactose of the H antigen. SNPs in ABO are responsible for 

expression of either A transferase, which adds N-acetylgalactosamine (GalNAc), or 

B transferase which adds an additional galactose (Gal). These transferases differ by 

just 4 amino acids (25). The presence of both transferases, encoded by 

heterozygous ABO, defines type AB in which both A and B antigens are present.  

An extremely rare phenotype exists in which RBCs do not express the H antigen. 

This phenotype is called Bombay (Oh) and results from loss-of-function mutations in 

the FUT1 gene which encodes fucosyltransferase 1, responsible for adding fucose to 

galactose to form the H antigen Figure 1-4) (36). Over 30 different inactivating 

mutations in FUT1 have been identified (37). Oh individuals will generate 

alloantibodies against H, A and B antigens and therefore require rare Oh blood for 

transfusion.  
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Figure 1-4. Molecular basis of ABO(H) antigens. Oligosaccharide chains are attached to 

glycosphingolipid and glycoprotein molecules predominantly on band 3, glucose transporter, 

RhAG and aquaporin (CHIP-1). The H antigen is the precursor to ABO antigens. The 

fucosyltransferase enzyme (encoded by FUT1) adds fucose to galactose resulting in the H 

antigen. Inactivating mutations in FUT1 lead to the Bombay phenotype. Bombay individuals 

lack all ABO antigens and require Bombay blood for transfusions. SNPs in ABO alleles are 

responsible for expression of either A or B transferase, resulting in A or B antigen formation. 

Reference: (36).  

 

1.1.6.2 Rh and Rh-associated glycoprotein 

The Rh blood group system is clinically significant because Rh antigens are highly 

immunogenic and are involved in HTR, HDN, and autoimmune haemolytic anaemia 

(38). The Rh blood group system is the most complex in humans, containing the 

largest number of antigens - 55 to date (ISBT). Rh antigens are protein motifs which 

reside on the RhD and RhCE proteins. These proteins are encoded by two highly 

homologous genes (RHD and RHCE) which are 97% identical and reside end-to-end 

on chromosome one (39). RHD is thought to have arisen from a duplication of the 

RHCE gene (40). Rearrangements between the two genes are responsible for the 

numerous Rh antigens. RhD and RhCE are part of the Rh complex which is critical 

to the structure of the erythrocyte membrane and is involved in ammonia transport 

(38). It was initially thought that the Rh complex was composed of a tetramer of two 

RhAG molecules and two RhCE or RhD polypetides (41), however more recently a 
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trimeric structure has been predicted from protein modelling likely consisting of two 

molecules of either RhD or RhCE, with RhAG (42–44). Erythrocytes with the 

extremely rare Rhnull phenotype possess no Rh antigens (45, 46). Rhnull patients 

require Rhnull blood for transfusion however as of 2016 only 12 donors had been 

identified (47). The Rhnull phenotype is divided into two classes, the regulator type 

caused by homozygous inactivating mutations in the RHAG gene of chromosome 6, 

and the amorph type caused by a mutation in the RHCE gene with a RhD negative 

background (without RHD gene) and a normal RHAG gene (48). The Rhnull regulator 

type phenotype is associated with haemolytic anaemia which is usually mild, the 

presences of spherocytes and stomatocytes and increased osmotic fragility of 

erythrocytes (49). RhAG has recently been recognised as a blood group system 

which has two high frequency antigens (Duclos and DSLK) and one low frequency 

antigen (Ola) (50). RhAG, RhD and RhCE are part of the band 3 tetrameric complex 

within the ankyrin-associated complex. Other constituents of this complex are ICAM-

4, GPA, GPB and CD47 (19). Rhnull cells have complete absence of ICAM-4, 60-70% 

reduction in GPB, and ~25% reduction in CD47 (51). A homozygous mutation in the 

RHCE gene in a D+ background is responsible for the extremely rare D-- phenotype 

which lacks C, c, E, and e antigens amongst others. The phenotype is not 

associated with any morphological or haematological abnormalities (52). The D-- 

phenotype is associated with increased RhD expression, increased ICAM-4 

expression (which is thought to vary with RhD expression (52)), a slight reduction in 

RhAG and substantial reduction in CD47 (51). 

1.1.6.3 Kell 

Kell is the third most clinically important blood group system after ABO and Rh (25). 

It is associated with HTR and HDN. Kell is a glycoprotein encoded by the KEL gene 

on chromosome 7 and has 36 known antigens (ISBT). Kell is a single pass 

membrane protein with a large extracellular domain. Kell is an endopeptidase which 

cleaves the endothelin-3 polypeptide, to create a potent vasoconstrictor (53). A rare 

null phenotype exists (K0) which is not clinically significant (46) and results from 

various inactivating mutations in the KEL gene (36). In the RBC membrane, Kell is 

covalently linked to the XK glycoprotein through a single disulphide bond (54). XK is 

thought to have a role in amino acid transport. The XK null phenotype confers 
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McLeod syndrome which is associated with acanthocytes (abnormal RBCs with 

spiky projections) and RBCs with reduced lifespan (55).  

1.1.6.4 MNS (glycophorin A and glycophorin B) 

The MNS blood group system is comprised of two single pass, integral membrane 

sialoglycoproteins: glycophorin A (GPA) and glycophorin B (GPB) (36). GPA and 

GPB are highly homologous and are encoded by GYPA and GYPB genes which 

reside next to one another on chromosome 4. GYPB is thought to have arisen from a 

gene duplication event of GYPA (51). GPA is a chaperone-like molecule which aids 

in the transport of band 3 to the plasma membrane (56). After band 3, it is the most 

abundant red cell membrane glycoprotein, with approximately 106 copies per cell 

(57). GPB functions as a receptor for complement, bacteria and viruses (51). Null 

phenotypes exist for both GPA and GPB without clinical significance (46). GPA null 

cells have the En(a-) phenotype and GPB null cells have the U- phenotype. GPA and 

GPB null cells have the extremely rare MkMk phenotype (25). GPA and GPB act as 

receptors for the malarial parasite Plasmodium falciparum (58–60) . The rare null 

phenotypes offer malarial resistance and are therefore positively selected for in 

areas of high malarial prevalence. The MNS blood group is highly complex, hosting 

49 currently known antigens (ISBT). This complexity is hypothesised to have arisen 

as a defence mechanism against P. falciparum invasion (59). GPA hosts M/N 

antigens and GPB hosts S/s and U antigens. Antibodies against S, s and U antigens 

of GPB can cause HTRs (antibodies against M and N of GPA rarely cause HTRs 

and are usually inactive at 37˚C) (27). Therefore, antigens of GPB are clinically 

significant as sickle cell patients who are U- require difficult-to-source U- blood for 

multiple transfusions. Sickle cell anaemia is also placed under a positive selection 

pressure in regions of malaria prevalence (61) and therefore the sickle cell 

phenotype and GPB null phenotype are more likely to coincide.  

1.1.6.5 Duffy 

The Duffy blood group system consists of the Duffy glycoprotein (also known as 

DARC) which has 7 transmembrane spanning domains (36). Duffy is encoded by FY 

gene on chromosome 1. Duffy functions as a receptor of pro-inflammatory cytokines 

of both the CXC and cc subfamilies (53). The null phenotype Fy(a-b-) is the result of 
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various inactivating mutations in the FY gene (36). Fy(a-b-) is not generally 

considered to be clinically significant (46). However, there is some evidence that lack 

of Duffy adversely affects the balance of proinflammatory chemokines (62). Duffy 

also functions as a receptor for P. vivax and P. knowlesi (63). The Duffy null 

phenotype is therefore positively selected for in malaria prevalent regions (24). 

Sickle cell anaemia patients who are Fy(a-b-) require corresponding blood which can 

be difficult to source. Anti-Fya and -Fyb can cause HTR ranging from mild to severe.  

1.1.6.6 Ok (basigin) 

Basigin is a single pass transmembrane glycoprotein which is encoded by the BSG 

gene on chromosome 19 (51). There are approximately 3000 copies per cell (36). 

Basigin exists as a homodimer in complex with two monomers of monocarboxylate 

transport 1 and is not associated with the spectrin cytoskeleton (64). Basigin 

comprises the Ok blood group system which has three very high frequency antigens, 

Oka, OK2 and OK3. Amino acid substitutions are responsible for each of these 

antigens. Rare antigen-negative phenotypes exist for each of these antigens but no 

null phenotype exists for all three as basigin knockouts are thought to be lethal. 

Basigin knockout mice have been created however they are sterile and most null 

mutant embryos fail to implant (65). Basigin is a member of the immunoglobulin 

superfamily and has numerous roles across a range of tissues including embryo 

implantation, spermatogenesis and retinal development (66). In erythrocytes, basigin 

acts as an adhesion molecule which may play a role in recirculation of mature 

erythrocytes from the spleen (67). Basigin is also critical for the function of 

monocarboxylate transporters MCT1 and MCT4 which transport monocarboxylates, 

such as lactate and pyruvate, across the membrane (51). Basigin is also an essential 

receptor for malarial parasite Plasmodium falciparum invasion through its interaction 

with the parasite ligand Rh5 (66). Rh5 is essential for erythrocyte invasion across all 

tested strains of P. falciparum making it an attractive target for malaria therapeutic 

intervention (60). 
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1.1.7  Blood transfusions and the universal donor 

Blood transfusions are a mainstay in modern medicine and may be required for 

numerous reasons; blood may be required to replace loss of blood due to trauma, 

childbirth, or elective surgical procedures. Cancer patients may require blood 

transfusions as anaemia is common as a direct result of the tumor or due to 

anticancer treatments such as chemotherapy and radiotherapy (68). Patients with 

chronic conditions which affect RBCs such as sickle cell disease and thalassaemia 

may require regular blood transfusions. Many patients will receive over 1000 units of 

packed red blood cells in a lifetime and in total, over 1.5 million units of blood are 

required each year to meet the transfusion needs of England alone (MHRA Annual 

SHOT Report 2016). For the majority of patients, this need is serviced by the blood 

donation system which provides hospitals with screened donor blood that is matched 

for the major blood group antigens: A, B, O and RhD.  

Mismatch of any blood group antigen has the potential to cause alloimmunization. 

Donors who lack certain blood group antigens have more compatible blood. For 

example, blood from donors who are type O (and therefore lack A and B antigens) 

can be given to recipients of type A, B , AB and O. RhD negative blood can be given 

to recipients who are Rh positive or negative. For this reason, donors with blood 

group O- are often described as “universal donors”. However, this is a simplification 

which overlooks the phenotypic complexity of the RBC. A truly universal phenotype 

does not exist in nature. It is true that antigens other than A, B and RhD are much 

less likely to stimulate antibodies upon transfusion and therefore O- blood is a safe 

transfusion product for patients lacking alloantibodies. However, matching to minor 

blood group antigens becomes important for frequently transfused patients who are 

more likely to have an immune response to mismatched antigens. Blood group 

frequencies vary by country, but typically O- accounts for <10%.  

1.1.8 Conversion of RBCs from group A and B to group O 

Given the demand for O- blood, much effort has been made to convert A or B blood 

to Group O. Group B blood just differs from O by the presence of a galactose and 

therefore can be converted to O by treatment with α-galactosidase, which can be 

extracted from coffee beans (69). This approach has been taken to clinical trial, 
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using a recombinant enzyme (70), but has yet to be taken to the clinic due to poor 

enzyme kinetic properties and a low optimal pH which make the process 

economically inviable (71). Conversion of Group A to Group O is more challenging 

due to the greater complexity of biochemistry of the A antigen. Attempts have been 

made with α-N-acetylfalactosaminidase enzymes from several different bacteria (71) 

but treatment often results in incomplete conversion resulting in the presence of 

residual A antigens (72).  

As an alternative method, RBC antigens can be masked or camouflaged rather than 

removed, with resultant RBCs known as ‘stealth RBCs’ (73). Polyethlyene glycol 

(PEG) has been used for this purpose. However, it is difficult to achieve complete 

masking of all ABO antigens and PEG is immunogenic, with natural anti-PEG 

antibodies having been detected in human sera probably from diet exposure (74). 

More recently, new opportunities have arisen for conversion to type O through 

genetic modification with the development of a suite of gene editing tools which will 

be discussed throughout this thesis.  

1.2 Cultured Red Blood Cells 

There has never been greater demand for donor blood for transfusions purposes. 

The world population is growing, especially in low-income countries where blood 

collection levels are low. Infection security is a problem as some developing 

countries lack the means for adequate screening of blood for pathogens (75). The 

population is aging, proportionally there are fewer people of an eligible donation age 

and more people with greater need for transfusion. Demand for blood starts 

increasing from age 50 onwards, with 70 to 80 year-olds requiring eight times as 

much as 20 to 40 year-olds (76). Blood supply is also vulnerable to shortages arising 

due to unforeseen circumstances such as natural disasters, military conflicts and 

disease outbreaks (77). Considering the global demand for blood, the possibility of 

developing a sustainable-supply of laboratory cultured red blood cells for clinical use 

is currently being explored. Such a product would have hugely important implications 

for global healthcare (78–80). Ideally, a cultured blood product would provide 

unlimited infection-free, universally-compatible blood. It is now possible for cultured 

RBCs (cRBCs) to be grown in the laboratory. HSCs, as the starting cells for cRBCs, 

can be acquired from various sources which will be discussed in the following 
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section and are summarised in Table 1-1. The key challenges remaining for cRBC 

are to produce cells at sufficient quantity and to demonstrate their utility. 
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Source of cells Cultured blood 
product 

Self-renewal 
capacity? 

Hb chains 
and types 

Differentiation 
length 

Reticulocyte yield 
(Retics per starting cell) References 

HSCs or 
PBMCs 

Adult peripheral 
blood  

No - donor 
dependant HbA ~14 days 

Many (>50% 
enucleation) 

 
Normal phenotype 

Migliaccio et al 2002 (81) 
van den Akker et al. 2010 (82) 
Tirelli et al 2011 (83) 
Giarratana et al 2011 (84) 
Griffiths et al 2012 (85) 
Kupzig et al 2016 (86) 

Umbilical cord 
blood  

No - donor 
dependant HbF 20-60 days 

Many (>50% 
enucleation) 

 
Normal phenotype 

Neildez-Nguyen 2002 (87) 
Leberbauer et al 2005 (88) 
Miharada et all 2006 (89) 
Baek at al 2008 (90) 
Timmins et al 2011 (91) 

Human 
Pluripotent stem 

cells 

ESCs Yes HbE 
HbF >40 days Very low 

Abnormal reticulocytes 

Thomson et al 1998 (92) 
Qiu et al. 2008 (93) 
Lu et al. 2008 (94) 
Lapillonne et al. 2010 (95) 
Dias et al. 2011 (96) 

iPSC 
reprogrammed from 
PBMCs or fibroblast 

skin cells 

Yes 
HbE 
HbF 

HbA (trace) 
>40 days Very low 

Abnormal reticulocytes 

Takahashi K et al Cell 2007 (97) 
Lapillonne et al. 2010 (95) 
Chang et al 2011 (98) 
Dias et al. 2011 (96) 
Kobari et al. 2012 (99) 

Immortalized 
erythroid cell  

lines 

HiDEP 
iPSC derived Yes 

HbE 
HbF 

HbA (trace) 
~12 days Very low** 

Abnormal reticulocytes Kurita et al. 2013 (100) 

HUDEP 
Cord HSC derived Yes 

HbE* 
HbF* 
HbA* 

~12 days Very low** 
Abnormal reticulocytes Kurita et al. 2013 (100) 

imERYPCs 
ESC derived Yes HbF ~7 days Very low** Hirose et al. 2013 (101) 

iE 
Cord HSC derived Yes HbF ~16 days Very low Huang et al. 2014 (101) 

BEL-A2 
BM HSC derived Yes HbA ~12 days Low 

Normal reticulocytes Trakarnsanga et al. 2017 (102) 

BMDEP 
BM HSC derived Yes HbA ~12 days Low 

Normal reticulocytes Kurita et al. 2019 (103) 

Table 1-1. Cultured red blood cells, sources and properties. *(104), **(105). BM = Bone Marrow
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1.2.1 Primary blood cultures 

HSCs can be isolated from adult peripheral blood (105) or umbilical cord blood (81, 

84) and differentiated in vitro to enucleated reticulocytes. Primary cRBCs currently 

have the greatest capacity to expand of all cRBCs, but HSCs cannot self-renew in 

vitro and therefore expansion potential is limited. Primary cRBCs must be cultured 

on a batch-by-batch basis and production is dependent on donations of HSCs (87, 

90). The final step of maturation from reticulocytes to erythrocytes which occurs in 

the circulation and involves the spleen in vivo, is not currently possible to fully 

recapitulate in vitro but this is an area of active research. However, cultured 

reticulocytes have been shown to undergo this final maturation step in vivo in mice 

(106) and a human volunteer (86). It is conventional within the field to refer to 

cultured reticulocytes as cRBCs and I will do so throughout this thesis.  

HSCs isolated from umbilical cord blood are estimated (by extrapolation) to have a 

greater expansion capacity than those isolated from peripheral blood (84), resulting 

in a greater yield of cRBCs, but cells express fetal rather than adult globins (107). 

Fetal haemoglobin has a higher affinity to oxygen than adult haemoglobin. HSCs 

isolated from one unit of cord blood can theoretically produce over 500 units of 

cRBCs (108), although this is yet to be realised in practice. In comparison, peripheral 

blood HSC have limited proliferative capacity but they have the advantage of 

producing adult globins and they are easy to access as they are a waste product of 

blood donation (77). Using an optimised protocol, the Anstee laboratory can now 

produce ~12 mL of packed cells from a single apheresis cone, this is approximately 

6 x 1010 reticulocytes (108). This will be sufficient to meet the requirements for some 

neonatal transfusions, which typically require 10 - 20 mL of packed cells without the 

need to pool cRBCs from multiple donors. A further 17-fold expansion would be 

required to achieve a unit of cRBCs (1 x 1012 cells (108)) . One possible avenue for 

further yield improvements is bone marrow mimetics which may enable self-renewal 

of erythroid progenitor cells (86). 

1.2.2 Pluripotent stem cells – iPSCs and ESCs 

Pluripotent stem cells are an attractive alternative sustainable source of cRBCs. 

They have self-renewal capacity, eliminating the need for donors, and opening up 
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the possibility for genetic modifications which could be used to engineer a cultured 

blood product. In primary cultures, such modification would have to be made on a 

batch-by-batch basis, severely restricting their use. Two types of pluripotent stem 

cells have been used to date: embryonic stem cells (ESCs) (109) and induced 

pluripotent stem cells (iPSCs) (94, 110). ESCs yield more cRBCs per starting cell 

than iPSC cells (78). However, ESCs are associated with ethical issues, since they 

are generated from the destruction of embryos, and there is very limited choice of 

donors (78). There are fewer associated ethical concerns associated with iPSCs and 

a greater selection of donor phenotypes available from volunteer donors. iPSCs are 

produced by obtaining HSCs from mononuclear cells (from peripheral blood or cord 

blood) and reprograming them to iPSCs. Reprogramming is achieved through 

expression of reprogramming genes, such as Lin28, Nanog, Sox2 and Oct4, as used 

in (75). There are a number of major obstacles preventing use of pluripotent stem 

cell derived cRBCs being used in clinic: firstly, the differentiation protocols are very 

long; secondly, ESCs and iPSCs express embryonic ε– and fetal γ-globins but only 

very small amounts of adult β-globin (99); thirdly, they have terminal differentiation 

defects including severely impaired enucleation (111); and finally, expansion is 

extremely low when compared to primary cell derived cRBCs, one iPSC generates 

1500 cRBC whereas one CD34+ cell from cord blood generates several million (112). 

Pluripotent stem cells, along with immortalized erythroid lines (introduced below) are 

genetically modified which has regulatory implications if used in the clinic. However, 

the enucleated nature of RBCs and therefore the lack of modified DNA, mitigates the 

regulatory burden provided the absence of nucleated cells is assured (possibly 

through gamma-irradiation or leukocyte filtration (77)).  

1.2.3 Immortalized erythroid (ImEry) cell lines 

The previous generation of in vitro cultured erythroid cell lines were generated from 

leukemic cell lines such as mouse erythroleukemic (MEL) cells, human 

erythroleukemic cell lines (HEL and K562), and a human megakaryoblastic 

leukaemia cell line (UT-7) (78). Whilst these lines provided valuable insights into 

erythroid processes such as erythropoiesis (113) and regulation of globin gene 

expression (13, 114, 115), they were limited by their differentiation and enucleation 

capacity.  
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A more recent approach to cRBC production has been the immortalization of 

heamatopoietic or erythroid progenitor cells. Collectively, these cell lines are referred 

to as immortalized erythroid (ImEry) cell lines. This approach involves the genetic 

modification of progenitor cells using viral vectors to confer self-renewal capacity in a 

process described as immortalization. These cells can then differentiate upon 

demand by supplementing culture media with a chemical inducer. ImEry cell lines 

therefore have the same advantages as pluripotent stem cells (namely, unlimited 

expansion capacity and amenability for genetic editing) but also offer shorter, less 

complex differentiation protocols, fewer terminal differentiation defects and greater 

enucleation efficiency.  

In 2013, using an immortalization technique first established in mouse embryonic 

stem cells (116), Kurita et al. (100) developed immortalized erythroblast lines from 

iPSC progenitors (HiDEP, Human iPS Cell-Derived Erythroid Progenitor) and human 

umbilical cord progenitors (HUDEP, Human Umbilical Cord Blood-Derived Erythroid 

Progenitor). These were immortalized by transformation with Tet-inducible E6 and 

E7 proteins (derived from human papillomavirus 16). The E6 protein targets p53 for 

degradation, which has a central role in cell cycle regulation and is involved in 

growth arrest and apoptosis. E7 inactivates retinoblastoma (pRb) tumor suppressor 

proteins which, through its interaction with various transcription factors, is involved in 

cell growth and proliferation. E7 also induces abnormal centrosome duplication, 

resulting in multipolarity, abnormal mitoses, aneuploidy and genomic instability. Both 

HiDEP and HUDEP cells express predominantly fetal and embryonic globins (100), 

have terminal differentiation defects, enucleate poorly, and successfully enucleated 

reticulocytes are fragile and morphologically abnormal (104, 117). Despite these 

shortcomings, the lines have proven useful research tools, especially for studying 

globin gene regulation (118–121).  

In the same year, an ImEry cell line named imERYPC (immortalized erythrocyte 

progenitor cells) was generated from ESCs (101). The line was immortalized using 

doxycycline inducible c-MYC and BCL-XL. c-MYC is an oncogene, encoding a 

master regulator transcription factor which regulates growth and metabolism. BCL-

XL is an anti-apoptotic protein which was overexpressed in order to counter 

apoptosis caused by c-MYC overexpression (101). ImERYPC were demonstrated to 
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generate reticulocytes after 7 days of differentiation but the enucleation rate was 

very low and reticulocytes mainly expressed fetal globin (HbF) (105). 

The following year, another cord blood derived ImEry cell line was generated, called 

iE2 (immortalized erythroblast 2). IE2 were generated by transducing cord blood 

HSCs with Sox2, Klf4, c-Myc and anshRNA. The resultant cells were capable of 

differentiating but efficient enucleation could only be achieved with mouse stromal 

cell co-culture which is not scalable or suitable for clinical application (102). 

In 2017, the Frayne and Anstee groups from the University of Bristol and NHS Blood 

and Transplant (NHSBT), created a ImEry cell line from human adult bone marrow 

CD34+ HSCs using the Tet-inducible E6/E7 construct and the resultant line was 

named Bristol Erythroid Line – Adult (BEL-A) (104). Multiple BEL-A lines were 

created using the same methodology and the BEL-A2 line was found to possess the 

greatest enucleation percentage whilst producing reticulocytes which were 

morphologically and proteomically similar to reticulocytes generated from CD34+ 

stem cells. Enucleation efficiency is reported at 30% (104), however the convention 

of reporting enucleation percentages based on cytospin counts tends to 

overestimate enucleation efficiency as cell death during enucleation is not fully 

accounted for. Expanding BEL-A cells are immortalized as proerythroblasts/early 

basophilic erythroblasts and can be differentiated to enucleated reticulocytes in 12-

15 days. BEL-A were derived from a bone marrow CD34+ cells of type A RhD 

positive (for full blood group genotype see Table 1-2). Genetic instability arising from 

immortalization with E6 and E7 results in an abnormal karyotype. BEL-A2 were 

karyotyped and found to be aneuploid with subclones possessing different 

abnormalities (personal communication from Prof. Jan Frayne). Trisomy of 

chromosome 19 and monosomy of chromosome 21 were common. These 

chromosomal rearrangements can make genetic modification of certain loci 

challenging and possibly adversely affect terminal differentiation. 

Recently, Kurita et al. (2019) (collaborators of the Frayne group) repeated the 

approach used for BEL-A immortalization but generated 37 cell lines from the same 

adult bone marrow progenitor source (103). Following E6/E7 transduction, cells were 

divided into groups of 20 and the resultant cells were expanded to form the 37 

(polyclonal) cell lines. These lines were named Bone Marrow Derived Erythroid 
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Progenitors (BMDEP). Karyotype analysis found abnormalities in all cell lines but 

identified normal karyotypes in 50% of individual cells. Variable enucleation 

efficiencies were observed across five lines and BM-1-01 showed the greatest 

enucleation efficiency of 25%. This figure is comparable to 30% enucleation reported 

for BEL-A (104) but both figures are based on reticulocyte counts from cytospins and 

further analysis is required to compare enucleation efficiencies between lines.  

The BEL-A2 line is used throughout this thesis (abbreviated to BEL-A) as it was the 

first and only available human ImEry cell line with adult haemoglobin and an ability to 

produce deformable reticulocytes. Figure 1-5 shows cytospins of BEL-A during 

expansion and differentiation. Reticulocytes start to appear at ~day 10 and reach 

their maximum numbers at day 12/14. Reticulocytes can be isolated by leukofiltration 

which removes enucleated cells and cell debris (122).  

 

Blood Group System 
(gene) 

BEL-A2 Predicted 
Phenotype 

Rh (RH) D+ C- c+ E+ e+ 

Duffy (FY) Fy(a+b-) 

Kidd (JK) Jk(a-b+) 

Kell (KEL) K- k+ 

MNS (MNS) M- N+ S- s+ 

Lutheran (LU) Lu(a-b+) 

Diego (DI) Di(a-b+) 

Colton (CO) Co(a+b-) 

Dombrock (DO) Do(a+b-) 

Landsteiner-Weiner (LW) LW(a+b-) 

Scianna (SC) Sc1+ Sc2- 

ABO (ABO)* A* 

 

Table 1-2. BEL-A predicted phenotype. PCR was used to determine the BEL-A genotype 

for various blood group antigens. Genotyping was performed by the International Blood 

Group Reference Laboratory. *ABO was not tested by PCR, but BEL-A were generated from 

HSCs from a type A individual.  
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Figure 1-5. BEL-A expansion and terminal differentiation. BEL-A are maintained in 

expansion media in which they have the capacity to self-renew. BEL-A can then be 

stimulated to differentiate by culturing them in differentiation media: primary media (days 0-

6) and tertiary media (day 8 onwards). Differentiation media is supplemented with 

doxycycline (which induces the E6/E7 construct) until day 4. Erythroblasts are defined 

morphologically and representative cytospin images illustrate the key stages of terminal 

erythropoiesis. BEL-A are immortalized at the late proerythroblast (ProE)/early basophilic 

erythroblast (BasoE) stage. They differentiate to become polychromatophilic erythroblasts 

(PolyE) and orthochromatic erythroblasts (OrthoE), which enucleate to become reticulocytes 

(retic). In vivo, reticulocytes mature to RBCs in circulation. Reticulocytes can be leukofiltered 

from day 12 to remove nucleated erythroblasts, free nuclei and cell debris.  

 

1.3 Gene Editing in Erythroid Cells 

Genome engineering has the potential to revolutionise the cRBCs field. Gene editing 

in cRBCs will: (i) enable the development of in vitro cellular models for studying 

erythroid biology in healthy and diseased states (104); (ii) improve the properties of 

cRBC such as expansion potential, storage properties, blood type; (iii) offer gene 

therapies for blood diseases (preprint 123); and, (iv) develop red cell based 

therapeutics products, for example in enzyme replacement therapy (124) or for use 

as drug delivery vehicles (125). Reliable, precise, and flexible gene editing tools are 

required. 

Recent advances in DNA nuclease technologies have resulted in a number of 

efficient genome editing tools including Zinc Finger Nucleases (ZFNs) (126), 
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Transcription Activator Like Effector Nucleases (TALENs) (127), and Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) (128). Whilst each of 

these tools enables precise genome modifications, CRISPR in particular has gained 

widespread adoption (review: 129). The separation of DNA binding domain from 

nuclease domain (discussed in section 1.3.1) enables reprogramming of the system 

to target new loci by changing gRNA which is both simple and economical. 

Furthermore, this modularity enables multiple loci to be targeted simultaneously. 

CRISPR-Cas9 has proven to be highly flexible and many variations of the technology 

have been created to increase gene editing applications (section 1.3.3). For these 

reasons, CRISPR-Cas9 was selected as the tool of choice for genome editing in 

BEL-A as described in this thesis.  

1.3.1 CRISPR-Cas9 

CRISPR originated as a bacterial adaptive immunity system capable of cleaving 

invading viral DNA. It was first adopted for use as a gene editing tool in 2012 by the 

Doudna and Charpentier group (130) and was adapted for use in mammalian cells 

one year later by the Church group (131). The bacterial CRISPR locus consists of a 

series of identical repeating DNA sequences which are separated by highly variable 

spacers (Figure 1-6). The average repeat length is 32 bp (132). Transcription of the 

CRISPR locus produces precursor RNAs (pre-crRNAs) which are processed into 

CRISPR RNAs (crRNA) consisting of a complete spacer and partial repeat sequence 

(133). A partial duplex forms between trans-activated CRISPR RNA (tracrRNA) and 

crRNA which binds Cas9 and guides it to a specific DNA specified by the spacer 

sequence. Cas9 then cleaves DNA via the HNH domain, which cuts at the 

complementary strand, and the RuvC-like domain, which cuts the non-

complementary strand (131). Cutting occurs 3 bp upstream of the PAM and 

generates a double strand break (DSB).  

To simplify CRISPR for gene engineering purposes, a single RNA chimera, 

tracrRNA:crRNA, was developed and called guide RNA (gRNA) (130). The gRNA is 

approximately 100 bp long, it consists of a scaffold sequence for Cas9 binding and a 

user-specified 20 bp sequence complementary to the target DNA. All gRNA target 

sequences must be preceded by a protospacer adjuster motif (PAM) sequence, 

which is NGG (or NAG with reduced efficiency) for Steptococus pyrogenes Cas9 
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(134). This is the only constraint for selecting target loci, however some loci will be 

more amenable to Cas9 binding than others due to chromatin state (131). CRISPR 

can result in off-target mutations, and this should be taken into account when 

designing gRNAs. Mismatches are better tolerated at the 5’ end of the gRNA than at 

the 3’ end and off-target activity can occur with up to five base pair mismatches at 

the 5’ end (135). There are numerous CRISPR systems from different bacterial 

species, however the most widely used is the S. pyogenes Cas9 which is used 

throughout this thesis.  

Figure 1-6. Naturally occurring bacterial CRISPR-Cas9. The bacterial CRISPR locus 

consists of a series of repeat sequences separated by highly variable spacers. The spacers 

are the result of foreign DNA sequences which have been incorporated into the genome for 

defence. The CRISPR locus is transcribed to pre-crRNA which is processed to crRNAs 

consisting of complete spacers and partial repeat sequences. A partial duplex forms 

between tracrRNA (also transcribed by the CRISPR locus) and crRNA to form 

crRNA:tracrRNA which associates with Cas9 nuclease. The Cas9-crRNA:tracrRNA complex 

recognises and cleaves viral DNA which is complementary to the spacer sequence.  
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1.3.2 Double strand break repair 

The generation of double strand breaks (DSBs) at specific loci and subsequently 

repair is central to genome editing techniques. Outside of a gene editing context, 

DSB repair is an important process for DNA replication, DNA repair and meiosis 

(136). DSBs can be repaired through numerous pathways but they can be grouped 

into two main categories: non-homologous end joining (NHEJ, described in full in 

section 1.3.2.1) and Homology-Directed Repair (HDR, section 1.3.2.2) (Figure 1-7). 

NHEJ is error-prone and often introduces insertions or deletions (InDels) which can 

cause frameshifts, useful for knocking out gene function (137). HDR requires 

template DNA (also known as donor DNA) and is used to introduce specific edits into 

the genome, whether insertions, deletions, or SNPs. The template DNA sequence 

contains the desired edited sequence flanked by homology arms (HA) which are 

complementary to genomic DNA. For the purpose of this thesis knockouts are 

defined by the generation of loss-of-function mutations through generation of InDels, 

and knock-ins are defined as precise edits which occur via HDR, utilising donor DNA 

and resulting in deletion, replacement, or insertion of user specified sequence. HDR 

occurs at a lower frequency than NHEJ, its efficiency is influenced by numerous 

factors including cell type, cell cycle state, target sequence, template length and 

template type (138–143). Whilst NHEJ-mediated CRISPR knockouts are generally 

highly efficient, HDR-mediated CRISPR editing presents a major challenge in 

numerous cell types, especially iPSCs and primary stem cells (144).  
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Figure 1-7. CRISPR-Cas9 and DSB repair pathway overview. CRISPR-Cas9 consists of: Cas9 

endonuclease enzyme which cleaves DNA, gRNA which targets Cas9 to the desired edit site, and 

template DNA if a knock-in edit is required. A user specified 20 bp spacer region of the gRNA targets 

complementary DNA. Cleavage occurs via the RuvC and HNH domains at 3 bp upstream of the PAM 

site (red letters). RuvC cleaves the nontarget strand and HNH cleaves the target strand. Once a DSB 

has been generated it can be repaired by either error-prone NHEJ or faithful HDR. NHEJ results in 

InDels which can lead to frameshift mutations, causing gene knockouts. Edits can be heterozygous, 

homozygous or compound heterozygous. HDR requires template DNA which consists of the specific 

edit flanked by homology arms (HA) which bind to complementary DNA. DSBs should be designed to 

occur as close as possible to the insertion site.  
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1.3.2.1  Non-homologous end joining 

The predominant repair pathway in mammalian cells is NHEJ, which accounts for 

nearly all repairs outside of the S and G2 phases (Figure 1-8) (137, 145–148). 

Despite its name, NHEJ can involve some microhomology to a template. The 

involvement of up to 4 bps of microhomology is common (145). The NHEJ pathway 

requires nuclease, polymerase and ligase activity (145). The Ku heterodimer, 

consisting of Ku70 and Ku80, recognises and binds DSBs and recruits various 

proteins involved in DNA repair: DNA-PKcs and Artemis which trim DNA ends; the 

polymerase X family (polymerase μ and λ) which add nucleotides; and the DNA 

ligase IV complex, along with cofactors Xrcc4, Xlf, and PAXX, which ligate DNA ends 

(145). The extent of involvement of the various NHEJ proteins depends on the state 

of DNA ends (e.g. blunt end, 5’ and 3’ overhangs) (149). NHEJ is sometimes 

referred to as canonical NHEJ (c-NHEJ) to distinguish it from the alternative end 

joining (a-EJ) pathway. The a-EJ pathway occurs less frequently than NHEJ but 

becomes more prevalent when NHEJ is compromised. A-EJ has been shown to be 

involved in repair of Cas9-mediated DSB repair and often results in large deletions 

(150). Other names for a-EJ are microhomology-mediated end joining (MMEJ) or Pol 

θ-mediated end joining (TMEJ) (151). A-EJ is independent of Ku80 and XRCC4, and 

utilises Poly(ADP-ribose) polymerase 1 (PARP1) and Pol θ. It requires 

microhomologies of 2-20 bp. It is widely thought that the nature of InDels resulting 

from NHEJ and a-EJ is random. However, one recent study showed that specific 

features of gRNA target sequence affect the likelihood of specific InDels occurring 

(145). Therefore, in theory it is possible for specific edits to be introduced without 

template DNA, provided that the desired edits are predicted to be a common 

outcome of NHEJ/a-EJ repair at the target site. 
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Figure 1-8. DSB repair pathways. A DSBs can be repaired by six different pathways: 

cNHEJ, a-EJ, SSA, HR, SSTR and SDSA. NHEJ is often used as a collective term for c-

NHEJ and a-EJ, both are error-prone but a-EJ involves end resection and 2-20 bp DNA 

microhomology. HDR requires more extensive DNA homology and proceeds following end 

resection. HDR can precede down conservative or non-conservative pathways resulting in 

faithful or non-faithful DNA repair, respectively. SSA of the non-conservative branch does 

not require a template but does require >25bp DNA homology. Conservative HDR can 

precede down the HR pathway which involves RAD51 filament formation, strand invasion of 

the 3’ overhang into template DNA and nascent D-loop formation. If the D-loop formation is 

A 

B 
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disrupted, then the repair is completed via the SDSA pathway. If D-loop formation is not 

disrupted, second end capture occurs and a double Holliday junction (dHJ) is formed. A dHJ 

is processed by either dissolution or resolution, which impacts whether a crossover 

(integration of template DNA) or non-crossover event occurs, either outcome results in a 

faithful DNA edit. The mechanisms by which HDR occurs from a single stranded DNA 

template are not well understood but are thought to involve SDSA and/or SSTR pathway. 

Solid lines indicate DNA strands, dashed lines indicate newly synthesised DNA. 

Abbreviations: double strand break: DSB, canonical non-homologous end joining: c-NHEJ), 

alternative end joining (a-EJ), microhomology-mediated end joining: MMEJ, Pol q-mediated 

end joining: TMEJ, single-strand annealing: SSA, homology directed repair: HDR, 

homologous recombination: HR, single-strand template repair: SSTR, synthesis-dependent 

strand annealing pathway: SDSA. References: (145–147). B NHEJ repairs nearly all DSBs 

outside of late S and G2 cell cycle phases. During late S and G2, HR is another major 

pathway for DSB repair, but NHEJ is still predominant during this period. References: (152–

154). 

1.3.2.2 Homology directed repair 

HDR can result in error-free gene editing and therefore is an extremely important 

pathway for gene editing. However, in certain cell types such as iPSCs and primary 

stem cells, the efficiency of recombination is very low, thus limiting gene editing 

applications (144). HDR requires template DNA, whether endogenous (e.g. sister 

chromatid), or exogenous (e.g. donor DNA). Template DNA can be double stranded 

or single stranded and this affects the pathway by which DSB repair proceeds. DSB 

repair using a double stranded DNA template is assumed to follow the same 

pathways as utilised for homologous recombination (151) (Figure 1-8A). In 

eukaryotic cells, HR can proceed down various pathways which result in either non-

crossover or crossover events: synthesis-dependent stand annealing (SDSA), 

single-strand DNA Incorporation (ssDI), Holliday junction resolution, and Holliday 

junction dissolution (137, 147). However, the full details of these pathways and how 

they are selected in response to Cas9-mediated DSBs is not yet fully understood 

(155). Such knowledge could be relevant to efforts at directing CRISPR repair down 

the HDR pathway for precise genome editing (discussed in Section 1.3.2.3).  

In humans cells, HR is restricted to the S and G2 phases of the cell cycle when sister 

chromatids are present (147, 151, 155) (Figure 1-8B). The 5’ ends of the DNA are 
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degraded leaving long 3’ ssDNA in a process known as DNA end resection (156). 

Resection is complex, involving multiple protein complexes, including the MRN 

complex, CtIP, EXO1, BLM, and DNA2 (157). DNA end resection prevents DSB 

repair by NHEJ (158). Following resection, 3’ ends are coated by the replication 

protein A (RPA) complex which protects the overhangs (157). Subsequently, RAD51 

replaces RPA to form the pre-synaptic filament (159). This filament searches for 

homologous DNA (e.g. template or sister chromatid) which it invades and binds. This 

results in the formation of a displacement loop (D-loop) and a single Holliday 

junction. Most D-loops are disrupted and repaired by the synthesis-dependent strand 

annealing pathway (SDSA). The newly synthesised DNA is complementary to the 

other side of the original DSB. This is a non-crossover repair. Alternatively, if the D-

loop is not disrupted, the resected DNA on the other side of the DSB may also bind 

to the template DNA (whilst the other 3’ end is involved in a D-loop), in a process 

known as second-end DNA capture (146). A double Holliday junction is formed. 

Nickases then resolve the double Holliday junction which can result in either Holliday 

junction resolution or dissolution. It has been shown that dsDNA donors 

preferentially engage the Holliday junction resolution pathway (160). 

Little is known about the mechanisms underlying DSB repair using single stranded 

template DNA (161). It is thought to occur via a SDSA-like mechanism of the HR 

repair pathway (147), or via a HR-independent single strand template repair (SSTR) 

pathway (involving Fanconi anaemia pathway proteins) (155, 162). There is 

considerable interest in elucidating the mechanisms by which single stranded 

templates mediate DSB repair as single-stranded donor oligonucleotides (ssODNs) 

templates have proven efficacious at mediating small knock-ins in human cells (152). 

1.3.2.3 Promoting repair of CRISPR-mediated DSB via HDR pathway 

There has been substantial work undertaken to better understand DSB repair 

pathway selection in order to promote utilisation of the less frequent HDR pathways 

(163). Progress has been made towards this goal but HDR efficiencies remain low in 

some difficult-to-edit cell types. Small molecule enhancers, cell cycle regulation, 

HDR-promoting genetic modifications, and template design have been studied in 

attempts to boost HDR.  
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HDR efficiency has been improved using HDR-promoting small molecule enhancers. 

This is an attractive approach as a brief period of media supplementation is all that is 

required. Small molecule enhancers fall into various categories. First, inhibitors of 

NHEJ have been used based on the observation that inhibition leads to 

compensatory HDR (164). Examples of small molecules shown to boost HDR 

through this approach include SCR7 which inhibits DNA ligase IV of the NHEJ 

pathway (165), as well as Nu7441 (166, 167) and Ku-0060648 (168) which inhibit 

DNA-PKcs. Second, activators of the HDR pathway can be used. For example, RS-1 

(169) which promotes activity of RAD51 (involved in filament formation during 

recombination). Thirdly, molecules can be used to prolong the cell cycle at stages 

conducive to editing. For example, nocodazole arrests the cell cycle at the G2/M 

phase by disrupting microtubule formation and has been shown to boost knock-in 

efficiency (170). Finally, other HDR-promoting small molecules have been identified 

by screening a large collection of small molecules with known biological activity. 

Through this approach, Brefeldin A (a fungal metabolite which inhibits protein 

transport from ER to Golgi apparatus) and L755507 (β3-adrenergic receptor partial 

agonist) have been identified (143, 171). 

Alternatively, DSB repair pathway choice can be influenced through genetic 

modification. Knockdowns of NHEJ proteins have been achieved using 

siRNA/shRNA, e.g. Ku70, Ku80, Lig4 (172) and DNA-PKcs (167). Proteins known to 

interfere with the NHEJ pathway have been ectopically expressed in cells for the 

purposes of boosting HDR, e.g. adenovirus proteins E1B55K and E4Orf6 (173), 

which degrade DNA ligase IV (173). Interestingly, p53 has been observed to reduce 

the efficiency of Cas9 editing (174, 175) which is of relevance to E6/E7 immortalized 

cell lines in which p53 is degraded (176). Immortalization via E6/E7 may actually be 

advantageous for knock-in efficiencies.  

Finally, the CRISPR components themselves – gRNA, Cas9 and template – can be 

modified to promote HDR. The aim is to encourage HDR by bringing together 

components of CRISPR and the HDR pathway as DSBs are generated. Cas9 can be 

fused with HDR effector proteins, such as CtIP, a key protein involved in DNA end 

resection during HDR (174, 175). Researchers have devised various strategies for 

boosting HDR efficiency by spatially and temporally co-localising HDR pathway 
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regulators alongside template DNA. Examples include engineering template-Cas9 

fusions using either SNAP-tags (177) or biotin-mono-avidin (178) and ssODN 

template-ribonucleoprotein fusions engineered through covalent tethering (179). 

Numerous design variables for template DNA have been shown to affect HDR 

efficiency including the length of homology arms (180), symmetric vs asymmetric 

homology arms (144, 152), linear vs nonlinear (152), template type – single stranded 

vs double stranded (162) and a double-cut strategy to excise template DNA (147). 

Another approach used to promote HDR has been to restrict Cas9 availability to 

HDR conducive cell cycle stages. For example, Cas9 has been fused to a peptide 

derived from the DNA replication inhibitor Geminin resulting in its degradation during 

the G1 phase (144).  

1.3.3 Cas9 nickase 

In order to reduce the likelihood of off-target cleavage events occurring, an 

alternative form of Cas9 can be utilised called Cas9 nickase (Cas9n (265)). Cas9n is 

a S. pyogenes Cas9 which harbours the D10A mutation in the RuvC domain such 

that only one strand of DNA is cut, termed a ‘nick’. Single nicks can be repaired by 

high fidelity endogenous DNA repair pathways (266). If both strands of DNA are 

nicked in close proximity then a DSB is formed with overhanging ends, which can 

then be repaired by NHEJ or HDR. Two guides are required for editing using 

CRISPR nickases, a sense guide which is complementary to antisense DNA and an 

antisense guide which is complementary to sense DNA. Cas9 nickases have been 

reported to reduce off-target activity by 50 to 1000-fold in cell lines (265). 

1.3.4 Alternative CRISPR applications 

The modular nature of CRISPR-Cas9 offers a highly flexible approach to gene 

editing and has enabled repurposing for multiple applications such as transcriptional 

control, chromatin engineering, epigenetic control, and imaging (129). A catalytically-

dead form of Cas9 (dCas9), with D10A (RuvC-like domain) and H810A (HNH 

domain) mutations, does not generate DSBs and can be used as a platform to recruit 

various effector domains such as acetyltransferases and demethylases for 

epigenetic regulation of the genome (181) or fluorophores for genome imaging 

purposes (182–184). In addition, effectors can be recruited to specialised gRNA 
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using binding motifs (185, 186).  

CRISPR-mediated repression is referred to as CRISPR interference (CRISPRi). 

Transcriptional repression can be achieved using dCas9 to block polymerase activity 

or transcription factor binding (131, 187). To further enhance repression, dCas9 can 

be tethered to repressor domains such as Krüppel-associated box (KRAB) (188, 

189). CRISPR-mediated transcriptional activation (CRISPRa) can also be achieved 

by tethering activator domains to either: dCas9, e.g. VPR (190), synergistic 

activation mediator (SAM) (191), and SunTag (192) systems; or gRNAs with motifs 

to recruit activators, e.g. SAM (185). Simultaneous activation and repression can 

also be achieved by using specialised gRNAs with motifs which recruit either 

activator or repressor modules (192). There are numerous strategies for CRISPRa 

(reviewed in (193, 194)) but a recent comparative analysis across various species 

concluded that SunTag, VPR and SAM were consistently the most efficient (195). In 

this thesis, work is described utilising the SunTag system (Figure 1-9). SunTag 

consists of dCas9 fused to several repeats of a short peptide sequence called a 

SunTag array, and activator modules, which consist of a scFv (single-chain variable 

fragment) fused to sfGFP and a VP64 activator (185). The SunTag array is capable 

of recruiting numerous copies of the activation module which work synergistically, 

resulting in high activation efficiencies. 

In non-dividing cells there is a lack of HDR activity precluding knock-in edits via this 

pathway. To overcome this, several studies have harnessed the NHEJ pathway for 

knock-ins (review: 341). A promising technique called Homology-Independent 

Targeted Integration (HITI) (342) involves a HITI donor DNA which is flanked at 

either one or both ends by cleavage sites (gRNA sequence plus PAM) which is 

incorporated into DNA by NHEJ. Whilst attractive for non-dividing cell types (in vitro 

and in vivo), HITI is limited to inserting ectopic DNA rather than replacing or 

removing DNA.  

Finally, another approach to CRISPR enables precision SNP editing without the 

need for DSB generation (196–198). So called ‘base editors’ are chimeras of dCas9 

fused to functional domains capable of efficiently producing C to T and A to G 

mutations (199). SNPs are the basis of many diseases and therefore CRISPR base 

editors could find widespread application.  
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Figure 1-9. dCas9-SunTag CRISPR gene activation system. SunTag consists of: dCas9 

fused to several repeats of a short peptide sequence called a SunTag array (10 repeats are 

normally used for CRISPR applications); and activator modules, which consist of a scFv 

(single-chain variable fragment) fused to sfGFP and a VP64 activator. gRNA targets dCas9-

SunTag to the target gene (close to the transcription start site), the SunTag array recruits 

numerous copies of the activation module, resulting in high gene activation efficiencies. 

Figure adapted from (193).  
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1.3.5 Modes of CRISPR-Cas9 delivery 

An important practical consideration for CRISPR editing is the mode of delivery of 

CRISPR components to the cell. CRISPR efficiency is impacted by delivery cargo 

and delivery vehicle. These factors determine whether expression is constitutive or 

transient, which can have important regulatory consequences and can influence the 

likelihood of off-target effects. 

1.3.5.1 Delivery cargo 

CRISPR components are commonly delivered as either DNA (plasmid or single 

stranded), RNA (mRNA or viral RNA to be reverse transcribed), or as preassembled 

ribonucleoprotein (RNP) complexes. Cargo choice is influenced by cell type and 

delivery vehicle, for example, when working with difficult-to-transfect cells, viral 

transduction approaches might be chosen which requires RNA/DNA cargo. Plasmid-

based CRISPR-Cas9 is often used as a simple and efficient approach to delivery but 

can be constrained by the large combined size of Cas9, gRNA, donor, and their 

corresponding regulatory elements. To reduce the delivery payload, miniaturised 

Cas9 (193), split-molecule Cas9 (200, 201), and utilisation of smaller proteins from 

different species, such as Cpf1 (202), have been explored as alternatives to S. 

pyogenes Cas9.  

Alternatively, RNP complexes can be used for delivery which consist of 

preassembled gRNA and Cas9 which are co-delivered to host cells. This approach 

offers rapid synthesis and delivery of CRISPR reagents, as time consuming plasmid 

assembly steps are eliminated. RNPs offer transient editing and have been 

demonstrated to achieve higher on-target cleavage efficiencies in a number of 

mammalian cell lines including K562 and Human Cord Blood Cells CD34+ (203). 

Suggested reasons for increased efficiency include increased likelihood of in vitro 

complexing between Cas9 and gRNA, protective effects of RNP to gRNA from 

degradation, and elimination of DNA induced cellular toxicity. RNPs also enable 

greater control over Cas9 and gRNA concentrations compared to plasmid-based 

expression and viral delivery methods. Furthermore, various studies have found 

reduced off-target activity in RNP applications (204, 206, 207), likely due to the fast 

turnover of Cas9 RNP. gRNA for RNPs can be in vitro transcribed or synthesised. 
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Synthesised guides can be chemically modified in a manner shown to enhance 

genome editing efficiency. Three terminal nucleotides modified with 2’-O-methyl 

phosphorothioate have been shown to offer greater stability and protection from 

exonucleases allowing them to persist for longer than unmodified RNPs (205). Such 

gRNAs can be synthesised commercially but are currently an order of magnitude 

more expensive than unmodified versions.  

1.3.5.2 Delivery vehicles 

Delivery vehicles can be divided into the following categories: physical delivery 

methods (e.g. microinjection and electroporation), viral vector delivery (e.g. lentivirus 

and adeno-associated virus), and non-viral vector delivery (e.g. lipid-based delivery, 

cell-penetrating peptides, and gold nanoparticles). A full review of CRISPR delivery 

mechanisms can be found by Timlin et al. (203). Microinjection is highly efficient but 

is time consuming, laborious, and challenging (requiring considerable experimental 

experience (203)). Lipofection is generally inefficient in peripheral blood/bone 

marrow cell lines, a comprehensive analysis of lipofectamine-mediated CRISPR 

InDel efficiency across a range of cell lines found low efficiencies in K562 and NK-

92. Low lipofection efficiency has also been found in BEL-A (personal 

correspondence from the Frayne laboratory). Electroporation and viral vector 

delivery are widely used CRISPR delivery approaches which are also used 

throughout this thesis and are therefore discussed in detail below.  

1.3.5.2.1 Electroporation 

Electroporation is a very common approach to delivery, especially in vitro. 

Electroporation involves the delivery of molecules into cells through pores in the cell 

membrane which are opened temporarily by the application of external high-voltage 

electrical pulses. In order to be effective, CRISPR components must reach the 

nucleus, passing through the plasma membrane, cytoplasmic structures, and nuclear 

envelope. However, there is debate surrounding the processes by which this occurs. 

Whilst cell-impermeant molecules can be transported through diffusion, 

electrophoresis, or electro-osmosis, DNA transport may instead be mediated by 

endocytosis following binding to the plasma membrane (204, 206, 207).  

Nucleofection is a specialised type of electroporation which was developed and 
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trademarked by Amaxa. Nucleofection involves the use of specially developed 

programs and solutions (of undisclosed composition) optimised for specific cell types 

to deliver cargo through the nuclear membrane and into the nucleus (208). 

Nucleofection, and electroporation more generally, are widely used as these require 

only readily-available laboratory equipment; they have been demonstrated to work 

efficiently in a wide range of cell types including cells which are difficult-to-transfect 

by other means (209); they can be utilised for high-throughput applications; and they 

are capable of achieving transient expression, important for reducing off-target 

effects and reducing regulatory barriers. However, not all cell types are amenable to 

electroporation; primary cells are typically challenging, and there are numerous 

parameters that can affect electroporation efficiency, such as a tendency for cells to 

aggregate, suspension vs adherent cells, membrane properties, and tolerance to 

toxicity of payload. The efficiency of electroporation varies hugely depending on cell 

type and experimental parameters and optimization of transfection protocols is 

achieved by trial and error due to the limited understanding of the underlying cellular 

mechanisms (210). A promising approach to electroporation in difficult-to-transfect 

cell lines has recently been described by Xu et al. (2018) involving a novel 

electroporation tube designed to apply an even voltage across cells. The approach 

was demonstrated to achieve higher HDR CRISPR editing efficiencies (211).  

1.3.5.2.2 Viral transduction 

 Lentivirus 

An alternative approach to DNA delivery is the use of viral vectors. Lentiviruses have 

been used widely for transduction in research (203). They are based on HIV-1 and 

are a subset of the Retroviridae family of RNA viruses (212). Lentiviruses, unlike 

other retroviruses can infect both dividing and non-diving cells (213). Lentiviruses 

carry both proteins and RNA in their capsids. Reverse transcriptase and integrase 

are two such proteins. After infecting the host cell, reverse transcriptase reverse 

transcribes the viral RNA genome into DNA. Integrase then processes the DNA by 

acting on sequence features called long terminal repeats (LTRs) which flank the 

genome. Any sequence between the flanking LTRs is integrated into the genome. 

Researchers have exploited this mechanism by including specific sequences up to 

10 kb between the LTRs for expression in the host genome. For safety purposes, 
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essential lentiviral genes for envelope, transfer and packaging are split across 

several vectors so that lentiviral particles are replication incompetent and can 

therefore only infect one cell (214). Lentiviral DNA integration is permanent, enabling 

constitutive expression of a gene of interest. Lentiviral transduction can be very 

efficient across a broad range of cell types. DNA integration into the genome occurs 

semi-randomly (albeit with a bias towards actively transcribed genes) and therefore 

there is potential for insertional mutagenesis (215).  

Lentivirus is an attractive mode of transduction for CRISPR applications due to its 

large packaging capacity, broad tropism, and high efficiency. However, permanent 

Cas9 expression, resulting from lentiviral transduction, increases the probability of 

off-target effects (213). To overcome this and reduce the chance of insertional 

mutagenesis, integrase-deficient lentivirus (IDLV) has been developed which 

contains a SNP in the integrase gene (D64E) (216, 217). There is a small penalty to 

transduction efficiency with IDLV (218), but integration, and therefore positional 

mutagenesis, is vastly reduced (<1%). IDLVs have been utilised for a number of 

CRISPR applications including repair of the sickle cell mutation via knock-in CRISPR 

in β globin in human CD34+ cells (218). Another approach to achieving transient 

editing is to package Cas9 protein directly into lentiviral particles. This approach has 

been shown to be effective at introducing InDels and minimising off-target activity. 

However, overall viral titre is reduced (219, 220).  

 Adeno-associated virus 

Adeno-associated virus (AAV) is another commonly used delivery vehicle for 

genome engineering which has been widely used in clinical trials (221). AAVs offer a 

transient delivery method with very low rates of integration (222) but with high 

efficiencies and broad tropism (223). However, AAVs have a smaller packaging 

capacity (~4.7 kb (222)) than lentivirus, which is restrictive for CRISPR applications. 

To overcome this, split AAV systems have been developed. One system splits the 

Cas9 gene across two vectors which share a region of DNA sequence homology. 

Following transduction, DNA recombination occurs to create a full length Cas9 gene 

inside the host cell. Alternatively, the Cas9 protein can be split into two and 

expressed from two genes, each packed in an individual AAV. The Cas9 moieties 

join via split-inteins to form a full Cas9 protein (224). Various AAV serotype vectors 
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exist and AAV6 have been found to be most efficient at transducing HSC cells (225) 

and several reports have successfully used AAV6 as donor templates for gene 

editing in HSCs (226–228). 

1.3.6 Previous examples of gene editing in erythroid cells 

The work described in this thesis is the first utilisation of CRISPR in the BEL-A cell 

line. However, various gene editing technologies have been employed in other 

similar erythroid lines. Short hairpin RNAs and lentiviral over expression have 

successfully been used in various erythroid cells, including peripheral blood CD34+ 

derived cells (66, 229–232) and BEL-A cells (233). However, these approaches have 

several limitations: DNA is incorporated into the genome semi-randomly, potentially 

resulting in deleterious positional effects; edits are limited to transgene insertions 

and gene silencing whereas precise DNA edits and transcriptional regulation are not 

possible; in the case of lentiviral transduction, integration of viral DNA can be a 

regulatory hurdle in clinical applications; and finally, shRNAs have potential for off-

target effects and incomplete knockdown efficiencies (104). CRISPR and other gene 

editing strategies have the potential to address these shortcomings, especially 

transient knock-in approaches which theoretically enable precise edits without 

introduction of any exogenous genetic material. Although CRISPR use in BEL-A 

cells is novel, there are a number of useful precedents in other erythroid lines; 

CRISPR has been utilised in the erythroleukemia cell line K562 for knockouts (234) 

and knock-ins (221, 235, 236). Knock-ins have been achieved in HSCs using a 

variety of delivery methods for donor templates: ssODN (153, 236, 237), IDLV (221) 

and AAV6 (238). To our knowledge, of the ImEry cell lines, only HUDEP has 

received CRISPR gene editing. There are multiple reports of knockouts in HUDEPs 

using lentiviral delivery (118, 239–243) and RNP delivery (244), and two reports of 

CRISPR HDR editing in HUDEP (126, 245), reflecting the increased difficulty posed 

by HDR editing. 
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1.4 Aims 

- Establish CRISPR-Cas9 gene editing technology in BEL-A to achieve knockout 

mutations. These are generally achieved with greater editing efficiency due to the 

utilisation of the NHEJ repair pathway and requirement for fewer components 

compared with knock-in edits. Knockout BEL-A lines will be useful for fundamental 

erythroid research purposes and for recapitulating disease phenotypes. 

 

- Establish HDR-mediated CRISPR-Cas9 gene editing in BEL-A for precise genetic 

modifications. Through provision of donor DNA, DSBs can be repaired in a specific 

manner enabling precise edits. The ability to introduce precise edits will greatly 

expand the potential for genome engineering. 

 

- Generate edited BEL-A cell lines with blood group proteins and malarial receptors 

removed. Through knockouts, blood group null cell lines can be created which will 

provide a useful resource for studying rare blood group phenotypes and for 

generating reagent cells for diagnostic purposes. Removal of malarial receptors will 

enable investigation into erythrocyte-parasite interactions which would otherwise be 

difficult or impossible to investigate in primary cells.  

 

- Generate an edited BEL-A cell line with numerous blood groups antigens removed 

for greatly enhanced transfusion compatibility. This will serve as a proof-of-principle 

demonstration of the power of gene editing to create cRBCs with tailored blood 

groups, useful for transfusion of patients with rare matching requirements.  

 

- Expand the gene editing toolkit in BEL-A for regulation of gene expression. 

Establishment of CRISPR activators in BEL-A will enable transcriptional control of 

both erythroid and non-erythroid proteins which could improve the properties of 

cRBCs or be useful for future therapeutic applications.  
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2 Chapter 2 - Materials and Methods 

2.1 Materials 

2.1.1 Buffers 

 All chemicals are from Sigma-Aldrich unless otherwise stated.  

2x HEPES Buffered Saline: 0.28M NaCl, 1.5M Na2HPO4, 0.05M HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulponic acid), pH 7.05 

Electrophoresis Running Buffer: 120 mM Trizma (Tris-base), 0.96 mM glycine, 
0.5% (w/v) sodium dodecyl sulfate (SDS).  

Fluorescence Activated Cell Sorting (FACS) Buffer: 2% (v/v) fetal calf serum 
(FBS), 50mM HEPES in PBS (see below).  

Hoechst: 0.5% (v/v) Hoechst 33342 in PBS with 4% bovine serum albumin (BSA) 
and 2 mg/mL glucose.  

Liquid Nitrogen Cell Storage solution: 10% (v/v) dimethylsulfoxide (DMSO), 50% 
(v/v) fetal bovine serum (FBS) (Life Technologies) in phosphate buffered saline 
(PBS)  

NP-40 Lysis Buffer: 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 10 mM 
ethylenediaminetetraacetic acid (EDTA), 100 mM NaF, 1% (v/v) Nonidet P-40, 10% 
(v/v) glycerol, 10 mM sodium orthovanadate (Na3VO4), 2 mM phenylmethylsulfonyl 
fluoride (PMSF), 1% (v/v) protease inhibitor cocktail set V (Calbiochem). 

Phosphate Buffered Saline (PBS): 3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM 
KCl, 135 mM NaCl, pH 7.4 

Phosphate Buffered Saline + BSA and Glucose (PBSAG): 1 mg/mL BSA, 2 
mg/mL glucose in PBS.  

Red Cell Lysis buffer: 20mM Tris-HCl (pH 8.0), 137mM NaCl, 10mM EDTA, 
100mM NaF, 1% (v/v) Nonidet P-40, 10% (v/v) glycerol, 10mM Na3VO4, 2mM PMSF, 
1% (v/v) protease inhibitor cocktail set V (Calbiochem). 

Semi Dry Blotting Transfer Buffer: 39 mM Glycine, 48 mM Tris-base, 1.3 mM SDS 
in 20% methanol. 

SDS PAGE Sample Buffer: 50mM Tris-base pH 8.0, 12% (w/v) glycerol, 10% SDS, 
2mM EDTA, 10% β mercaptoethanol. 
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Tris-acetate-EDTA (TAE): 40 mM TrisBase, 20 mM acetic acid and 1 mM EDTA. 

Tris Buffered Saline (TBS) Tween: 25mM Tris, 0.15M NaCl, 0.02% TWEEN-20 
(Sigma-Aldrich), pH 7.7 

 

2.1.2 Plasmids 

 

Plasmid Source 

XLG3 Existing reagent in the lab 

XLG3-GFP Existing reagent in the lab 

pmaxGFP Lonza (provided with 
Nucleofector kits) 

pSpCas9(BB)-2A-GFP (PX458) Addgene #48138 

pSpCas9(BB)-2A-Puro (PX459) V2.0 Addgene #62988 

pSpCas9n(BB) (PX460) Addgene #48873 

psPax2 Addgene #12260 

psPax2_ID Modified psPax2 

LentiCRISPR_v2 Addgene #52961 

LentiCRISPR_v2_short Modified lentiCRISPR_v2 

LentiGuide-Puro Addgene #52963 

LentiCas9-Blast Addgene #52962 

pAAV-Guide-it-Up Clontech AAVpro kit 

pAAV-Guide-it-Down Clontech AAVpro kit 

pMD2.G Addgene #12259 

dCas9-10xGCN4 Addgene #60903 

scFv-VP64 Addgene #60904 
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2.1.3 Primary antibodies 

Antibody Name Target Species Type Source 

Him6 Basigin Mouse Monoclonal Biolegend 

BRIC 256 GPA Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 69 
RhCE and 

RhD 
Mouse Monoclonal IBGRL Reagents, Filton 

LA1818 RhAG Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 32 CD47 Mouse Monoclonal IBGRL Reagents, Filton 

DF1513 CD71 Mouse Monoclonal Santa Cruz 

12E7 CD99 Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 71 Band 3 Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 200 Band 3 Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 4 GPC Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 216 CD55 Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 256 GPA Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 222 CD44 Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 203 Kell Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 13 Wrb 
 Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 107 Kell Mouse Monoclonal IBGRL Reagents, Filton 

BRIC 68 Kell Mouse Monoclonal IBGRL Reagents, Filton 

BS56 ICAM4 Mouse Monoclonal 
Dr Wassim El Nemer 

(INTS Paris) 

Anti-U GPB Human Polyclonal IBGRL Reagents, Filton 

2C3 Duffy Mouse Monoclonal INSERM, Paris 

Anti-hSLC14A1 Kidd Mouse Monoclonal R&D systems 

Anti-s GPB Human Polyclonal Sanquin Blood Supply 

BRIC 231 H antigen Mouse Monoclonal IGBRL 

9E10 c-Myc Mouse Monoclonal IBGRL Reagents, Filton 

Isotype IgG1 N/A Mouse Monoclonal Biolegend 
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Antibody Name Target Species Type Source 

Isotype IgG N/A Mouse Polyclonal Biolegend 

Isotype IgG N/A Human Polyclonal 
Jackson 

Immunoresearch 

GAPDH GAPDH Rabbit Polyclonal Santa Cruz 

Anti-CRISPR 

(CAS9) 
Cas9 Mouse Monoclonal BioLegend 

 

 

2.1.4 Serological antibodies 

Antibody Name Target Species Type Source 

Anti-GPB U antigen Human Polyclonal 
IBGRL Reagents, 

Filton 

Anti-H H antigen Human Polyclonal IBGRL 

Anti-Ku Kell Human Polyclonal IBGRL 

Anti-Rh29 Rh Human Polyclonal IBGRL 

MIMA29 Fy3 Mouse Monoclonal NY Blood Centre 

 

 

2.1.5 Secondary antibodies 

APC-conjugated monoclonal anti-mouse IgG1 (Biolegend) 

APC-conjugated polyclonal anti-IgG (Biolegend)  

Alexa647 conjugated anti-human (Jackson Laboratories) 
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2.1.6 Primers and CRISPR guide sequences  

Primers 

U6 seq. GAGGGCCTATTTCCCATGATTCC 

KLF1 1000 F CCCTCCTTCCTGAGTTGTTT 

KLF1 1000 R GGACCCATAACCATTGACAG   

KLF1 400 F GCAAGAGCTACACCAAGAGC 

KLF1 400 R TGGACATCTCTGTGTGGCTC 

KLF1 seq. TGTAGTTACAGGGGAAGAAGGG   

KLF1 GCD F CCCTAGGGGCCTCACTTTGTTC 

KLF1 GCD R AGGGCTGTCTATGGGTCCGTGT 

SPTB F TGTGAAGATCGGTTAGGGGC 

SPTB R GCCCTGGGATTCTCCTCAAT 

SPTB seq.  GGAGCTATTTGGTGCTCCTC 

HPRT F  AGCAGCTGTTCTGAGTACTTGC 

HPRT R  GGTATCTCCATAAGACAGAATGC 

Basigin F CACAAGCTGAAAGGAAGTGG 

Basigin R AGTGAGGAGCAAGCAATGG 

RHAG GCD F GCTTCCCAGTTAAATGCTCTC 

RHAG GCD R TCCCCCACCTCTTAATATCATC 

RHCE GCD F TTCCCCCTCCTCCTTCTCA 

RHCE GCD R GGCCTGGATTCCTTGTGATACACA 

RHAG F GCTTCCCAGTTAAATGCTCTC 

RHAG R TCCCCCACCTCTTAATATCATC 

RHCE F CTGTAACAGGAACACAGCAAC 

RHCE R GTAGAAAGGAACATCTGTGCC 

RHD F AACTGAGCACAGCAGGAAC 

RHD R TCTACGGAAGAAGATGGGGG 

GYPA F CAAAGCACAGAAATGATGCAC 

GYPA R GCAGCCTTAAACTCCCAGAC 

BSG F TGAAAGCAGGAAGGAAGAAATG 

BSG R TCAAACCCTGGGACTTCAC 

GYPB F AAGAAAAGGAAACCCGCAG 

GYPB R AGTACAGTGGCACAGTCATAG 
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ACKR1 F TCTCCCCCTCAACTGAGAAC 

ACKR1 R CACTCCCCAAATTCCCACAG 

KEL F AATCCCACAAACACTCATCTAC 

KEL R TGCAGGGAGGAAGAAGAAC 

FUT1 F TGCAGCTTCACGACTGGATG 

FUT1 R CTTCAGGAACTCAGAGTCTGGC 

psPAX_ID_F GAAATTTGTACAGAAATGG 

psPAX_ID_R CTTCTAAATGTGTACAC 

KEL KI seq AGGTGATGTGTAGGAAGCCCAG 

KEL KI F TACCCCCAAAATACAGATGCCT 

KEL KI R TTCACAAGCACTCTTTCCAC 

CRISPR Guide Sequences 

KLF1 nick D1 ST CCGCCACTACCGGAAACACA 

KLF1 nick D1 AST CCGCAGCCTTCCCACGTGC 

KLF1 nick D2 ST CCGCCACTACCGGAAACACA 

KLF1 nick D2 AST GCCGCAGCCTTCCCACGTGC 

SPTB nick D1 ST CAGGTGGAGGCGAGATGAGC 

SPTB nick D1 AST CTGAGCCTAGTAGGGGTGAG 

SPTB nick D2 ST ACTAGGCTCAGCCCAGGTGG 

STPB nick D2 AST TAGTAGGGGTGAGAGGGCTC 

KLF1 D1 CGGCTGGAGATTCGCGCGCT 

KLF1 D2 GCCCCGTGTGTTTCCGGTAG 

KLF1 D3 CGTGTGTTTCCGGTAGTGGC 

KLF1 D4 CCGTGTGTTTCCGGTAGTGG 

KLF1 D5 GGCGCTGCCCCGTGTGTTTC 

SPTB D1 ACCTGGGCTGAGCCTAGTAG 

SPTB D2 CACCTGGGCTGAGCCTAGTA 

SPTB D3 AGAGCCCTCTCACCCCTACT 

SPTB D4 CCACCTGGGCTGAGCCTAGT 

SPTB D5 ACCCCTACTAGGCTCAGCCC 

SPTB D6 CTGAGCCTAGTAGGGGTGAG 
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SPTB D7 TGAGCCTAGTAGGGGTGAGA 

SPTB D8 CCTACTAGGCTCAGCCCAGG 

HPRT GCATTTCTCAGTCCTAAACA 

BSG TTCACTACCGTAGAAGACCT 

GPA GCCCATCATTTCTCTGAACC 

RHCE AGTGTGATGACCACCTTCCC 

FUT1 GACCGCCCGCGCACCTTTGT 

BCAM TCGCAACGGGCAGCGCCTGG 

ACKR1 TGCTGCTAGCTAGGATACCC 

KEL GATAGCTGTCAGCACCCGCC 

GYPB GTCCATCGTTTCACTGTACC 

RHAG CCAGTGGGGCACTATTGTAC 

BCAM TCGCAACGGGCAGCGCCTGG 

SLC14A1 TTCGTCAACAACCCCGTCAG 

KEL KI 1 GGTAACCAAGTTACCAGAGC 

KEL KI 2 CGCTGCCAGCTCTGGTAACT 

ICAM4 activation 1 AAAAAGGGATTCCGCTCCCC 

ICAM4 activation 2 TCTCCAGGGTGGAGTCGAGG 

Kidd activation 1 GCTCTGAGTATATAACTGTT 

Kidd activation 2 TTTGGCATTGATGCCTGAAG 

CD4 activation 1 GCTCCAGCTGGTGACGTTTG 

CD4 activation 2 GCTCCTCCACACCCTAGGCC 

CD8a activation 1 GGAAGGCGACAACCGCGAAA 

CD8a activation 2 CCGGAGCCTGATTTCGCATT 
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2.1.7 Equipment 

Microscopes 

Tissue culture microscope: Olympus CK2 with a 10x objective lens  

Light microscope for cytospins: Olympus CX31 coupled with the Olympus soft 

imaging solutions LC20.  

Fluorescence microscopy: Widefield Olympus IX81 with a Hamamatsu ORCA-

Flash2.8 CMOS camera and a 60x objective lens. 

Flow Cytometers 

MACSQuant VYB flow cytometer (Miltenyi Biotech).  

BD Influx Cell Sorter (BD Biosciences) within the University of Bristol Flow Cytometry 

Facility run by Dr Andrew Herman.  

Cell Counter 

Countess II FL Automated Cell Counter (Thermo Fisher) 

PCR machine 

ProFlex PCR System (Thermo Fisher) 

 

2.2 Tissue Culture Methods 

2.2.1 BEL-A expansion cultures 

Expansion medium: StemSpan Serum-Free Expansion Medium (StemSpan, Stem 

Cell Technologies), containing 50 ng/mL stem cell factor (SCF, Miltenyi Biotec), 3 

U/mL erythropoietin (EPO, Bristol Royal Infirmary), 10-6 M dexamethasone (DEX, 

Sigma-Aldrich) and 10 μg/mL doxycycline (DOXY, Clontech). 
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The original BEL-A2 cell line (a kind gift from Prof. Jan Frayne) was initially 

expanded for two generations and frozen down in cryovials. Cultures were removed 

from liquid nitrogen, thawed at 37°C, washed in HBSS, and cultured in expansion 

medium: Cells were counted using either a haemocytometer or Countess II FL 

(Thermo Fisher) and kept at a density of 1 x 10
5 cells/mL by total media changes 

every 48 hours. BEL-A centrifugation steps were carried out at 300 g for 5 mins.  

2.2.2 BEL-A differentiation cultures 

Primary medium (day 0 - 8): Iscove’s basal medium w/ Glutamine (Biochrom; Merck 

Millipore (FG 0465)) containing 3% (v/v) human AB serum (Sigma-Aldrich (H4522-

100ML)), 2% (v/v) fetal calf serum heat inactivated (Hyclone; GE Healthcare 

(SH30071.03)), 10 μg/mL insulin (Sigma-Aldrich (I9278-5ML)), 3 U/mL heparin 25KU 

(Sigma-Aldrich (H3149-25KU)), 3 U/mL EPO (Bristol Royal Infirmary), 200 μg/mL 

holo-transferrin (Sanquin), 10 ng/mL SCF (Miltenyi Biotec) and 1 ng/mL Interleukin-3 

(IL-3, R&D Systems (203-IL-050)) and 1 U/mL penicillin/streptomycin Sigma-Aldrich 

(P0781-100ML)). 

Tertiary medium (day 8 - 14): Biochrom containing 3% (v/v) human AB serum, 2% 

(v/v) fetal calf serum (heat inactivated), 10 μg/mL insulin, 3 U/mL heparin, 3 U/mL 

EPO, 500 μg/mL holo-transferrin, 1 U/mL penicillin/streptomycin. 

BEL-A cells were first expanded until sufficient numbers were reached for 

differentiation depending on the required number of reticulocytes (typically 1 x106 

cells). All cells counts were performed using an automated cell counting (Countess) 

and between cell counts, cells were cultured in a tissue culture incubator at 37˚C 

with 5% CO2. Centrifugation steps were performed at 300 g for 5 mins. Depending 

on culture sizes, cells were cultured in tissue culture dishes of either 6 cm x 0.15 cm 

(Corning) or 10 cm x 0.35 cm (Corning), or tissue culture flasks T-175 (Corning). 

BEL-A cell differentiation was induced by first seeding cells at 2 x 105 /mL in primary 

medium supplemented with 1 μg/mL doxycycline. After 2 days, cells were counted 

and an appropriate number of cells were centrifuged and resuspended at 3.5 x 

105/mL in fresh in primary medium and incubated. On differentiation day 4, cells 

were reseeded at 5 x 105/mL in fresh primary medium without doxycycline. On 

differentiation day 6, cells were reseeded in fresh primary medium at 1 x 106 /mL. On 
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day 8, cells were transferred to tertiary medium and maintained at 1 x 106 /mL with 

complete medium changes every 2 days until day 14.  

2.2.3 Generation of BEL-A2 clone #79 

The BEL-A2 cell line is a polyclonal population derived from one individuals bone 

marrow. A subclone was generated in collaboration with the Frayne laboratory. BEL-

A2 cells were single cell sorted by FACS into 5 x 96-well plates. Of these, 84 

subclones expanded sufficiently for further analysis. These were differentiated and 

all 84 sub lines were individually assessed for enucleation efficiency by flow 

cytometry with Hoechst staining. A line with one of the highest measured enucleation 

efficiencies was selected and named Clone 79. Unless specified otherwise, all uses 

of “BEL-A” cells described in Chapter 3 used the mixed BEL-A2 cells, whereas 

experiments described in Chapters 4, 5 and 6 used Clone 79.  

2.2.4 K562 cell culture 

Cryovials of K562 cells were removed from liquid nitrogen, thawed at 37°C and 

washed in Hanks balanced salt solution (HBSS; Sigma-Aldrich) and centrifuged for 5 

mins at 300 g. Cells were resuspended in pre-warmed (37°C) Iscove's Modified 

Dulbecco's Medium (IMDM) with GlutaMAX (Invitrogen Ltd) containing 10% (v/v) 

fetal calf serum (Invitrogen Ltd). Cells were incubated in a tissue culture incubator at 

37˚C with 5% CO2 and counted using either a haemocytometer or Countess II FL 

(Thermo Fisher) and maintained at 1 x 106 cells/mL by total media changes every 

two to three days.   

2.2.5 HEK 293T cell culture 

HEK 293T (human embryonic kidney) cells were cultured in 3.5x10 cm cell culture 

dishes (Corning) in Dulbecco’s Modified Eagle’s Serum (DMEM) with 4mM 

GlutaMAX-I (Gibco, Thermo Fisher) containing 10% (v/v) FBS, 100 units/mL 

penicillin and 100 μg/mL streptomycin at 37°C, 5% CO2. 2 mL of 1x Trypsin-EDTA 

(Gibco) with a brief 1 minute incubation was used to detach cells for passage, cells 

were washed in PBS before resuspension in fresh media.  
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2.2.6 DNA extraction from cultured cells 

Up to 5 x 106 cells were pelleted at 300 g for 5 mins and DNA was extracted using a 

DNeasy Blood & Tissue kit (Qiagen) according to the manufacturer’s protocol. 

Elution was performed with 200 μL ddH20 and stored at -20˚C.  

2.2.7 Leukofiltration 

To remover free nuclei, nucleated precursors and cell debris, leukofiltration of 

differentiated BEL-A cells (day 14) was performed. A leukofilter (PALL) was held in a 

clamp in a laminar flow cabinet. A syringe was attached to the entry port of the 

leukofilter and clamped above the leukofilter. The leukofilter exit tubing was 

positioned such that elute dripped into a collection vessel. The leukofilter was 

washed before use with PBS until there were no visible air bubbles remaining in the 

leukofilter. Day 14 differentiation culture was poured into the syringe. Cells flowed 

out of the syringe and through the leukofilter by gravity. Purified reticulocytes were 

collected in the collection vessel. The leukofilter was washed with 1.5 L of PBSAG 

and elute was collected in the same collection vessel. The elute was centrifuged at 

300 g with the centrifuge break deactivated. Reticulocytes were either resuspended 

according to downstream analysis requirements, or fixed and refrigerated for use 

within 14 days.  

In order to collect reticulocytes which remained in the leukofilter, a syringe was 

connected to the leukofilter exit tubing and cells were drawn into the syringe by 

applying gentle suction. The cells were centrifuged and resuspended according to 

downstream analysis requirements, or fixed and refrigerated for use within 14 days.  

2.2.8 Electroporation 

2.2.8.1 Nucleofection using Amaxa Nucleofector 2b  

Cell line optimisation was performed using the Nucleofector 2b (Lonza) with BEL-A 

cells following the manufacturer’s optimisation protocol. 5 x 10
5
 cells were 

transfected per well. Cells were pelleted at 300 g for 5 mins. Cells were either 

resuspended in 100 μl of solution L or solution V which consisted of 82 μl of 

Nucleofector solution plus 18 μl of supplement (included in kit). 2 μg of pmaxGFP 
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vector (Lonza) was added to each sample. Cells were transferred to cuvettes and 

pulsed using the recommended programs. Cells were then resuspended in 2 mL pre-

warmed StemSpan in a 6-well plate format (Corning). Controls used included a no-

program control and no pmaxGFP control. Results were analysed after 24 hours 

using flow cytometry.  

2.2.8.2 Nucleofection using Amaxa Nucleofector 4D  

Cell line optimisation was performed using the Nucleofector 4D (Lonza) with BEL-A 

cells following the manufacturer’s optimisation protocol. 5 x 10
5
 cells per transfected 

per well. Cells were pelleted at 300g for 5 mins. Master mixes were made up using 

6.4 μg of pmaxGFP vector plus 320 μL Supplemented SF Nucleofector Solution 

(Nucleofector solution to supplement ration: 4.5:1). Cell were resuspended in 20 μL 

of master mix and transferred to a 16 well nucleocuvette strip. Cells were pulsed 

using the recommended programs. Following transfection, cells were incubated at 

37˚C for 5 mins before being resuspended in 5 mL pre-warmed StemSpan in 5 mL 

plates. A no-program control was included. Results were analysed after 24 hours 

using flow cytometry. 

2.2.8.3 Electroporation using Neon Transfection System 

Optimisation was performed using a Neon Transfection System (Thermo Fisher) 

machine with BEL-A cells following the manufacturer’s 18-sample optimisation 

protocol. 2 x 10
5
 cells per well were transfected. Cells were resuspended in 10 μL 

Resuspension Buffer T with 1 μg pmaxGFP. 3 mL Electrolytic Buffer E were used in 

the Neon Pipette station. The cell mixture was aspirated into the Neon Tip and 

electroporation was performed according to the recommended parameters. After 

electroporation, samples were resuspended in 2 mL pre-warmed StemSpan. A no-

program control was included. Results were analysed after 24 hours using flow 

cytometry. 

2.2.9 Freezing and defrosting cell cultures 

Up to 1x107 /mL cells were resuspended in 1mL of freezing media consisting of PBS 

with 10% (v/v) DMSO and 50% FBS (v/v). Cell suspensions were transferred to 
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cryovials which were placed in a ‘Mr. Frosty’ Cryo Freezing Container (Nalgene) at -

80˚C for 48 hours before being transferred to liquid nitrogen for storage until use. 

Cells were defrosted by placing cryovials in an 37˚C incubator to quickly thaw 

suspension before being washed in 10 mL PBS and resuspended in appropriate 

culture media.  

2.2.10 Dead cell removal using magnetic microbeads 

Dead cell removal was performed using a ‘Dead Cell Removal Kit’ (Miltenyi Biotec) 

following manufacturers protocol. Briefly, a maximum of 107 cells were resuspended 

in Dead Cell Removal Microbeads which bound antigens in the plasma membrane of 

apoptotic and dead cells. Cells were incubated with beads for 15 mins at room 

temperature. A MS column was placed in a magnetic cell separator and rinsed with 

500 μL Binding Buffer (included in kit). The cell suspension was then applied to the 

column, magnetically labelled cells were retained in the column whilst living cells 

passed through and were resuspended in culture medium.  

2.2.11 Lentiviral assembly 

HEK 293T cells (Clontech Lenti-X 293T) were cultured in 10 mL culture dishes to 70-

80% confluency. Medium was removed to leave 5 mL per dish. HEK 293T cells were 

transfected using a calcium precipitation method: the following were added to a 1.5 

mL Eppendorf tube: 5 μg envelope plasmid (pMD2.G), 15 μg packaging plasmid 

(pPAX2) and 20 μg transfer vector containing DNA payload, ddH20 was added to 

make the solution up to 250 μL, and a further 250 μL 0.5M CaCl2 was added. The 

mixture was continuous vortexed for 30 seconds whilst 500 μl 2x HBS was added 

dropwise. The solution was incubated at room temperature for 27 mins before being 

added dropwise to HEK 293T cells whilst gently swirling the plate. Cells were 

incubated overnight and after 12 hours the medium was replaced with fresh medium. 

After 48 hours, media containing viral particles was collected and centrifuged at 500g 

for 5 mins to remove cell debris. Supernatant was transferred to a new 15 mL falcon 

tube and combined with one volume Lenti-X concentrator (Clontech) to three 

volumes supernatant to concentrate virus. The mixture was mixed by gentle 

inversion and incubated at 4˚C for at least 1 hour. The solution was then centrifuged 

for 45 mins at 1, 500 g at 4˚C. The supernatant was removed and the pellet gently 
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resuspended in 100 μL SP media which was either used immediately for 

transduction, or snap frozen in a cryovial in liquid nitrogen and stored at -80˚C.  

2.2.12 AAV assembly  

AAV was assembled using the ‘AAVpro® CRISPR/Cas9 Systems’ kit (Clontech) 

following the manufacturer’s protocol. Briefly, annealed guides were cloned into the 

pAAV-Guide-it-Down vector. HEK 293T cells were seeded to 50-80% confluency in a 

10 cm3 dish and were transfected using Xfect™ Transfection Reagent (Clontech) 

with either pAAV-Guide-it-Up or pAAV-Guide-it-Down containing the guide 

sequence. Plates were incubated at 37°C, 5% CO2 for 2 days. Next, AAV particles 

were isolated using AAV Extraction Solution and serial dilutions were performed in 

StemSpan at 1:100, 1:1,000, 1:10,000 and 1:100,000 and mixtures were stored at -

80˚C until use. BEL-A transductions were performed with 25 μL of pAAV-Guide-it-Up 

and 25 μL pAAV-Guide-it-Down, thawed quickly at 37˚C and added dropwise to 

5x105/mL BEL-A in a 6-well plate. Cells were cultured for three days before targeted 

protein levels were assessed by flow cytometry.  

2.2.13 Viral transduction 

2 x 105 cells were resuspended in 2 mL fresh media containing 8 μg/mL polybrene. 

Virus was added dropwise to the cells and incubated overnight. After 24 hours, cells 

were washed three times in PBS and resuspended in fresh culture media. In some 

experiments, puromycin was added to culture media at 1 μg/mL for 48 hours to 

select transduced cells.  

2.3 DNA Based Methods 

2.3.1 Bacterial strains and growth media 

NEB® 10-beta competent E. coli (New England Biolabs) were used for all bacterial 

transformations in this thesis, except for those intended for large scale DNA 

preparation for lentiviral production, in which case one shot Stbl3 chemically 

competent E. coli (Thermo Fisher) were used. For bacterial growth, Luria-Bertani 

(LB) medium was prepared by the Biochemistry Department, University of Bristol, 

containing 1% (w/v) bacto-trypone (Difco), 0.5% (w/v) yeast extract (Difco), 0.5% 
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(w/v) NaCl, pH 7.0 (plus 1.6% agar (w/v) for LB-agar). Antibiotics used were 100 

μg/mL ampicillin and 50 μg/mL kanamycin.  

2.3.2 Transformation of E. coli 

Either One Shot Stbl3 (Thermo Fisher) or NEB® 10-beta competent E. coli were 

used for transformation and in each case manufacturers protocols were followed. E. 

coli vials were thawed on ice for 10 mins. An appropriate amount of plasmid DNA 

was added to cells, mixed by gentle flicking, and incubated on ice for 30 mins. A 45 

second heat-shock was performed in a 42˚C water bath before quickly transferring to 

ice for 2 mins (Stbl)/5 mins (NEB® 10-beta). 1 mL of prewarmed (37˚C) LB media 

was added to cells before being transferred to a shaking incubator (225 rpm) for 1 

hour. An aliquot of cell suspension was diluted 1:10 using ddH20. 50 μl of undiluted 

and 50 μL of 1:10 cell suspensions were spread onto separate LB-agar plates 

containing appropriate antibiotics for selection. Plates were incubated overnight at 

37°C. 

2.3.3 Plasmid DNA purification 

For minipreps, 5mL of LB plus antibiotic was inoculated with a single colony of 

bacteria from a LB-Agar plate. Inoculated LB was incubated overnight at 37˚C in a 

shaking incubator at 225 rpm. For maxipreps, a 5 mL LB starter culture was grown 

for 6-8 hours before being transferred into 200 mL of LB broth plus antibiotic for 

overnight shaking incubation. Bacteria were pelleted at 6000 g for 15 mins at 4˚C. 

DNA was purified using either a Qiagen Miniprep kit or Maxiprep kits for small scale 

and large scale DNA purification, respectively. All steps were carried out according 

to the manufacturers protocol. DNA was resuspended in 50 μL ddH20 (miniprep) or 

300 μL (maxiprep) of ddH20and stored at -20˚C.  

2.3.4 Measuring nucleic acid concentration 

1 μL of purified DNA was applied to a NanoDrop ND-1000 spectrophotometer 

(Labtech International) and absorbance measured at wavelengths of 260 nm and 

280 nm. The ratio of absorbance at 260 nm and 280 nm was used to assess the 

purity of DNA. 
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2.3.5 PCR 

PCR amplifications were performed in a ProFlex PCR thermal cycler (Thermo 

Fisher). Reaction setups were assembled on ice and included Q5 High-Fidelity 2X 

Master Mix (New England Biolabs (NEB)), 10 μM primers, appropriate template DNA 

(<1,000 ng) and ddH20, according to the NEB Q5 protocol. Thermocycling programs 

varied depending on application. Annealing temperatures were calculated using the 

online NEB Tm Calculator (https://tmcalculator.neb.com). PCR products were 

purified using Qiaquick PCR purification kit (Qiagen).  

2.3.6 Agarose gel electrophoresis 

Agarose was added to 1x TAE buffer and dissolved using a microwave. 0.5 μM 

ethidium bromide (Sigma-Aldrich) was added to the TAE and the gel was set in a 

mould. 100 bp or 1 kb DNA ladder (Thermo Fisher) were used and DNA was loaded 

with DNA Gel Loading Dye (6x) (Thermo Fisher). An Owl Horizontal Electrophoresis 

System (Thermo Fisher) was used to perform electrophoresis at 120 volts. Gels 

were visualised using Gel Doc EZ System (Biorad).  

2.3.7 Agarose gel purification of DNA 

DNA was purified from agarose gels using a QIAquick Gel Extraction kit (Qiagen) 

according to manufacturer’s protocol. DNA was eluted from isolation columns in 30 

μl ddH20.  

2.3.8 CRISPR-Cas9 plasmid assembly 

Guides were either designed using CRISPR Design Tool (http://crispr.mit.edu) or 

selected from the GeCKO v2 library (246), as indicated in the Results chapters. For 

guides designed using the CRISPR design tool, an additional G was appended to 

the 5’ sequence for expression from a U6 promoter unless guides already started 

with a G. Oligonucleotides were synthesised by MWG Eurofins and annealed in a 

reaction containing 15μL ddH20, 6 μl forward oligonucleotide, 6 μL reverse 

oligonucleotide and 3 μL NEB® Buffer 2. The reaction was incubated at 95˚C for 5 

minutes and cooled gradually on the benchtop. Annealed oligonucleotides were 

ligated into expression vectors containing gRNA scaffold and Cas9, T4 DNA Ligase 
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was used for ligation (Roche Custom Biotech). Ligated Cas9-gRNA plasmids were 

transformed and cloned. Endotoxin free Maxiprep kits (Qiagen) were used to purify 

plasmid DNA. Correct guide incorporation was confirmed by sequencing using a U6 

primer conducted by MWG Eurofins.  

2.3.9 Template DNA synthesis 

KLF1 and SPBT template DNA were synthesised by GenScript and cloned into a 

pUC57 backbone, templates were 1000bp and 2928bp respectively. Template 

linearisation was performed using SpeI-HF (NEB) and BamHI-HF (NEB) for SPTB 

and KLF1 template plasmids, respectively.  

 A 120 nt single stranded oligonucleotide (ssODN) KLF1 template was synthesised 

by MWG containing the G>A point mutation and silently mutated PAM sites.  

‘Kell C-terminal myc tag template (220 bp flanks)’ was synthesised by MWG. The 

template was digested from the plasmid backbone using SpeI and BamHI and 

cloned into an XLG3 backbone.  

2.3.10 psPAX_ID construction  

PsPAX_ID was created from psPAX2 (Addgene) as described by Kantor et al (218). 

The integrase gene of psPAX2 was amplified using the psPAX_ID_F and 

psPAX_ID_R primers. The reverse primer contained a T to G mutation creating the 

D64E mutation. The amplicon was digested with BsrG1 and cloned into psPAX2 to 

replace the corresponding region of the integrase gene.  

LentiCRISPR_short was received as a generous gift from Prof. Boris Kantor (Duke 

University, Durham USA).  

2.3.11 gRNA in vitro transcription 

gRNA synthesis was performed by in vitro transcription using the Thermo Fisher 

GeneArt Precision gRNA Synthesis Kit. In vitro transcribed gRNAs were checked 

using gel electrophoresis, discreet bands of 100 bases confirmed synthesis of intact 

RNA. CRISPR-Cas9 analysis 
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2.4 CRISPR-Cas9 Analysis Methods 

2.4.1 DNA automated Sanger sequencing 

DNA was resuspended in ddH20 at an appropriate concentration depending on DNA 

type and size. 10 uM sequencing primer was added to DNA. Automated sanger 

sequencing was performed by Eurofins MWG.  

2.4.2 CRISP-ID analysis 

CRISP-ID (247) was used to decode CRISPR-Cas9 InDels from mixed spectra in 

sequencing chromatograms generated from edited BEL-A lines. Sequencing 

chromatograms of knockout CRISPR-Cas9 lines were uploaded to the CRISP-ID 

v1.1 website (http://crispid.gbiomed.kuleuven.be/) in .scf format. Reference 

sequences from sanger sequencing of unedited BEL-A lines were entered into the 

website. The edited chromatograms were aligned to reference sequences by the 

software. Start and end positions were adjusted to trim poor quality sequence data. 

The software identified the emergence sites of mixed spectra and background cut-off 

percentages were adjusted to ensure the correct site was identified. Predicted allele 

sequences were output in cases when edited chromatograms could be resolved.  

2.4.3 Inference of CRISPR Edits (ICE) analysis 

Inference of CRISPR Edits (ICE) (248) was used as an alternative to CRISP-ID to 

resolve CRISPR-mediated InDels. Guide sequences and chromatograms of edited 

and unedited BEL-A cells (.ab1 format) were uploaded to the ICE website 

(https://ice.synthego.com/#/). ICE compared chromatograms and calculated 

probable allele sequences and InDel distributions.  

2.4.4 Whole genome sequencing 

Method published in (249). DNA quality validation and whole genome sequencing 

was performed commercially by Novogene.  

For verification of CRISPR-Cas9 on- and off-target edits, genomic DNA was isolated 

from specific clones using a DNeasy Blood and Tissue Kit (Qiagen). Genomic DNA 

was isolated from unedited control or 5x KO cells using a DNeasy Blood and Tissue 
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Kit (Qiagen), checked for purity using a NanoPhotometer spectrophotometer 

(Implen), and DNA concentration was measured using Qubit DNA Assay Kit in a 

Qubit 2.0 Fluorometer (Life Technologies). A total amount of 1 μg genomic DNA per 

sample was used as input material for the DNA sample preparations. RNA was 

removed using RNase at 37°C for 25 min. Sequencing libraries were generated 

using NEBNext DNA Library Prep Kit following manufacturer’s recommendations. 

The genomic DNA was randomly fragmented to a size of 350 bp by shearing, and 

then, DNA fragments were end polished, A-tailed, and ligated with the NEBNext 

adapter for Illumina sequencing, and further PCR enriched by P5 and indexed P7 

oligos. The PCR products were purified (AMPure XP system), and resultant libraries 

were analysed for size distribution by Agilent 2100 Bioanalyzer and quantified using 

real-time PCR. The clustering of the index-coded samples was performed on a cBot 

Cluster Generation System using Hiseq X HD PE Cluster Kit (Illumina) according to 

the manufacturer’s instructions. After cluster generation, the library preparations 

were sequenced on an Illumina Hiseq X Ten platform and paired-end reads were 

generated. The original raw data were transformed to sequenced reads by base 

calling and recorded in FASTQ file, which contains sequence information (reads) and 

corresponding sequencing quality information. Burrows–Wheeler Aligner (BWA) was 

utilised to map the paired-end clean reads to the human reference genome (b37). 

SAMtools and Picard were used to perform BAM sorting and duplicate marking to 

generate final BAM file for computation of the sequence coverage and depth. A total 

of 90.6 Gb clean reads with average sequencing depth of 30.2x and a whole 

genome coverage of 99% (bases with depth > 10 x 98.1%) were obtained for the 

unedited cell sample and for the 5x KO sample, 194.2 Gb with a depth of 65.05x and 

coverage of 99.1% (98.9% with depth > 10x).  

2.4.5 CRISPR off-target effect analysis 

Method published in (249). The following bioinformatic analysis was performed 

commercially by Novogene. 

The potential off-target effects of expression of Cas9 and five gRNAs were assessed 

by comparing the genomic differences between the unedited control and 5x KO 

samples. For both samples, SNPs were detected by muTect (250), the InDels by 
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Strelka (251). All somatic SNPs and InDels (up to 50 nt) unique to the 5x KO cells 

were identified by comparison with the parent line. These mutation sequences were 

extended to include 100 bp upstream and 100 bp downstream of the mutation sites, 

the corresponding wild-type sequences were extracted, and a BLAST search was 

performed using each gRNA + PAM sequence to identify off-target mutations. 

Results were filtered based on the editing characteristics of the CRISPR-Cas9 to 

identify mutations attributable to the editing process according to criteria in which (i) 

the cleavage site was proximal to 3 bp upstream of the PAM and (ii) less than 6 bp of 

mismatch exists between gRNA and potential gRNA target host genome plus PAM 

(“NRG”), or a continuous match of the final 10-bp seed sequence immediately 

upstream of the PAM NRG occurs. 

2.4.6 Electrophoresis  

1 x 106 cells were lysed in 10 μL NP-40 lysis buffer on ice for 10 mins. Sodium 

dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) was performed in a BioRad 

Mini-PROTEAN Tetra Cell system. Resolving gels were prepared by diluting 30% 

(w/v) acrylamide (Severn Biotech), and then adding 0.4M Tris-HCL (pH8.8), 0.1% 

(w/v) SDS, 0.1% (v/v) Thermo Scientific Pierce 

Tetramethylethylenediamine (TEMED), 0.1% (w/v) APS. Lysed cells were mixed with 

10 μL SDS Page Sample Buffer, incubated at 95˚C for 30 seconds, then loaded onto 

the gel in SDS Page Electrophoresis Running Buffer. Gels were run at 75V until the 

loading dye reached the resolving gel at which point the voltage was increased to 

120V. Gels were run until the dye front reached the gel edge.  

2.4.7 Semi dry western blotting 

Proteins were transferred to polyvinylidene fluoride membrane (PVDF, Millipore 

Immobilon-P) using a semi-dry blotter TE77 PWR (Amersham). PVDF membranes 

were pre-soaked in methanol for 2 mins and transfer buffer for 2 mins then placed in 

between eight layers of 3MM Whatman paper which had been pre-soaked in transfer 

buffer for 2 mins. The blotter was wet with transfer buffer and run at 45mA for 90 

mins.  
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Following transfer, blots were blocked overnight in 5% milk solution in TBS Tween at 

4˚C, with gentle rocking. Gels were stained with primary antibody diluted in 5% (w/v) 

milk solution and incubated at room temperature with gentle rocking for 1 hour. The 

membrane was washed 4 times with TBS Tween before the secondary antibody was 

applied in 5% (w/v) milk solution. The secondary antibody was conjugated to horse 

radish peroxidase (HRP). The blot was incubated for 1 hour at room temperature 

with gentle rocking then washed 4 times with TBS Tween. Amersham ECL Western 

Blotting reagents (GE Healthcare) were used to detect secondary antibody following 

manufacturer’s protocol. Membranes were loaded into an Amersham Imager 600 

(GE Healthcare) to detect chemiluminescence.  

2.4.8 TMT labelling mass spectrometry 

Method published in (249). Proteomics were conducted in the University of Bristol 

Proteomics Facility by Dr Kate Heesom and Dr Maz Wilson. 

 Total cell lysates provided from 2 x 106 reticulocytes per sample were digested with 

trypsin (2.5 μg trypsin per 100 μg protein; 37°C, overnight) and labelled with Tandem 

Mass Tag (TMT) six plex reagents according to the manufacturer’s protocol (Thermo 

Fisher Scientific), and the labelled samples were pooled. An aliquot of the pooled 

sample was evaporated to dryness, resuspended in 5% formic acid and then 

desalted using SepPak cartridges according to the manufacturer’s instructions 

(Waters, Milford, MA, USA). Eluate from the SepPak cartridge was again evaporated 

to dryness and resuspended in buffer A (20 mM ammonium hydroxide, pH 10) prior 

to fractionation by high pH reversed-phase chromatography using an Ultimate 3000 

liquid chromatography system (Thermo Fisher Scientific).  

In brief, the sample was loaded onto an XBridge BEH C18 Column (130 A˚, 3.5 μm, 

2.1 x 150 mm, Waters, UK) in buffer A and peptides eluted with an increasing 

gradient of buffer B (20 mM ammonium hydroxide in acetonitrile, pH 10) from 0 to 

95% over 60 min. The resulting fractions were evaporated to dryness and 

resuspended in 1% formic acid prior to analysis by nano-LC MSMS using an 

Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). High pH RP fractions 

were further fractionated using an Ultimate 3000 nano-LC system in line with an 

Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). In brief, peptides in 
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1% (v/v) formic acid were injected onto an Acclaim PepMap C18 nano-trap column 

(Thermo Scientific). After washing with 0.5% (v/v) acetonitrile 0.1% (v/v) formic acid, 

peptides were resolved on a 250 mm x 75 μm Acclaim PepMap C18 reverse-phase 

analytical column (Thermo Scientific) over a 150 min organic gradient, using seven 

gradient segments (1-6% solvent B over 1 min, 6-15% B over 58 min, 15-32% B over 

58 min, 32-40% B over 5 min, 40-90% B over 1 min, held at 90% B for 6 min and 

then reduced to 1% B over 1 min) with a flow rate of 300 nl/min. Solvent A was 0.1% 

formic acid, and Solvent B was aqueous 80% acetonitrile in 0.1% formic acid. 

Peptides were ionised by nano-electrospray ionisation at 2.0 kV using a stainless-

steel emitter with an internal diameter of 30 μm (Thermo Scientific) and a capillary 

temperature of 275°C.  

All spectra were acquired using an Orbitrap Fusion Tribrid mass spectrometer 

controlled by Xcalibur 2.0 software (Thermo Scientific) and operated in data-

dependent acquisition mode using an SPS-MS3 workflow. FTMS1 spectra were 

collected at a resolution of 120,000, with an automatic gain control (AGC) target of 

400,000 and a max injection time of 100 ms. Precursors were filtered with an 

intensity range from 5,000 to 1E20, according to charge state (to include charge 

states 2–6) and with monoisotopic precursor selection. Previously interrogated 

precursors were excluded using a dynamic window (60s ± 10 ppm). The MS2 

precursors were isolated with a quadrupole mass filter set to a width of 1.2 m/z. 

ITMS2 spectra were collected with an AGC target of 10,000, max injection time of 70 

ms and CID collision energy of 35%. For FTMS3 analysis, the Orbitrap was operated 

at 30,000 resolution with an AGC target of 50,000 and a max injection time of 105 

ms. Precursors were fragmented by high energy collision dissociation (HCD) at a 

normalised collision energy of 55% to ensure maximal TMT reporter ion yield. 

Synchronous precursor selection (SPS) was enabled to include up to five MS2 

fragment ions in the FTMS3 scan.  

The raw data files were processed and quantified using Proteome Discoverer 

software v2.1 (Thermo Scientific) and searched against the UniProt Human 

database (134, 169 entries) using the SEQUEST algorithm. Peptide precursor mass 

tolerance was set at 10 ppm, and MS/MS tolerance was set at 0.6 Da. Search 

criteria included the oxidation of methionine (+15.9949) as a variable modification 
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and carbamidomethylation of cysteine (+57.0214) and the addition of the TMT mass 

tag (+229.163) to peptide N-termini and lysine as fixed modifications. Searches were 

performed with full tryptic digestion and a maximum of one missed cleavage was 

allowed. The reverse database search option was enabled, and all peptide data were 

filtered to satisfy false discovery rate (FDR) of 1%. 

2.4.9 Serological detection of blood group antigens 

Method published in (249). Serological analysis was conducted in collaboration with 

Nicole Thornton (IGBRL, Filton).  

Human anti-H, anti-U, anti-Rh29, anti-Ku and mouse monoclonal anti-Fy3 (MIMA29, 

New York Blood Centre; all antibodies were derived from the IBGRL reference 

collection) were used for serological detection of blood group antigens. Cell 

suspensions were prepared from 0.5 x 106 or 1.0 x 106 BEL-A derived reticulocytes 

and pelleted at 500 g for 5 min; supernatant was removed, and reticulocytes were 

resuspended in 20 μl of ID-Diluent 2 (Bio-Rad Laboratories, Switzerland). All 

antibodies were tested by indirect antiglobulin tests using column agglutination 

technology. Each human antibody was tested in Bio-Rad LISS/Coombs ID-Cards, 

and MIMA29 was tested in Bio-Rad ID-PNH Test Cards (both Bio-Rad Laboratories, 

Switzerland). 20 μL of prepared cell suspension was added to each column followed 

by 10 μL of the relevant antibody or antisera. Cards were incubated for 15 min at 

37°C and centrifuged as per manufacturer instructions. Photographs of gel cards 

were taken. 

2.4.10 Reticulocyte deformability measurements using ARCA 

Method published in (249). 

1 x 106 BEL-A derived reticulocytes were resuspended in 200 μl polyvinylpyrrolidone 

solution (PVP viscosity 28.1; Mechatronics Instruments, The Netherlands). Samples 

were assayed in an Automated Rheoscope and Cell Analyser (ARCA) (252) 

consisting of a plate–plate optical shearing stage (model CSS450) mounted on a 

Linkam imaging station assembly and temperature controlled using Linksys32 

software (Linkam Scientific Instruments, Surrey, UK). The microscope was equipped 

with an LMPlanFL 50x with a 10.6 mm working distance objective (Olympus, Essex, 
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UK) illuminated by a X-1500 stroboscope (PerkinElmer, The Netherlands) through a 

band-pass interference filter (CWL 420 nm, FWHM 10 nm; Edmund Optics, 

Poppleton, UK). Images were acquired using a uEye camera (UI-2140SE-M-GL; IDS 

GmbH, Obersulm, Germany). At least 1,000 cell images per sample were acquired 

and analysed using bespoke ARCA software created by Dr J.G.G. Dobbe 

(Amsterdam Medical Centre, Netherlands). 

2.5 Imaging and Flow Cytometry Methods 

2.5.1 Glutaraldehyde fixation of erythrocytes for flow cytometry  

For specific cases where antibodies caused agglutination and clustering of 

reticulocytes, as indicated in results, cells were fixed prior to antibody labelling for 

flow cytometry. Cells were fixed in 1 mL of fixing agent containing PBSAG plus 1% 

paraformaldehyde and 0.0075% glutaraldehyde. Fixed cells were either used 

immediately for flow cytometry analysis (after washing three times in PBS) or stored 

at 4˚C for up to a week.  

2.5.2 Flow cytometry 

For flow cytometry on undifferentiated BEL-A cells, 1 x 105 cells resuspended in 

PBSAG + 1% BSA were labelled with primary antibody for 30 min at 4°C. Cells were 

washed in PBSAG, incubated for 30 mins at 4°C with appropriate APC-conjugated 

secondary antibody, washed and resuspended in 100 μL PBSAG for flow cytometry 

analysis using a MacsQuant VYB Analyser and a plate reader. Data were analysed 

using FlowJo 10.4.1 software.  

For differentiated BEL-A cells, cells were stained with 5 lg/mL Hoechst 33342 for 30 

mins and fixed if required. Reticulocytes were identified by gating upon Hoechst-

negative population. 

For assessing GFP fluorescence, cells were resuspended in PBSAG and analysed 

by flow cytometry with propidium iodide (1:100) staining. Alive and GFP positive cells 

were identified through gating based on PI negativity and GFP positivity compared to 

a negative control.  
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2.5.3 Cytospin preparation and staining  

1 x 105 cells in 100 - 200 μL media were cytocentrifuged at 350 g for 5 mins. Slides 

were fixed by placing in methanol for 10 minutes then stained with MayGrünwald’s 

(VWR Chemicals) and Giemsa (Merck Millipore) according to manufacturer’s 

protocol.  

2.5.4 Fluorescence-activated cell sorting  

Fluorescence-activated cell sorting (FACS) was performed in collaboration with Dr. 

Andrew Herman of the University of Bristol Flow Cytometry facility. A BDInflux Cell 

Sorter was used to sort cells. Cells were resuspended in 500 μL FACS Sorting 

Buffer (PBS containing 2% (v/v) FBS and 50mM HEPES). For BEL-A KO lines, 

immunolabelled cells were single cell sorted from the antigen null, propidium iodide-

negative population into 96-well plates containing 200 μl StemSpan. For sorting of 

live cells (without immunolabelling), cells were sorted simply based on propidium 

iodide negativity. Cells were sorted into a 1.5 ml Eppendorf tube contain 500 μL of 

StemSpan. Cells were subsequently resuspended at 0.15 x 106 cells and cultured 

according to the BEL-A expansion culture protocol.  
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3 Chapter 3 - Electroporation Based CRISPR Gene Editing 
in BEL-A 

3.1 Introduction 

An efficient and precise gene editing strategy is required for routine production of 

genetically engineered BEL-A derived reticulocytes. Since CRISPR editing had not 

been attempted before in this recently developed cell line or in the Toye or Frayne 

laboratories, this chapter outlines initial attempts at utilising the technology. CRISPR 

was selected as the gene editing tool of choice due to its flexibility, and its 

widespread use in a broad range of cell lines (253). Two ambitious edits were 

attempted in two different genes to establish the technology for use in the BEL-A 

line.  

The initial aim was to demonstrate that CRISPR could be used to achieve a point 

mutation. The transcription factor Krueppel-like factor 1 (KLF1) was targeted for 

introduction of a SNP to confer the disease phenotype of congenital 

dyserythropoietic anaemia (CDA) type IV (254) with the intention of creating a CDA 

IV BEL-A line for studying the disease. A second aim was to establish the use of 

CRISPR for inserting large genetic sequences.  

A CRISPR system was designed to tag the cytoskeletal protein β-spectrin with GFP 

and SpyTag. GFP tagged spectrin would serve as a useful tool for monitoring 

cytoskeletal assembly and remodeling during erythropoiesis, whilst the SpyTag 

would enable tethering of novel proteins to the cytoskeleton (255). These two 

applications were chosen to demonstrate the power and flexibility of CRISPR-Cas9 

for various gene editing applications and to lay the foundations for future work 

engineering novel functionalities into erythrocytes. 

KLF1 is an erythroid specific transcription factor which is a master regulator of the 

switch from fetal to adult haemoglobin, and is an important regulator of lineage 

commitment and terminal maturation (254, 256). There are numerous genetic 

variations in the KLF1 gene associated with various erythroid phenotypes, both 

benign and pathological (257). KLF1 is located on chromosome 19, it is 

approximately 3 kb, contains three exons and encodes a 362 amino acid protein 



 69 

(258). A G-to-A transition in exon three results in a substitution of glutamate 325 by a 

lysine (259). This E325K mutation is in the region of the second zinc finger which 

binds its DNA motif. CDAs are a heterogeneous group of inherited disorders 

characterised by ineffective erythropoiesis and the production of defective RBCs. 

The dominant-negative E325K mutation confers the extremely rare type IV CDA 

(254). To date, five cases of CDA type IV have been identified, all with a 

heterozygous E325K mutation (260). The CDA IV phenotype is associated with 

decreased protein expression of CD44 and AQP1 on RBCs and decreased 

deformability (254, 260). Symptoms include iron overload, medullary expansion, 

intravascular haemolysis and severe splenomegaly (254). A CDA type IV BEL-A cell 

line would be an extremely valuable research tool for studying the rare genetic 

disorder and furthering our understanding of the mechanisms underlying gene 

regulation by KLF1 during erythropoiesis.  

The second target for CRISPR editing is spectrin, the major constituent of the 

erythrocyte cytoskeleton (261). Spectrin consists of two chains, α and β, which form 

antiparallel heterodimers and make up 75% of the cytoskeletal protein content (262). 

Head-to-head interactions result in the formation of spectrin heterotetramers. The 

spectrin based cytoskeleton acts as a scaffold for cytoplasmic proteins and spectrin 

interacts with numerous proteins including actin, ankyrin, adducin and protein 4.1. 

The α and β subunits have molecular weights of 280 and 246 kDa respectively (263). 

Spectrin is made up of repeating units of 106 amino acids, called spectrin repeats. 

Each spectrin repeat can fold independently to form a triple helical coiled coil, 

contributing to the cytoskeleton’s capacity for expansion and contraction (22). 

Mutations in α and β-spectrin genes (SPTA1 and SPTB) lead to various RBC 

membrane disorders which affect RBC shape and structure, such as hereditary 

elliptocytosis and hereditary spherocytosis (264). The SPTB gene resides in 

chromosome 14.  

There are numerous unanswered questions pertaining to spectrin and its role in the 

cytoskeleton. The process of assembly during erythropoiesis is not well understood 

and little is known about how the cytoskeleton responds to deformation and parasite 

invasion (18). A genetically engineered erythroid cell line with modified spectrin 

would help answer these questions. Here, the insertion of GFP and SpyTag were 
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explored to enable visualisation of cytoskeletal assembly and remodeling, and to be 

used as anchorage for exogenous proteins which are often lost due to clearance 

during erythropoiesis.  

This chapter will describe the optimisation process for electroporation of BEL-A and 

describe attempts to achieve CRISPR-mediated gene editing of KLF1 and β-spectrin 

using both Cas9 nickases and Cas9 nucleases.  
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3.2 Results 

3.2.1 Electroporation optimisation 

An electroporation approach was chosen as the delivery method for CRISPR 

components into BEL-A cells because it is simple, quick, highly flexible, and results 

in transient expression which reduces the chance of off-target events. However, 

previous electroporation attempts in BEL-A in the Toye laboratory had proven highly 

lethal. Therefore the electroporation protocol was optimised for the BEL-A cell line. 

Three different machines were tested: Amaxa Nucleofector 2b (Lonza), Amaxa 4D-

Nucleofector (Lonza), and Neon Transfection System (Thermo Fisher). A small 

expression reporter plasmid maxGFP (~3.4 kb) was transduced in BEL-A cells in 

order for transfection efficiency to be quantified by flow cytometry. Propidium Iodide 

(PI) staining was used to quantify cell death. Overall electroporation efficiency was 

determined by the proportion of the cell population which was both alive and GFP 

positive 24 hours following transfection (Figure 3-1).  

3.2.1.1 Amaxa Nucleofection 

For the Nucleofector 2b, two nucleofector buffers were tested across seven different 

electroporation programs, plus one no-program control. For each condition, 5 x 105 

BEL-A cells were transfected. For the 4D-Nucleofector, solution SF was used as a 

buffer, based on Lonza’s recommendation that it was the optimal transfection buffer 

for erythroid cell lines. Per condition, 5 x 105 BEL-A cells were transfected, and 15 

different programs were tested, plus one no-pulse control. Results were analysed by 

flow cytometry 24 hours post transfection. Electroporation was consistently observed 

to be highly lethal to BEL-A cells across the majority of the conditions tested (Table 

3-1).  

During the initial round of transfections, high haemolysis was observed across all 

conditions. Lonza were contacted and they advised on an alternative set of 

programs, specific to erythroid lines which were proposed to reduce cytotoxicity and 

improve overall nucleofection efficiency.  

The most efficient program in round one was X-001 using the Nucleofector 2b, 

47.4% of cells survived electroporation and of these surviving cells 78.3% were GFP 
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positive, resulting in an overall transfection efficiency of 37.1%. In the second round 

of optimization, program T-004 yielded a greater efficiency than X-001 (21.5% vs 

19.3%, respectively. Therefore, T-004 was selected for use in subsequent BEL-A 

transfections. However, transfection efficiencies were found to be highly variable 

between rounds. Programs A-020 and X-001 were tested in both rounds of 

optimization with solution L and their transfection efficiencies varied greatly between 

rounds. A-020 was 8.2% efficient in round one and 17.6% efficient in round two. X-

001 was 37.1% efficient in round one and 19.3% efficient in round two. The 4D-

Nucleofector achieved the highest proportion of GFP positive cells, with individual 

programs achieving up to 85% GFP positivity within the live cell population. 

However, cell mortality was substantially higher across all 4D-Nucleofector programs 

with the average cell death observed at 84.2%.  

3.2.1.2 Neon Transfection System  

The Neon Transfection System was tested with 17 programs plus one no-program 

control. Programs consisted of various pulse widths, voltages and number of pulses. 

2 x 105 BEL-A cells were tested per condition and resuspended in 10 μl 

resuspension buffer according to the manufacturer’s 18-sample optimization protocol 

(Thermo Fisher). Results were analysed by flow cytometry 24 hours following 

transfection (Table 3-1). Cell mortality was very high across programs with cell death 

ranging from 78.8% to 86.1%, as assessed by PI staining. For the majority of 

programs, no GFP fluorescence was observed above the no-program control levels. 

It is possible that voltages used in the 18-sample optimization protocol were too high 

for the BEL-A line to tolerate. 
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Figure 3-1. Representative example of flow cytometric analysis during 
electroporation optimization. The GFP expression reporter plasmid (maxGFP) was 

electroporated in BEL-A cells using various nucleofection programs, buffers, and 

electroporation machines. Flow cytometric analysis is shown above with representative 

examples using the Nucleofector 2b machine and buffer L. A Alive cells were gated based 

on propidium iodide (PI) staining which is not permeant to live cells. Cell mortality was 

determined using a PI-FITC gate. Some FITC bleed through occurred in the PI channel but 

the corresponding cells were not included within the dead cell gate. B The live cell 

populations were assessed for GFP positivity using a FITC-FSC gate. For A-020 (solution 

L), 64.4% of cells were alive following nucleofection and of these, 12.7% were GFP 

positive , resulting in an overall nucleofection efficiency of 8.2%. In total 67 electroporation 

conditions were tested across three electroporation machines, Nucleofector 2b (Amaxa), 

4d-Nucleofector (Amaxa) and Neon (Thermo Fisher), full results are given in Table 3-1. 
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Device Optimisation 
Round Solution Program Cell Death 

% 
GFP positive 

% 
Efficiency 

% 
Amaxa 

Nucleofector  
2b  

(Lonza) 

 

1 L No program control 8.9 0.1 0.0 

A-020 35.6 12.7 8.2 

T-020 76.3 41.6 9.9 

T-030 70.4 21.9 6.5 

X-001 52.6 78.3 37.1 

X-005 67.4 37.5 12.2 

L-029 68.4 41.5 13.1 

D-023 61.9 42.7 16.3 

Average (except control) 61.8 39.5 14.8 

V No program control 15.1 0.5 0.4 

A-020 28.9 3.6 2.6 

T-020 74.6 37.6 9.6 

T-030 73.8 41.1 10.8 

X-001 68.2 52.2 16.6 

X-005 81.8 33.0 6.0 

L-029 80.2 9.4 1.9 

D-023 71.0 22.9 6.6 

Average (except control) 68.4 28.5 7.7 

Amaxa 
Nucleofector 

2b 
(Lonza) 

 

2 L No program control 12.0 0.4 0.4 

A-020 35.0 27.0 17.6 

A-023 38.5 31.6 19.4 

X-001 66.9 58.3 19.3 

W-001 69.4 53.8 16.5 

T-001 55.8 42.9 19.0 

T-004 67.1 65.4 21.5 

Average (except control) 55.5 46.5 18.9 

4D-
Nucleofector 

(Lonza) 

1 SF No program control 19.2 0.1 0.1 

CA-137 61 35.3 13.8 

CM-138 83.2 28.1 4.7 

CM-137 85.2 49.3 7.3 

CM-150 83.3 24.1 4.0 

DN-100 82.4 79.8 14.0 

DS-138 88.1 49.3 5.9 

DS-137 88.7 67.8 7.7 

DS-130 89.4 48.0 5.1 

EO-115 86.5 70.8 9.6 
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FF-120 87.3 84.6 10.7 

EH-100 87.2 83.0 10.6 

EO-100 76.9 29.0 6.7 

EN-138 90.9 77.2 7.0 

EN-150 87.7 75.3 9.3 

EW-113 85.2 74.3 11 

Average (except control) 84.2 58.4 8.5 

Amaxa 4D-
Nucleofector 

(Lonza) 
2 SF No program control 11.2 0.0 0.0 

DN-100 89.6 36.2 3.8 

DI-100 73.4 2.1 0.6 

DH-100 44.2 0.2 0.1 

DA-100 94.0 22.3 1.3 

CY-100 89.5 2.3 0.2 

FF-120 95.7 39.7 1.7 

FE-120 95.0 35.7 1.8 

FF-131 94.7 34.0 1.8 

FF-145 95.1 35.7 1.8 

EY-120 94.1 34.8 2.1 

EH-100 94.4 37.6 2.1 

DS-104 93.7 2.8 0.2 

DS-109 94.0 8.9 0.5 

DS-112 94.4 8.8 0.5 

DG-113 93.9 6.0 0.4 

Average (except control) 89.0 20.5 1.3 

Neon 
Transfection 

System 
(Thermo 
Fisher) 

1 Buffer T No program control 14.8 0.1 0.1 

Pulse voltage: 2000 
Pulse width: 20 

Pulse no: 1 

83.3 4.7 0.8 

Pulse voltage: 2050 
Pulse width: 20 

Pulse no: 1 

82.0 0.3 0.1 

Pulse voltage: 2100 
Pulse width: 20 

Pulse no: 1 

81.0 0.4 0.1 

Pulse voltage: 2150 
Pulse width: 20 

Pulse no: 1 

81.8 0.1 0.0 

Pulse voltage: 2200 
Pulse width: 20 

Pulse no: 1 

81.1 0.1 0.0 
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Pulse voltage: 2250 
Pulse width: 20 

Pulse no: 1 

81.6 0.0 0.0 

Pulse voltage: 2300 
Pulse width: 20 

Pulse no: 1 

82.0 0.0 0.0 

Pulse voltage: 2350 
Pulse width: 20 

Pulse no: 1 

85.7 0.2 0.0 

Pulse voltage: 2400 
Pulse width: 15 

Pulse no: 1 

86.1 0.1 0.0 

Pulse voltage: 2450 
Pulse width: 15 

Pulse no: 1 

83.2 0.1 0.0 

Pulse voltage: 2500 
Pulse width: 15 

Pulse no: 1 

83.0 0.0 0.0 

Pulse voltage: 2000 
Pulse width: 15 

Pulse no: 2 

84.5 0.2 0.0 

Pulse voltage: 2050 
Pulse width: 15 

Pulse no: 2 

83.1 0.1 0.0 

Pulse voltage: 2100 
Pulse width: 15 

Pulse no: 2 

80.0 0.0 0.0 

Pulse voltage: 2150 
Pulse width: 15 

Pulse no: 2 

79.6 0.0 0.0 

Pulse voltage: 2200 
Pulse width: 15 

Pulse no: 2 

78.8 0.1 0.0 

Pulse voltage: 2250 
Pulse width: 15 

Pulse no: 2 

80.3 0.0 0.0 

Average (except control) 82.5 0.4 0.1 

 

Table 3-1. Optimising electroporation in BEL-A cells using Amaxa Nucleofector 2b, 
Amaxa 4D nucleofector and Neon Transfection System. For each machine, the 

manufacturer’s recommended cell line optimisation protocols were followed. 5 x 105 

(Nucleofector 2b and 4d-Nucleofector) or 2 x 105 (Neon) BEL-A cells were tested per 

condition. For each round of optimisation, an untransfected no-program control was 

included. A maxGFP expression plasmid was transfected in BEL-A cells and transfection 

efficiency was assessed after 24 hours by flow cytometry. Cell death was determined by PI 

staining. Transfection efficiency was calculated as the overall proportion of the cell 

population which was both alive and GFP positive.  
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The pores generated in the cell membrane during nucleofection can persist for 

several minutes after application of the pulse and the subsequent influx of ions from 

growth media can lead to cellular stress. Therefore, a post-nucleofection recovery 

step was introduced. Cells were suspended in low-calcium RPMI medium for five 

minutes immediately following transfection, before being transferred to fresh culture 

media. Recovery did not significantly improve transfection efficiency, with 59% of 

recovery treatment BEL-A cells being GFP positive compared to 56% of no recovery 

treatment BEL-A cells (Figure 3-2). Cell mortality was equally high in both conditions 

(66% after 24 hours).  

 
  

Figure 3-2. Assessment of a post nucleofection recovery step on transfection 
efficiency. Transfection was performed using an Amaxa Nucleofector 2b machine using 

BEL-A and pmaxGFP with program T-004. Immediately following transfection, cells were 

either transferred directly into pre-warmed StemSpan SFM or RPMI medium for five minutes 

before being resuspended in StemSpan SFM. A: Cell death was assessed by flow cytometry 

using PI staining. High levels of cell mortality were observed for both conditions. B: 

transfection efficiency was assessed by flow cytometry using GFP fluorescence at 24, 48, 

72, and 120 hours following transfection. No significant difference in transfection efficiency or 

cell death was observed between recovery and no recovery. Error bars depict standard 

deviation (n = 3). 
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3.2.2 Attempted knock-ins in KLF1 with CRISPR nickases 

 
Initial attempts to genetically engineer BEL-A cells used Cas9 nickases (Cas9n) in 

order to reduce the likelihood of off-target effects. Edits were also attempted in K562 

cells, as previously successful CRISPR edits have been reported in this cell line 

(235, 267). The transcription factor KLF1 was targeted to introduce the E325K G to A 

SNP responsible for the CDA IV phenotype (Figure 3-3). Cells were transfected with 

three CRISPR components:  

(i) template DNA containing the E325K SNP flanked by homology arms;  

(ii) a Cas9n-gRNA expression plasmid (pSpCas9n(BB), PX460 see Appendix 

for plasmid map) with an anti-sense targeting gRNA; and,  

(iii) pSpCas9n(BB) (PX460) with a sense targeting gRNA.  

Numerous variables were tested in order to achieve a E325K knock-in and are 

summarised in Table 3-2. Two sets of guides were designed using the CRISPR 

Design Tool (http://crispr.mit.edu). Only one anti-sense guide design was feasible, so 

this was used in conjunction with two alternative sense guides (Figure 3-3). The 

KLF1 anti-sense guide cut 37 bp away from the target SNP site and sense guides 

cut 24 bp and 14 bp away from the SNP site respectively. Two different template 

homology arm lengths were tested: 200 bp and 500 bp per arm, based on similar 

CRISPR knock-in studies (268, 269). Both linearised and circular plasmid templates 

were tested as well as various template DNA concentrations. For all conditions, a 

dead cell removal step (Miltenyi Biotech kit) was performed 24 hours after 

nucleofection. Cells were cultured for at least one week before DNA extractions were 

performed. The KLF1 gene was PCR amplified and sequenced. No evidence of 

InDels were observed across all conditions. All sequencing chromatograms showed 

the wild-type G at the E325K site and no chromatograms showed the emergence of 

mixed spectra as would have been expected from a heterozygous NHEJ-mediated 

CRISPR edit (Table 3-2).  
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Figure 3-3. gRNA and template design for CRISPR nickase targeting KLF1. Purple 

rectangles correspond to gRNA sequence and green rectangles represent PAM sites. 

gRNAs which do not have a 5’ G have a G appended to aid transcription from the U6 

promoter. Two gRNAs are required to guide two Cas9ns which create DSBs when both DNA 

strands are nicked. Two different sense strand targeting gRNAs were tested with a single 

antisense targeting strand in separate experiments. Template DNA contains E325K G>A 

SNP mutation of CDA IV, homology arms of either 200bp or 500bp were used. Template 

DNA PAM sites were silently mutated to avoid cleavage of template DNA. 
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Table legend on following page

Cells Nickase 
gRNA set 

Template homology arm 
length Template 

gRNA concentration 
(per guide) 

PX460 plasmid 

Template 
concentration Sequence Chromatogram 

K562 wild-type N/A N/A N/A N/A N/A CGCGCTCGGACGAGCTGACCCGCC 
 

BEL-A wild-type N/A N/A N/A N/A N/A CGCGCTCGGACGAGCTGACCCGCC 
 

 

K562 1 500 bp Circular plasmid 1 μg 1 μg CGCGCTCGGACGAGCTGACCCGCC 
 

K562 2 500 bp Circular plasmid 1 μg 1 μg CGCGCTCGGACGAGCTGACCCGCC 
 

K562 1 200 bp Circular plasmid 1 μg 1 μg CGCGCTCGGACGAGCTGACCCGCC 
 

K562 2 200 bp Circular plasmid 1 μg 1 μg CGCGCTCGGACGAGCTGACCCGCC 
 

BEL-A 1 500 bp Circular plasmid 1 μg 1 μg CGCGCTCGGACGAGCTGACCCGCC 
 

BEL-A 2 500 bp Circular plasmid 1 μg 1 μg CGCGCTCGGACGAGCTGACCCGCC 
 

BEL-A 1 200 bp Circular plasmid 1 μg 1 μg CGCGCTCGGACGAGCTGACCCGCC 
 

BEL-A 2 200 bp Circular plasmid 1 μg 1 μg CGCGCTCGGACGAGCTGACCCGCC 
 

BEL-A 1 500 bp Linear plasmid 1 μg 3 μg CGCGCTCGGACGAGCTGACCCGCC 
 

BEL-A 2 500 bp Linear plasmid 1 μg 3 μg CGCGCTCGGACGAGCTGACCCGCC 
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Table 3-2. Attempts at a KLF1 E325K mutation by CRISPR nickases. No successful 

E325K G>A mutation was observed under any conditions tested. BEL-A and K562 were 

tested. Two nickase gRNA sets were tested, set 1 refers to gRNAs: 'KLF1 nick sense D1’ 

and ‘KLF1 nick anti-sense', set 2 refers to gRNAs: 'KLF1 nick sense D2’ and ‘KLF1 nick anti-

sense'. Templates with either 500bp or 200bp homology arms were tested. Template DNA 

was double stranded in all cases, and either circular or linearized (in pUC57 plasmid). gRNA 

plasmid (PX460) concentration was 1 ug for each sense and antisense gRNA. Template 

concentration was either 1 ug or 3 ug. Sequence data and chromatograms shows no change 

from wild-type across all samples, the CDA IV E325K G>A SNP locus is highlighted. 

3.2.3 Attempted β-spectrin knock-ins using CRISPR nickases 

The cytoskeletal protein β-spectrin was targeted for knock-in of GFP and SpyTag. 

The C-terminal domain was selected as a suitable site for tagging for a number of 

reasons. Firstly, crystal structures of the tetramerization domain show a flexible C-

terminal tail (270). Secondly, a molecular dynamic simulation was performed by Dr 

Debbie Shoemark (University of Bristol) to investigate the effect of GFP tagging on 

β-spectrin tetramerization which suggested more flexibility in the C-terminus, with the 

last eight residues predicted to be random coil, as opposed to 4 residues of the N-

terminus. Finally, personal communication received from Prof. Jon Morrow (Yale 

University) recommended tagging the C-terminal domain, based on his team’s 

experience with exogenously expressing both C- and N- terminal tagged β-spectrin.  

Two gRNA pairs were designed using the CRISPR Design Tool (http://crispr.mit.edu) 

which performs specificity analysis to predict off-target loci (271) (Figure 3-4). Guide 

pairs with the lowest likelihood of off-target binding were selected. The β-spectrin 

template was designed using sequence data from Ensembl (gene ID: 

ENST00000556626). A DNA construct with 1000 bp homology arms was ordered 

from Genscript (Figure 3-4B).The enhanced monomeric GFP (emGFP) DNA 

sequence was placed immediately downstream of the β-spectrin coding sequence, 

with a linker sequence copied from the Clontech mammalian expression vector 

pEYFP- N1. A SpyTag peptide sequence (255) follows emGFP. MluI and NotI 

restriction sites flank emGFP and SpyTag and can be used to easily exchange 

spectrin tags for future applications. PacI and SpeI were added to excise the 

template from the vector backbone prior to cell transfection. All restriction sites are 

unique cutters within the template sequence.  
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Figure 3-4. Workflow for a CRISPR-Cas9 nickase mediated C-terminal β-spectrin tag.  
A SPTB targeting by gRNAs. The SPTB stop codon is highlighted in red, gRNA sequences 

are depicted by purple rectangles with PAM sites indicated by green rectangles. gRNAs are 

named and corresponding sequences can be found in the methods section in Chapter 2. 

gRNAs which do not have a 5’ G have a G appended to aid transcription from the U6 promoter. 

Two gRNAs are required to guide two Cas9ns which create DSBs when both DNA strands 

are nicked. B Schematic showing Cas9 nickases with gRNA set 1 and template design. Sense 

gRNA anneals to anti-sense genomic DNA and anti-sense gRNA anneals to sense genomic 

DNA. SpCas9n proteins nick complementary DNA strands 3 bp upstream of PAM sites via 

HNH domains. When both strands are nicked, a 5’ overhang is repaired by HDR using the 

template DNA. 914 bps of DNA is incorporated into genomic DNA, containing a emGFP and 

SpyTag. The insert was designed to tag immediately upstream of the β-spectrin stop codon 

(red). 1000 bp homology arms flank the insertion region. 
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BEL-A cells were transfected using Amaxa nucleofector 2b using program T-004 and 

solution L. Cells were transfected with 3 μg of linearised plasmid template DNA and 

1 μg of both sense and anti-sense gRNA/Cas9n plasmids (PX460). Following 

transfection, a dead cell removal procedure was performed, and the remaining cells 

were expanded for knock-in analysis. Fluorescent microscopy was used to identify 

GFP positive cells however no fluorescence was observed (Figure 3-5A). Flow 

cytometry showed no fluorescence in CRISPR-transfected lines above that of 

controls (Figure 3-5 B). pmaxGFP was transfected as a positive control, 29% of cells 

were GFP positive. PCR amplification of the SPTB locus and subsequent gel 

electrophoresis confirmed that knock-ins had not been achieved. Double bands 

would have indicated a mixed population of cells, with larger bands expected 914bp 

higher than smaller bands, corresponding to the size of the GFP-SpyTag knock-in. 

Only single bands were observed and these bands were no different in size to 

untransfected control cells (Figure 3-5 C). Finally, a western blot was performed to 

check for expression of Cas9n. Bands at 160kDa confirmed the expression of Cas9n 

despite the lack of successful editing (Figure 3-5 D). 
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Figure 3-5. Analysis of attempts to introduce β-spectrin tag by HDR using CRISPR 
nickases. BEL-A cells were transfected with linearised plasmid template alongside two 

pSpCas9n(BB) (PX460) plasmids, one with a sense targeting guide, the other with an anti-

sense targeting guide. Two different pairs of gRNAs were tested. A Fluorescent microscopy 

(Olympus Cell R widefield imaging system) was used to assess for β-spectrin GFP tagging. 

No fluorescence was observed except in the positive transfection control. The positive 

control was prepared by transfecting BEL-A cells with a small GFP expression plasmid, 

pmaxGFP. B Flow cytometry was used to screen BEL-A cells for GFP fluorescence, to 
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indicate successful GFP tagging of β-spectrin. Neither sample exhibited greater 

fluorescence than the untransfected control. pMaxGFP positive control cells showed a 

population of GFP positive cells, although the majority of cells were GFP negative. C Gel 

electrophoresis of SPTB amplicon showed no size difference compared to the untransfected 

control suggesting no β-spectrin tagging had been achieved. D Western blot analysis shows 

presence of Cas9 nickase in samples despite no editing activity. Bands at 160 kDa indicate 

FLAG tagged Cas9 nickase. 

3.2.4 Attempts at using CRISPR nucleases to edit KLF1 and β-spectrin  

As attempts using nickases proved unsuccessful, KLF1 and β-spectrin were targeted 

next using Cas9 nucleases. To increase efficiency, a Cas9 nuclease was used, with 

the expectation that this would be inherently more efficient due to needing only a 

single cut to introduce a DSB. Furthermore, fewer plasmids need to be transfected 

as only a single guide is required, reducing transfection burden on the cells. For 

KLF1 editing, a ssODN template was used instead of a plasmid template as these 

have been shown to be efficient for small inserts or SNPs. A 120 bp template was 

synthesised by MWG and named ‘KLF1 120 bp ssODN’. The template had 60 bp 

and 59 nt homologous arms flanking the G>A site, and PAM sites were silently 

mutated. The template was designed to have the maximum length homology arms 

possible but was limited to 120 nt by the manufacturer’s synthesis.  

BEL-A cells were transfected with 500 ng of pSpCas9(BB)-2A-Puro V2.0 (containing 

S. pyogenes Cas9 nuclease and gRNA; PX459 see appendix for plasmid map) and 

3 μg of ssODN template (KLF1 120 bp ssODN). Five different guides were designed 

for KLF1 targeting (KLF1 D1 - D5) and eight guides were designed for SPTB 

targeting (SPTB D1 - D8). Transfected cells were selected by using puromycin. Due 

to the combined effects of high lethality of electroporation and the subsequent 

selection with puromycin, cell counts were extremely low. In order to achieve 

sufficient cell numbers to allow for dead cell removal, multiple nucleofections of KLF1 

and SPTB targeted cells were pooled. Five samples of KLF1 nucleofected cells, 

each transfected with a different guide design, were pooled together and eight 

samples of SPTB, each with a different guide design, were pooled. Following dead 

cell removal, cell expansion, and DNA extraction, cells were assessed for genetic 

edits. KLF1 sequence data again showed no evidence of point mutations or InDels 
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(Figure 3-6 A) and gel electrophoresis of the SPTB amplified target region indicated 

that β-spectrin tagging was unsuccessful (Figure 3-6 B). However, sequence data 

revealed a 10 bp deletion at the site targeted by β-spectrin guide 1 (Figure 3-6 C). 

Single cells were sorted from the mixed SPTB edited population and expanded. 12 

clonal lines were selected for sequencing and all contained the same 10 bp deletion 

(Figure 3-6 E). Chromatograms showing single spectra, indicating a homozygous 

mutation had been achieved in BEL-A cells (Figure 3-6 F). The SPTB stop codon 

was deleted by this edit and it was predicted from sequencing data that a frame shift 

would be generated that resulted in a 31 amino acid C-terminal extension (Figure 

3-6D).  

 
Figure 3-6. KLF1 and SPTB editing using Cas9 nucleases. A Sequencing data for KLF1 

targeted cells. Chromatograms for a pooled population of cells, targeted by five different KLF1 

guides, showed no editing at the targeted E325K locus. B Electrophoresis data showed no 

evidence of SPTB tagging as a single band was observed which was no larger than the 

untrasfected control. C Sequencing data for pooled SPTB CRISPR cells revealed a 10 bp 

deletion at the site targeted by gRNA design 1. The purple box represents the complementary 

sequence of gRNA 1, with the PAM indicated in green. D β-spectrin amino acid sequence 

predicted by sequencing data. The stop codon was deleted in transfected cells and a frameshift 

mutation extended the β-spectrin C-terminus by 31 residues. E The mixed population of edited 

cells were single cell sorted and expanded to obtain clonal lines, 12 of these were sequenced 

and all were found to contain the same 10 bp deletion. F The chromatogram from subclone 1 of 

SPTB edited cells shows a homozygous population containing the 10 bp deletion, the highlighted 

region indicates the deleted region. 
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3.2.5 Co-selection of CRISPR-Cas9 plasmids with a GFP expression plasmid 
for KLF1 editing 

The previous experiments involved selection of successfully transduced cells 

through puromycin selection and subsequent dead cell removal. This resulted in high 

mortality and it is likely that some successfully transduced cells were lost during the 

selection process. To overcome this, an experiment was performed in which Cas9-

gRNA and template plasmids were co-transfected with the pmaxGFP expression 

plasmid (Lonza), and single GFP positive cells were then single cell sorted by FACS 

using GFP fluorescence. This removed the requirement for puromycin selection and 

subsequent dead cell removal. A ratio of 5:1 pSpCas9(BB)-2A-Puro V2.0 (PX459) to 

GFP selection plasmid was used. A greater concentration of ssODN template was 

used than in previous experiments (8 μg). Out of 96 wells, 11 single clones 

expanded sufficiently for analysis (~200,000 cells). These were sequenced but no 

evidence of editing was detected (Figure 3-7). This preliminary experiment was the 

first to demonstrate that transfected BEL-A cells can survive single cell sorting and 

can therefore be subcloned. However, it was limited to only one KLF1 guide design. 

Also, it is possible that some of the sorted cells did not contain the Cas9-gRNA 

expression plasmid as sorting was done indirectly through selection of the GFP 

plasmid. 

Figure 3 7. Sequencing of BEL-A KLF1 clones isolated after a GFP co-transfection 
approach to CRISPR. pSpCas9(BB)-2A-Puro V2.0 (PX459) was co-transfected along with a 

small pmaxGFP expression plasmid and ssODN template encoding the E325K SNP. BEL-A cells 

were subsequently single cell sorted by FACS using GFP positivity and then cultured to establish 

subclones. 11 subclones were sequenced but no editing was observed. The top line shows the 

KLF1 sequence of untransfected BEL-A cells. The highlighted G indicates the nucleotide 

targeted for a G>A mutation to confer the CDA IV phenotype. 
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3.2.6 GFP selectable CRISPR-Cas9 expression plasmid for KLF1 editing 

Informed by the above, guides were cloned into a Cas9-gRNA GFP selectable 

plasmid (PX458 see appendix for plasmid map (272)) for direct selection. Five 

different guides were designed for both KLF1 and SPTB targeting. BEL-A cells were 

transfected and GFP positive single cells were sorted into 96-well plates. However, 

from 10 plates (960 subclones) only 5 subclones expanded in culture, three from 

KLF1 and two from SPTB targeted cells. This was likely due to a particularly lethal 

electroporation as fluorescence activated cell sorting data revealed cell death 

ranging from 84% - 91% across samples, compared to only 22% cell death in the 

previous co-transfection experiment. It is unclear what caused the increase in 

lethality in this particular case. The five expanded lines were screened for edits by 

PCR and sequencing, however no difference from the wild-type was observed 

(Figure 3-8). 

 

Figure 3-8. Sequencing of BEL-A KLF1 and SPTB after a direct GFP selection approach to 
CRISPR. pSpCas9(BB)-2A-GFP plasmid (PX458), expressing Cas9, gRNA, and GFP, was 

transfected into BEL-A cells alongside template DNA (ssODN for KLF1, linearised plasmid DNA 

for SPTB). Five different guides were designed for both KLF1 and SPTB targeting. GFP positive 

cells were single cell sorted by FACS following transfection. However only 5 sub-clones 

expanded sufficiently for analysis. The sequence data for these 5 clones shows no editing. For 

KLF1, the red G indicates the nucleotide targeted for a G>A mutation to confer the CDA IV 

phenotype. For SPTB, the blue sequence is the final exon of β-spectrin with the stop codon 

highlighted in red. Neither SPTB subclone possesses the intended β-spectrin tag.   
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3.2.7 Cas9 ribonucleoprotein complexes  

An alternative approach to plasmid based Cas9-gRNA expression is the transfection 

of Cas9 ribonucleoprotein (RNP) which consist of Cas9 complexed with in vitro 

transcribed gRNA. Three Cas9 RNPs were designed to target KLF1. A pre-validated 

RNP targeting the HPRT locus was used as a positive control. The HPRT RNP is 

commonly used for assessing cleavage efficiency in mammalian cells (204). 

Following transfection, dead cell removal, expansion, and DNA extraction, a genomic 

cleavage detection assay was performed (Figure 3-9). The assay determines the 

proportion of edited alleles in a heterogenous population of cells containing both 

edited and unedited DNA. The assay involves PCR amplification of targeted loci. 

Amplicons are denatured and re-annealed slowly to enable mismatches to occur as 

strands with edits re-anneal to unedited strands or strands containing a different edit. 

The mismatches are subsequently cleaved by a mismatch detection enzyme and the 

resultant DNA strands are analysed by gel electrophoresis. In successfully targeted 

loci, three bands are expected: a parental band representing unaltered DNA 

amplicons, and two daughter bands representing cleaved amplicons. The combined 

size of the two daughter bands is expected to equal the size of the parental band 

and the relative intensity of these bands indicates the total fraction of cleaved DNA. 

For the KLF1 and HPRT RNPs the assay revealed no indication of CRISPR induced 

InDels. A positive control was used to ensure the assay was performed correctly 

consisting of DNA templates which contained mismatches mimicking CRISPR-

mediated deletions which are cleaved by the detection enzyme. 
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Figure 3-9. Genomic cleavage detection assay gel of transfected cells. BEL-A cells 

were transfected with RNPs targeting the HPRT locus and KLF1 locus (guides 1 and 3). A 

negative control was prepared by transfecting cells with Cas9 only (no gRNA). The samples 

were PCR amplified across the region of interest, denatured and re-annealed to create 

mismatches between strands with and without InDels. Samples were either treated with or 

without (+/-) a detection enzyme which cleaves mismatches resulting in two smaller 

fragments. The presence of a parental band and two smaller daughter bands indicates 

successful cleavage by Cas9 RNPs. The gel shows no indication of genomic cleavage as 

only single bands were detected. The positive control was prepared using template DNA 

containing mismatches to simulate those induced by NHEJ. 
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3.3 Discussion 

The primary goal of the experiments presented in this chapter was to achieve knock-

in mutations using CRISPR-Cas9 in the BEL-A cell line. Unfortunately, neither the 

KLF1 E325K mutation nor the SPTB GFP-SpyTag insertion were achieved, despite 

testing numerous variables and different approaches to CRISPR. The limitations of 

individual experiments are discussed in the following sections. However, some 

limiting factors were common across all editing attempts: the low efficiency of the 

HDR repair pathway, electroporation inefficiencies in BEL-A, and the choice of gene 

targets. Both KLF1 and SPTB edits required CRISPR mediated by HDR, an 

inherently less efficient repair pathway than NHEJ. In addition to its fundamental 

inefficiency, HDR also introduced the requirement for an additional component – 

template DNA. This increased transfection burden and introduced extra variables for 

optimization: length, type (ssODN, dsODN, plasmid DNA) and design (asymmetric 

arms, templates flanked by gRNA, etc). The BEL-A line proved difficult-to-transfect 

with high mortality observed despite extensive optimization using multiple 

nucleofection devices. High mortality rates were observed even when using the 

small GFP reporter plasmid for optimisation and highly variable transfection rates 

were observed across experiments. BEL-A cells may be sensitive to DNA plasmid 

toxicity following electroporation, a feature also observed in the HUDEP immortalized 

erythroblast cell line (239). Furthermore, the intended edits themselves may have 

been lethal. The KLF1 E325K mutation resides in the region of the second zinc 

finger. This binds many important erythroid genes and results in clinically significant 

phenotypes such as normocytic anaemia (260). Trisomy of chromosome 19, which 

harbors KLF1, is common in mixed populations of BEL-A cells (Prof. Jan Frayne, 

University of Bristol, personal communication) possibly making detection of 

heterozygous lines more challenging.  

It is also possible that the large GFP and SpyTag intended for introduction into β-

spectrin may have adversely affected the cytoskeleton and cell structure. Molecular 

dynamic modelling of β-spectrin tetramerisation with a C-terminal GFP tag showed 

that the GFP tag associated with a region of β-spectrin, despite the GFP tag 

beginning the trajectory with good physical separation from the tetramerisation 

domain. However, the scope of the simulation was insufficient to determine how 
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transient and how tight the association would be in real time. Previously, the Toye 

laboratory has expressed a β-spectrin construct with a C-terminal GFP tag in K562 

cells (Dr A.Toye, personal communication) and GFP fluorescence was observed by 

widefield microscopy (data not shown) suggesting that the inclusion of a GFP tag on 

the C-terminus of Spectrin is tolerated. 

3.3.1 CRISPR nickase experiments 

CRISPR nickases were utilised in the initial editing attempts in order to minimise off-

target effects. However, nicking is known to be inherently less efficient than DSB 

generation using nucleases. This is due to the requirement for two Cas9n proteins to 

generate DSBs simultaneously as single nicks are repaired with high fidelity by 

endogenous repair mechanisms (273). The nickase approach also increased 

transfection load as an additional gRNA expression plasmid was used. Transfection 

efficiencies were likely compromised by co-transfection of three large plasmids, 

however this could have been alleviated by using an expression plasmid capable of 

expressing multiple guides.  

In the case of KLF1, multiple variables were tested in order to achieve the goal of 

generating an E325K point mutation, including using different cell types (K562 and 

BEL-A), gRNA sequences, template lengths, and template concentrations. However, 

none of these alterations yielded a successful edit. It is impossible to optimise all the 

numerous variables involved in a knock-in without first establishing baseline editing 

activity. Across all samples, chromatograms of KLF1 matched the untransfected 

control with no sign of mixed spectra indicative of a mixed population of edited and 

unedited cells. InDels would be expected in a mixed population due to repair of 

CRISPR-mediated DSBs by NHEJ. Their absence suggests that either DSBs were 

not generated or that KLF1 knockouts were lethal. It cannot be ruled out that G>A 

edits did occur in a small population of cells, but occurred at a frequency insufficient 

for detection by sequencing of a mixed population. To determine this, single cell 

sorting could be used to generate clonal lines for sequencing. However, with 

reported knock-in efficiencies often less than 1% this would require large scale 

experiments involving the culture of many samples for rare event analysis which is 

beyond the scope of this proof-of-principle work.  
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In the case of SPTB, single cells were screened for knock-ins using flow cytometry to 

detect GFP fluorescence from the SPTB tag. However, no evidence of knock-ins 

was observed. This was confirmed by PCR amplification of the SPTB gene, and 

subsequent gel electrophoresis which revealed no larger amplicons as would be 

expected for an 0.9 kb insertion. Transfection efficiency in the pmaxGFP positive 

control sample (29%) was lower than efficiencies observed during transfection 

optimization. Transfection efficiency may have limited chances of editing, however 

Cas9n expression was confirmed in western blot analysis.  

3.3.2 CRISPR nuclease experiments 

Addressing the above limitations, the following variables were altered in subsequent 

experiment design: wild-type (WT) Cas9 was used rather than Cas9n. This change 

was made as WT Cas9 is inherently more efficient than Cas9n, and enables 

transfection of fewer plasmids, since only one guide is required. Puromycin was 

used to select for cells successfully transfected with Cas9-gRNA expression 

plasmids; and finally, a ssODN template was used for KLF1 targeting (SPTB 

template was too large for ssODN synthesis) as there have been reports of 

increased efficiencies for ssODN over dsDNA templates for short insertions (274). 

Higher concentrations of templates were also used. Using this approach, knock-ins 

remained unsuccessful, however a β-spectrin edit was confirmed, indicating the 

occurrence of repair through NHEJ.  

Following puromycin selection and dead cell removal, the remaining cell numbers 

were very low. This may have been due to low transfection efficiency resulting in few 

puromycin resistant cells, or due to false negative selection i.e. loss of successfully 

transfected cells during puromycin selection or dead cell removal. Samples 

transfected with different guides were pooled to rescue the population of cells. No 

evidence of KLF1 edits were observed. However, sequencing analysis of a mixed 

population may have lacked the sensitivity required to detect extremely rare editing 

events. Sequencing analysis did detect an edit in SPTB at the site targeted by gRNA 

1. It is curious that all of the sequenced subclones contained identical 10 bp 

deletions. This finding suggests that edited cells were derived from the same edited 

cell, and this clonal line overtook wild type cells in culture. Chromatograms of 

subclones did not show any mixed spectra, indicating a homozygous edit had 
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occurred. Either, one allele was edited by NHEJ and the second allele used the 

homologous chromosome as a template for repair by HDR. Or, both alleles were 

edited independently and resulted in identical 10 bp deletions. This inadvertent 

SPTB deletion demonstrates the possibility of CRISPR-Cas9 knockouts in the BEL-A 

line. This is explored further in chapters 4 and 5, in which knockout efficiency is 

improved.  

3.3.3 GFP co-transfection 

To overcome the problem of inefficient selection with puromycin and the subsequent 

requirement for dead cell removal, GFP co-selection was explored. The first 

experiment involved transfection of pmaxGFP plasmid alongside gRNA-Cas9 

plasmids and template DNA. The initial experiment was limited for the following 

reasons: only a single unvalidated KLF1 guide was tested, there was potential for 

selected plasmids not to contain CRISPR components due to indirect selection, and 

only 11 subclones grew in culture - limiting the chance of identifying rare editing 

events.  

The experiment was modified and repeated on a larger scale, involving five different 

guide designs for both KLF1 and SPTB and using direct selection with a GFP gRNA-

Cas9 expression plasmid. Whilst this approach appeared promising, the transfection 

procedure was particularly lethal in this experiment and of 960 subclones sorted 

using flow cytometry only five grew in culture and none contained the desired edit. 

This highlighted the inefficiency and inconsistency of BEL-A nucleofection and 

suggests further optimisation of electroporation of BEL-A is  required. 

3.3.4 Future strategies for CRISPR editing in BEL-A cells 

Given the difficulties of establishing a knock-in system in BEL-A, a simpler, 

systematic approach to establishing the technology would be advisable. It would be 

desirable to first establish guide activity and assess for InDels using genomic 

cleavage detection or through targeting of a non-essential membrane protein which 

can be assessed for knockout activity via flow cytometry. In the case of KLF1, a 

template containing a silent mutation at the E325K locus could control for lethal 

effects of the E325K mutation. However, the use of a potentially lethal gene as a 

target for knock-in via HDR is potentially a good strategy for enriching the edited 



 95 

population for knock-ins over lethal knockouts. In the case of SPTB, the knock-in 

strategy could be improved by tagging a membrane protein with a small extracellular 

tag less likely to disrupt cell structure and enabling screening by flow cytometry. This 

idea is explored in Chapter 6.  

3.4 Conclusion 

In this chapter various attempts were made to achieve CRISPR knock-ins in BEL-A. 

Extensive optimisation of BEL-A electroporation protocols was performed. However, 

electroporation remained highly lethal and inconsistent between transfections. 

Ambitious genetic editing attempts were made to insert a point mutation in the KLF1 

gene in order to create a cellular model for the disease CDA IV, and to tag spectrin 

with a GFP-SpyTag which would enable visualisation of the cytoskeleton and provide 

an attachment point for novel proteins. A variety of approaches to CRISPR editing 

were attempted, including: Cas9 nickases, Cas9 nucleases, dsDNA/ssODN 

templates, various length homology arms, multiple guide sequences, RNPs, and 

GFP co-selection methods. Despite this, knock-in edits were unsuccessful. However, 

an inadvertent deletion was detected in the SPTB gene as a result of CRISPR 

editing which demonstrated the feasibility for NHEJ-mediated CRISPR knockouts in 

BEL-A.  
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4 Chapter 4 - Establishment of Viral Based CRISPR-
Mediated Gene Editing in BEL-A 

4.1 Introduction 

The preceding chapter described various approaches to electroporation-based 

transfection of CRISPR-Cas9 in BEL-A cells. A variety of methodologies were tested 

to achieve knock-ins which were unsuccessful, however an inadvertent knockout in 

the cytoskeletal protein β-spectrin was achieved. This suggested that CRISPR could 

be utilised for efficient knockouts of blood group proteins in the BEL-A cell line. The 

removal of blood group proteins and key receptors for pathogen invasion could have 

important applications in the fields of transfusion medicine (249) and malarial 

research (preprint 123). To date only three papers have employed gene editing to 

remove blood groups. Lentiviral expression of shRNAs has been used in 

haematopoietic stem cells to silence Kidd and RhAG expression (230, 231), and 

TALENs have been used in HiDEP to knockout RhD (275). 

The Toye lab has previously used lentivirus to transduce cDNA or shRNA into 

CD34+ stem cells or BEL-A cells with high transduction efficiency and then 

differentiated the cells to reticulocytes (104, 233, 276, 277). Lentiviral vectors are 

also commonly used to deliver CRISPR-Cas9 components to cells because of their 

highly efficient genomic integration, capacity for carrying large DNA constructs, 

ability to infect a broad range of dividing and non-dividing cells, and low cytotoxicity 

(246, 278–281). However, the likelihood of off-target cleavage events is increased 

through constitutive expression of Cas9 and gRNA (216, 217), and also through the 

high concentrations of Cas9 typically achieved with lentiviral transduction (271).  

To overcome these drawbacks and retain high transduction efficiencies, transient 

lentiviral strategies have been developed. Integrase-deficient lentivirus (IDLV) 

contains a mutation in the integrase gene, greatly reducing integration rates and 

enabling transient, episomal CRISPR-Cas9 expression. Recently, IDLVs have been 

used in CD34+ HSCs to correct the sickle cell mutation in the β-globin gene (221). 

Kantor et al. recently made modifications to the widely used lentiCRISPRv2 transfer 

plasmid to improve its efficiency for IDLV use (218). Unnecessary buffer sequences 
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were removed, reducing the plasmid size by ~2kb, and binding sites for the 

transcription factor Sp1 were added. The resulting plasmid was named pBK176. 

Kantor et al. used this plasmid in conjugation with a modified packaging plasmid, 

containing a mutation in the integrase gene, to assemble IDLV for CRISPR-Cas9 

applications. 

Following the inadvertent - but promising - knockout achieved in Chapter 3, this 

chapter sets out work which aimed to establish an efficient workflow for achieving 

CRISPR-Cas9 knockouts using lentiviral transduction. A workflow was established 

which enabled the routine knockout of erythroid proteins to generate new erythroid 

cell lines with customised phenotypes. In some cases, these phenotypes mimicked 

naturally occurring rare erythrocyte phenotypes and secondary characteristics 

associated with the natural phenotypes were observed. Transient CRISPR delivery 

approaches were also tested using the IDLV vector as described by Kantor et al. 

(218). The development of transient gene editing methods may be pertinent to the 

use of engineered blood products for therapeutic applications.  
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4.2 Results 

4.2.1 CRISPR-Cas9 knockouts of RHAG, RHCE, BSG and GPA in BEL-A cells 
using lentiviral transduction 

First, a BEL-A subclone was selected for use in the CRISPR knockout experiments 

which follow. This was needed to ensure a homogenous genetic background, and a 

subclone was selected in a collaboration between the Toye and Frayne laboratories. 

The heterogeneous BEL-A population was single cell sorted by fluorescence activated 

cell sorting (FACS) into 5 x 96-well plates (480 total samples). Of these, 84 subclones 

expanded sufficiently for further analysis. These were differentiated, and all 84 lines 

were assessed for enucleation efficiency by flow cytometry with Hoechst staining. The 

line with the highest enucleation efficiency was selected and named Clone 79. Clone 79 

was used for all further experiments in this thesis, unless otherwise stated.  

Lentiviral transduction of BEL-A cells had been previously tested in the Toye laboratory 

and shown to be highly efficient with very low cell mortality levels (104). Therefore, a 

workflow for lentiviral CRISPR editing in BEL-A cells was developed based on lentiviral 

transduction methods described previously in an attempt to improve CRISPR knockout 

efficiency (Figure 4-1). Published and validated gRNA sequences were chosen to target 

RHAG, RHCE/RHD, BSG and GYPA genes (246). Guides were synthesised and cloned 

into the puromycin resistant lentiviral vector lentiCRISPRv2 (see appendix for plasmid 

map) which expresses Cas9 and gRNA (246). CRISPR lentivirus was assembled in 

human embryonic kidney (HEK) cells through calcium phosphate transfection of 

lentiviral plasmids (276). Clone 79 BEL-A cells were transduced with CRISPR-Cas9 

lentivirus, and puromycin selected 48 hours after transduction. Cells were maintained in 

culture for at least one week to enable turnover of existing expressed protein. Cells were 

labelled with antibodies to the extracellular epitopes of CRISPR-targeted membrane 

proteins and analysed for knockouts by flow cytometry. Transduced cells were found to 

contain polyclonal populations of cells with varying expression levels of the targeted 

proteins, ranging from complete absence (knockout), to varying degrees of knockdown 

and a proportion of unedited cells with wildtype expression levels. This could be 

detected by flow cytometry as edited cell populations showed a broad range of antibody 

fluorescence. Cells that exhibited a complete absence of targeted protein were sorted by 

FACS based on gating of untransduced control cells. These were single cell sorted into 
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96-well plates. Only a proportion of these sorted cells expanded in culture (~20%). 

These subclones were again analysed by flow cytometry to confirm knockouts. A 

fluorescence peak which overlapped with the untransduced population confirmed a 

complete knockout. When optimised, this whole process takes approximately 7 weeks 

from guide design to single subclone isolation (Figure 4-1). 

 

 

 

 

  

 

Figure 4-1. Schematic of lentiviral CRISPR workflow in BEL-A cells. Guides were designed 

using either online tools (which aim to limit off-target events) or using pre-validated sequences. 

Guide oligonucleotides were cloned into lentiCRISPRv2, a puromycin resistant lentiviral plasmid 

encoding Cas9 and gRNA. Lentiviral particles were assembled in HEK cells, which takes five 

days, and on the final day BEL-A cells were transduced. After a further 3-7 days transduced cells 

were analysed by flow cytometry to determine expression levels of CRISPR-targeted membrane 

proteins. Knockout cells were single cell sorted into 96-well plates. Subclones were cultured for 

approximately three weeks until cell numbers were sufficient for further analysis by flow cytometry 

to confirm knockout generation.  
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Following transduction, flow cytometry analysis showed polyclonal populations of edited 

and unedited cells across all samples: BSG, GYPE, RHCE and RHAG (Figure 4-2A). 

For each membrane protein knockout, high knockout efficiencies were observed. The 

proportion of cells overlapping with negative IgG controls was 86% for RHAG, 72% for 

BSG, and 65% for RHCE. Lower efficiency was observed for GYPA (4%) however a 

large proportion of cells showed reduced, but not null, expression. An aliquot of the 

mixed population was frozen for storage. The remaining cells were single cell sorted by 

FACS, based on complete negativity for the proteins of interest. Following the sorting, 

they were expanded in culture for three weeks, and frozen for future use. Cells from 

each KO line (5 x 10
5
 cells per KO) were transferred to differentiation media, and all KO 

BEL-A lines were allowed to differentiate and enucleate to form reticulocytes. On day 14 

enucleated reticulocytes were analysed by flow cytometry (Figure 4-2B). Basigin, GPA, 

and RhAG expression levels overlapped with the IgG isotype controls indicating 

complete knockouts. In the case of the RhCE KO, Rh factor levels as measured by 

BRIC 69 were reduced to 27% of untransduced control levels, but were not completely 

absent (Figure 4-2B).  
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Figure 4-2. Flow cytometric confirmation of CRISPR-Cas9 targeted membrane proteins 
in BEL-A cells and BEL-A derived reticulocytes. BEL-A cells were transduced with 

lentivirus containing CRISPR-Cas9 and guides targeted against basigin, GPA, RhAG and 

RhCE. Following puromycin selection, cells were labelled with antibodies (indicated in 

brackets) against targeted membrane proteins and flow cytometry determined membrane 

protein expression levels. Broad allophycocyanin (APC) signals in CRISPR-Cas9 lines (red 

traces) indicated mixed populations of edited and unedited cells. Knockout cells were single 

cell sorted by flow cytometry by gating based on the negative IgG controls (black traces). 

Clonal sub-lines were differentiated for 14 days and enucleated reticulocytes were identified 

based on negativity for Hoechst 33342. In basigin (Him 6 antibody), GPA (BRIC 256), and 

RhAG (LA1818) KO reticulocytes, APC traces overlay with IgG isotype controls indicating 

complete protein knockouts. In RhCE targeted reticulocytes, labelling with BRIC 69 (which 

binds an epitope on both RhCE and RhD) revealed some expression likely due to RhD. 

A 

B 
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We had initially intended to knockout both RhCE and RhD using a single guide to 

recapitulate the Rhnull amorph phenotype. However, a mistake was made during 

guide design and although the 20 nt gRNA spacer sequence was conserved in both 

genes, only RHCE contained an adjacent PAM site. Therefore, editing was not 

expected in RHD and the residual expression observed with the BRIC 69 antibody 

can be explained by RhD expression alone, as the BRIC 69 epitope is shared by 

both RhD and RhCE (282). A genomic cleavage detection test of RHAG and RHCE 

polyclonal populations confirmed presence of InDels in both genes.  

 

Figure 4-3. Genomic cleavage detection assay confirmed RHAG and RHCE InDels in 
lentiviral transduced BEL-A cells. DNA was extracted from BEL-A cells following 

transduction with CRISPR-Cas9 lentivirus targeting either the RHAG or RHCE gene. DNA 

from untransduced BEL-A cells was used as a negative control. The samples were PCR 

amplified across the targeted genes. Amplicons were denatured and re-annealed to create 

mismatches between strands with and without InDels. The samples were either treated with 

or without (+/-) a detection enzyme which cleaves mismatches resulting in two smaller 

fragments. The presence of a parental band and two smaller daughter bands indicates the 

presence of an InDel mutation. A positive control was prepared using template DNA 

containing mismatches to simulate those induced by NHEJ. Following application of the 

detection enzyme, daughter bands are apparent in both RHAG and RHCE CRISPR-Cas9 

lines. The expected size of DNA bands is indicated. Cleavage efficiencies were calculated 

using gel analysis software. Approximately 72% and 85% of DNA was edited in the RHAG 

and RHCE CRISPR samples respectively.  
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The different clonal knockout BEL-A lines were sequenced to confirm CRISPR-Cas9 

editing (Figure 4-4). DNA extractions were performed on knockout clonal lines and 

the target loci PCR amplified and sent for commercial Sanger sequencing by MWG. 

Multiple clones were sent for sequencing for each knockout target. In total, 12 clones 

were sent for sequencing and 11 of these contained InDels. Sequencing 

chromatograms showed mixed spectra emerging proximal to PAM sites, indicating 

heterozygous edits in 10 of the 11 edited lines. A homozygous deletion was present 

in one line. Individual subclones were selected for further analysis, the sequencing 

chromatograms of these lines are shown in Figure 4-4. The selected RHAG KO 

shows a 2 bp deletion occurring 4 bp upstream of the PAM. The chromatogram 

shows a single spectrum indicating homozygosity. The RHCE KO shows mixed 

spectra emerging 4 bp upstream of the PAM indicating a heterozygous mutation. 

The RHD gene of the selected RHCE KO knockout line was also sequenced at the 

loci homologous to RHCE gRNA (but lacking the PAM site) and no evidence of 

editing was observed, as expected. The selected GYPA and BSG KO lines also 

show mixed spectra emerging 6 bp and 16 bp upstream of their PAM sites, 

respectively.  
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Figure 4-4. Sequencing analysis of BEL-A KO clonal lines. Knockout and wild-type 

BEL-A lines were sequenced around CRISPR-Cas9 guide sites and their sequences were 

aligned by EMBOSS Needle pairwise sequence alignment (340). Guide sequences are 

indicated in purple and PAM sites in blue. Sequencing chromatograms from KO lines are 

shown. A 2bp homozygous deletion was observed in RHAG KO and InDels were detected 

in RHCE, GYPA and BSG indicated by mixed spectra emerging proximal to PAM sites. For 

the RhCE KO line, RHD was sequenced in addition to RHCE because it is complementary 

to the RHCE guide sequence but lacks the PAM site. RHD contained no edit as expected. 
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In order to investigate the nature of mutations in RHCE, GYPA and BSG, CRISP-ID 

software was used. The CRISP-ID software attempts to resolve mixed spectra 

arising from CRISPR editing into individual alleles (Figure 4-5A) (247). Mixed spectra 

are either the result of compound heterozygous mutations, in which both alleles 

possess different edits, or heterozygous mutations, in which one allele is edited 

whilst the other is wild type. The RHCE and GPA polyclonal spectra were analysed 

and wild-type sequences could not be resolved from their chromatograms, 

suggesting compound heterozygous mutations. CRISP-ID was able to successfully 

resolve BSG spectra, predicting a 1 bp insertion in one allele and a 35 bp deletion in 

the other allele. The BSG knockout was further analysed using ICE analysis, which 

generates putative allele sequences by comparing wild-type and mutant sequencing 

chromatograms (Figure 4-5B) (248). ICE uses regression analysis to assign putative 

allele sequences likelihood scores. ICE analysis was unable to infer any wild-type 

sequence (regression score 0), whilst a 1 bp insert scored highest (0.63), followed by 

various large deletions at least 8 bp in length 

 

  



 106 

 

 

  

Figure 4-5. InDel resolution software. A CRISP-ID resolution of CRISPR edited BSG mixed 

spectra. CRISP-ID software was used to analyse chromatograms containing mixed spectra. 

Chromatograms of edited samples are compared to the wild type sequence and putative allele 

sequences are resolved. Detection of wild-type sequence suggest a heterozygous edit whilst 

lack of wild type sequence, or resolution of two different edits, suggests a compound 

heterozygous edit. In the case of BSG, edited alleles were predicted to contain a 1 bp insertion 

and a 35 bp deletion, suggesting a compound heterozygous BSG edit. B Putative allele 

sequences in BSG KO BEL-A generated by ICE analysis. ICE analysis generated putative 

allele sequences by comparing sequencing chromatograms of CRISPR-edited BSG KO vs 

wild-type. ICE was unable to infer any wild-type sequence, indicating a compound 

heterozygous edit. Regression scores indicate the likelihood of computationally generated 

proposed sequences in the sample. A putative allele containing a 1 bp insert scored most 

highly (63.1%) with subsequent suggestions occupied by larger knockouts of various length.  

A   CRISP-ID  

B   Inference of CRISPR edits (ICE)   
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To assess whether the KO BEL-A lines generated have any additional alterations to 

their key membrane proteins, the lines were differentiated to generate reticulocytes. 

The reticulocytes were analysed using flow cytometry with a panel of antibodies to 

various membrane proteins. Reticulocytes were gated based on Hoechst negativity. 

RhAG KO reticulocytes exhibited absent Rh expression and the Rhnull regulator type 

phenotype was confirmed using BRIC 69 which binds both RhCE and RhD and fails 

to react with Rhnull erythrocytes (Figure 4-6) (282). GPA, GPC, Kell, and band 3 

expression levels were similar to unedited controls. Reductions were also observed 

in CD47 and ICAM-4 as expected, since these are also part of the Rh subcomplex 

(19). The high frequency ICAM-4 antigens LW
a 
and LW

ab 
are usually completely 

absent in Rhnull erythrocytes (51) but were present at 38% of unedited control levels 

in RhAG KO BEL-A. CD47 levels are normally severely reduced in Rhnull erythrocytes 

(48) to approximately 7% of D+ erythrocyte levels (51). In keeping with this, CD47 

expression levels observed in BEL-A KO reticulocytes were 6% of control levels as 

measured by flow cytometry. Reduction of CD44 was also observed in RhAG KO 

reticulocytes, to 38% of control levels. This is consistent with observations of CD44 

levels in RhCE null erythrocytes, but not normally reported for the Rhnull phenotype 

(52).  

RhCE KO reticulocytes showed positivity with BRIC 69 at 27% of control levels 

which is likely due to RhD expression (Figure 4-7). Consistent with previous 

observations of D-- erythrocytes, RhAG, CD44, and CD47 expression levels were 

reduced in BEL-A KO reticulocytes (52). ICAM-4 levels were also reduced despite 

increased ICAM-4 expression having previously been reported in D-- erythrocytes.  

For basigin KO reticulocytes, there were no major alterations in expression levels of 

membrane proteins tested including other known malarial receptors proteins such as 

GPA, GPC, band 3, CD55, and CD44, which showed similar expression levels to 

untransduced controls (Figure 4-8). GPA KO reticulocytes also showed similar 

expression levels of membrane proteins to controls (Figure 4-9). No band 3 

alteration was detected using either BRIC 71 or BRIC 200 anti-band 3 antibodies. 
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Figure 4-6. Flow cytometric analysis of membrane proteins in RhAG KO BEL-A 
reticulocytes. Cells were differentiated for 14 days to genreate reticulocytes. On day 14 

cells were labelled with antibodies (indicated in brackets) and enucleated reticulocytes were 

identified based on negativity for Hoechst 33342. Expression levels in the RhAG KO line 

(red) were compared to an untransduced control (blue) and an IgG isotype control (black). 

The bar chart summarises the results of flow cytometry, indicating average protein 

expression in the KO line as a percentage of that in the untransduced BEL-A control line. (L 

to R) RhAG and RhCE/D were completely absent. Levels of Band 3, GPA, Kell and GPC 

were similar to control levels, whilst reductions were detected in CD44 (38%), ICAM4 (38%) 

and CD47 (6%). 
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Figure 4-7. Flow cytometric analysis of membrane proteins in RhCE KO BEL-A 
reticulocytes. Day 14 enucleated reticulocytes were labelled with antibodies (indicated in 

brackets, APC conjugated secondaries) and expression levels in the RhCE KO line (red) 

were compared to an untransduced control (blue) and an IgG isotype control (black). The 

bar chart summarises the results of flow cytometry, indicating average protein expression in 

the KO line as a percentage of that in the untransduced BEL-A control line. (L to R) Some 

Rh expression was detected from BRIC 69 (27%) likely originating from RhD epitopes. 

Levels of Band 3, GPA, Kell and GPC were similar to untransduced control levels, whilst 

reductions were detected in RhAG (60%), CD44 (47%), ICAM4 (45%) and CD47 (5%), in 

line with expectations for the D-- phentoype. 
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Figure 4-8. Flow cytometric analysis of membrane proteins in Basigin KO BEL-A 
reticulocytes. Day 14 enucleated reticulocytes were labelled with antibodies (indicated in 

brackets) and expression levels in the Basigin KO line (red) were compared to an 

untransduced control line (blue) and an IgG isotype control (black). The bar chart summarises 

the results of flow cytometry, indicating average protein expression in the KO line as a 

percentage of that in the untransduced BEL-A control line. Basigin is completely null. Malarial 

receptor proteins GPA, GPC, band 3, CD55, and CD44, showed similar expression levels to 

untransduced controls and there are no major alterations (> 2-fold) in any of the other 

membrane proteins tested (RhAG, Rh, Wrb antigen, Band 3, CD47, CD99, Kell and CD71). 
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Figure 4-9. Flow cytometric analysis of membrane proteins in GPA KO BEL-A 
reticulocytes. Day 14 enucleated reticulocytes were labelled with antibodies (indicated in 

brackets, APC conjugated secondaries) and expression levels in the GPA KO line (red) were 

compared to an untransduced control (blue) and an IgG isotype control (black). The bar 

chart summarises the results of flow cytometry, indicating average protein expression in the 

KO line as a percentage of that in the untransduced BEL-A control line. GPA was completely 

null and all other membrane proteins tested showed similar expression levels to 

untransduced controls. 
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4.2.2 Integrase-deficient lentiviral (IDLV) transduction of BEL-A for transient 

CRISPR-Cas9 expression 

The lentiviral workflow described above represents an efficient method for 

generating knockouts in BEL-A cells. However, lentiviral transduction involves 

incorporation of exogenous DNA into the genome which is inserted randomly, 

potentially resulting in deleterious positional effects. Furthermore, constitutive 

expression of Cas9-gRNA increases the potential for off-target effects. To overcome 

these limitations, a transient viral transduction approach was tested using IDLV. 

Following the methods outlined by Kantor et al. 2017 (17), a T>G mutation (D64E) 

was introduced into the integrase gene of the psPAX2 packaging plasmid normally 

used for ICLV assembly. We named the resultant plasmid ‘psPAX2_ID’. The D64E 

integrase mutation prevents genomic integration of DNA. Instead, circular DNA 

vectors are gradually lost in dividing cells through dilution, resulting in a transient 

expression system.  

As a preliminary investigation into the feasibility of IDLV and to validate the 

psPAX2_ID packaging plasmid, BEL-A cells were transduced with a GFP expression 

vector (XLG3-GFP), packaged in either integrase-competent or integrase-deficient 

lentiviral particles (Figure 4-10A). The proportion of GFP positive cells was 

determined by flow cytometry. GFP expression levels were initially assessed 48 

hours after transduction, and GFP fluorescence was observed in both IDLV and 

ICLV transduced cells. However, a lower proportion of cells were GFP positive in the 

IDLV transduced lines, 58% vs 99%, and intensity of fluorescence in GFP-positive 

cells was reduced 31-fold (Figure 4-10B). GFP expression levels had diminished to 

background levels by day 9 in IDLV transduced cells, but had not diminished in ICLV 

cells, confirming the transient nature of the IDLV approach and validating the 

psPAX2_ID packaging plasmid. 
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Next, IDLV transduction was tested with a CRISPR-Cas9 vector targeting RHAG, 

using the RHAG guide validated in previous experiments. The lentiCRISPRv2 

plasmid containing RHAG gRNA and Cas9 was packaged in either integrase-

competent or integrase-deficient lentivirus. XLG3_GFP was transduced, packaged in 

either IDLV or ICLV, as a positive control. Following transduction the proportion of 

GFP positive cells was determined by flow cytometry. Over 95% of cells were GFP 

positive for both IDLV and ICLV transduction (Figure 4-11A); a substantially higher 

efficiency than achieved by IDLV in the previous experiment (58%; Figure 4-10A). 

However, as previously observed, use of IDLV transduction resulted in lower 

average fluorescence intensity of GFP positive cells (19-fold reduction) compared to 

ICLV transduction - indicating weaker expression (Figure 4-11A). An efficient RHAG 

knockout was achieved using lentiCRISPRv2 when packaged in ICLV, as 87% of 

Figure 4-10. IDLV GFP expression in BEL-A cells. Cells were transduced with a GFP 

expression vector (XLG3-GFP) packaged in either ICLV or IDLV. Cells were assessed for GFP 

expression using flow cytometry on the days after transduction as indicated. A IDLV transduction 

resulted in a lower proportion of GFP positive cells compared to ICLV transduced cells. The 

number of GFP positive cells diminished to background levels over a period of 9 days in IDLV-

transduced cells but were stable over the same period in ICLV-transduced cells. B The average 

fluorescence intensity of GFP positive cells was reduced 31-fold in IDLV-transduced cells 

compared to ICLV-transduced cells.  

A B 
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cells showed antibody fluorescence within IgG1 control levels (Figure 4-11B). 

However, when lentiCRISPRv2 was packaged in IDLV, no RhAG knockout was 

observed.  

An optimised version of the lentiCRISPRv2 plasmid, developed by Kantor et al. (218) 

and named ‘pBK176’, was subsequently tested with IDLV and ICLV transduction. 

The plasmid pBK176 is ~2kb shorter than lentiCRISPRv2 and contains Sp1 binding 

sites for improved lentiviral titre. For clarity, we renamed the plasmid 

lentiCRISPRv2_short. A RHAG guide was cloned into lentiCRISPRv2_short and 

IDLV and ICLV were assembled. This time a RhAG knockout was achieved using 

ICLV, with almost identical efficiency (86% using lentiCRISPRv2_short vs 87% using 

lentiCRISPRv2). No knockout was detected for RhAG expression using 

lentiCRISPRv2_short packaged in IDLV (Figure 4-11B). A summary of lentiviral 

transfer and packaging plasmids used in IDLV validation experiments is shown in 

Figure 4-11C.  
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Figure 4-11. IDLV and ICLV transduction of RHAG-targeting CRISPR in BEL-A cells. A XLG3-

GFP was transduced via IDLV and ICLV and GFP fluorescence levels were assessed by flow 

cytometry. A high proportion of cells were GFP positive on Day 2 for both transduction approaches. 

Transience of expression was confirmed by a diminished GFP positive population in cells 

transduced with IDLV on day 9, whilst GFP positive populations were retained in cells transduced 

with ICLV. The bar chart shows average fluorescence intensity of GFP positive cells, which was 

reduced 19-fold in IDLV-transduced cells. B RHAG knockouts were attempted using either 

lentiCRISPR v2 or lentiCRISPR v2_short packaged in either IDLV or ICLV. Cells were labelled 

using a LA1818 monoclonal antibody to determine RhAG levels. RhAG knockout populations were 

observed in ICLV-transduced cells but not IDLV-transduced cells. Knockout levels were similar for 

lentiCRISPR v2 and lentiCRISPR v2_short. C Table summarising the lentiviral vectors used and 

whether the intended outcomes were achieved.  
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4.2.3 Adeno associated virus transduction of BEL-A for transient CRISPR-Cas9 
expression 

As an alternative to IDLV for transient CRISPR delivery, Adeno associated virus 

(AAV) was tested due to its reported efficiency in hard-to-transfect mammalian cells. 

A two-vector system involving a split Cas9 gene, called AAVpro (Takara Bio), was 

used with previously validated guides targeting basigin and RhAG. Edits were not 

achieved using the AAV system. However, following completion of the experiments, 

correspondence was received from the AAVpro supplier stating that the construct 

contained a mutation affecting viral production. Therefore, conclusions cannot be 

drawn regarding AAV CRISPR editing efficiency.  
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4.3 Discussion 

4.3.1 Single gene CRISPR knockouts of RHAG, RHCE, BSG and GYPA in    
BEL-A cells using lentiviral transduction 

The membrane protein knockouts described in this chapter demonstrate the first 

successful use of lentiviral-mediated CRISPR knockouts in the BEL-A cell line. The 

lentiviral workflow established here, enables highly efficient production of protein 

knockouts which can be achieved in ~4 weeks (polyclonal population). To establish 

lentiviral CRISPR-Cas9 in BEL-A cells, membrane proteins were targeted to enable 

rapid analysis on a single-cell level by cell surface flow cytometry. The high knockout 

efficiencies observed make it feasible to target difficult-to-screen proteins within 

relatively small-scale experiments as polyclonal populations can be sorted by FACS 

to single cells, and edited subclones identified through DNA sequencing. High 

knockout efficiencies also enable exciting possibilities for multiplexing CRISPR-Cas9 

editing through transduction of several guides simultaneously, a principle utilised in 

Chapter 5 for simultaneous removal of multiple blood group proteins.  

The knockout lines generated here represent useful cellular models for studying rare 

blood group phenotypes. The extremely rare Rhnull (regulator type) and En(a-), 

phenotypes were generated by knockout of the RHAG and GYPA genes respectively 

and an accidental putative D-- was generated by targeting RHCE. These knockout 

lines demonstrate the potential for gene editing technologies utilised in combination 

with immortalized erythroid cell lines to generate customised cultured blood 

products. These could one day serve the transfusion requirements of patients with 

rare blood types.  

A basigin null BEL-A cell line was also developed which lacked all antigens of the Ok 

blood group system. This phenotype does not occur naturally, likely due to basigin’s 

numerous roles across multiple tissues (51). Therefore, the basigin null cell line is a 

powerful tool for studying malarial parasite invasion. Indeed, the line has been used 

in subsequent work studying parasite-host interactions (preprint 123); basigin’s 

essential role for malarial invasion was confirmed through P. falciparum incubation 

studies involving the basigin null BEL-A line described here.  
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Sequencing of targeted genes in BEL-A KO lines revealed InDels proximal to PAM 

sites, as expected. In the case of RHAG, a 2 bp homozygous deletion was observed, 

likely resulting from an edited allele being used as a template for repair of 

subsequent cleavage. Sequencing chromatograms for RHCE, GYPA and BSG 

genes showed mixed spectra emerging at targeted sites, indicating heterozygosity. It 

is difficult to determine the exact nature of heterozygous edits as different InDels are 

likely to be present in each allele resulting in compound heterozygosity. Furthermore, 

BEL-A cells have a complex karyotype with frequent occurrences of trisomy. 

Software packages such as CRISP-ID and ICE are able to resolve mixed spectra 

into putative individual allele sequences. These packages did not detect any wild 

type sequence in the mixed spectra of any knockouts, suggesting a putative 

compound heterozygous phenotype in each case. Whole genome sequencing or TA 

cloning would provide further insight into the genetic basis of individual allele InDels, 

however they were beyond the scope of this project and would have been of limited 

utility as null phenotypes were confirmed by flow cytometry.  

Originally, the intention was to generate an Rhnull (amorph type) phenotype. This was 

attempted by targeting both RhCE and RhD for removal using a single guide, taking 

advantage of their sequence homology. A 20 nt guide was designed which was 

complementary to both RHCE and RHD. However, a mistake was made during 

guide design as the NGG PAM was present only in RHCE and not RHD, therefore 

editing was expected to occur only in RHCE. DNA sequencing revealed InDels in 

RHCE and wild-type RHD. Labelling with BRIC 69, which detects antigens on both 

RhD and RhCE, showed reduced, but not null, expression. Given the putative 

compound heterozygous phenotype of RHCE, determined by sequencing and 

subsequent CRISP-ID analysis, it is likely that the residual BRIC 69 signal is 

originating from binding to antigens residing on RhD. The same RHCE-targeting 

lentivirus could be used in a D- erythroid line to establish the Rhnull (amorph type) 

phenotype. To confirm the D-- phenotype, further characterisation with RhCE and 

RhD specific antibodies is required. The primary objective of the lentiviral CRISPR 

KOs described in this chapter was to establish an efficient workflow for the 

generation of BEL-A knockout lines. The generation of RHCE InDels, alongside 

confirmed KOs in RhAG, basigin and GPA, validates the approach.  
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4.3.2 Expected secondary deficiencies were observed in CRISPR KO lines  

Flow cytometry analysis of membrane proteins revealed that KO lines recapitulated 

their equivalent in vivo phenotypes. Secondary deficiencies were seen in membrane 

proteins associated with targeted proteins, suggesting that BEL-A cells have a 

similar cell structure to in vivo erythroblasts and are a good erythroid model. RhAG 

KO BEL-A cells were null for RhAG and RhCE/D and had secondary deficiencies in 

CD47 (6% of control), CD44 (38%) and ICAM4 (38%). CD47 and ICAM-4 are 

members of the Rh complex and CD44 has been shown to bind ankyrin (140, 179). 

This suggests some disruption to the Rh complex and possibly the larger ankyrin-

associated macrocomplex. However, expression levels of band 3 and GPA of the 

band 3 subcomplex were unaffected. RhCE/D absence and CD47 depletion are 

typical for Rhnull erythrocytes (45, 48, 283). ICAM-4 is normally completely absent in 

erythrocytes (48). It is likely that further changes to membrane protein composition 

would occur as a result of membrane remodeling during reticulocyte maturation to 

erythrocytes, which at present cannot be achieved in culture. Indeed, ICAM4 and 

CD47 are amongst proteins reported to be reduced further during reticulocyte 

maturation (284).  

RhCE KO (putative) reticulocytes showed similar expression patterns to RhAG KO 

cells (reduced CD44, CD47 and ICAM4), indicative of some disruption to the Rh 

complex but with no disruption to analysed proteins belonging to the junctional 

complex (band 3, GPC and Kell). Secondary deficiencies were consistent with the D-

- phenotype as RhAG, CD44 and CD47 showed reduced expression (52). However, 

ICAM-4 levels were also reduced, which is inconsistent with D-- in which ICAM-4 

expression is typically increased (52).  

Basigin and GPA KO reticulocytes showed similar levels of expression to controls 

across all tested membrane proteins indicating minimal disruption. Importantly, levels 

of the malarial receptors GPA, GPC, band 3, CD55, and CD44 were unaltered in 

basigin KO cells, relevant for the cell line’s validity as a model for malarial parasite 

invasion.  

Further insight could have been provided by the inclusion of antibodies against 

additional membrane proteins in KO lines. GPB reduction of 60-70% is associated 
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with the Rhnull phenotype (51) however GPB expression was not analysed due to 

additional complexities of antibody labelling associated with the homology between 

GPB and GPA. RhD specific antibodies would confirm the D-- phenotype in putative 

RhCE KO cells and also determine whether RhD expression was increased as 

expected in D-- cells. The Wright B (Wr
b
) blood group antigen requires both GPA 

and band 3 for its presentation and therefore Wr
b
 antigen absence would be 

expected in the GPA null cell line, resulting in the phenotype Wr(a-b-) (285, 

286).This was not tested for. In future anti-Wr
b
 antibody labelling could be used to 

confirm the phenotype. Finally, whilst En(a-) erythrocytes have normal band 3 

expression levels, the band 3 has increased molecular weight due to altered 

glycosylation (287). GPA normally chaperones band 3 to the cell surface and without 

this function, band 3 remains longer in the Golgi network resulting in N-glycan 

elongation (288). The molecular weight of band 3 in En(a-) BEL-A could be tested to 

determine whether the phenotype is recapitulated. 

4.3.3 Integrase-deficient lentiviral transduction of BEL-A for transient CRISPR-
Cas9 expression 

A transient approach to expression of CRISPR-Cas9 components is desirable to 

avoid the introduction of exogenous DNA into the genome and reduce the chance of 

off-target events, which may be particularly important for clinical applications. We 

attempted to develop an efficient IDLV transduction approach for transient CRISPR-

Cas9 mediated editing in BEL-A cells. The IDLV approach described here was 

attractive due to high transduction efficiency in BEL-A, the simplicity of viral 

assembly - requiring only the simple substitution of the packaging plasmid to confer 

transiency - and its compatibility with existing lentiviral CRISPR-Cas9 plasmids.  

IDLV-transduction of a GFP expression plasmid yielded a very high proportion of 

GFP positive cells which diminished over time, confirming that transient expression 

was achieved. However, a substantial reduction in average fluorescence within the 

GFP positive population was observed, suggesting that levels of protein expression 

achieved by episomal expression were substantially reduced compared to integrative 

expression. When integrase deficient vectors were used with CRISPR-Cas9, no 

evidence of editing activity was observed. This could be due to low episomal 

expression combined with reductions in transduction efficiency associated with the 



 121 

larger size of the CRISPR-Cas9 plasmids. An ‘enhanced’ version of the CRISPR-

Cas9 plasmid was tested which was ~2kb shorter and contained Sp1 sites for 

improved viral titre (218). However, no editing was achieved. The enhanced plasmid 

was also tested in ICLV and despite achieving a knockout, the proportion of 

knockout cells was no greater than using the unmodified version of the CRISPR-

Cas9 plasmid. It is possible that higher concentrations of IDLV are required to 

compensate for lower episomal expression levels and future IDLV editing attempts 

would benefit from testing a range of viral titres.  
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4.4 Conclusion 

The work in this chapter follows on from that in Chapter 3 where an inadvertent 

knockout in the cytoskeletal protein β-spectrin was achieved. Developing on this 

finding, we attempted to establish an efficient approach for knockouts in the BEL-A 

cell line. A clonal BEL-A cell line was selected as an initial step (Clone 79) which has 

been used as the founder clone for all subsequent work with BEL-A in this thesis. 

First, a lentiviral approach was used which resulted in knockouts of RhAG, RhCE, 

BSG and GPA. Upon maturation into reticulocytes, analysis of membrane proteins in 

the KO lines revealed similar secondary deficiencies as described for naturally 

occurring null erythrocytes.  

To build on this, development of a transient editing approach was pursued to reduce 

the likelihood of off-target editing events, and to avoid transgenesis. Initially, an IDLV 

transduction approach was trialed. Successful transient expression was achieved 

with a fluorescent reporter but when used with CRISPR no editing was observed.  

Finally, as an alternative to IDLV, we tested adeno associated virus (AAV) as a 

means of achieving transient CRISPR-Cas9 expression in BEL-A cells. Whilst there 

was a strong rationale for pursuing this approach, the experiments were 

unsuccessful due to an error in one of the vectors received from an external 

manufacturer. As such, there is a case for pursuing this again in future work with a 

replacement vector to determine whether it would provide an efficient approach to 

transient CRISPR-Cas9 gene editing in BEL-A cells. 

Overall, an optimal solution has not yet been determined for transient viral based 

CRISPR-mediated gene editing in the BEL-A line. However, the initial work 

described in this chapter using integrase competent lentivirus for knockouts was 

successful. In the next chapter, this approach is utilised to remove several clinically 

significant blood group antigens from BEL-A to create tools for diagnostics and for 

transfusion therapy.  
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5 Chapter 5 - Customisation of Blood Group Phenotypes 
for Enhanced Transfusion Compatibility 

5.1 Introduction  

Every year approximately 2.5 million units of blood are transfused in the United 

Kingdom alone (https://www.nhsbt.nhs.uk/what-we-do/blood-services/blood-

transfusion/transfusion-faqs/). Blood for transfusion must be matched to donor blood 

otherwise haemolytic transfusion reactions (HTR) can occur. Whilst ABO and Rh 

possess the most immunogenic blood group antigens, other minor antigens can be 

clinically significant for people with rare blood types or for people who require regular 

blood transfusions. ImEry cell lines coupled with advances in gene editing 

technologies, open up the exciting possibility for the creation of sustainable cRBCs 

with truly universal phenotypes.  

ABO and RhD are the most immunogenic blood group antigens and matching to 

these is usually sufficient to avoid adverse transfusion reactions. However, for 

patients who receive regular blood transfusions, the chance of alloimmunisation to 

minor blood group antigens increases drastically (29). Alloimmunisation leads to a 

reduced life span of donated RBCs and increases the regularity at which 

transfusions are required. Sickle cell patients are often treated with chronic 

transfusion regimes to prevent stroke occurrence (31). In studies of SCD patients 

transfused with ABO and RhD matched RBCs, the rate of alloimmunization ranged 

from 18-37% of cases (32–34), compared to 2-5% of cases for non-SCD patients 

(30, 31). This is partially explained by the differing antigen prevalences between 

mostly African-American SCD patients compared to a mostly Causcasian donor 

base (31). However, in populations of SCD patients which receive donor blood of the 

same racial background, alloimmunisation still occurs at a higher rate than expected 

(289, 290). Common alloantibodies in chronically transfused SCD patients include 

those against Rh, Kell, Duffy, Kidd, and MNS (U and S antigens) (33, 291, 292).  

Thalassemia patients are also chronically transfused. Thalassemia is a congenital 

haemolytic disorder caused by a partial or complete defect in α- or β-globin chain 

synthesis (293). Patients with thalassemia major (defects in both β-globin alleles) 
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often receive blood transfusions every 3-4 weeks (294). Alloimmunization is common 

amongst thalassemia patients, with rates ranging from 4-50% (293). Common 

alloantibodies include those against Rh and Kell antigens (295).  

Individuals with rare blood types also present a major challenge for blood transfusion 

services across the world. Examples of rare blood types include Bombay, Rhnull and 

Kell null (Ko). Patients with these rare blood types require transfusions of donor 

blood which the same phenotype. Bombay patients lack the H antigen due to a 

homozygous mutation in the fucosyltransferase 1 gene (FUT1). The H antigen is the 

carbohydrate precursor to all antigens of the ABO system. Bombay blood plasma 

contains anti-A, -B and -H antibodies. Misdiagnosis of Bombay blood and 

subsequent transfusion with type O blood can lead to fatal HTR (296). The Bombay 

phenotype is extremely rare, occurring at a frequency of one in 10,000 in India and 

one in 1,000,000 in Europe (36). Rhnull patients lack all antigens encoded by RHD 

and RHCE genes. Anti-D, -C, -c, and -e alloantibodies can cause severe HTR and 

HDN. Rhnull occurs at a frequency of one in every 6,000,000 (297). The Kell blood 

group contains the third most immunogenic antigens after those of ABO and Rh (24). 

The rare null K0 phenotype lacks all Kell antigens. If K0 individuals are exposed to 

Kell antigens from transfusion or pregnancy, the anti-Ku antibody is produced which 

can cause HTR and HDN (24, 298), and can be lethal (299). Currently, providing 

blood for patients with rare blood types is very challenging, relying on international 

coordination of rare donor databases and banks of cryopreserved RBC units (47).  

Improving RBC compatibility has long been a goal of transfusion science. As 

discussed in Chapter 1, attempts have been made to enzymatically convert blood to 

type O using glycosidases (72, 300, 301) or to mask/camouflage their antigens using 

PEG (302–304). More recently, CD34+ HSCs have been genetically modified using 

lentiviral expression of shRNAs to produce RBCs with severe depletion in the 

expression of blood groups proteins (230, 231). However, shRNAs often result in 

incomplete knockdowns resulting in the possible presence of residual antigens which 

may still result in alloantibody formation in vivo. A major limitation to the use of adult 

HSCs for the culture of modified RBCs is their finite proliferative capacity and 

inability to self-renew. This limits the yield of cRBCs to sub-transfusion quantities, 

requires batch production with the need for repeated genetic modifications between 
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cultures, and does not allow time for extensive characterisation of modified cells 

following editing.  

The ability to create sustainable erythroid lines with self-renewal capacity alongside 

advancements in gene editing technology has opened up two opposing approaches 

to creating erythroid lines with rare or more universally acceptable RBC phenotypes. 

Firstly, novel erythroid cell lines can be immortalized from HSC cells of individuals 

with naturally occurring desirable phenotypes. For example, iPSC lines have been 

generated from an individual with Bombay phenotype (305). Whilst this approach 

negates the need for genetic modification, the approach is largely dependent on the 

strength of immortalization technologies. An alternative approach, explored in this 

chapter, is to genetically modify a pre-existing erythroid cell line to achieve a desired 

phenotype. Whilst deriving cells from rare patients avoids the need for potentially 

complicated editing, gene editing offers greater flexibility and enables the 

development of phenotypes which are not naturally occurring. An example of this 

approach was shown by Kim et al. (275) who used TALENs to remove RhD 

expression from HiDEP cells.  

In this chapter, CRISPR-Cas9 meditated gene editing is used to create multiple BEL-

A cell lines with extremely rare blood group null phenotypes. These phenotypes are 

then combined to generate a BEL-A cell line with greatly enhanced theoretical 

transfusion capacity. The work described here represents an important step towards 

the generation of a sustainable supply of red blood cells with customised phenotypes 

for clinical transfusion.   
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5.2 Results 

5.2.1 Identifying target antigens to service the maximum clinical need 

In order to design a customised RBC phenotype with enhanced transfusion 

compatibility, we first needed to assess the clinical need within the NHS in England. 

We collaborated with Dr Fiona Regan (Imperial College Healthcare NHS Trust) who 

conducted a survey for NHS Blood and Transplant (NHSBT) of instances where the 

requirement for matched blood could not be fulfilled or resulted in depleted stocks for 

subsequent patients. The survey encompassed a combined 15 month period 

(November 2014–January 2015 and April 2015–April 2016) and identified 56 patients 

with alloantibodies against RBC antigens (or patients for whom alloantibody 

generation was likely without specific matching, e.g. untransfused neonates). Table 

5-1 shows a summary of the data; 22 patients had alloantibodies to antigens located 

on glycophorin B (GPB): U, S or s; 19 patients presented with alloantibodies to at 

least one antigen within the Rh blood group system; 10 patients possessed 

alloantibodies to the Duffy blood group (with a further two untransfused patients also 

Fy(a-b-)); and Kell antigen alloantibodies were identified in 10 patients. Eight patients 

presented with the Bombay phenotype, and alloantibodies to Lu and Kidd antigens 

were identified in three patients for each. In total, 19 patients (the majority of them 

presenting with SCD) possessed alloantibodies to antigens within more than one 

blood group system. 

This study highlighted the major blood groups for which alloimmunisation and 

transfusion incompatibility were most relevant within the population serviced by 

NHSBT during the survey period. Discounting the two McLeod patients (in which 

absence of the XK protein results in the undesirable trait of acanthocytic erythrocytes 

(306)), the transfusion requirements of 96% of patients identified in the survey could 

be serviced by a hypothetical RBC phenotype lacking seven blood group proteins 

and 86% of these patients by the removal of just five. On this basis, we decided to 

pursue the generation of several knockout BEL-A lines completely deficient in 

surface expression of GPB, Rh, Kell, Duffy and H antigens using CRISPR–Cas9 

editing. 
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Blood group 
system 

Patients with 
alloantibodies 

Alloantibodies 
against antigens 

Genetic basis of 
antigens 

MNS 22 U, S, s GYPB 

Rh 19 D, C, E, c, e, C
W

, Hr0,  

hr
b
, Hr

B
, MAR 

RHD, RHCE 

Duffy 10 (+2) Fy
a
, Fy

b
, Fy3 ACKR1 

Kell 10 K, k, Kp
a
 KEL 

H 8 H FUT1 

Lutheran 3 Lu
a
, Lu

b
 BCAM 

Kidd 3 Jk
b
 SLC14A1 

Table 5-1. Identification of clinical need within NHSBT for rare RBC phenotypes. Data 

were provided by Dr Fiona Regan (Imperial College Healthcare NHS Trust) and are the 

result of a survey collating instances in which the requirement for matched blood could not 

be fulfilled by NHSBT or resulted in no remaining store for subsequent patients. November 

2014–January 2015 and April 2015–April 2016. Fifty-six patients in total, (+2) indicates 

untransfused individuals of Fy(a-b-) phenotype yet to develop alloantibodies. Two patients 

with McLeod syndrome (XK deficiency) are not listed. 

5.2.2 Generation of individual blood group knockout BEL-A lines for 
transfusion therapy and as tools for diagnostics 

Although BEL-A were produced for research purposes and are not suitable for 

clinical use, the generation of BEL-A derived reticulocytes with clinically significant 

phenotypes demonstrates the potential of ImEry cell lines coupled with gene editing 

technologies to address clinical transfusion requirements. In addition to this proof-of-

principle demonstration, edited BEL-A cells with rare phenotypes may provide a 

much-needed source of sustainable reagent red cells with rare phenotypes for 

serological testing by blood group reference laboratories. Reagent red cells are used 

to provide controls when identifying unknown alloantibodies in patient sera. They are 

currently sourced from blood donations, making it extremely challenging to source 

naturally occurring RBCs with rare null phenotypes such as Rhnull, K0, or Bombay, for 

use as negative controls. ImErys with customised phenotypes represent a promising 

alternative source to reagent red cells as they are sustainable, eliminating the need 

for rare donors. This generation of reagent red cells from ImErys is likely to represent 
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a more immediate application than blood transfusions due to the lower number of 

cells required.  

Each of the proteins responsible for the blood group systems listed in Table 5-1 were 
targeted for knockout, except Rh as a Rhnull BEL-A line had previously been 

generated (described in Chapter 4). Glycophorin B (GPB), Duffy, Kell, Kidd and Lu 

are glycoproteins. FUT1 is a transferase enzyme responsible for the addition of 

fucose to galactose to form the H antigen of the H and ABO blood group systems. 

The lentiviral CRISPR-Cas9 workflow described in Chapter 4 was used to generate 

the knockouts. Briefly, BEL-A cells were lentivirally transduced with a construct 

containing Cas9 and gRNA targeting the gene of interest. Following transduction, 

cells were maintained in culture for at least one week to enable turnover of existing 

protein. Cells were then labelled with a specific antibody to the extracellular epitope 

of the target blood group protein/carbohydrate and single cells were sorted by FACS 

based on complete negativity for the protein/carbohydrate of interest. GPB is not 

expressed at the proerythroblast/early basophilic erythroblast stage at which BEL-A 

cells are immortalized, so blind sorting was conducted to derive single clones. The 

clonal lines were expanded until sufficient cells numbers for cryopreservation were 

reached. Ten clones were kept in culture and a proportion of cells were differentiated 

and analysed by flow cytometry to confirm the absence of GPB surface expression in 

reticulocytes. GPB absence was observed in eight of the ten subclones.  

The individual blood group knockout BEL-A lines were expanded, a proportion were 

cryopreserved and the remaining cells were differentiated for verification of null 

phenotypes in enucleated reticulocytes. Figure 5-1A shows the complete absence of 

expression of proteins targeted by CRISPR gRNAs in knockout reticulocytes 

compared to reticulocytes derived from unedited cells, as assessed by flow 

cytometry. In each case, reticulocytes were also labelled with a panel of antibodies 

to additional major erythrocyte membrane proteins: band 3, GPA, GPC, Rh, RhAG 

and CD47 (Figure 5-1B) and were shown to be unaltered compared to unedited 

control cells. 
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Figure 5-1 Flow cytometric confirmation of KO BEL-A derived reticulocytes. A BEL-A 

blood group knockout lines were created using lentiviral CRISPR–Cas9. Knockout lines 

were single cell sorted into clonal sub-lines which were differentiated for 14 days. 

Enucleated reticulocytes were identified based on negativity for Hoechst 33342. Expression 

levels of the targeted blood group antigens in knockout lines overlay with IgG controls 

indicating complete protein knockouts. B Flow cytometric analysis of major erythrocyte 

membrane proteins in individual blood group knockout BEL-A reticulocytes. No unexpected 

alterations in expression of GPA, RhAG, GPC, Rh, band 3 or CD47 proteins compared to 

unedited BEL-A controls were observed (n = 1).  
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5.2.3 Combinatorial CRISPR knockouts for generation of BEL-A with multiple 
blood group proteins ablated 

Having successfully generated individual knockout lines and thus validated the 

guides used for editing, an attempt was made to combine multiple knockouts to 

generate a line with greatly enhanced theoretical transfusion capacity. The top five 

blood group system proteins responsible for alloantibody generation were targeted 

for removal (Table 5-1). A GPB KO line was first selected as the starting point as 

GPB was the most technically challenging of the individual knockouts due to the 

absence of GPB in basophilic erythroblast stage BEL-A. Given that the desired 5x 

KO phenotype was completely novel and not naturally occurring, a sequential 

transduction approach was adopted to avoid potentially adverse effects arising from 

combinatorial null phenotypes. Each of the individual knockouts is naturally occurring 

and asymptomatic, except the Rhnull phenotype which is associated with cytoskeletal 

membrane disruption which can result in the formation of spherocytes (sphere 

shaped RBCs) and stomatocytes (bowel shaped RBCs) (307).  

GPB null cells were transduced with three lentiCRISPRv2 lentiviruses 

simultaneously, each containing a guide targeting either KEL, ACKR1 (Duffy) or 

FUT1. RhAG was not targeted at this stage to avoid potential disruption to cell 

stability. Figure 5-2 shows the workflow for generation of the multiple knockout BEL-

A lines. The GPB-null triple-transduced cells were labelled with antibodies specific 

for each targeted protein and a triple null population was confirmed and single cell 

sorted by FACS. The resultant cell lines, deficient in GPB, H, Kell and Duffy were 

called 4x KO. Flow cytometry of reticulocytes confirmed absence of targeted 

antigens (data not shown).  
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Figure 5-2. Schematic showing generation of 5x KO BEL-A. Three successive rounds of 

lentiviral CRISPR transfection were performed. First, BEL-A were transfected with GPB 

targeting CRISPR lentivirus and GPB null cells were sorted by FACS. Next, Duffy, Fut1 and 

Kell were knocked out simultaneously and 4x KO cells were sorted by FACS. Finally, RhAG 

KO was performed to generate a 5x KO line 

 

The 4x KO cells were subsequently transduced with lentiCRISPRv2 containing a 

guide targeting RHAG. RhAG was successfully knocked out and the expected Rhnull 

phenotype was confirmed by flow cytometry with BRIC 69 antibody labelling. Rhnull 

cells were single cell sorted to generate 5x KO clonal lines, which were 

cryopreserved. 5x KO subclone #3 (5x KO #3) was selected due to a high expansion 

rate in culture and a large scale cell culture was performed to generate sufficient cell 

numbers for further characterisation. 5x KO subclone #3 were differentiated 

alongside the unedited control BEL-A. Flow cytometric analysis of 5x KO #3 

reticulocytes revealed residual Kell expression suggesting an incomplete 

knockdown. Therefore, a different 5x KO subclone was selected. Cryopreserved 5x 

KO subclone #4 (5x KO #4) was thawed and a second large scale culture was 

performed. When sufficient cell numbers were reached, cells were induced to 

undergo differentiation and after 14 days reticulocytes were isolated by 

leukofiltration. Figure 5-3 shows expansion data from the two independent large 

scale cultures of subclones #3 and #4 alongside unedited controls.  
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During the differentiation stage of culture, the BEL-A cultures followed a 

characteristic expansion pattern, reaching their maximum population size at day 6. 

After day 6 the population size reduced as a proportion of cells experienced 

maturation defects and lysed. At day 6, BEL-A cells had expanded by between 20 - 

31x, but by day 14 total expansion had decreased to 10 - 13x following haemolysis. 

Cell cultures at this scale were logistically challenging due to current two-

dimensional cell culture methods using multiple tissue culture flasks (methods 

section 2.2). During differentiation, media changes are required every other day. At 

the largest population size, observed on day 4 for culture 1 and day 6 for culture 2 

(Figure 5-3), between 1.6 - 2 litres of culture media were required per sample. Given 

that cells were cultured in T-175 cell culture flasks with a maximum volume of 60 mL, 

this required 27 - 34 flasks per sample.  

Table 5-2 shows the quantification of reticulocytes derived from each culture. 

Reticulocytes were counted by flow cytometry based on Hoechst negativity. In 

culture 1, unedited BEL-A generated 2.2x more reticulocytes than 5x KO #3. In 

culture 2, 5x KO #4 generated 2.6x more reticulocytes than the unedited control. 

Lentiviral transduction, phenotypic effects associated with null phenotypes, inherent 

differentiation inconsistency, or technical error, may have affected erythropoiesis, but 

these hypotheses were not tested. Reticulocytes were purified by leukofiltration. 

After several washes of the leukofilter, a syringe was attached and remaining 

reticulocytes were gently drawn out of the leukofilter using suction. Cells which 

passed through the leukofilter by gravity were kept separately from cells drawn out 

using the syringe. Filtered reticulocytes were counted using an automated cell 

counter (Countess). Previous results from the Toye laboratory have indicated that 

reticulocyte deformability is compromised in the syringe drawn population 

(unpublished). The majority of reticulocytes (80 - 86%) were lost during 

leukofiltration. It is not clear whether reticulocytes were lost due to inherent 

inefficiencies involved in leukofiltration with small sample sizes or whether 

reticulocytes were damaged or fragile. The total numbers of gravity leukofiltered 

reticulocytes were much lower that the number of starting cells, ranging from 0.07 - 

0.44 reticulocytes per expanding BEL-A.  
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Figure 5-3. Expansion profile of large-scale BEL-A cultures during differentiation. 60 

million BEL-A cells were induced to differentiate (day 0). Cells were counted at 48 hour 

intervals by automated cell counting (countess). Cells followed a characteristic expansion 

profile with the largest population size being observed at day 6 and subsequent haemolysis 

of a proportion of cells. In culture 1, overall expansion on day 12 was 13x for unedited BEL-

A and 11x for 5x KO #3. In culture 2, overall expansion was 12x for unedited BEL-A and 14x 

for 5x KO #4. 

 

Expanding 

cells 

Day 0 

x10
6 

Retics 

Day 14 

Pre-leukofilter 

x10
6
 

Retic yield 
pre-filter 
(retics per 

starting cell) 

Retic Post Leukofilter 

(Countess) 

 

Retic yield  
post-filter 

(Gravity leukofiltered 

retics per starting cell) 

Gravity 

x10
6
 

Syringe 

x10
6
 

Total 

x10
6
 

Culture 1: 

UT BEL-A 60 52.2 0.87 7.4 7 14.4 0.12 

5x KO #3 60 23.4 0.39 3.9 2.05 5.9 0.07 

Culture 2: 

UT BEL-A 60 52.3 0.87 10.7 3.2 13.9 0.18 

5x KO #4 60 133.38 2.22 26.64 36 62.64 0.44 

 

Table 5-2. Quantification of reticulocytes derived from 5x KO and unedited BEL-A. 60 

million cells were induced to differentiate. On day 14, prior to leukofiltration, reticulocytes 

were counted using flow cytometry based on Hoechst negativity. Following leukofiltration 

reticulocytes were counted using automated cell counting (countess). Following 

leukofiltration, a syringe was attached to the leukofilter and extra reticulocytes (which had 

failed to pass through the leukofilter by gravity alone) were drawn out gently. The total 

number of gravity filtered reticulocytes per starting cell were calculated.  
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Following leukofiltration, gravity filtered reticulocytes were immunolabelled and 

assessed for expression of target proteins by flow cytometry. The complete absence 

of GPB (U and s antigen on a S- background), Kell, Duffy, H antigen, RhAG and Rh 

(RhCE/D) were observed, confirming the 5x KO phenotype (Figure 5-4). To assess 

cell morphology cytospins were prepared and 5x KO and control cells were observed 

to be morphologically indistinguishable (Figure 5-4B).  

 

Figure 5-4 Flow cytometric and morphological analysis of 5x KO BEL-A reticulocyte 
phenotype. The 5x KO BEL-A cell line was created using lentiviral CRISPR–Cas9 targeted 
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to five blood group genes: KEL, RHAG, ACKR1, FUT1 and GYPB. Knockout cells were 

sorted into clonal sub-lines which were differentiated for 14 days to generate reticulocytes 

for analysis. A Hoechst-negative unedited BEL-A-derived reticulocytes are positively labelled 

by antibodies to indicated blood groups/antigens. 5x KO reticulocytes labelled with 

antibodies to targeted blood group proteins/antigens are completely deficient in expression. 

B Representative cytospin images illustrate similar morphology of leukofiltered reticulocytes 

derived from unedited and 5x KO BEL-A cell lines. 

 

Serological tests were performed on 5x KO #4 to confirm the phenotype using a 

clinically relevant evaluation. Indirect antiglobulin tests (IATs) were performed by Dr. 

Nicole Thornton of NHSBT using human sera containing alloantibodies to antigens in 

each blood group as indicated in Figure 5-5. In contrast to the unedited control cells, 

5x KO #4 cells did not agglutinate upon exposure to any of the tested antibodies and 

cell pellets were observed at the bottom of the microtubules in all tests. Cellular 

controls included unedited BEL-A reticulocytes, positive control RBCs and antigen 

null RBCs. AB serum controls were included which were antibody-free and therefore 

controlled against agglutination as a result of factors other than alloantibodies. AB 

serum controls were performed with both anti-mouse and anti-human secondary 

antibodies.  
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Figure 5-5 Serological analysis of 5x KO BEL-A reticulocytes. Indirect antiglobulin test 

using column agglutination of BEL-A reticulocytes performed by Dr. Nicole Thornton 

(NHSBT). Absence of GPB, H antigen, Duffy, Kell and Rh in 5x KO reticulocytes was 

supported by IAT tests with anti-U, anti-H, anti-Fy3, anti-Ku and anti-Rh29 antibodies, 

respectively. In contrast to the unedited control cells, 5x KO cells did not agglutinate upon 

exposure to any of the tested antibodies and cell pellets were observed at the bottom of the 

microtubules in all tests. Cellular controls included unedited BEL-A reticulocytes, positive 

control RBCs and null reagent red cells. AB serum controls were performed with both anti-
mouse and anti-human secondary antibodies. 
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To assess for major disruption to the erythrocyte membrane, 5x KO #4 were labelled 

with antibodies targeting proteins belonging to the multi-protein membrane 

complexes. Band 3 and GPA expression levels were assessed as these are both 

members of the junctional and ankyrin complexes. GPC levels were assessed due to 

its role linking the junctional complex to the cytoskeleton and CD47 was assessed as 

it is a member of the Rh complex. A reduction in CD47 was expected due to the 

Rhnull phenotype (308). Flow cytometric analysis revealed the expected reduction in 

CD47 but no alteration in levels of band 3, GPA or GPC (Figure 5-6), confirming the 

absence of gross membrane disruption.  

 

 

 

 

Figure 5-6 Flow cytometric analysis of major erythrocyte membrane proteins in 5x 
knockout BEL-A reticulocytes. No alteration in levels of band 3, GPA or GPC confirms the 

absence of gross membrane disruption. As expected, CD47 expression was reduced due to 

disruption of the Rh subcomplex.  
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In order to determine whether removal of the five blood group proteins altered the 

physical characteristics of reticulocytes, cells were assessed with an Automated 

Rheoscope and Cell Analyser (ARCA) (252). ARCA applies a shear stress to cells, 

measures cell width and length under stress, and calculates a deformability index 

based on the ratio of cell width to length. One million reticulocytes were assessed 

per condition and experimental repeats were performed using cells which had been 

cultured independently by Dr. Tim Satchwell and Deborah Daniels. The deformability 

index of 5x KO reticulocytes was compared to unedited BEL-A and was found to be 

only mildly reduced (Figure 5-7). This could be due to either the 5x KO phenotype or 

several rounds of lentiviral transductions used to generate to achieve the CRISPR 

editing.  

 

 

 

Figure 5-7 Deformability assessment of 5x KO #4 BEL-A. Deformability indices of 

unedited control and 5x KO BEL-A reticulocytes were determined using an Automated 

Rheoscope Cell Analyser. 5x KO #4 reticulocytes showed a small reduction in deformability. 

Error bars indicate standard deviation of independent cultures performed by Dr Timothy 

Satchwell and Deborah Daniels (Frayne group), n = 3.  
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For complete protein level assessment of 5x KO #4 reticulocytes, quantitative 

proteomic analysis was performed using tandem mass tag (TMT) labelled samples. 

Targeted proteins Kell, Duffy, GPB, and FUT1 were not detected. However, a trace 

abundance of peptides was detected for Rh. Since Rh was removed indirectly by 

targeting the RHAG gene to confer the regulator Rhnull phenotype, we assume that 

this signal originates from intracellular fragments of Rh protein within a cellular 

protein degradation compartment. In keeping with this, flow cytometry (Figure 5-4) 

and serology (Figure 5-5) confirmed the absence of Rh at the cell surface. 

Anticipated reductions of the Rh complex proteins CD47 and ICAM-4 (39% and 93% 

reductions, respectively) and the Kell interacting protein XK (37% reduction) were 

confirmed. 98% of membrane and cytoskeletal proteins showed less than two-fold 

change in abundance, demonstrating minimal structural disruption resulting from 

blood group protein removal (Figure 5-8A). Table 5-3 lists the fold-change of a 

selection of other blood group, membrane and cytoskeletal proteins important for 

RBC structure and function. The complete comparative proteome of the 5x KO and 

control reticulocytes can be viewed in Figure 5-8B. The full dataset is included in 

(249) and is available from the ProteomeXchange Consortium via the PRIDE 

repository with the data set identifier PXD009291.  
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Figure 5-8 Quantitative proteomics of 5x KO #4 and unedited BEL-A reticulocytes. 
Scatter plots depicting relative protein abundance of membrane and cytoskeletal proteins as 

identified by TMT labelling and mass spectrometry. Log2 fold ratios were based on the mean 

of two technical replicates. Data were filtered using a FDR of 1% with exclusion of proteins 

for which only a single peptide was detected. A Proteins belonging to the membrane and 

cytoskeleton were categorised using Proteome Discoverer 2.1, 98% were expressed within 

two-fold abundance compared to controls suggesting minimal structural disruption. CRISPR 

targeted membrane proteins Kell, Duffy and GPB were not detected indicating successful 

complete knockouts. Trace Rh was detected (see main text). As expected, ICAM-4 reduction 

was observed (93% reduction) due to the Rhnull phenotype B The complete comparative 

proteome revealed complete absence of FUT1 CRISPR targeted protein. The full dataset is 

available from the ProteomeXchange Consortium via the PRIDE repository (identifier: 

PXD009291).
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Accession Description Gene ID Coverage # Peptides # PSMs # Unique 
Peptides 

Average 
Abundance Ratio 
5x KO:UT control 

H7BY55 Complement decay-accelerating factor CD55 9 6 12 6 1.55 
E9PR17 CD59 glycoprotein CD59 23 3 8 3 1.44 
P27105 Erythrocyte band 7 integral membrane protein STOM 52 14 102 14 1.35 
P35612 Beta-adducin ADD2 50 31 73 19 1.28 
P00915 Carbonic anhydrase 1 CA1 72 16 370 2 1.27 
P35613 Basigin BSG 36 10 22 10 1.23 
Q00013 55 kDa erythrocyte membrane protein MPP1 55 21 52 21 1.20 
Q59GX2 Solute carrier family 2 (Facilitated glucose transporter) SLC2A1 13 9 86 9 1.14 
E2RVJ0 Anion exchange protein SLC4A1 39 29 267 29 1.04 
P28289 Tropomodulin-1 TMOD1 47 15 32 15 1.03 
P11171 Protein 4.1 EPB41 45 35 178 16 1.02 
P16157 Ankyrin-1 ANK1 51 77 347 77 1.02 
P35611 Alpha-adducin ADD1 39 21 55 20 1.01 
P16452 Erythrocyte membrane protein band 4.2 EPB42 44 27 89 27 1.00 
Q08495 Dematin DMTN 51 20 57 20 1.00 
A0A0C4DFT7 Glycophorin-A GYPA 37 5 19 5 1.00 
P04921 Glycophorin-C GYPC 27 2 31 2 0.99 
E7EMK3 Flotillin-2 FLOT2 35 15 32 15 0.98 
P02549 Spectrin alpha chain, erythrocytic 1 SPTA1 61 136 599 136 0.96 
P11277 Spectrin beta chain, erythrocytic SPTB 65 128 532 4 0.96 
A0A068W6W9 Urea transporter SLC14A1 5 2 2 2 0.94 
C8C504 Beta-globin HBB 94 21 2705 1 0.93 
B4DW52 cDNA FLJ55253, highly similar to Actin, cytoplasmic 1 ACTB 55 14 152 1 0.86 
A0A068W6H0 Basal cell adhesion molecule (Lutheran blood group) BCAM 8 4 4 4 0.69 
P51811 Membrane transport protein XK XK 11 5 9 5 0.63 
Q08722 Leukocyte surface antigen CD47 CD47 6 2 4 2 0.61 
P16070 CD44 antigen CD44 3 3 5 3 0.51 
Q14773 Intercellular adhesion molecule 4 ICAM4 14 3 4 3 0.07 
B2LR44 RHD RHD 4 2 6 2 0.02 

Table 5-3. Quantitative proteomic analysis of functionally relevant red blood cell proteins. Table listing the relative abundance of 

selected blood group, membrane and cytoskeletal proteins of relevance to red blood cell immunogenicity and structural integrity, based on the 

dataset summarised in Figure 5-8. 
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Whole genome sequencing was performed with 5x KO #4 and unedited BEL-A cells 

to determine the nature of on-target mutations and assess whether off-target editing 

events had taken place. Whole genome sequencing and subsequent bioinformatic 

analysis was performed commercially by Novogene. The 5x KO #4 line was 

sequenced with an average depth of 65x and the BEL-A control was sequenced with 

a depth of 30x. Interestingly, the average sequencing depth of individual 

chromosomes revealed karyotype abnormalities (Figure 5-9). In both 5x KO and 

unedited BEL-A, chromosomes 6, 8, 19 and 21 showed greater mean depth 

suggesting additional material on these chromosomes or extra copies. In both 5x KO 

and unedited BEL-A, chromosome 18 showed slightly reduced sequencing depth 

suggesting partial chromosome losses.  

 

 

 

Figure 5-9. Whole Genome Sequencing depth of 5x KO and BEL-A. Unedited BEL-A 

were sequenced with average depth of 30x and 5x KO with average depth of 65x. The left y-

axis is the average depth (bar plot); the right y-axis is the coverage (dot-line plot). In edited 

and unedited samples, chromosomes 6, 8, 19 and 21 showed greater mean depth and 

chromosome 18 showed reduced depth arising from the aberrant BEL-A karyotype. 
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On-target loci were analysed for mutations arising from CRISPR editing and biallelic 

mutations were detected in each of the targeted genes (Table 5-4). Off-target 

mutations arising from CRISPR-Cas9 mediated gene editing are a widely reported 

phenomenon (136). Whole genome sequencing data were analysed for evidence of 

off-target mutations. First, mutations in the 5x KO line were identified by comparing 

sequence data with the unedited BEL-A. Table 5-5 lists the mutations identified; 

8316 SNPs, 856 InDels, 271 structural variants, and 97 copy number variants were 

detected. Most mutations are likely to have arisen as a result of either lentiviral 

transduction, genome instability (due to E6/E7 immortalization), or CRISPR gene 

editing.  

Bioinformatic analysis was performed in order to distinguish mutation arising from 

CRISPR editing. Sequences 100 bp upstream to 100 bp downstream of mutations 

were screened for similarity to guide sequences and a BLAST search was performed 

using each gRNA + PAM sequence to identify off-target mutations. Results were 

filtered based on the editing characteristics of CRISPR-Cas9 to identify mutations 

attributable to the editing process. Results were excluded unless the following 

criteria were met: (i) the cleavage site was proximal to 3 bp upstream of the PAM 

and (ii) less than 6 bp of mismatch existed between gRNA and potential gRNA target 

plus PAM, or a continuous match of the final 10-bp seed sequence immediately 

upstream of the PAM occurred. According to these criteria, no somatic single 

nucleotide polymorphisms (SNPs) or InDels unique to the 5x KO cell line were 

identified that could be attributed to the CRISPR–Cas9 editing process. 
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Gene Chromosome Amino Acid Change Mutation 

RHAG 6 RHAG:NM_000324:exon2:c.287_291del:p.I96fs 

RHAG:NM_000324:exon2:c.193_296del:p.F65fs 

Frameshift del. 

Frameshift del. 

KEL 7 KEL:NM_000420:exon3:c.82_142del:p.S28fs 

KEL:NM_000420:exon3:c.82_* 

Frameshift del. 

Del.* 

GYPB 4 
GYPB:NM_002100:exon3:c.G161A:p.R54H,GYPB:NM_001304382:exon4:c.G83A:p.R28H 

GYPB:NM_002100:exon3:c.A166T:p.T56S,GYPB:NM_001304382:exon4:c.A88T:p.T30S 

GYPB:NM_002100:exon3:c.T170A:p.V57E,GYPB:NM_001304382:exon4:c.T92A:p.V31E 

Missense SNV 

Missense SNV 

Missense SNV 

FUT1 19 
FUT1:NM_000148:exon4:c.T640G:p.F214V 

FUT1:NM_000148:exon4:c.642delT:p.F214fs 

FUT1:NM_000148:exon4:c.642dupT:p.V215fs 

Missense SNV 

Frameshift del. 

Frameshift ins. 

ACKR1 1 ACKR1:NM_001122951:exon1:c.212_220del:p.71_74del,ACKR1:NM_002036:exon2:c.206_214del:p.69_72del 

ACKR1:NM_001122951:exon1:c.202_222del:p.68_74del,ACKR1:NM_002036:exon2:c.196_216del:p.66_72del 

Non-frameshift del. 

Non-frameshift del. 

 

Table 5-4 On-target CRISPR-mediated mutations in 5x KO BEL-A cells. Biallelic mutations in targeted genes of 5x KO BEL-A cells were 

identified from whole genome sequencing data using GATK software. *In one allele of KEL gene the deletion end point could not be accurately 

called from available sequence fragments using GATK software, however absence of wild type sequence was confirmed. 
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Mutation Number 

SNP 
 

Coding Sequence 53 
     Synonymous SNP 21 
     Non-synonymous SNP 30 
     Stop Creation 0 
     Stop Loss 0 
     Unknown 2 
Non-coding Sequence 8263 
Total 8316 

InDel 
 

Coding Sequence 4 
     Frameshift Deletion 2 
     Frameshift Insertion 0 
     Non-frameshift Deletion 0 
     Non-frameshift Insertion 2 
     Stop Creation 0 
     Stop Loss 0 
Non-Coding Sequence 852 
Total  856 

Structural Variants  271 

Copy Number Variants  97 

 

Table 5-5 Somatic mutations detected by whole genome sequencing in 5x KO cells 

compared to unedited BEL-A. Data from edited-unedited paired samples were analysed 

by Novogene. SNPs were detected by muTect (250) software. InDels were detected by 

Strelka (251) software and were defined as insertions or deletions of less than 50 bp. 

Structural variants were defined as genomic variations of > 50 bp and included 

translocations, inversions, deletions and tandem duplications. Copy number variants were 

defined as mutations which lead to variations in copy numbers of fragments > 50 bp.  
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5.3 Discussion 

Blood for transfusion purposes can be difficult to source for patients with rare blood 

group phenotypes and for patients who require repeated blood transfusions. Failure 

to identify or locate suitable donors results in an unmet clinical need that can have 

serious implications for the care of patients. Incompatible blood transfusions can 

result in HTRs with severe clinical symptoms and make it increasing difficult to match 

blood for patients with existing alloantibodies (309). 

One of the major focuses of the RBC research community is to generate in vitro 

derived RBCs to supplement or complement the donation system where clinical 

needs are not currently met. The first recipients of an in vitro derived transfusion 

product are anticipated to be those for whom blood matching is difficult or 

impossible to achieve within the donor population. An indefinite supply of RBCs 

could in principle be generated by immortalising CD34+ HSCs from individuals with 

rare blood types, should appropriate donors be identified. However, a more flexible 

approach is to use gene editing to generate customised cells combining multiple null 

phenotypes to broaden the transfusion compatibility of in vitro derived RBCs.  

We have generated reticulocytes from a selection of individual blood group null cells 

which may be used for diagnostic applications. This will likely represent the first 

practical use of ImEry cells. As an expanded library, these and other knockouts to be 

generated in future have the potential to provide a sustainable alternative to reagent 

RBCs for identification of serum alloantibodies. To our knowledge, the work 

described in this chapter is the first demonstration of the feasibility of using 

reticulocytes derived from ImEry cell lines for serological testing. More advanced or 

bespoke applications for the enhancement of diagnostic sensitivity could also be 

envisaged, for example removal of antigens which mask other clinically significant 

antigens, such as those within the Knops (CR1) and John Milton Hagen (JMH) 

systems (27).  

In addition to their diagnostics applications, erythroblast cell lines capable of 

generating RBCs deficient in individual blood groups such as Rhnull have potential 

clinical use for recipients with specific rare phenotypes. The ultimate purpose of this 

study however was to demonstrate the power of CRISPR-Cas9 to make several 



 147 

clinically relevant knockouts within a single cell line that together can be tolerated to 

generate reticulocytes theoretically capable of servicing the widest unmet transfusion 

requirements. The concept of a truly universal donor RBC phenotype is a 

controversial one. A cell completely deficient in all known blood antigens is unlikely 

to be viable given the key structural roles played by several blood group proteins. 

Therefore, careful consideration of target antigens for removal is required. However, 

priorities for the removal of blood groups to enhance donor compatibility vary with 

prevalence of antigens within different ethnic populations. The RBC we have 

generated, null for five blood groups, would be theoretically capable of servicing the 

unmet clinical need of 48 of the 56 challenging transfusion cases identified by the 

NHSBT in England over a 15-month period. Further alterations are possible albeit 

with diminishing gains in compatibility. For example, the additional removal of 

Lutheran and Kidd would have each serviced an additional three patients each.  

Whilst individual absence of four of the five blood group proteins edited in this study 

occurs naturally without pathological effects (55), the Rhnull phenotype is associated 

with mild compensated anaemia (307). RhAG was targeted for removal in order to 

maximise the theoretical transfusion compatibility by removing all antigens of the 

RhAG and Rh blood group systems. By targeting RHAG this could be achieved with 

a single guide. However, for clinical transfusion purposes, the enhanced 

compatibility provided by RhAG knockout may not outweigh the increased osmotic 

fragility and reduced circulatory half-life reported for naturally occurring Rhnull 

erythrocytes (48, 310). Rather than complete ablation of RhAG or RhCE/D, more 

precise editing of specific Rh antigens could be achieved to broaden compatibility 

whilst preserving structural integrity, however this will require the utilisation of HDR-

mediated genetic editing methodology.  

Interestingly, we observed that 5x KO reticulocytes exhibited only slightly reduced 

cellular deformability compared to unedited BEL-A derived reticulocytes. It is 

possible that in vivo circulatory maturation from reticulocyte to erythrocyte is required 

to reveal structural abnormalities associated with the Rhnull phenotype. Future efforts 

towards the development of systems for monitoring long-term reticulocyte survival 

and maturation will be informative in this regard. Recently, an in vivo model for 

monitoring maturation and survival of cRBCs has been described using macrophage 
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depleted, immunodeficient mice (86). In addition, mimic circulatory systems are 

being developed to enable reticulocyte maturation ex vivo. One such system has 

recently been developed by the Toye group which is able to simulate sheer stress 

but is currently insufficient for full reticulocyte maturation (106).  

This is the first demonstration of an erythroid cell possessing a multiple null 

phenotype, lacking all antigens associated with the RhAG, Rh, ABO, Kell, GPB, 

Duffy and H blood group systems. Whilst it is promising for transfusion purposes that 

such extensive removal of antigens can be tolerated with only minimal disruption to 

the proteome and deformability, further characterisation is required to understand 

potential affects to RBC function. In normal erythrocytes, the ablated proteins serve 

a variety of biological functions: RhAG plays a structural role in the membrane, Kell 

is known to cleave polypeptides for vasoconstriction, GPB is a receptor for 

complement and Duffy is a receptor for pro-inflammatory cytokines (53). Whilst 

absence for each of these proteins is asymptomatic in normal erythrocytes (except 

Rh), potential effects arising from their combined absence are not known.  

Bioinformatic analysis of whole genome sequencing data did not detect any off-

target affects associated with CRISPR editing. However, numerous SNPs, InDels, 

and other larger mutations were observed in the 5x KO cells compared to unedited 

BEL-A cells. These are likely to have arisen as a result of the multiple rounds of 

lentiviral transduction and genome instability associated with E6/E7 immortalization 

and prolonged culture. A transfection only control would have controlled for these 

effects and should be used in future studies. The number of detected mutations 

highlights the potential benefit offered by transient, non-integrating CRISPR delivery 

methods, such as plasmid-based expression or transient viral methods such as IDLV 

and AAV. Whole genome sequencing also revealed the aberrant karyotype of BEL-

A. Improved immortalization techniques are required to remove the current 

dependence on oncogenes in order to achieve greater genomic stability.  
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5.4 Conclusion 

Lentivirally transduced CRISPR-Cas9 has been utilised in BEL-A to generate 

knockout lines deficient in clinically relevant blood group proteins. These lines were 

used to demonstrate, for the first time, the feasibility of using reticulocytes derived 

from immortalized erythroid lines for serological testing. Multiple knockouts were 

combined in a single BEL-A line to greatly enhance its theoretical transfusion 

compatibility. The 5x KO phenotype has complete absence of antigens belonging to 

blood group systems: RhAG, Rh, ABO, Kell, GPB, Duffy and H, and is capable of 

servicing the vast majority of existing unmet clinical need. This multiple-null 

phenotype combines many rare blood types and is the first demonstration that such 

extensive antigen removal can be tolerated in deformable reticulocytes with minimal 

disruption to cell morphology and the proteome. Reticulocytes derived from 5x KO 

cells were extensive characterised with methods including serology, whole genome 

sequencing, bioinformatic analysis of on- and off-target editing, proteomics, and 

deformability analysis.  
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6 Chapter 6 - Establishing CRISPR-Mediated Knock-ins 

and SunTag CRISPRa in BEL-A  

 

6.1 Introduction 

In Chapter 3 initial attempts at using CRISPR gene editing in BEL-A focused on 

knock-in editing involving template DNA and repair by HDR. These early editing 

attempts were unsuccessful at generating knock-ins however they led to the 

establishment of an efficient workflow for generating knockouts. In this chapter, 

knock-in attempts are revisited as they offer a powerful tool to precisely edit 

genomes with exciting possibilities for understanding erythroid gene functionality, for 

improving the properties of ImEry cell lines, and for developing new erythroid based 

therapies.  

The knock-in attempts described in Chapter 3 relied on electroporation, which, 

despite extensive optimisation remained highly lethal and inconsistent in BEL-A. In 

addition, the knock-in targets KLF1 and SPTB (β-spectrin) were essential erythroid 

genes and successful editing was likely to be deleterious, adversely affecting 

survival of successfully edited cells. KLF1 and SPTB were selected to generate cell 

lines with particular applications in mind, namely studying CDA IV and cytoskeletal 

assembly. However, in this chapter we designed a lentivirus-based knock-in strategy 

for proof-of-principle purposes only in order to maximise the likelihood of achieving 

HDR-mediated CRISPR editing and create a baseline from which to optimise HDR 

efficiency.  

CRISPR knock-in experiments were designed to insert a small tag at the 

extracellular domain of a membrane protein to facilitate rapid single-cell screening by 

flow cytometry. Template designs were based on the findings of Zhang et al. (144) 

who reported only marginal increases in knock-in efficiencies for homology arms 

longer than 600 bp. The same study reported improved knock-in efficiencies by 

including guide sites in template DNA which flanked the homology arms. They called 

this a ‘double cut donor’ strategy and found that it improved HDR-mediated editing 

efficiency two to five-fold relative to circular plasmid template in HEK 293T cells and 
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iPSCs. Zhang et al. (144) also tested various small molecules with reported HDR 

enhancing properties (Nocodazole, SCR7, NU7441, RS-1, L755507 and Brefeldin A) 

and found nocodazole to be the most potent, increasing knock-in efficiency by ~50% 

in iPSCs. Nocodazole inhibits microtubule polymerisation to arrest the cell cycle, 

enriching cell populations in the G2/M phase (311) when HDR repair pathways are 

active (143).  

One of the main hurdles to achieving HDR-mediated CRISPR editing in BEL-A is the 

delivery of template DNA. In chapters 4 and 5, it was demonstrated that constitutive 

expression of guide RNA and Cas9 following lentiviral transduction led to efficient 

knockout generation. However, lentiviral transduction of template DNA is likely to 

limit, if not abolish, HDR efficiency due to the inaccessibility of integrated template 

DNA. Recent CRISPR knock-in experiments in difficult-to-transduce HSCs have 

utilised transient viral transduction approaches including IDLV (221) and AAV (238). 

To our knowledge there are no reports of in vitro CRISPR editing experiments which 

have used integrated template (as opposed to episomal template). However, 

integrated DNA is used as a template for DSB repair during meiosis (312), during 

CRISPR gene drives (313), and is speculated to explain the phenomenon of 

homozygous InDel mutations resulting from knockouts. Therefore, we reasoned that 

it would be worthwhile to test both integrase competent and integrase deficient 

lentivirus for template delivery.  

In this chapter, we also set out to establish CRISPR activation (CRISPRa) as a tool 

for transcriptional control in BEL-A cells. Centered on the catalytically inactive dCas9 

which acts as a scaffold for recruitment of effector molecules, CRISPR can offer fine 

control of activation, repression and epigenetic regulation (182, 193, 194). There are 

numerous strategies for CRISPRa reviewed in (193, 194) but a recent comparative 

analysis across various species concluded that SunTag, VPR and SAM were 

consistently the most efficient (195). SunTag consists of: dCas9 fused to several 

repeats of a short peptide sequence called a SunTag array; and activator modules, 

which consist of a scFv (single-chain variable fragment) fused to sfGFP and a VP64 

activator (185). The SunTag array is capable of recruiting numerous copies of the 

activation module, resulting in high activation efficiencies. Here, we report efficient 

activation of both erythroid and non-erythroid proteins in BEL-A. This represents the 
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first use of CRISPRa in an ImEry cell line, offering an attractive alternative to 

lentiviral overexpression and paving the way for substantial improvements in our 

ability to regulate gene expression.  

 

6.2 Results 

6.2.1 Lentiviral expression of an extracellular myc-tag as a positive control 

The overall aim was to establish CRISPR-mediated knock-ins for advanced genome 

editing applications in BEL-A. A proof-of-principle experiment was designed to 

knock-in a myc-tag at extracellular C-terminal Kell in BEL-A cells. Kell was selected 

as an appropriate target as the null phenotype is tolerated without clinical 

significance and the Kell gene (KEL) resides on chromosome 7 which was 

sequenced with expected coverage in BEL-A clone #79 during whole genome 

sequencing suggesting diploidy (Figure 5-9). The myc-tag, derived from the myc 

protein, was selected for its small size (30 bp) to facilitate efficient HDR and enable 

rapid cell screening by flow cytometry. 

First, a myc positive BEL-A line was required as a positive control for extracellular 

detection of myc by flow cytometry. To make this, the CD44 coding region was 

synthesised with a N-terminal myc-tag. CD44 was selected because it was an 

existing reagent in the laboratory which only required mutagenesis for myc-tagging. 

CD44 is a transmembrane protein with an extracellular N-terminal domain. The 

CD44 coding region was cloned into lentiviral vector XLG3 and transduced into BEL-

A cells. The transduced BEL-A cells were assessed by flow cytometry using the 

monoclonal 9E10 antibody (Figure 6-1). The myc surface expression was detected in 

transduced BEL-A and was absent in untransduced controls, validating the use of 

the 9E10 monoclonal antibody in flow cytometry for detection of myc at the 

extracellular domain of a membrane protein.  
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Figure 6-1. Validation of 9E10 antibody for detection of an extracellular myc-

tag on BEL-A. BEL-A (2 x 105 cells) were lentivirally transduced with CD44-myc and 

screened for myc expression with monoclonal 9E10 antibody. A strong APC signal in 

transduced cells (red) indicates myc expression validating the 9E10 antibody for flow 

cytometry. Untransduced BEL-A were included as a control (blue) and showed some 

marginal background antibody activity compared to isotype controls (black and grey).  

 

6.2.2 First attempt at a Kell myc-tag knock-in using lentiviral CRISPR 

A CRISPR strategy was designed to knock-in a myc-tag at the extracellular Kell C-

terminus in BEL-A to enable rapid individual cell screening by flow cytometry to 

assess for successful editing (Figure 6-2). Two guides were designed to target KEL 

with cleavage sites as close to the knock-in target site as possible (4 bp and 2 bp for 

gRNA 1 and 2, respectively). Guides were designed using the CRISPR Design Tool 

(http://crispr.mit.edu). Guide oligonucleotides were synthesised by MWG, cloned into 

the lentiCRISPRv2 plasmid and lentivirus assembled. A 470 bp template was 

designed containing a 30 bp myc-tag flanked by 220 bp homology arms (HA) 

complementary to the final KEL exon and downstream sequence. The template was 

cloned into the lentiviral vector XLG3 resulting in a 8776 bp plasmid and template 

lentivirus assembled. The template DNA was not complementary to KEL guides as 

they spanned the region of the myc insert and therefore template PAM sites did not 

require mutating. 

BEL-A cells were transduced with lentiCRISPRv2 lentivirus and template lentivirus 

simultaneously. After 24 hours, transduced cells were selected with puromycin, and 
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cultured for one week before analysis by flow cytometry. Labelling with 9E10 

antibody revealed no evidence of myc-tag expression (Figure 6-3A). However, when 

labelled with BRIC 68 (anti-Kell), this revealed a knockout population for both guide 

designs (Figure 6-3B), validating guide designs and suggesting that CRISPR editing 

had occurred via NHEJ, rather than the desired HR pathway. A larger proportion of 

cells were Kell null in cells transduced with Kell KI 1 gRNA (75%) than cells 

transduced with Kell KI 2 gRNA (24%).  

 

Figure 6-2. Kell C-terminal myc-tag knock-in strategy. A Schematic showing Kell with a 

myc-tag. Kell is a single-pass membrane glycoprotein, the extracellular C-terminus was 

targeted for myc-tagging. B Schematic outlining experimental approach. Guides were cloned 

into lentiCRISPRv2 and template DNA with 220 bp homology arms (HA) was cloned into 

XLG3. LentiCRISPRv2 and XLG3 were co-transduced into BEL-A. C Schematic showing 

template and guide design. Two gRNA designs were tested, cleavage sites (red arrows) 

occur within close proximity to KEL knock-in target site. Template DNA contained 220 bp HA 

with a myc-tag immediately upstream of the KEL stop codon.  
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Figure 6-3. Flow cytometric analysis of attempted myc-tag KI revealed evidence of 

Kell knockouts but not knock-ins. BEL-A cells were transduced with two lentiviruses 

simultaneously, one harbouring lentiCRISPRv2 with a guide targeting the Kell gene and the 

other harbouring a template sequence (220 bp homologous arms) designed to tag Kell with 

a C-terminal myc-tag. Two Kell guide sequences were tested. A Cells were labelled with 

9E10 (anti-myc) antibody and analysed by flow cytometry. Myc expression was no greater 

than in the untransduced (UT) control indicating that the knock-in was unsuccessful. B 

Labelling with BRIC 68 (anti-Kell) revealed evidence of Kell knockouts with 75% (gRNA 1) 

and 24% (gRNA 2) of the transduced cells overlapping with isotype controls indicating 

complete knockouts and suggesting editing had occurred via NHEJ rather than HR.  
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6.2.3 Second attempt at a Kell myc-tag knock-in using a modified CRISPR 

approach  

In an attempt to improve the chances of achieving a Kell myc-tag knock-in, several 

modifications were made to the CRISPR editing strategy described in section 6.2.2. 

The following sections will outline these modifications in full, but to summarise: a 

constitutive Cas9 expressing BEL-A line was first created which enabled use of a 

smaller gRNA vector (LentiGuide_Puro); changes were made to the template design 

including longer homology arms and a ‘double cut’ design to excise template DNA; 

and the HDR-enhancing small molecule nocodazole was tested. 

Lentivirus was selected for delivery of CRISPR components due to its high 

transduction efficiency in BEL-A. As lentiviral transduction results in integration into 

genomic DNA, there were concerns that this would limit HDR efficiency due to 

potential inaccessibility of template DNA. To address these concerns, both 

integrating and non-integrating lentivirus were tested within the same experiment.  

6.2.3.1 Generation of a Cas9 expressing BEL-A line  

A constitutively expressing Cas9 BEL-A line was created by lentivirally transducing 

BEL-A subclone #79 with lentiCas9-Blast plasmid expressing human codon-

optimised S. pyogenes Cas9. After 48 hours cells expressing the construct were 

selected with blastocidin for 24 hours. The cells were single cell sorted by FACS 

based on PI staining into a 96-well plate. 11 clones were analysed for Cas9 

expression by western blot (Figure 6-4A) using anti-CRISPR (Cas9) monoclonal 

antibody. Clones #1, 3, 4, 5, 6, 8, 9, 10 and 12 showed bands at 160 kDa indicating 

Cas9 expression. Clone #12 showed greater band intensity indicating higher 

expression. No band was present for clones #2 and #11 (clone #7 did not expand 

sufficiently for analysis). Clone #12 was differentiated and on day 14 reticulocyte 

presence was confirmed by cytospins (Figure 6-4B) and flow cytometry (Figure 

6-4C). The number of reticulocytes in BEL-A Cas9 #12 sample was reduced ~2-fold 

compared to untransduced cells, in keeping with previous observations in the 

laboratory that reticulocyte differentiation capacity is usually (but not always) 

diminished with subsequent lentiviral transductions to BEL-A cells.  
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Figure 6-4. Characterisation of BEL-A Cas9 clone #12. A Confirmation of Cas9 

expression in BEL-A subclones. BEL-A cells were lentivirally transduced with LentiCas9-

blast and selected with blastocidin. Subclones were generated by FACS sorting to single 

cells. 11 subclones were labelled with monoclonal anti-CRISPR (Cas9) along with a 

untransduced line and a positive control expressing Cas9 (5x KO). Clones #3, 4, 5, 6, 8, 9, 

10 and 11 showed faint bands at 160 kDa indicating weak Cas9 expression. Bands for 

clones #1 and #12 have greater intensity indicating higher Cas9 expression levels. B BEL-A 

Cas9 Clone #12 and BEL-A clone 79 were differentiated and on day 14 cytospins were 

performed. Black arrows indicate presence of reticulocytes confirming BEL-A Cas9 #12 

retains its ability to differentiate and produce reticulocytes. C Reticulocytes were quantified 

by flow cytometry by gating based on Hoechst-negativity. Reticulocyte numbers were 

reduced 2-fold in BEL-A Cas9 #12 line compared to untransduced BEL-A.  
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6.2.3.2 Testing HDR enhancing small molecules for BEL-A cytotoxicity 

Numerous small molecules have been identified which enhance CRISPR mediated 

HDR efficiency (144, 172, 314, 315). Before use in CRISPR experiments, small 

molecules (Nocodazole, SCR7, NU7441, RS-1, L755507 and Brefeldin A) were 

cultured with BEL-A Clone 79 to determine whether they affected expansion (Figure 

6-5A). The molecules were dissolved in DMSO and cultured with 2 x 105 BEL-A cells 

per sample for 48 hours. Cells were then washed and resuspended in culture media 

without small molecules. Expansion was calculated from cell counts using an 

automated cell counter (Countess II). Counts were taken after 24 hour and 48 hour 

timepoints during incubation with small molecules, and a final count was taken 48 

hours following small molecule removal. Nocodazole was the only small molecule to 

significantly affect cell growth, 48 hours following nocodazole treatment cell mortality 

was extremely high (80%). This finding is in keeping with nocodazole’s role as a cell 

cycle inhibitor. In order to reduce nocodazole lethality, a range of concentrations and 

incubation periods were tested with BEL-A (Figure 6-5B). Nocodazole concentrations 

of 10 ng/ml, 50 ng/ml and 100 ng/ml were tested with 18 and 24 hour incubation 

periods. The 28 hour incubation was lethal to BEL-A cells at 50 ng/ml and 100 ng/ml 

nocodazole, but lethality was greatly reduced with a shorter incubation period of 18 

hours. Therefore a nocodazole concentration of 100 ng/ml was selected for future 

knock-in attempts based on low lethality and previous successful knock-ins reported 

at this concentration (144). 
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Figure 6-5. Assessing HDR enhancing small molecules for BEL-A cytotoxicity. A BEL-A cells (2 x 

105 per condition) were cultured in media supplemented with CRISPR HDR small molecule enhancers 

for 48 hours. Cell expansion was assessed at 24 hours and 48 hours by automated cell counting 

(Countess II). After 48 hours, cells were washed and cultured for a further 48 hours without the addition 

of small molecules. Small molecules were dissolved in DMSO. DMSO only and no small molecule 

controls were included. Nocodazole was highly lethal to BEL-A and cell numbers continued to decline 

48 hours after washing (n = 1). B In an attempt to reduce nocodazole cytotoxicity, shorter incubation 

periods and lower concentration were tested. BEL-A cells were cultured with nocodazole for 28 hours 

and 18 hours in independent experiments, cell death was determined by flow cytometry with PI 

staining. Cells were resuspended at 2 x 105 live cells/ml after counts at 0 hours and 48 hours. The 28 

hour incubation resulted in substantial cell death in 50 and 100 ng/ml nocodazole cultures. Reducing 

the incubation period to 18 hours increased cell survival and populations had almost fully recovered 

120 hours following treatment (n = 1). 
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6.2.3.3 Kell myc-tag CRISPR knock-in with a double cut template strategy 

Following the creation of a Cas9 BEL-A line and after determining nocodazole 

incubation conditions, a second attempt at achieving a Kell myc-tag knock-in was 

performed. The experimental design is summarised in Figure 6-6. Separate 

lentiviruses were constructed containing either template DNA or Kell KI gRNA1. 

Template DNA was cloned into the XLG3 vector. The template contained a 30 bp 

myc-tag with 600 bp HAs and included flanking guide sites. The template design was 

based on the ‘double cut’ template described in (144). Integrase competent and 

integrase deficient lentiviruses were assembled containing the KEL guide and 

template. Four conditions were tested: lentiviral guide with lentiviral template (LV g 

LV t), IDLV guide with IDLV template (IDLV g IDLV t), LV guide with IDLV template 

(LV g IDLV t), and IDLV guide with IDLV template (IDLV g IDLV t). 2 x 105 Cas9 

BEL-A (clone #12) were transduced with guide virus and template virus 

simultaneously (each virus was purified from half of a 10 cm culture dish). 

Transduced cells were immediately split three ways into culture media with 

nocodazole (100 ng/ml), without nocodazole, or with DMSO (control). After 18 hours, 

cells were washed to remove nocodazole and resuspended in fresh culture media. 
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Figure 6-6. Schematic of double cut template knock-in strategy for Kell myc-tagging. 

Donor template was designed to insert a myc-tag immediately preceding the KEL stop 

codon. Homology arms (HA) of 600 bp were flanked by guide sequences designed to excise 

template DNA following Cas9 cleavage. Template and guide were packaged in either 

integrase competent lentivirus (LV) or integrase deficient lentivirus (IDLV) as described in 

the main text. Transduced BEL-A were immediately split three ways into culture media: +/- 

nocodazole and + DMSO (control). 

Following resuspension in fresh culture media, cells were cultured for a further 48 

hours to allow for expression of edited Kell. Samples were assessed by flow 

cytometry for myc-tag expression using 9E10 antibody (Figure 6-7). The experiment 

was repeated in parallel by Claire Noble (PhD rotation student). Cells transduced 

with LV t LV g and LV t IDLV g had significantly more APC positive cells compared to 

untransduced control cells (Student’s paired t-test: LV t LV g P < 0.01, LV t IDLV g P 

< 0.001) suggesting successful myc-tag knock-in. This result was unexpected as 

lentiviral integration of a double cut template is likely to lead to multiple DSBs in the 

genome due to Cas9-gRNA activity. The proportion of myc positive cells detected 

ranged from 0.4 - 1.9% in LV t LV g and LV t IDLV g samples. In these samples, 

nocodazole treatment resulted in greater average knock-in efficiency compared to 

untreated controls (1.45% vs 1%) but the effect was not significant (Student’s paired 

t-test P = 0.1, P > 0.05). Samples IDLV t IDLV g and IDLV t LV g did not show any 

myc signal above control levels suggesting knock-ins did not occur. Stocks of LV t 

LV g and LV t IDLV g BEL-A were frozen for future use.  
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Figure 6-7 Flow cytometric analysis reveals cell surface myc expression in LV t LV g and 

LV t IDLV g samples. A BEL-A Cas9 cells were transduced with CRISPR guide and template 

packaged in either integrase competent lentivirus (LV) or integrase deficient lentivirus (IDLV). 

Transduced cells were cultured with or without the addition of nocodazole (100 ng/ml) for 18 h. 

A DMSO control was included. After 18 h cells were washed and cultured in fresh media 

without nocodazole or DMSO for 48 h. After 48 h, cells were labelled with 9E10 (anti-myc) 

antibody and analysed by flow cytometry. LV t LV g and LV t IDLV g samples showed myc 

positive populations indicating successful myc-tag knock-in. The experimental repeat was 

performed independently by Claire Noble (PhD rotation student). B Bar charts summarising 

flow cytometry data. Samples LV t LV g and LV t IDLV g showed significantly larger myc 

positive populations compared to untransduced control cells (Student’s paired t-test: LV t LV g 

P = 0.004, LV t IDLV g P = 0.00083, **P < 0.01 ***P < 0.001). In three of four myc positive 

samples, nocodazole treated cells had greater knock-in efficiencies compared to no 

nocodazole samples but this was not significant (P = 0.1, P > 0.05).  
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In order to sequence Kell genes, the myc-positive LV t LV g and LV t IDLV g 

samples were single cell sorted by FACS based on high myc expression (Figure 

6-8A). Single cells were expanded for analysis and when sufficient cell numbers had 

been achieved subclones were sequenced at the Kell locus. Primers were designed 

to bind at loci beyond the region of homology with template DNA to ensure 

integrated template was not sequenced (Figure 6-8B). A myc-tag was expected 

immediately preceding the KEL stop codon. However, no myc-tag sequence was 

detected in any of the 13 subclones analysed (Figure 6-8C). Three LV t IDLV g 

subclones contained InDels resulting from NHEJ-mediated DSB repair.  

Figure 6-8. Sequencing of myc positive subclones reveals absence of KEL myc-tag. 

A LV t LV g and LV t IDLV g samples were labelled with 9E10 (anti-myc) and cells with high 

myc signal were single cell sorted by FACs. Cells were cultured until sufficient numbers for 

sequencing analysis were achieved. B Schematic shows primer design for sequencing. 

Primers were not homologous to the myc template to avoid amplification of integrated 

template. C Sanger sequencing shows absence of the myc-tag (blue) in all subclones. 

Subclones #8, #9 and #12 contained InDels (red) as a result of NHEJ DSB repair.  
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6.2.3.4 Repeat FACS and sequencing analysis 

The lack of KEL myc-tag sequence was unexpected considering the high myc 

expression observed by flow cytometry. In order to confirm the result, the polyclonal 

population of cells (LV t LV g and LV t IDLV g samples frozen prior to FACS) were 

FACS sorted to single cells again and the subclones were analysed for evidence of 

myc knock-ins (Figure 6-9). The mixed population were again labelled with 9E10 and 

assessed for myc expression by flow cytometry (Figure 6-9A). Three different 

concentrations of 9E10 antibody were tested and four controls were included per 

dilution (two BEL-A clone 79 untransduced samples and two BEL-A Cas9 clone #12 

samples). Both samples contained significantly more myc positive cells than control 

samples (Student’s t-test LV t LV g P < 0.05, LV t IDLV g P < 0.001). The proportion 

of myc positive cells in LV t LV g cells was less than in previous testing (Figure 6-7) 

but was still significantly greater than in controls (Student’s t-test, P = 0.03, P < 

0.05). As LV t IDLV g cells showed a greater proportion of myc positive cells, these 

were selected for sorting by FACS. Following sorting, individual subclones were 

assessed for myc expression by flow cytometry. A broad range of myc expression 

was observed across subclones (Figure 6-9B) with up to 99% of cells myc positive 

cells (Figure 6-9C). In order to determine whether myc expression was originating 

from Kell, subclone lysate proteins were separated by SDS-PAGE and were probed 

by western blotting (Figure 6-9D) with 9E10 anti-myc antibody. A single band was 

observed at the same molecular weight of Kell, 93 kDa (51, 316). Subclones were 

then sequenced and again no myc-tag was detected in the KEL gene (Figure 6-9E). 

It is currently still unclear where the positive myc signal - observed by flow cytometry 

and western blot - originates from.  
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Figure 6-9. Repeat attempt to identify and sequence myc positive subclones. A Polyclonal 

LV t LV g and LV t IDLV g cells were reanalysed for myc expression using various 9E10 (anti-

myc) antibody concentrations, 4 UT were included per dilution (2 x BEL-A and 2 x BEL-A Cas9). 

A clear myc positive population was observed in LV t IDLV g compared to controls (Student’s t-

test P < 0.001). B LV t LV g polyclonal cells were single cell sorted by FACS based on high myc 

expression. Single cells were expanded into clonal lines and reanalysed by flow cytometry 

(9E10) for myc expression. Bar chart shows high average APC florescence compared to the UT 

BEL-A2 Cas9 control line in the majority of subclones. C Representative flow cytometry plots 

show large APC positive populations (up to 99%). D Selected subclones were analysed by 

western blot with 9E10 probing. A single band was observed at a similar height to the molecular 

weight of Kell (93kDa) as would be expected for successful knock-in. E Subclones were 

sequenced at the KEL loci (see Figure 6-8B for sequencing strategy) but all subclones were 

wild-type at KEL. A representative sequencing chromatogram is shown (subclone #1). 
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6.2.4 Establishment of dCas9-SunTag CRISPRa in BEL-A  

The dCas9-SunTag activation system requires expression of three components: 

gRNA, dCas9 fused to a SunTag array, and an activator module (consisting of VP64, 

sfGFP and scFv). A SunTag BEL-A line was created which expressed dCas9-

SunTag and activator modules (but lacked gRNA). Lentivirus was constructed 

containing dCas9-10xGCN4 (BFP fluorescent marker) and scFv-VP64 (GFP 

fluorescent marker). dCas9-10xGCN4 virus was mixed with scFv-VP64 virus (half of 

a 10cm culture dish for each) and transduced in BEL-A clone #79. After three days, 

cells expressing both GFP and BFP were sorted by FACs to a polyclonal GFP+ 

BFP+ population. Following FACs, GFP and BFP fluorescence were confirmed in 

sorted cells by flow cytometry (Figure 6-10A). This polyclonal population of cells 

expressing dCas9-SunTag and activator modules are referred to as SunTag BEL-A 

herein.  

Several genes were targeted for activation in SunTag BEL-A. Activation is normally 

inversely correlated with endogenous expression levels (192). Therefore, to achieve 

high expression levels Kidd and ICAM4 were selected as they are relatively low 

abundance erythroid proteins (RBC abundance: ICAM4 21,000, Kidd 26,000 (317). 

To assess dCas9-SunTag’s ability to upregulate non-erythroid proteins, T-cell 

proteins CD4 and CD8a were also targeted for activation as these are not normally 

expressed in BEL-A cells. CD8a was targeted because CD8 is either expressed as 

ab heterodimers or aa homodimers, therefore by targeting CD8a, activation of only 

one gene is required to achieve CD8 upregulation.  

Guides targeting CD4, CD8A, ICAM4 and SLC14A1 (Kidd) were designed within 100 

bp upstream of the targeted gene’s transcription start site (TSS). TSS positions were 

determined from the FANTOM5 project annotation (318). Guides were designed 

within this region using the CRISPR Design Tool (http://crispr.mit.edu) and guides 

with lowest off-target homologies were selected. Two guides were selected per 

target. Guides were cloned into lentiGuide-puro and transduced into SunTag BEL-A. 

After three days, expression levels of targeted proteins were analysed by flow 

cytometry (Figure 6-10B). ICAM4 was upregulated with gRNA1 but not gRNA2. 

gRNA1 resulted in a 12-fold increase in average ICAM4 expression and 85% of cells 

showed overexpression. For other targets, average fold-increase in expression could 
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not be calculated relative to controls as expression levels in controls was zero (Kidd 

is expressed during BEL-A differentiation). However, upregulation was observed for 

at least one guide for all targets. The proportion of cells with upregulated target 

protein was: CD4 gRNA1 39%, CD4 gRNA2 13%, CD8a gRNA1 25%, ICAM4 

gRNA1 85%, Kidd gRNA1 15% (Figure 6-10B).  

 

 

Figure 6-10. Establishment a dCas9-SunTag BEL-A line. BEL-A cells were lentivirally 

transduced with dCas9-10xGCN4-BFP and scFv-VP64-GFP. A BFP positive and GFP 

positive population were sorted by FACS. A The sorted population was analysed by flow 

cytometry and positive BFP (left) and GFP (right) signals confirmed expression of SunTag 

components. B The SunTag BEL-A line was subsequently transduced with gRNA targeting 

CD4, CD8A, ICAM4, or SLC14A1 (Kidd). Two guide designs were tested per target (except 

Kidd where only one guide was tested). Expression levels of all targeted proteins were 

upregulated with at least one guide, validating the SunTag system for gene activation in 

BEL-A. The proportion of cells with upregulated expression is indicated, red percentages 

indicate the gRNA1 transduced population and blue percentages indicate the gRNA2 

transduced population.  
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6.3 Discussion  

6.3.1 Lentiviral CRISPR knock-ins 

In order to establish CRISPR knock-ins in BEL-A, a proof-of-principle experiment 

was devised which would facilitate rapid screening, quantification, and optimisation 

of knock-in efficiency. The extracellular domain of the membrane protein Kell was 

targeted for insertion of a myc-tag. In principle, this would enable efficient editing due 

to the small insert size, and would allow for screening by flow cytometry. A first 

attempt, involving lentiviral transduction of template DNA containing 220 bp 

homology arms, with co-transduction of lentiCRISPRv2 containing gRNA and Cas9, 

showed no evidence of knock-in by flow cytometry.  

The knock-in approach was then revised based on the findings of Zhang et al. (144). 

The template design was modified to include longer homology arms of 600 bp. A 

double cut design was incorporated which involved guide sites designed to excise 

template DNA upon cleavage by gRNAs, thus synchronising template availability 

with gRNA expression. The HDR-enhancing small molecule Nocodazole was also 

tested which has been shown to increase HDR-efficiency by synchronising cells at 

the late G2/M phase when HDR repair pathways are active (143, 144). Furthermore, 

a BEL-A line was created with stable Cas9 expression to reduce the transduction 

payload. Lentivirus was selected as the delivery vehicle for CRISPR components 

due to its high transduction efficiency in BEL-A. Both integrase competent and 

integrase deficient lentivirus were tested in an attempt to achieve transient 

expression and address concerns over template accessibility. Following transduction 

of CRISPR components, myc positive BEL-A populations were observed by flow 

cytometry and myc expression was confirmed by western blot, suggesting a 

successful knock-in had been achieved. However, sequencing of the KEL locus 

revealed wild-type sequence across all tested subclones. It is inconclusive as to 

whether myc expression was the result of CRISPR HDR. Evidence for and against is 

considered below.  

Indirect evidence in support of a HDR-mediated edit came from flow cytometry with 

labelling using 9E10 (anti-myc) monoclonal antibody. Myc-tag positive populations 

were detected in BEL-A transduced with LV t LV g and LV t IDLV g across three 
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different culture conditions (+/- nocodoazole and DMSO control) with two repeats. 

The proportion of myc positive cells ranged from 0.4 - 1.9%. Whilst low, these 

efficiencies are in line with knock-in efficiencies previously observed in difficult-to-edit 

cell types (143, 267, 319, 320). The myc positive population were sorted by FACs 

and subclones were generated which were reanalysed by flow cytometry and 

confirmed for myc expression. Flow cytometry provided strong evidence that LV t LV 

g and LV t IDLV g cells were expressing myc at the cell surface, however it did not 

indicate the molecular origin of myc. For this, a western blot was performed with 

9E10 antibody probing which revealed a band at the molecular weight of Kell (~93 

kDa) suggesting that myc signal was originating from Kell. Considering the evidence 

from flow cytometry, western blot, and the contrary evidence from sequencing, it is 

unclear whether or not myc expression was the result of a successful CRISPR 

knock-in.  

One possible explanation could be that myc-tag expression occurred as a result of 

integration associated with lentiviral transduction. In support of this, myc expression 

was observed only in cells transduced with integrase competent lentivirus. However, 

this is extremely unlikely for several reasons: (i) in-frame translation of the myc 

template is highly unlikely given that translation initiation rarely proceeds beyond the 

first start codon (321, 322). In the myc template the first in-frame start codon is 

‘protected’ from translation initiation by three upstream out-of-frame potential start 

codons; (ii) assuming in-frame myc translation occurred, the resultant protein would 

likely be targeted for degradation by the proteasome or lysosome (323); and, (iii) if 

the protein were to avoid degradation, it would still require trafficking to the cell 

surface and anchorage within the membrane for extracellular expression, which is 

extremely unlikely given that the template DNA did not contain the sequence 

encoding the transmembrane region of Kell. A template only control (lacking gRNA) 

could be used to determine whether myc expression can occur via mechanisms 

other than HDR with KEL. However, as described in section 6.2.2, lentiviral 

transduction of a shorter myc-tag template did not result in any cell surface myc 

expression (despite containing an in-frame start codon).  
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6.3.2 SunTag CRISPRa 

dCas9-SunTag is a versatile system which enables amplification of gene expression 

or fluorescent labelling of genetic loci (185). In this chapter, dCas9-SunTag was 

successfully utilised in BEL-A to upregulate expression of erythroid proteins ICAM4 

and Kidd and non-erythroid proteins CD4 and CD8a. Whilst these targets were 

chosen primarily to establish CRISPRa technology in BEL-A, they were also selected 

to illustrate various potential applications for gene activation in erythroid cells. ICAM4 

is a member of the Rh subcomplex within the ankyrin associated macrocomplex 

(19). ICAM4 overexpression line could potentially be used to study ICAM4 

incorporation into membrane protein complexes. Kidd is a clinically significant blood 

group protein for which alloantibodies are difficult to detect (324). An erythroid line 

with Kidd overexpression would have increased sensitivity for Kidd alloantibody 

detection and would therefore be a useful tool for serology. CD4 is a T cell receptor 

which plays an important role in HIV virus invasion (325). There is much interest in 

the use of erythrocytes as therapeutic agents (229, 326, 327) and a cell with CD4 

overexpression could potentially act as a viral sink to sequester HIV virus away from 

CD4+ T cells, preventing their destruction and preserving immune function.  

CD4, CD8 and Kidd were activated from zero background levels and average ICAM4 

expression levels were 12x upregulated by SunTag compared to control levels. This 

falls at the lower end of the 10- to 50-fold gene activation range observed in K562 

(reported by Tanenbaum et al. (185)), suggesting that further improvements to 

activation efficiency might be possible. The SunTag BEL-A cells described here were 

a polyclonal population. It is likely that greater activation levels could be achieved by 

subcloning the SunTag BEL-A line and screening the subclones with a pre-validated 

gRNA for maximal activation. In this study, only two guides were tested for each 

target (except Kidd for which only one guide was tested). It is likely that greater 

activation levels could be achieved through screening of more guides. In the work 

described here, dCas9-SunTag BEL-A were sorted by FACS for low expression of 

SunTag components based on BFP and GFP fluorescence, based on 

recommendations by the authors of (185) 

(https://valelab4.ucsf.edu/external/research/suntag.html) due to concerns over 

cytotoxicity. It is likely that greater gene activation could be achieved by selecting 
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dCas9-SunTag BEL-A with higher expression levels of SunTag components. Work is 

underway in the Toye laboratory to generate a range of subclones with varying 

expression levels of SunTag components in the hope that this will enable fine control 

over gene activation levels. 

The ability to control gene expression levels in BEL-A would be a useful tool for 

investigating gene regulation during erythropoiesis and to uncover phenotypes 

arising from increased gene expression. Activation in BEL-A could be used to 

improve the properties of cultured blood; for example, increased expression of anti-

oxidants could reduce oxidative stress in aging erythrocytes; or be used for drug 

delivery purposes, for example by loading red cells with drug binding proteins so 

RBCs act as reservoirs for drugs for improved pharmacokinetics (326, 328). One 

obstacle to these applications is the loss of non-erythroid proteins during RBC 

development and enucleation. Indeed, preliminary data (not shown) suggested that 

SunTag upregulated CD4 and CD8 were absent in reticulocytes derived from dCas9 

SunTag BEL-A. Methods to retain non-erythroid exogenous proteins during terminal 

differentiation are currently being investigated by the Toye laboratory.  

SunTag achieves efficient activation of gene expression using a single guide to 

recruit multiple activator domains. This design opens up the possibility of using 

multiple guides to simultaneously activate multiple genes. If used in conjunction with 

CRISPR based repressors, it could be possible to control complex genetic pathways 

in BEL-A enhancing their functionality. Multiplexing CRISPRa offers a quicker and 

more economical approach to expression of multiple non-erythroid genes currently 

achieved by gene synthesis and lentiviral overexpression.  
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6.4 Conclusion 

A CRISPR knock-in experiment was performed which aimed to insert a small myc-

tag at the extracellular domain of the membrane protein Kell to facilitate rapid 

screening by flow cytometry. Myc-tag expression at the cell surface was detected by 

flow cytometry and western blot analysis with myc-tag labelling revealed a band with 

the same molecular weight as Kell. However, sequencing analysis failed to reveal 

any underlying genetic edits at the targeted locus. The molecular basis of myc 

expression remains unclear. 

CRISPR activation using SunTag was demonstrated for the first time in BEL-A and 

activation of both erythroid and non-erythroid targets was achieved. A SunTag BEL-

A line was generated with stable expression of SunTag componentry which will 

enable activation of future gene targets upon the provision of gRNA. The blood 

group protein Kidd was upregulated in a SunTag BEL-A line as a demonstration of 

the feasibility of producing reagent cells with increased alloantibody sensitivity for 

use in serology.  

  



 174 

7 Chapter 7 - Discussion and Future Perspectives 

7.1 BEL-A and the future of immortalized erythroid cell lines 

The BEL-A cell line is a nascent tool for studying erythrocyte biology. In this thesis, a 

genetic toolkit has been established for use in BEL-A cells to enhance their utility. 

Whilst BEL-A and similar ImEry cell lines have already proven useful research tools, 

they have also been proposed as possible alternative sources of cRBCs for 

transfusion purposes (reviews: (77, 105, 329)). Here, I will discuss the current 

limitations of the BEL-A cell line based on findings in this thesis and discuss new 

strategies to improve the characteristics of ImEry cell lines in order to realise their full 

potential for facilitating research, creating cellular models of disease, and for 

transfusion purposes.  

 In 2005, Akimov et al., used HPV16 E6 and E7 to immortalize a CB CD34+ HSC 

(330). Since then, a variety of ImEry cell lines have been generated using HPV16 

E6/E7, or other oncogenes (namely c-Myc), including HiDEP (100), HUDEP (100), 

imERYPC (101), iE (102), BEL-A (104), and BMDEP (103). These ImEry cell lines 

have proven to be useful tools for basic research. They have been particularly useful 

for studying the regulation of globin expression (118, 120, 121, 242, 245, 331), and 

more recently for studying pathogen invasion (123, 241). ImEry cell lines offer 

significant advantages over cultured RBCs derived from primary cell sources as they 

have the capacity to self-renew and genetic modifications can be kept indefinitely. It 

has been proposed that cRBCs derived from ImErys could be used for clinical 

transfusion purposes. For this, ImErys need to demonstrate that sufficient production 

levels can be achieved, that cells are fully functional in vivo, and that stringent safety 

standards can be met.  

Achieving sufficient levels of cRBC production for transfusion purposes presents an 

enormous challenge. A blood transfusion typically contains 2 x 1012 RBCs, however 

fewer cells are required for neonatal transfusion, and fewer still for reagent red cells 

(discussed in section 7.2.1). The current convention for reporting enucleation 

efficiencies in ImEry cell lines is misleading. At present, enucleation efficiency is 

assessed by analysing the number of reticulocytes based on the proportion observed 

on microscope slides following cytospins. A more informative figure is the 
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reticulocyte yield, i.e. the number of reticulocytes generated per cell immediately 

prior to the induction of differentiation. In chapter 5, four large scale BEL-A 

differentiation cultures were performed and the number of reticulocytes generated 

per starting cell ranged between 0.4 to 2.2. It is difficult to make a direct comparison 

with the number of reticulocytes derived from CD34+ cells because BEL-A cells are 

immortalized at a later developmental stage of erythropoiesis. However, the number 

of reticulocytes generated from CD34+ cells at the equivalent developmental stage 

to BEL-A is likely to be several orders of magnitude greater than from BEL-A cells, 

considering that ~6 x 105 reticulocytes have been generated per CD34+ HSC (86). 

Given that BEL-A have the highest reported enucleation efficiency of current ImEry 

cell lines, substantial progress needs to be made to improving reticulocyte yield for 

their clinical translation. 

Large-scale generation of cRBCs requires more efficient and economical culture 

methods. Currently, BEL-A cells are cultured using two-dimensional culture methods 

involving cells suspended in shallow media in tissue culture flasks. This is usually 

adequate for research scale applications. However, when extensive characterisation 

of reticulocytes is required (such as 5x KO characterisation described in section 

5.2.3.), very large two-dimensional cultures require numerous flasks and present a 

substantial logistical challenge. In addition, the cost of differentiation is currently high 

due to the use of expensive cytokines. Therefore, scaling up ImEry culture in an 

efficient and cost-effective manner presents a bio-processing challenge. The use of 

bioreactors for cRBC generation is an area of active research (review: 332). In 

principal, bioreactors enable automated and controlled media supplementation with 

high repeatability. A promising proof-of-principle demonstration of bioreactors use 

with an ImEry cell line has been published recently (332). The authors demonstrated 

proof-of-principle ImEry scale-up using half-litre stirred bioreactors under controlled 

settings. They also used design-of-experiment based optimisation to develop new 

media formulations which permitted cell expansion at higher densities and reduced 

the cost of media three-fold.  

One of the major limitations to scale-up is the low yield of reticulocytes. In Chapter 5, 

four large scale BEL-A differentiation cultures were performed using 60 million 

starting cells. This generated between 23 - 133 million reticulocytes (pre-
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leukofiltration), with three of four cultures showing negative overall expansion. 

Several factors contribute to the low overall yield of reticulocytes. Firstly, between 

day 6 and day 12 of differentiation, over half of erythroblasts typically lyse. Secondly, 

the terminal enucleation rate does not exceed 30%. Thirdly, of the remaining 

reticulocytes, the majority of cells fail to pass through a leukofilter during purification. 

These factors likely stem from defects during terminal erythropoiesis. This is another 

area of active research. With greater understanding of erythropoiesis it may be 

possible to correct mutations in genes underlying terminal erythropoiesis in ImEry 

cell lines. The gene editing tools established in this thesis, as well as improved 

versions currently under development, could be utilised for this purpose. 

Alternatively, the development of new approaches to immortalization to remove the 

dependence on oncogene expression could yield minimally disrupted ImEry cell lines 

with higher reticulocyte yields.  

For clinical translation, ImEry-derived cRBCs must be able to demonstrate 

equivalent cell function to donor erythrocytes, including normal in vivo tissue 

oxygenation for transfusion purposes, or similar reactivity to antibodies for diagnostic 

purposes. In this thesis, BEL-A reticulocytes were characterised using morphological 

analysis, whole genome sequencing, proteomics, serology, and deformability 

analysis. Whilst this was sufficient for the purposes of characterising the 5x null 

phenotype, further characterisation would be required for clinical applications. 

Oxygen binding affinities determine the capacity to carry oxygen in response to pH 

changes, and animal studies in mice and primates could be used to assess cRBC 

functionality by measuring cell half-life and recovery from anaemia (review: 332). As 

the final product from cRBCs does not contain any nuclei, concerns over the 

genomic integration of transgenes used to immortalize or genetically edit ImErys are 

alleviated. However, there are concerns over the genomic instability and aneuploidy 

which result from expression of oncogenes such as E6/E7 and c-Myc (329). 

Genomic instability increases the likelihood of mutations arising over time which 

adversely affect terminal differentiation or in vivo function. Such genetic 

abnormalities might invalidate characterisation of a cell previously approved for 

transfusion purposes. Furthermore, aneuploidy increases the difficulty of genetic 

editing and can preclude editing of affected loci.  
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To address these concerns, the development of more sophisticated immortalization 

techniques in ImErys should be a priority. The identification of the minimal genetic 

changes required to bypass senescence and achieve self-renewal capacity without 

resulting in gross chromosomal abnormalities is required. A recent publication 

describing the BMDEP ImEry cell line reported that 50% of cells possessed a normal 

karyotype which was surprising given that BMDEP were generated using HPV16 

E6/E7. We had previously speculated that aneuploidy of certain combinations of 

chromosomes was a pre-requisite for immortalization given that various ImEry cell 

lines seemed to possess characteristic karyotype abnormalities. The finding that 

E6/E7 can generate immortalized cells with normal karyotypes is a promising 

development which, if reproducible may enable genome-wide association studies to 

identify a minimal set of genetic mutations responsible for immortalization. The 

generation of ImEry cell lines with normal karyotypes and improved genome stability 

is desirable for the production of improved erythrocyte models and to address 

terminal erythropoiesis defects in order to increase reticulocyte yield.  

7.2 Gene editing in immortalized erythroid cell lines 

7.2.1 Blood group customisation and enhanced transfusion compatibility  

The molecular basis underlying numerous rare blood group phenotypes is a loss-of-

function mutation in the encoding blood group gene. Therefore, null phenotypes can 

be recapitulated by NHEJ-meditated gene editing. In this thesis, CRISPR-Cas9 was 

established for use in the BEL-A cell line for the first time. Multiple approaches to 

CRISPR delivery were tested and lentiviral transduction was demonstrated to be 

highly efficient. A lentiviral CRISPR approach was utilised to generate multiple 

erythroid cell lines with rare phenotypes showing complete absence of blood group 

antigens: Oh (Bombay), Rhnull, K0, U-, Fy(a-b-), Lu(a-b-), Jk(a-b-), En(a-) and 

(putative) D--. These lines retained their ability to differentiate and enucleate to 

generate reticulocytes. Multiple knockouts were subsequently performed within a 

single cell line through several rounds of lentiviral CRISPR transduction. A cell line 

was generated with a 5x KO phenotype: Oh, Rhnull, K0, U-, Fy(a-b-). The 5x KO cell 

line also retained its ability to generate reticulocytes and these were extensively 

characterised. 
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In order to confirm the 5x KO phenotype using a clinically relevant serological test, 

an indirect antiglobulin test (IAT) was performed in collaboration with NHSBT. IAT 

tests are performed to detect alloantibodies in patient serum samples. IAT testing 

confirmed a lack of reactivity to antibodies targeting the knocked out antigens. In 

these tests, 5x KO reticulocytes were tested alongside a panel of donor-derived 

reagent RBCs each possessing one of the null phenotypes present in the 5x KO cell 

line. Currently, sourcing reagent RBCs with rare antigen phenotypes relies on blood 

donations, presenting a substantial challenge to reference laboratories worldwide. 

The 5x KO reticulocytes responded to testing in an equivalent manner to the donor-

derived erythrocytes, demonstrating the feasibility of using genetically edited ImEry 

cell lines an alternative to reagent RBCs. The 5x KO reticulocytes were 

haemoglobinised and possessed a deep red colour indistinguishable from the 

reagent RBCs enabling easy visualisation during testing. To our knowledge, this was 

the first demonstration of serological analysis using reticulocytes derived from an 

ImEry source. Since publishing this result (249), mature HiDEP cells (nucleated) 

have also been used in serological assays, further demonstrating the feasibility of 

ImEry cell lines for use in serology (333). The challenge to clinical translation is likely 

to be one of production and yield. 

The multiple knockout BEL-A cell line described in this thesis represents a significant 

step towards the future production of cRBC products with customised antigen 

phenotypes for transfusion purposes. The generation of blood with enhanced 

transfusion compatibility has been a long term goal of transfusion science and efforts 

towards this have predominantly focused on the removal of A and B antigens to 

achieve type O blood or to mask A and B antigens using PEG (25). However, ABO 

compatibility is insufficient to meet the needs of patients with rare blood types who 

lack near-universal antigens, and for patients who possess multiple alloantibodies to 

common antigens. ImEry cell lines together with gene editing technologies enable 

more advanced antigen customisation to service the transfusion needs of a wider 

group of patients.  
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In this thesis, multiple knockouts were combined within a single cell in order to 

generate a phenotype capable of servicing the broadest possible clinical need based 

on NHSBT transfusion data. We theorised that since many natural occurring blood 

group single gene knockouts produce erythrocytes with no known functional defects 

(55), generation of multiple blood group gene knockouts in the same ImEry cell line 

would be likely to produce functional cells. The multiple knockout phenotype 

generated does not exist naturally as it combines several extremely rare antigen 

phenotypes. A cRBC transfusion product with this phenotype would be of great value 

to patients who receive regular blood transfusions and often have alloantibodies 

against multiple antigens.  

Some blood group antigens are carried by functionally important proteins. For 

instance, Rh and RhAG have important structural roles in the membrane and Kell is 

involved in vasoconstriction (although K0 is not symptomatic). For these targets, 

protein knockout may adversely affect cell function. In addition, for proteins involved 

in multi-protein complexes, complete removal of these proteins may result in the 

exposure of previously hidden immunogenic epitopes. Instead of knocking out gene 

function entirely, precise modification of loci belonging to polymorphic antigens 

would enable matching to patient phenotypes whilst maintaining gene function. This 

strategy highlights the need for precise genetic editing tools such as HDR-mediated 

CRISPR and validates current efforts towards this goal. An alternative strategy is the 

immortalization of a minimal selection of naturally occurring erythroid progenitors in 

order to meet existing transfusion requirements. This strategy has been proposed for 

iPSC lines, and it was calculated that three lines would be sufficient to match 99% of 

alloimmunised patients in France and 15 lines would be able to match 100% (334). 

Both of the above strategies are valid approaches to meeting transfusion 

requirements whilst preserving RBC function. The strength of the first approach 

(precision genetic editing of polymorphic antigens) depends on improvements to 

genetic editing tools whilst the strength of the second approach (immortalisation of 

naturally occurring erythroid progenitors with rare phenotypes) relies more heavily on 

improvements to immortalization techniques.  

The lentiviral CRISPR approach utilised to generate blood group null phenotypes in 

this thesis relied on integrative lentiviral transduction. For therapeutic purposes, a 
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transient editing approach may be desirable to avoid the integration of viral 

transgenes, to avoid mutations associated with insertion-site position effects, and to 

reduce the chance of off-target editing events by CRISPR. However, for applications 

in BEL-A cells, it is important to consider that the BEL-A cell line was originally 

immortalized through lentiviral transduction of the E6/7 cassette resulting in gross 

chromosomal rearrangements and genomic instability. Within this context, the 

advantages to a transient approach to CRISPR-Cas9 editing are limited. This is 

especially true as the processes of terminal differentiation and enucleation during 

erythropoiesis exert a strong selection pressure against mutations in essential 

erythroid genes. Nevertheless, it is worth exploring additional transient genome 

editing tools in the BEL-A cell line as proof-of-principle for engineering ImEry cell 

lines with potential clinical applications. 

In conclusion, CRISPR-mediated gene knockouts in BEL-A have been highly 

effective at generating cell lines with rare null phenotypes. These cell lines provide 

important research tools to explore rare RBC phenotypes and their associated 

secondary defects. They also offer a promising alternative to difficult-to-source 

reagent red cells for use as diagnostic reagents in a clinical setting. CRISPR gene 

editing in BEL-A demonstrates the feasibility of using genome engineering 

approaches to produce cRBC products with customised antigen phenotypes to meet 

transfusion requirements. For the majority of blood group genes, knockout poses no 

threat to RBC function. However, some blood group proteins are functionally 

important and in these cases these would benefit from precision editing rather than 

complete protein ablation. This could be achieved through HDR-mediated gene 

editing to target polymorphic antigens, or immortalization of naturally occurring 

erythroid progenitors with rare phenotypes. Both approaches are valid and highlight 

the need for improved tools for both genome editing and immortalization.   

7.2.2 Malaria receptor knockout BEL-A lines  

In addition to blood group knockout lines, two BEL-A cell lines were created with 

malarial receptor proteins knocked out. Understanding of malarial parasite invasion 

have been limited by the anucleate nature of erythrocytes which has prevented the 

use of gene editing tools. Studies investigating the role of membrane receptors in 

pathogen invasion have typically relied on sourcing extremely rare, naturally 
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occurring erythrocytes lacking key malarial receptors, or have attempted to 

block/remove endogenous receptors using antibodies (335) or enzymatic treatment 

(336). In this thesis, erythroid lines were generated with complete absence of 

malarial receptor proteins basigin and GPA and the utility of one of these lines has 

been confirmed in subsequent parasite invasion studies (preprint 123). More precise 

gene editing tools will be useful for future studies to interrogate the requirement for 

specific domains and associations of essential receptor complexes in the process of 

pathogen invasion. 

7.2.3 Future approaches to achieving CRISPR knock-ins 

In this thesis, CRISPR gene editing has been successfully utilised for several 

applications in the BEL-A cell line. However, these edits have been confined to 

random InDels which result in loss-of-function mutations. By provision of additional 

template DNA, it is possible to direct DSB-repair down the HDR-pathways for precise 

genetic editing. The ability to precisely engineer the genome holds huge potential in 

ImEry cell lines for basic research purposes, developing therapeutics and for 

improving the properties of cRBCs. Therefore, establishing a reliable and efficient 

methodology for HDR-mediated CRISPR editing in BEL-A remains a priority.  

In Chapter 6, a knock-in reporter strategy was devised which aimed to introduce a 

myc-tag to the membrane protein Kell in order to enable rapid screening by flow 

cytometry. It was hoped that this would establish a baseline editing efficiency which 

could then be optimised. A lentiviral transduction strategy was used due to its high 

efficiency in BEL-A. Whether or not a Kell myc-tag knock-in was achieved remains 

unresolved as flow cytometry and western blot detected myc expression but 

sequencing revealed the KEL gene was unedited (section 6.2.3.4). Myc expression 

was only detected in cells transfected with integrase competent lentivirus and not in 

cells transfected with integrase deficient lentivirus. If we assume that knock-ins were 

indeed successful when integrase competent lentivirus was used, it would still be 

advantageous to seek alternative delivery approaches as editing efficiency is likely to 

be limited when template DNA is integrated in the genome. Therefore, alternative 

delivery methods will be sought for future HDR-editing attempts.  
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There are a number of recent examples of successful CRISPR HDR editing in 

erythroid cells which may serve as useful precedents for establishing the technology 

in BEL-A cells. Several groups have reported CRISPR HDR in K562 (147, 236, 238), 

primary CD34+ HSCs (153, 221, 226, 236–238, 337) and two accounts of successful 

knock-ins have been reported in HUDEP (126, 245) (plus a further example in which 

ssODNs were used to enhance deletion but HDR was unconfirmed (244)). All of 

these studies used transient expression of template DNA. A variety of template types 

have been utilised in CD34+ HSCs: AAV6 (238), IDLV (337) and ssODN (153). 

However, in HUDEP only ssODN has so far been reported (126, 245). Wienert et al. 

used a GFP-selectable plasmid (PX458) for transient expression of Cas9 and gRNA 

alongside ssODN in HUDEP (245). This approach was used to generate a point 

mutation in a fetal globin promoter (245). Moir-Meyer et al. have published an 

extensive protocol for CRISPR HDR in HUDEP using a similar approach to that used 

in reference (245), but with additional use of the HDR-promoting small molecule RS-

1 (126). The protocol describes a knock-in design for a Strep-tag insertion at 3’ 

CDAN1 and a separate design for a triple flag-tag at 5’ C15ORF41. These genes are 

involved in congenital dyserythropoietic anaemia type I and were selected to 

demonstrate the utility of genome editing to create cellular models of disease.  

Whilst the knock-in examples in HUDEP serve as useful precedents, the genetic 

edits achieved do not enable rapid screening for knock-ins at the point of HDR. To 

this end, an alternative approach has been developed by Richardson et al. (152) 

using Cas9 RNPs and a novel BFP-to-GFP conversion strategy to optimise HDR 

editing using ssODN donor template. In this approach, a BFP reporter is stably 

integrated into the host genome, which is converted to GFP through HDR involving a 

three-nucleotide conversion. Since its publication, this approach has been utilised 

successfully in several studies in mammalian cells (147, 338, 339). The BFP-to-GFP 

strategy would be advantageous in BEL-A cells over the Kell-myc tag approach 

(described in section 6.2.3.3) for several reasons: (i) the BFP-to-GFP knock-in is 

shorter (3 bp vs 30 bp), theoretically boosting HDR efficiency with ssODN donor; (ii) 

pre-validated template and guide sequences are available; (iii) lentiviral transduction 

(for BFP integration) is highly efficient in BEL-A and the numerous integration sites 

may increase the opportunities for HDR; (iv) successful knock-ins could be detected 

immediately following integration by fluorescent microscopy and flow cytometry 
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without the need for antibody labelling; and, (v) knockout populations could be 

visualised as BFP-negative GFP-negative populations. The BFP-to-GFP approach 

described by Richardson et al. (152) and the GFP-selectable plasmid based 

approach described by Moir-Meyer et al. (126) offer promising avenues for precise 

gene editing in BEL-A. 

As with many CRISPR experiments, the limitation to HDR CRISPR in BEL-A is likely 

to be the delivery method of CRISPR components (129). Use of ssODN templates, 

Cas9-gRNA expression plasmids, or RNPs, requires electroporation and therefore 

further optimisation is needed to reduce the electroporation cytotoxicity to BEL-A 

cells. Interestingly, the papers describing ssODN use in HUDEP (126, 244, 245) 

make use of all three of the electroporation devices tested in section 3.2.1 (Amaxa 

2b (126), Amaxa 4D (244) and Thermo Fisher Neon (245)) and each uses 

parameters which have so far have not been tested in BEL-A and could potentially 

offer improvements to electroporation efficiency. Another approach to improve 

electroporation efficiency would be to generate a new electroporation-amenable 

ImEry cell line. This could possibly be achieved by generating multiple subclones 

shortly after immortalization with HPV E6/E7 (as described for BMDEP generation 

(103)) and screening these subclones for electroporation efficiency in order to exploit 

the phenotypic variation observed following immortalization (103).  

In conclusion, CRISPR HDR technology offers an extremely powerful tool for 

genome editing in BEL-A. In this thesis, numerous knock-in strategies were tested 

but none achieved a successful edit. The most promising approach enabled rapid 

screening by flow cytometry to test for a tagged membrane protein. However, 

several CRISPR HDR methods have recently been described and optimised in 

similar erythroid lines which will likely inform future editing attempts in BEL-A. Many 

of these approaches rely on electroporation for delivery of CRISPR components. 

Therefore, further work is underway to improve electroporation efficiency with the 

BEL-A cell line. 

7.2.4 CRISPR-mediated gene regulation  

In addition to editing the genome, CRISPR can be utilised for genome regulation 

through activation and repression of gene expression as well as targeted epigenetic 
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regulation (129). In this thesis, a CRISPRa system was established for gene 

activation in BEL-A. A SunTag BEL-A cell line was created enabling CRISPR 

mediated gene activation. Successful activation was achieved for genes encoding 

the low abundance erythroid proteins ICAM4 and Kidd and the non-erythroid CD4 

and CD8a. Kidd, CD4 and CD8 are not normally expressed in BEL-A at the 

developmental stage of expanding cells. Kidd is activated at a later stage of 

erythropoiesis and CD4 and CD8a expression is repressed in the erythroid lineage. 

Relatively high levels of gene activation were achieved. ICAM4 expression was 

upregulated by 12-fold compared to control levels. With further optimisation, greater 

levels of activation are likely to be possible given reports of up to 50-fold activation 

when using SunTag (185). The SunTag BEL-A line was generated by sorting cells 

which exhibited low expression of SunTag CRISPR components due to concerns 

over cytotoxicity. Selection of lines with higher expression levels may enable greater 

overall activation. Work is currently underway to generate a range of SunTag BEL-A 

lines with varying degrees of activation capacity to enable precise control over 

activation levels. 

For greater control of gene expression, systems will be explored which enable 

simultaneous activation and repression within a single cell. Use of specially modified 

gRNAs can specify whether activator or repressor proteins are recruited at target 

loci, enabling both activation and repression of multiple genes simultaneously within 

a single cell (181). This represents a much more sophisticated approach to the 

control of gene regulation than previously used technologies such as RNA 

interference and gene overexpression vectors. An early clinical adoption of ImEry 

cell lines is likely to be for use as reagent red cells for serological testing. CRISPRa 

enables the production of ImEry cell lines with increased sensitivity to difficult-to-

detect alloantibodies. The upregulation of the blood group protein Kidd in a SunTag 

BEL-A line described in this thesis demonstrates the feasibility of this approach. The 

ability to control gene expression will be a valuable addition to the genetic toolkit for 

engineering erythroid cells. 
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7.3 Conclusion 

This thesis explores the applications of two hugely promising technologies: CRISPR-

Cas9 gene editing and the BEL-A immortalized erythroid cell line. Efficient gene 

editing was established in BEL-A for loss-of-function mutations and multiple edited 

cell lines were generated with properties relevant for transfusion medicine and 

malarial invasion. In addition, multiple knockouts were combined in a single line as a 

powerful demonstration of the use of genetic engineering to tailor antigenic profiles 

for transfusion requirements. Reticulocytes derived from edited BEL-A were also 

used in serological tests and demonstrated the feasibility of replacing rare reagent 

RBCs with a sustainable source of genetically modified ImEry cell lines.  

Considerable effort was invested in establishing HDR CRISPR approaches for 

precision genome engineering in BEL-A. Unfortunately, successful knock-ins were 

not achieved but this remains a priority and progress towards this goal is underway. 

HDR-mediated genome editing holds huge promise in ImEry cell lines which have 

already been demonstrated to be useful tools for studying erythrocyte biology. In the 

future, ImEry cell lines such as BEL-A could offer a safe and sustainable supply of 

cRBCs for therapeutic purposes. In order to realise their potential, considerable 

progress needs to be made in the improvement of existing cell lines or the 

development of new lines with improved genomic stability, terminal erythropoiesis 

properties and enucleation capacity. The establishment of precision genome 

engineering tools in ImEry cell lines will be instrumental to this.  
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9 Appendix 

9.1 CRISPR template DNA sequences  

KLF1 E325K 400 bp flanks 

AGAGTGAGTGCCTCCTTAAATTTTGTGCCCTAGGGGCCTCACTTTGTTCATCCTAGTCCCAGCCC
AGGCTGAGTAAAGGGGTGTGGCCAGATGCAGGGGACCCGGGGACATGACTGGGCAGACAGTG
GCGCTTATGGCTTCCTTGTCCCCTAGGGGAGAAGCCATACGCATGCACGTGGGAAGGCTGCGG
CTGGAGATTCGCGCGCTCGGACAAGCTGACCCGCCACTACCGTAAACACACGGGGCAGCGCCC
CTTCCGCTGCCAGCTCTGCCCACGTGCTTTTTCGCGCTCTGACCACCTGGCCTTGCACATGAAG
CGCCACCTTTGAGCCCTGCCCTGGCACTTGGACTCTCCTAGTGACTGGGGATGGGACAAGAAG
CCTGTTTGGTGGTCTCTTCA 

KLF1 E325K 1000 bp flanks 

GGGACCCGGGACGGTGGGCACTGGACTCGGGGGGACTGCAGAGGATCCAGGTGTGATAGCCG
AGACCGCGCCATCCAAGCGAGGCCGACGTTCGTGGGCGCGCAAGAGGCAGGCAGCGCACACG
TGCGCGCACCCGGGTTGCGGCAAGAGCTACACCAAGAGCTCCCACCTGAAGGCGCATCTGCGC
ACGCACACAGGTGAGGGGGCGGGGCCCCGGACATGAGAAAGGGCGCGGCGCCCGCTGTAGTT
ACAGGGGAAGAAGGGTTGCAGAGGGCGGGACTTGGACTTGGCTGGCCTCTGAGAGTGAGTGC
CTCCTTAAATTTTGTGCCCTAGGGGCCTCACTTTGTTCATCCTAGTCCCAGCCCAGGCTGAGTAA
AGGGGTGTGGCCAGATGCAGGGGACCCGGGGACATGACTGGGCAGACAGTGGCGCTTATGGC
TTCCTTGTCCCCTAGGGGAGAAGCCATACGCATGCACGTGGGAAGGCTGCGGCTGGAGATTCG
CGCGCTCGGACAAGCTGACCCGCCACTACCGTAAACACACGGGGCAGCGCCCCTTCCGCTGCC
AGCTCTGCCCACGTGCTTTTTCGCGCTCTGACCACCTGGCCTTGCACATGAAGCGCCACCTTTG
AGCCCTGCCCTGGCACTTGGACTCTCCTAGTGACTGGGGATGGGACAAGAAGCCTGTTTGGTG
GTCTCTTCACACGGACGCGCGTGACACAATGCTGGGTGGTTTTCCCACGAATGGACCCTCTCCT
GGACTCGCGTTCCCAAAGATCCACCCAAATATCAAACACGGACCCATAGACAGCCCTGGGGGAG
CCTCTTACGGAAAATCCGACAAGCCTTCAGCCACAGGGAGCCACACAGAGATGTCCAAACTGTC
GTGCAAACCCAGTGAGACAGACCGCCAAATAAACGGACTCAGTGGACACTCAGACCAGCTCCCA
GATGGCCCTGGACAGCAGGAGAGGGTGTGGGATGAGGCTTCCCAGAGACCCTG 

KLF1 120 bp ssODN template  

GGGGAGAAGCCATACGCCTGCACGTGGGAAGGCTGCGGCTGGAGATTCGCGCGCTCTGACAA
GCTGACCCGCCACTACCGGAAACACACGGGGCAGCGCCCCTTCCGCTGCCAGCTCTGC 

SPTB C-terminal GFP SpyTag template 1000 bp flanks 

TTAATTAAAGCAGGGAACAGTGCTGGGAGGCTCAGGAGGGTGGCAACTGTGCCCCCAGGGGTC
TCATGTAAGGACTCCAGGCCAGTTGTTAGGTACTTAGAATGGTGTGACAGGCTTGGCCAGCAGC
GACAATGGGAAGGAAAGACAAGTGGCAGGAAGTACTGACCTCCGAATGCAAAGGACAGAAGGG
GCTGACTCTAGAAGGAACAAGTGTCAGGGCATGTGGGGGTGCAGGGCCGCATCCAGAGGGAGA
TCGTCTGAGAACACAACTCGCCTCTGTGGCTGCTCTGACCCCTGGGCCTTCTCCTCCTCTAGCT
TGAGCTGAAAGAACGCCAGATTGCAGAGAGACCCGCAGAGGAGACTGGGTGAGTGGTGGCCGT
GTGTCCAGGGAGCTGAATGCTCTGCCAAGTGGGAGTAGGGGGTGCCTTTCATCAGAAACCTGA
CATTGGGACCAGTTGCATTTGACTTCTCACACTGGGCACCCTCGTCAGGAAGGCCCAGAGTGCC
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TGAGCATGAGCGCAGAGGACCTTTTGCTTCCCCAGTCACAGGCGGGCTGAAGGCCTGGTGCGG
GAGGAGGGGGCTGGGAGCAGTGGCTGCCAGGCGAGGCCCCACCTCGGAGCCACCTGAACACG
GGGCCCCACAGGCCGTTCTGCCTGGAACCTGGCTCCCTTCTGAAGAATCTGCCTTGGCTTTTCC
GAAGAAGTCGCTGGGCGGCTCCTTGCCAAGCACCATCCAGGCTGCCGGCTGACTGGAGGGGG
AGCTATTTGGTGCTCCTCCCTGTGGGCGCAGGTGAAAAGCCAGGCCTCGCAGGAGGCACTGGC
CTCAGAGGGGTGCTTGTTTCTAAAGAGAGACTGTGTCTTCCTTAGGCCTCAAGAGGAGGAAGGC
GAGACAGCAGGGGAGGCTCCAGTTTCCCACCATGCGGCCACCGAGAGAACGTCCCCGGTCAGT
CTCTGGTCTCGTTTGTCTAGTTCCTGGGAGTCACTGCAGCCAGAGCCCTCTCACCCCTACACGC
GTCTAGCGCTACCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTACCGCG
GGCCCGGGATCCACCGGTCGCCACCGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGC
CCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC
GAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCC
GTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCC
GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGC
ACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGAC
ACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGG
CACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACG
GCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACC
ACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGA
GCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGT
TCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGCGGCTCGGGCTCG
GGCACCGGCTCGGGCGGCACCGGCTCGGGCTCGGGCACCGGCGCCCACATCGTGATGGTGGA
CGCCTACAAGCCGACCAAGTAAGCGGCCGCTAGGCTCAGCCCAGGTGGAGGCGAGATGAGCT
GGCGCAGCCCCGCCCTCCATCCTCCCCACATCCCTGCAGCCACCTCCCAGCAGAGCAGGCTAC
GTCCTCACTGAGGTGTTCTTCATGAGAGTACTAGCCTCCTCCACTCCTCCCCACAGCGCAGAGG
AAACAGGCCAGCCCAGTGACATGACGTTATTAGTTTTGTTTTACCTAATGTAATAAATTTTATTGTA
TAAATATATCACCATTTACATGAGGGGAAACACTAGCCAGAGATGATTAGTGCATTTCTGTACACC
GTCCTTTTCCCCATTTTCCAACTCCTTCCTCTAGGCAGTACTCACCCCCTGCACCCACACCTACA
CACAGGCACATGCCCACACACACATGCATGCACACACAAATACACACCCACATGCACACACACC
ACACACCCCCATATATACAGACACCTCACGCACAACCACACACCCACATACACATACACACACAC
ATACACATACACACAAACACACCACACCCACCCACATGCACCCACACCACATCCCCATACACACA
TCCACACACACCCACACACGCATACTCATACAGACCACACCCCCCATACACACCTCACGCACAC
CCACACACCCACATACACACATATGCACACACAAATATGCACACACCACACCCATCCACATGCAC
ACACCACACCCCATACACACACATCCACACACTCACACCCACACACATACACACTCATACACACC
ACACCCCCACACACACACACATGCACACACCGCAACCTCCACACACACACACACATACATGTGC
ACACACCACACCCCCACACACACACACACTCACACACACACACACCCCAATCACTCAGCTGTCC
CATCCCACCTGCCCCACCACAGGCATCTTCAGTGGTGAAGTGGGGGTGCCCATCCTTGTAGGC
GATTCTTTCCCCCTATGCAGAGCCCTCTCCTCTTTCCACCGATCTGGCCTGAGGCCTGTGGGTC
ACTAGT 
 
Kell C-terminal myc tag template (220 bp homologous arms) 

Red = myc tag 

ACTAGTGTCACCGGGTCAGCTTTGTCCTGTGGACCCTCCCCCTTCAATGACCTCTCTTCCTGCTC
AGGTGATGTGTAGGAAGCCCAGCCCCCAGGACTCTCACGACACTCACAGCCCTCCACACCTCC
GAGTCCACGGGCCCCTCAGCAGCACCCCAGCCTTTGCCAGGTATTTCCGCTGTGCACGTGGTG
CTCTCTTGAACCCCTCCAGCCGCTGCCAGCTCTGGGAACAAAAACTCATCTCAGAAGAGGATCT
GTAACTTGGTTACCAAAGATGCCACAGCACAGAAATATCGACCAACACCTCCCTGGTCACATCCA
TGGAATCAGAGCAAGATTTCCTTTCTGCTTCTGTTCCAAAAATAAAAGCTGGCACTTGGCTTCCG
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CTTGTCTCTTAATGACTTGTTCCTGCTATGTTCTATGCCTGGAAGTCATTAACTGTACGGGAGAAA
AATACCCTGAAGTTAGAAAAGATAAGAGGGATCC 

Kell C-terminal myc tag template (600 bp homologous arms) 

Red = myc tag 

ACTAGTGGTAACCAAGTTACCAGAGCTGGGCTGGGTGGTAGAGCAAGACTCAGTCTCACAAAAA
AAAAAAAAAAGCCTGCGACAGGCTGACTGTGTGCCACATTCCTCTTCAGACACCTGACCTTAGGT
GTGGCGCCCACTTGACATCACCTCCTTAAGCACCCTGTACTCCCTCAACAGACTCAGGTGCCAG
GTCTTCAACACGCTTAGATTAGACTTCACCCCAGAGCTCCTGCGCTAGACCCTGCCTCTCTGTCA
TTGATAAATGGTATCATTACACAGCCCAGGCCCTCCTCCTGGACTCCTATTGCCAGATTAAATGA
ACTATACATTTCAAATGCTCCATGTGGCCCTTGGGGCACTTGATCCCCTGGTTCCCCTCTTTGTC
TGCTGTCCCTGATCACCCCTTGTCACCGGGTCAGCTTTGTCCTGTGGACCCTCCCCCTTCAATG
ACCTCTCTTCCTGCTCAGGTGATGTGTAGGAAGCCCAGCCCCCAGGACTCTCACGACACTCACA
GCCCTCCACACCTCCGAGTCCACGGGCCCCTCAGCAGCACCCCAGCCTTTGCCAGGTATTTCC
GCTGTGCACGTGGTGCTCTCTTGAACCCCTCCAGCCGCTGCCAGCTCTGGGAACAAAAACTCAT
CTCAGAAGAGGATCTGTAACTTGGTTACCAAAGATGCCACAGCACAGAAATATCGACCAACACCT
CCCTGGTCACATCCATGGAATCAGAGCAAGATTTCCTTTCTGCTTCTGTTCCAAAAATAAAAGCT
GGCACTTGGCTTCCGCTTGTCTCTTAATGACTTGTTCCTGCTATGTTCTATGCCTGGAAGTCATTA
ACTGTACGGGAGAAAAATACCCTGAAGTTAGAAAAGATAAGAGGGAGAAATGCCAAAAATGTTTC
ATGGACACAAGAAAAGGAAAGAATCAACAATTGGTGACCTGGTGGGTTTGAAGGCCACCCAGTG
GACCAAAGATTGGACAATAAAGCAGTCTAGTTGGAGACGAGAAGGGCTTGGATTAAGTATCGGA
AAGCTGCTCCCAATTGTTCTCAGGATTTTATCGTTATTTTATTGTCATTGCCTCCTGCCTCTAATCT
GCTGTCCTGAACAAAACCAGGAGAGGTGTGGGAGAGAAGGATGTGGGTCTGCTGTCTCTGGCC
CTGGGAGATGAAACTCCGAACCTGGAGAGGCAGTCAGTTAGCACTGATGGCAACTGGTATCTCT
GCTGCTGAACCTTGAGATACAGTGATGGTGATCAGACCAGCTCTGGTAACTTGGTTACCGTCGA
C 
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9.2 Plasmid maps 

pSpCas9n(BB) (PX460) 

 

pSpCas9(BB)-2A-Puro V2.0 (PX459)  
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pSPcas9(BB)-2A-GFP (PX458) 

 

LentiCRISPR v2 
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LentiGuide-Puro 

 


