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Abstract
[bookmark: _Hlk59983571]The problem: Sickle cell disease and β (beta) thalassaemia are among the most common monogenic disorders worldwide, causing significant morbidity and early mortality in affected patients. Both are caused by mutations (including deletions in the case of β thalassaemia) in the β globin gene (HBB), resulting in abnormal or reduced haemoglobin, respectively. 
The solution: Over recent decades, genome modification strategies have been developed with the aim of providing long-term amelioration of these conditions without the need for a bone marrow (BM) transplant. One such strategy involves targeted genome editing with the aim of reinducing foetal haemoglobin, which is known to improve symptoms.
Hypothesis: HbF reinduction can be maximised by application of a multiplex genome editing strategy targeting both HBG promoter and BCL11A erythroid enhancer regions. 
Methods: CRISPR/Cas9 editing strategies targeting the HBG-113 and BCL11A-ee regions individually, or together either simultaneously or sequentially, were compared in terms of editing efficiencies (by TIDE analysis (Tracking of Indels by Decomposition) after Sanger sequencing) and HbF reinduction (by flow cytometry and high-performance liquid chromatography). Translocation events were measured qualitatively and then quantitatively by standard polymerase chain reaction (PCR) and digital droplet PCR respectively. Experiments were conducted in vitro using human haematopoietic stem and progenitor cells (HSPCs), and in vivo using the humanised mouse model. 
Results and Conclusion: Maximum HbF reinduction was observed with the sequential dual editing strategy, which also demonstrated an acceptable cytotoxicity profile and engraftment in vivo. However, dual editing was associated with the development of chromosomal translocations, which persisted in vivo and preclude the further development of such a multiplex editing strategy in this context.
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1.0
Chapter 1:
Background and introduction


[bookmark: _Hlk50628165][bookmark: _Hlk50628176]1.1 Introduction to normal haemoglobin structure and physiology
1.1.1 Haemoglobin structure and physiology 
Haemoglobin is an iron-containing tetrameric compound, packed into red blood cells and required for the transport of oxygen around the body. Healthy individuals are expected to express more than one haemoglobin type, but beyond infancy the predominant form of haemoglobin is normally adult haemoglobin (HbA), which is composed of 2 α (alpha) and 2 β (beta) chains, linked around a central haem group (Fig 1.1). 1 

[image: An external file that holds a picture, illustration, etc.
Object name is cshperspectmed-HMG-011858_F1.jpg]
Figure 1.1: Structure of normal adult haemoglobin (HbA), demonstrating 2 α and 2 β globin chains, each centred around a haem group.
Abbreviations: α: alpha, β: beta
Thom, C. S. et al, 2013. 

Other forms of haemoglobin normally present at significantly lower proportions in a healthy individual are: haemoglobin A2 (HbA2), which is composed of 2 α plus 2 δ (delta) chains and normally present at 2-3.5% total haemoglobin, and foetal haemoglobin (HbF), comprised of 2 α and 2 γ (gamma) chains and present in most individuals at <1%.14; 15 This physiological switch between different haemoglobin subunits is demonstrated in the figure below (Fig 1.2).

[image: An external file that holds a picture, illustration, etc.
Object name is 1641fig1.jpg]
[bookmark: _Hlk41815125]Figure 1.2: Graph demonstrating the physiological switch between different haemoglobins at various stages of intrauterine and postnatal life. 
Manning, L.R. et al, 2007

HbF has a significantly higher oxygen affinity than HbA and allows the foetus to extract oxygen from the maternal blood stream via diffusion along an oxygen gradient within the placental circulatory bed, which is why this particular haemoglobin type is beneficial in intra-uterine life, whereas after birth, this property is unnecessary.3 Due to its higher oxygen affinity, higher concentrations of HbF are required than the lower affinity HbA. These factors are likely to provide an evolutionary explanation for the different haemoglobin preferences at different ages (Fig 1.3).
It is therefore physiological for foetuses and young neonates to have mostly HbF, but there is a natural switch to HbA which occurs during the first few months of life in most individuals, so that by 6 months of age, the proportion of HbA normally vastly overtakes HbF.

[image: image]
[bookmark: _Hlk87810881]Figure 1.3: Oxygen affinity curves demonstrating higher oxygen affinity of foetal than adult     haemoglobins.
[bookmark: _Hlk41815320]  Yudin, J. et al, 2019

1.1.2 Haemoglobin abnormalities
There are many hundreds of genetic variations in the haemoglobin genes, although only a  minority are pathological. These include variations in the HBB genes encoding for β globin which result in abnormalities of the protein structure produced, resulting in variant haemoglobins such as HbC, HbS, HbD or HbO; reduced or absent production of what would otherwise be normally structured β globin protein, in the case of β thalassaemia; or certain mutations cause a combined abnormality in which there is reduced production of an also abnormally structured globin chain, such as in the case of HbE or HbLepore.  There can also be genetic changes within the HBA genes which result in abnormal structure or reduced production of α globin chains. Examples of the former are HbQ-Iran and HbG-Philadelphia, and the latter is α thalasasemia. An estimated 7% of the global population is carrying a haemoglobin variant although the vast majority are benign.16; 17 
  A number which have received more attention and been described in detail, primarily because most of these are capable of producing symptoms or an abnormal blood picture, but most variants are individually rare.1
1.1.3 Globin genes
The genes for β, δ and γ globin chains are on chromosome 11 in the β globin gene complex (also known as the β globin gene cluster), and the genes for the α globin chains are located on chromosome 16. There is only 1 β  globin gene complex on each chromosome 11 but there are usually 2 copies of the α globin gene on each chromosome 16, although generally only 1 of these is predominantly active on each chromosome (Fig 1.4).

[image: An external file that holds a picture, illustration, etc.
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Figure 1.4: Chromosomal locations of the α and β globin gene complexes 
Abbreviations: α: alpha, β: beta
Trent, R.J. et al, 2006

1.1.4 Mechanism of the physiological haemoglobin switch
The physiological switch from HbF to HbA has been the subject of very significant research efforts over recent decades. One of the key factors involved in this switch has been demonstrated to be the protein transcription factor BCL11A, encoded for by the BCL11A gene on chromosome 2. After production of BCL11A is stimulated by GATA1 (GATA-binding factor 1), this C2H2 type zinc finger protein transcription factor binds to the HBG promoter region on chromosome 11, inhibiting γ globin chain production and promoting a switchover from the production of γ globin chains to β globin chains, resulting in the production of HbA tetramers rather than HbF.18; 19; 20 
Other transcription factors are also involved in mediating the HbF to HbA switch, such as ZBTB7A which binds to a different region of the HBG promoter (approximately 200 bp upstream of the HBG transcription start site whereas BCL11A binds approximately 115 bp upstream).19; 21 However, BCL11A is the most well-described transcription factor and most research efforts to date have focused on the BCL11A-HBG axis.
Despite a vast array of different mutations possible in the β globin gene, and therefore its protein structure, only 2 β globinopathies are both common and pathological enough to result in a significant global burden of disease: sickle cell disease and β thalassaemia. It is on therapeutic strategies for these two conditions that this research has focused and therefore from this point on, only these two will be described in further detail. 

[bookmark: _Hlk50628184]1.2 Introduction to β globinopathies: sickle cell disease and β thalassaemia
[bookmark: _Hlk59988270]1.2.1 Pathophysiology of β globinopathies
The pathophysiology of sickle cell disease and β thalassaemia  are very different and therefore must be described separately. The former is a disorder caused by a variant, pathological form of the β globin chain; the latter is caused by a lack of normal β globin rather than a mutant structure in itself.
[bookmark: _Hlk59988276]1.2.1.1 Sickle cell disease
1.2.1.1.1 Genetic basis for disease
Sickle cell disease is a generic term used for a variety of disorders in which both β globin chains are mutated such that cells form sickle shapes in the circulation. At least one of these mutations is always the sickle mutation itself, and the second can be one of a number of different alterations which interact with this sickle mutation and allow the sickling process to occur.22 
[bookmark: _Hlk46576246]The sickle mutation is a single point mutation in the 6th codon of exon 1 of the β globin gene, leading to a switch from glutamine to valine at position 6 in the β globin polypeptide.23 This abnormal globin chain is often termed βs and when combined with an α chain results in sickle haemoglobin, HbS. JB Herrick first described the abnormally shaped red blood cell in 1910 and Pauling was the first in to establish that the disease is caused by a defect in the haemoglobin molecule.24; 25
[bookmark: _Hlk59988282]1.2.1.1.2 Erythrocyte sickling
In sickle cell disease, the presence of HbS leads to polymerisation of haemoglobin fibres within the erythrocyte under conditions of reduced oxygen pressure and/or dehydration, leading to a change in conformation of the red blood cells from biconcave discs to sickle shapes.26; 27 These sickled red cells have altered rheology due to significantly reduced deformability (Fig 1.5).28

[image: https://www.ncbi.nlm.nih.gov/corecgi/tileshop/tileshop.fcgi?p=PMC3&id=541820&s=5&r=1&c=1]
[bookmark: _Hlk87811281]Figure 1.5: Sickled erythrocytes
Blood film from a patient with sickle cell disease, demonstrating the morphology of normal erythrocytes compared to sickle cells (long arrows), and cells midway between the two states (short arrows).
Frenette et al, 2007

The rigid, sickled erythrocytes cause blockage of circulatory vessels, incorporating other cell types into their obstruction over time and increasing blood viscosity.29 This results in hypoxia of distal tissues which do not receive adequate arterial blood supply. Venous circulation can also become blocked, leading to a failure of blood drainage from organs and resulting sequestration of blood. Thus, ischaemia and sequestration are two of the main pathophysiological mechanisms causing organ damage in sickle cell disease (Fig 1.6).
The lifespan of sickle erythrocytes is significantly reduced: approximately 20-30 days or less, in comparison to the normal red cell lifespan of 120 days.30 The results of chronic haemolysis and the anaemia it causes also contribute to the phenotype seen in sickle cell disease patients. 

[image: An external file that holds a picture, illustration, etc.
Object name is JCI0730920.f4.jpg]
Figure 1.6: Diagram demonstrating vascular obstruction by deformed erythrocytes in sickle cell disease.
Frenette et al, 2007

[bookmark: _Hlk59988293]1.2.1.1.3 Humoral factors
Over recent decades there has been a growing understanding that there is more to the pathophysiology of sickle cell disease than just deformation of erythrocytes. The coagulation and inflammatory responses, adhesion molecules and abnormal lipid profile also play a part in generating the complications seen in this disease. 
There is over-activation of the coagulation system, involving thrombin (a distal component of the coagulation cascade) as well as other elements, contributing to a hypercoagulable state and therefore increased thrombosis risk.31; 32 Levels of other inflammatory cytokines including interleukin (IL)-6 and IL-1α, IL-1ra/IL1F3 and adhesion molecule P-selectin have also been demonstrated to be significantly increased in the plasma of patients in sickle cell crisis when compared to steady state plasma, and result in an increased neutrophil extracellular trap (NET) response suggesting that NETs are also involved in the development of symptomatic complications of this disease.33 
P-selectin has been a particular focus of research. It is stored in endothelial cells and platelets, and when these cells are activated it is transferred to the cell membrane. Once this occurs, it is an important mediator of the binding of sickle erythrocytes and leucocytes to the endothelial cell surfaces, as well as facilitating binding between blood cells themselves, thereby contributing to vascular obstruction.34; 35; 36
The altered lipid profile in sickle cell disease patients is evident in higher triglyceride and lower high-density lipoprotein cholesterol levels and is associated with haemolysis and inflammation. These markers are known to correlate with risk of cerebrovascular and cardiovascular disease in the general population, and in sickle cell disease patients were associated with acute chest syndrome and vaso-occlusive events. 37; 38
Leucocyte adhesion molecules and nitric oxide depletion contribute to endothelial damage (reviewed in Piccin et al,39). Fat embolism, from infarcted BM (bone marrow), is an additional pathogenic mechanism proposed to contribute to the development of acute chest syndrome and stroke. 40; 41
[bookmark: _Hlk59988300]1.2.1.1.4 Non-erythrocyte cellular factors
Cellular components to vaso-occlusion include not just erythrocytes but also leucocytes – predominantly neutrophils. Higher neutrophil count has long been associated with poorer outcome in sickle cell disease, and it has since been demonstrated that neutrophils from patients with sickle cell disease also exhibit an abnormal activation profile including lower CD (cluster of differentiation) 62L expression and higher CD64 expression.42; 43 Platelets exist in an activated state in patients with sickle cell disease, even under steady-state conditions. This contributes to chronic inflammation as well as coagulation risk, and promotes adhesion of sickle erythrocytes to the endothelium via secretion of thrombospondin. 44; 45; 46
Lymphocytes are also implicated. Children with sickle cell disease have been demonstrated to have significantly elevated levels of certain types of lymphocytes (natural killer T-lymphocyte subsets, and a skew towards Th2 (T-helper 2)-like phenotype), although the mechanism for this abnormal ratio and its effects have not yet been fully elucidated.47 Autonomic nervous system dysfunction has also been proposed to contribute to the pathophysiology of sickle cell disease.48 
The complex interplay between sickle erythrocytes and a hyperinflammatory, hypercoagulable state results in the multi-system disease seen in patients with this condition. The pathophysiology of sickle cell disease is complex and it remains sobering that such extensive multi-organ damage can result from a single point mutation in the DNA of one gene.
[bookmark: _Hlk59988307]1.2.1.2 β thalassaemia
Β thalassaemia, on the other hand, is caused not by the production of abnormal haemoglobin but by a lack of β globin chains. Over 400 different mutations and deletions have been described which result in the reduction or absence of β globin chain formation. Some are more common than others, with around 40 most common mutations accounting for the vast majority of cases of β thalassaemia worldwide, the prevalence of each dependent on ethnicity. 49; 50
Where only one mutation is present, an individual will simply be a carrier of β thalassaemia (also known as β thalassaemia  trait). To develop clinically significant thalassaemia, two mutations must be present. In most cases, both are simple thalassaemic mutations (or deletions), i.e. resulting in absent β globin chain production or a reduced amount of structurally normal β globin. A similar phenotype can result from the coinheritance of a β thalassaemia allele with a thalassaemic variant haemoglobin, i.e. a structurally abnormal β globin chain which is also produced in reduced amounts, such as HbE (haemoglobin E).51
The disease phenotype is primarily mediated by the imbalance between α and β globin chain production. The excess α chains accumulate and cause damage to erythroblasts and erythrocytes mediated by reactive oxygen species, resulting in ineffective erythropoiesis.52; 53; 54 This in turn leads to anaemia and therefore ineffective oxygen delivery to the tissues. The feedback generated puts pressure on the BM to increase erythropoiesis, and the resultant expansion of the BM space leads to bony deformity, which is a further key feature of the thalassaemia phenotype.
Additional damage is caused by the iron-loading propensity induced by β-thalassaemia, even without the addition of transfusion iron overload. Iron loading is mediated by increased secretion of erythroferrone from the BM, which is a negative regulator of hepcidin. Hepcidin, in turn, is key in negatively regulating iron absorption from the gut. Increased erythroferrone therefore leads to increased iron absorption and eventually iron overload. The pathological effects of iron loading will be described in further detail below. A further effect of elevated erythroferrone levels is heightened osteoclast activity relative to osteoblasts and therefore thinning of the bone cortex and a reduction of bone strength.55
Where β globin chain production is absent or below a certain level, the resultant condition is incompatible with life without regular blood transfusions, and is termed ‘transfusion-dependent thalassaemia’ (TDT, previously called thalassaemia major). Where the thalassaemia produces clinical signs and symptoms but a patient is not dependent on red cell transfusion for survival, this is non-transfusion-dependent thalassaemia (NTDT, previously named thalassaemia intermedia). 
[bookmark: _Hlk59988316]1.2.2 Epidemiology of sickle cell disease and β thalassaemia
It must be recognised that much of the data guiding epidemiological estimates for β globinopathies, and also for many of the current treatment protocols, is anecdotal at best. There remains a lack of robust randomised-controlled trial data to guide management in many scenarios, although there has been improvement with several randomised controlled trials into the use of transfusion therapy and hydroxycarbamide reported in the past 20 years and newer trials ongoing. 56; 57 One ongoing effort to correct the deficit in high quality epidemiological data in the UK is the National Haemoglobinopathy Registry, which aims to collect data on diagnoses and complications.58 This group aims to collate long-term outcome data for patients and also examine the impact of specific complications in the population of patients with haemoglobinopathies. For example, they are currently collecting data on haemoglobinopathy patients affected by COVID-19 and have used this to guide specific management recommendations for this patient group. 
Globally, around 1.1% of couples are at risk for having children with a haemoglobinopathy and 2.7 per 1000 conceptions are affected.13 World Health Organisation (WHO) estimates for the carrier frequency and affected pregnancies for significant haemoglobinopathies per region are summarised in Table 1.1 below. 
[bookmark: _Hlk88920332]

[bookmark: _Hlk91328350][bookmark: _Hlk41820362]Table 1.1: Estimated prevalences of carriers of haemoglobin gene variants and affected conceptions across World Health Organisation regions 
Modell et al, 2008
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Sickle cell originated in Sub‐Saharan Africa and the Indian subcontinent,59 and the mutation has persisted in the population due to a survival advantage conferred to carriers of the trait in malarious regions of the world.60 It appears that this protection against malaria for sickle cell carriers is mediated by an increase in damage caused to malaria parasite proteins caused by reactive oxygen species.61 Due to forced and voluntary migration, sickle cell disease now affects individuals in all global regions, and has been recognised by the United Nations as a global health problem.22 
Sickle cell disease is the most common monogenic disorder worldwide, with an estimated 5-7% of the global population (approximately 367-500 million people) carrying the mutation.22; 60; 62 It is estimated that up to 400,000 babies are born with sickle cell disease each year.60
In the US, 3.5 million of the African-American population carry the sickle cell trait and 100,000 people are affected by sickle cell disease.63; 64 In the UK, approximately 1,000 pregnancies are affected and between 260-350 babies are born with the condition each year. The National Haemoglobinopathy Register (NHR) has a record of over 11,000 individuals in England with sickle cell disease, but since registration is voluntary and also dependent on the treating clinician submitting patient data, the actual number is likely to be higher.15
Thalassaemia  originated in the Mediterranean basin and is also highly prevalent in countries affected by malaria, suggesting an evolutionary advantage to thalassaemia trait related to a degree of protection from fatal malaria infection.65 Clinically significant β thalassaemia is estimated to affect around 50,000 conceptions per year globally, and approximately 30,000 of these children have TDT.13 Due to the autosomal recessive nature of the condition, β thalassaemia incidence is increased where parents are consanguinous – a scenario with variable frequency dependent on local culture and traditions.62; 66
In mainland China where a significant proportion of β thalassaemia cases are believed to be present, the prevalence of β thalassaemia is estimated to be up to 7% in regions where surveys have been conducted. Accurate estimates of prevalence, however, are significantly hampered by the lack of reliable (if any) epidemiological data for most of China’s provinces, and indeed the same is true of many other developing countries (Fig 1.7).6
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[bookmark: _Hlk87811566][bookmark: _Hlk41821678]Figure 1.7: Map of estimated prevalence of β thalassaemia across provinces in China
Abbreviations: β: beta
Lai, K et al, 2017

In the UK, TDT is estimated to affect 1 in 27,000 pregnancies. Approximately 20-30 babies are born in the UK with this condition each year and 1,200 individuals with thalassaemic conditions are registered on the NHR.15
This large global burden of disease related to haemoglobinopathies affects not just affected individuals and their families but entire health services. Practical and financial implications for the treatment of these lifelong conditions are significant.67 In the US, the lifetime medical costs associated with caring for a patient with sickle cell disease approach $1 million per individual, with the estimated total cost of caring for all sickle cell disease patients in the United States (US) alone exceeding $1 billion annually.68 One estimate of the cost of treating haemoglobinopathies in India projected that by 2026 this would require 19% of their current National Health budget.69
[bookmark: _Hlk59988334]1.2.3 Clinical features and current prognosis
β globinopathies are life-limiting disorders which start to cause symptoms from around 4-6 months of age, when infants would normally start to rely predominantly on HbA for their oxygen carrying capacity. Sickle cell disease and thalassaemia present with very different clinical features and complications, but both still result in disease- and treatment-related pathology, and early mortality for most sufferers, even where gold-standard treatment is available. 
Predicted life expectancy for β globinopathies also differs dramatically between developing and richer countries primarily due to the differential availability of standard treatment, with cost and lack of infrastructure limiting access to this in many poorer regions. In Sub-Saharan Africa, it is estimated that up to 90% of children affected by sickle cell anaemia die before 5 years of age.70; 71 Most children with transfusion-dependent β thalassaemia  in the developing world do not receive regular blood transfusions or adequate chelation therapy and therefore are thought to die before the age of 5 years, though robust data from most of these regions is lacking.6 
While most of the data below relates to patients with haemoglobinopathies in developed countries, it will always be important to recognise that the majority of individuals with these conditions are born in less developed regions and their outcomes remain significantly poorer.
[bookmark: _Hlk59988344]1.2.3.1 Sickle cell disease
Sickle cell disease is a multi-system disease expected to limit life expectancy even in developed countries with excellent healthcare provision. In one recent, large, US-based study, the projected life expectancy in a cohort of individuals with sickle cell disease was 54 years, in comparison to 76 years in the non-sickle cell disease cohort. Quality-adjusted life expectancy was proportionally even more reduced, at 33 years in comparison to 67 years.72 These data confirm the findings of another large observational study from the US published in the 1994 which reported an estimated life expectancy of less than 50 years for African-Americans with sickle cell disease compared to over 70 years in a race-matched cohort without sickle cell disease.73 This study separated individuals with homozygous sickle cell anaemia (HbSS) and those with compound heterozygosity for HbS and HbC (HbSC). For patients with HbSS, median age at death was 42 years for males and 48 years for females. For those with HbSC the ages were 60 and 68 years respectively. 18% of deaths occurred in patients with overt chronic organ failure, but 33% of patients were free of organ failure and died during an acute sickle crisis such as acute chest syndrome or stroke, emphasising the role of acute crises in precipitating early mortality.
As summarised in the figure below, the effects of chronic haemolysis, vascular obstruction and anaemia impact on all bodily systems both acutely and more chronically (Fig 1.8).7
Painful crises are the most common complication, experienced by the vast majority of sickle cell disease patients and resulting in severe pain, often requiring prolonged hospital admission for pain management. However, if only hospital admission data is examined, the majority of painful episodes are not captured, since patients manage most painful episodes at home. One recent study reported that 28% of young people experience pain most days. Acute chest syndrome is a life-threatening complication often accompanying or following a painful crisis, in which a combination of infarction, infection and sequestration lead to progressive loss of functional lung volume. The resultant hypoxia exacerbates the picture further and rapid deterioration is often observed.74; 75; 76; 77; 78; 79 
Ischaemic or haemorrhagic stroke risk is increased in sickle cell disease, particularly in children, often resulting in death or severe disability. One large study prior to introduction of more recent preventative management reported the prevalence of stroke to be 4.01% with incidence of 0.61 per 100 patient-years.80 Stroke prevention programmes for children with sickle cell disease have since been introduced to reduce this risk and will be discussed further below in the section on current management, but despite this the risk remains elevated. It has also more recently become recognised that silent infarcts are common in this condition, present in 17% of children in one study, and are associated with cognitive impairment – leading to reasonable objection from some leading authors to the term ‘silent’.81; 82; 83
Acute crisis involving the liver can result in hepatic failure.84; 85 Acute sequestration crises resulting from obstruction of vascular outflow from organs can affect the liver, spleen or penis. Where this involves the spleen, or less commonly the liver, patients can become severely anaemic and hypovolaemic, as a large proportion of their blood volume becomes pooled in these organs. One study estimated that 35.4% of children with sickle cell disease had at least 1 episode of splenic sequestration, with the average age at first episode being approximately 48 months and recurrence documented in 78% of patients without intervention.76; 86 Priapism (sustained, painful erection) occurs where the penis is affected by such a sequestration mechanism and carries a risk of permanent loss of penile function. One study estimated that priapism was experienced by 14.3% of male patients with sickle cell disease, and as for most complications was more commonly seen in those with the more severe sickle cell genotypes i.e. homozygous HbS (HbSS) or compound heterozygosity for HbS and a beta zero thalassaemia mutation (HbSβ0).87
[bookmark: _Hlk38183464]Alongside acute complications, chronic organ damage is recognised to be increasingly common as individuals with sickle cell disease progress into adulthood. Chronic renal failure (observed in up to 74% of patients even in childhood in one study from Ghana), chronic respiratory impairment (in 71% of adults with sickle cell disease in one Nigerian study), pulmonary hypertension, impaired cardiac function (up to 30% in adults), retinopathy with risk of visual impairment, gallstones, and leg ulceration are amongst the most well-recognised chronic complications in this patient population. Early cardiac diastolic dysfunction has recently been unmasked by tilt table testing in patients with sickle cell disease, suggesting that the chronic organ damage begins even earlier than previously suggested.75; 88; 89; 90; 91

[bookmark: _Hlk41821787][image: See the source image]
[bookmark: _Hlk87811692]Figure 1.8: The effects of sickle cell disease on different bodily systems with resultant symptoms and effects
Piel, F.B. et al, 2017

Severe and atypical infections are also a risk in patients with sickle cell disease.57; 74 By the age of 5 years, most patient with sickle cell anaemia will have auto-atrophied their spleen due to recurrent splenic infarction, secondary to sickling in the splenic blood vessels. This functional hypo- or asplenism results in increased infection risk particularly from encapsulated organisms such as Streptococcus pneumonia. Additional immunocompromise results from defects in complement activation, impaired serum opsonisation and defective lymphocyte function.92; 93 There is also an increased risk of bacterial exposure secondary to ischaemic bowel infarcts, from which gut organisms are allowed access to the circulation, and from indwelling central venous access devices where these are required. On top of the risk of life-threatening sepsis itself, infective events can also trigger sickling crises which can themselves result in mortality. Even with current prophylactic measures, sepsis remains a key cause of mortality in both children and adults with sickle cell disease.92; 93; 94; 95; 96
Organisms causing sepsis may be resistant to penicillins and may require broad-spectrum antibiotics. Therefore, patients may continue to deteriorate if given standard antibiotic treatment when presenting with fever, in part since atypical organisms such as salmonella contribute significantly to the burden of cases.97; 98; 99; 100; 101; 102; 103 Atypical infections such as osteomyelitis cause significant pathology but are not always considered in these patients, leading to delayed diagnosis and increased morbidity.104; 105
Given these severe and often life-limiting complications, it is not surprising that quality of life including mental health parameters, are severely impacted by sickle cell disease.106 Rates of anxiety in children and young people with sickle cell disease are higher than in the general population, with psychological impacts in both patients and care-givers associated with markers of disease severity, such as reported pain and requirement for opioid analgesia at home.79; 107; 108 
Sickle cell disease also has severe socioeconomic impacts on many who suffer from this condition. A US study in 2019 estimated a lifetime lost income of $695,000 owing to reduced life expectancy. Even this is a very conservative estimate, as the authors did not take into account time lost from education and employment due to acute complications and longer-term disability, nor did they factor in medical costs.72 There is also some evidence that social factors influence the rate of presentation with sickle crises, indicative of a bidirectional relationship between a patient’s socioeconomic situation and their sickle cell disease.109
[bookmark: _Hlk59988366]1.2.3.2 Β thalassaemia  
One large study retrospectively analysed patient data from 1087 transfusion-dependent thalassaemia  patients across 5 thalassaemia centres in India, where regular transfusion and iron chelation programmes are underway, albeit not to optimal standards in most cases. Under-5 mortality was 7 times higher than in the general population and only 50% of patients survived to 26.9 years. Causes of death were mainly infection, iron overload and allo-immunisation.56
As discussed above, because thalassaemia is a condition of decreased haemoglobin production, where this is severe, regular blood transfusion is required for survival after the first months of life unless the child receives an allogeneic stem cell transplant. Where this does not occur, symptoms are caused by severe anaemia and from the resultant extramedullary haematopoiesis, and include lethargy, failure to thrive, cardiac failure, bony expansions, spontaneous fractures and extra-medullary haematopoietic lesions.110 Extramedullary haematopoiesis occurs in the liver and spleen leading to organomegaly, and less often can also occur in other sites such as paravertebral locations with a risk of spinal cord compression. The risk of paraspinal extramedullary haematopoietic mass was reported as being as high as up to 15% in one series, where patients are not adequately transfused.111
In developed countries, patients can reliably be expected to receive regular transfusions and the picture of untreated thalassaemia should not be seen. If managed appropriately, these transfusions should supply all haemoglobin requirements and prevent complications associated with BM expansion and extra-medullary haematopoiesis, and therefore the spectrum of pathology observed is very different. Complications seen now mainly result directly and indirectly from the transfusion therapy itself. Primarily, iron overload, red cell alloimmunisation, and in centres without robust blood screening policies, also transfusion-transmitted infection are seen.56 In a large Pakistani centre, in patients receiving blood transfusion therapy (and with 90% also on iron chelation treatment), long-term complications were still reported in a large majority of patients with thalassaemia. 75% suffered growth retardation; rates of hepatitis C and B infection were 38% and 30% respectively; and most patients suffered complications of the iron chelation treatment itself, including local reactions, hearing and visual loss.62  The potential signs and symptoms of thalassaemia, along with those caused by its treatment with regular transfusion and iron chelation, are summarised below in figure 1.9. 
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[bookmark: _Hlk87811755]Figure 1.9: Sequelae of transfusion-dependent thalassaemia
Signs and symptoms of transfusion-dependent thalassaemia and its treatment, with causes for each in brackets.
(Central image sourced from google images; labels added by the author)

Not surprisingly given the burden of this disease and its treatment, the quality of life of patients with transfusion-dependent thalassaemia and their carers is significantly reduced when compared to unaffected controls.112; 113 
[bookmark: _Hlk59988393]1.2.4 Diagnosis of sickle cell disease and β thalassaemia 
In the UK, a robust antenatal and neonatal screening programme allows for the diagnosis of most cases of sickle cell disease and transfusion-dependent β thalassaemia  prenatally or shortly after birth. Other scenarios in which testing for β globinopathies is indicated is in screening newly presenting patients who have immigrated from regions with a high prevalence of haemoglobinopathies, or testing patients presenting with symptoms or signs suggestive of these conditions.
Most testing relies on the separation of different haemoglobin fractions based on charge and/or weight, such as gel electrophoresis, capillary electrophoresis, HPLC or isoelectric focusing methods (Fig 1.10).
Sickle cell disease is diagnosed where the presence of HbS is found either in the homozygous state, alongside another interacting abnormal β globin variant, or in conjunction with decreased normal β globin (in the case of β thalassaemia co-inheritance). β thalassaemia  is diagnosed based on the absence of normal β globin chains, with or without an interacting thalassaemic haemoglobin variant such as HbE. Given that each method listed here does not conclusively determine the character of the globin chains detected (they can only quantify the proportion in a particular window within which HbS, for example, would be expected to appear), it is important that any diagnosis is confirmed with a second modality of testing. This can be a further test from the haemoglobin separation methods above, or an alternative method.114; 115
Caveats to the above testing include that results in the neonatal period may be difficult to interpret until the physiological switch from γ to β globin production has progressed sufficiently, and repeat testing is required for confirmation of any suspected diagnosis. Similarly, if a patient has been transfused then donor red cell haemoglobin will be detected alongside native globin chains, which again must be taken into account in the interpretation of results.
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[bookmark: _Hlk87812001]Figure 1.10: Haemoglobin variant diagnosis
Examples of results from different haemoglobin separation methods used in the diagnosis of haemoglobinopathies. (A) HPLC trace from a neonate with sickle cell trait, demonstrating mostly HbF but also peaks of HbA and HbS. (B) HPLC trace from a neonate with sickle cell disease (HbSC), demonstrating mostly HbF but also peaks of HbS and HbC. (C) Capillary electrophoretic trace from a neonate with sickle cell trait, demonstrating mostly HbF but also peaks of HbA and HbS. (D) Capillary electrophoretic trace from a neonate with sickle cell disease (HbSC), demonstrating mostly HbF but also peaks of HbS and HbC. (E) Isoelectric focusing trace, with neonatal samples (from left to right) from a HbC carrier (HbF, HbA and HbC present); HbS carrier (i.e. sickle cell trait, HbF, HbA and HbS present); sickle cell disease patient (HbF and HbS only present); and a baby with normal haemoglobin (HbF and HbA only present).
Abbreviations: HbA: Haemoglobin A, HbC: Haemoglobin C, HbF: foetal haemoglobin, HbS: Sickle haemoglobin, HPLC: high performance liquid chromatography
Frommel, C, 2018
Definitive identification of globin chain variants can be carried out using mass spectrometry or molecular genetic assays. Examples where these techniques are employed include antenatal diagnosis (primarily molecular genetic testing), characterisation of a rare or novel globin chain variant, or where results of more simple assays give conflicting or inconclusive results. Tandem mass spectrometry has also been piloted for newborn screening for sickle cell disease and thalassaemia, and found to be an acceptable method provided instruments of sufficient specificity are used. However, the level of staff expertise as well as specialist equipment required to carry out and interpret results of either mass spectrometry or molecular genetic testing have prohibited the more widespread use of this technology.116
For laboratories without access to these more complex tests, or for out of hours testing in an emergency, the presence of HbS can be excluded with a simple sickle solubility test. The most widely used versions of this test utilise sodium hydrosulfite or sodium metabisulphite to reduce HbS, resulting in sickling of sample erythrocytes and opacity of the sample where the patient is either a carrier or is affected by sickle cell disease. While quick and easy to perform, it is still important that the operator is able to interpret the results accurately. There are risks of false negative results (such as with severe anaemia or high HbF), and positive results may be falsely interpreted as meaning a patient has sickle cell disease when in fact they may only have the trait.117
[bookmark: _Hlk59988410]1.2.5 Foetal haemoglobin in β-globinopathies
There is a high degree of variability in clinical phenotype between sickle cell disease patients, and between individuals with β thalassaemia. Whilst much is attributable to the particular β globin gene mutations inherited (for example HbSS or HbSβ0 patients generally have a more severe sickle cell disease phenotype than those with compound heterozygosity for HbS and either HbC (HbSC) or a β+ thalassaemia mutation (HbSβ+)), there are additional genetic factors which also modify disease severity. Similarly, it is not possible to predict with certainty whether a baby with β thalassaemia will go on to require regular blood transfusions or will be transfusion independent.
Co-inheritance of an α globin gene mutation resulting in α thalassaemia trait is known to ameliorate the features of β thalassaemia or HbSβ+ sickle cell disease. This is because in the former case, the imbalance of α to β chains is somewhat ameliorated. In the latter case it is because the scarcer α globin chains conjugate with any remaining normal β globin chains in preference to the abnormal (βS) chains, reducing the proportion of sickle haemoglobin.77; 118; 119 A further example of another interacting genetic polymorphism is that the presence of an UGTA1A allele responsible for Gilbert’s syndrome (a normally benign inherited condition leading to increased serum bilirubin levels) is known to increase the incidence of symptomatic presentation with gallstones in patients with sickle cell disease.120
Finally, and most significantly, the presence of raised HbF levels outside the neonatal period is known to improve clinical phenotype and life expectancy in both sickle cell disease and β thalassaemia.73; 121; 122 The inherited persistence of increased levels of HbF after infancy is a condition known as hereditary persistence of foetal haemoglobin (HPFH) and in some cases is co-inherited with mutations causing sickle cell disease or β thalassaemia. In many cases HPFH is caused by one of a spectrum of deletional and non-deletional mutations within the HBG promoter region, which prevent binding of the BCL11A  or ZBTB7A transcription factors and thus inhibit activation of the physiological switch from HbF to HbA production.19; 123
In sickle cell disease, increased HbF percentage does not simply dilute the HbS present, but actively inhibits HbS polymerisation and protects against red cell lysis, helping to explain why increased HbF levels so potently reduce sickling complications.124 Increased HbF levels are associated with prolonged life expectancy,73 decreased painful episodes,125; 126 protection against stroke,80; 126; 127 and there is some limited information that they may protect against osteonecrosis.128 HPFH is also protective against proliferative retinopathy,129; 130 leg ulcers,131 splenic sequestration,126 and helps to maintain normal growth and development.132 Co-inheritance of HPFH with sickle cell disease has also been shown to reduce complications in pregnancy for both mother and baby.133
In β thalassaemia, high levels of HbF are associated with less severe anaemia and often transfusion independence.134
There are undoubtably additional and as yet undescribed genetic variables influencing the severity of disease in patients with sickle cell disease and β thalassaemia, since the above allelic variations do not account for all of the wide variability in clinical phenotype observed. Now that research is moving from the investigation of single candidate genes to whole genome sequencing and correlation with clinical outcome data, with increased global collaboration to increase sample sizes, there is likely to be an acceleration of understanding when it comes to additional genetic modifiers of these conditions, which may also lead to novel therapeutic approaches. In the meantime though, reinduction of HbF is a valuable target in the treatment of β haemoglobinopathies. 

[bookmark: _Hlk50628189]1.3 Current management options in sickle cell disease and β thalassaemia
This document is not intended to be read as a guideline for the treatment of sickle cell disease or β thalassaemia and is not a comprehensive description of all aspects of current treatment. In particular, management of organ-specific disease is outwith the remit of this thesis, with the exception of the most well-evidenced and clinically significant recommendations, such as those pertaining to primary and secondary prevention of stroke. 
However, it is important to provide an overview of the current treatment options for patients with these conditions, in order to understand where current management strategies fall short of providing complete symptom relief and also in themselves impose burdens and side-effects on patients. This forms the basis for my case that novel treatment strategies are required for these conditions. While current treatment in developed countries has improved significantly over recent decades, there is still a very long way to go before patients with β haemoglobinopathies can be free of symptoms and complications resulting from their disease as well as its treatment. 
[bookmark: _Hlk60077220]1.3.1 Screening and ‘prevention’ programmes for sickle cell disease and β thalassaemia
One approach taken in many countries is to offer antenatal screening, prenatal diagnosis and the option to terminate affected pregnancies, as a method of reducing the number of children born with clinically significant haemoglobinopathies. A variable number of couples with affected foetuses choose to terminate the pregnancy, preventing delivery of the affected child. However, there are many countries in which such an approach is either considered legally or morally unacceptable or is not feasible, including many of those with the highest haemoglobinopathy prevalence. Even in developed countries such as the UK, not all cases are detected by the antenatal screening programme.  and where a pregnancy is known to be at risk for sickle cell disease or thalassaemia, parents may choose to proceed with the pregnancy.114; 135; 136; 137; 138 
In the UK, the antenatal screening programme bases the need for further antenatal investigation for haemoglobinopathies on answers to a family origin questionnaire filled out by pregnant women, and on their complete blood count (CBC) results tested at their initial booking appointment. In a recent 10-year period, a total of 6,608,575 booking samples were screened, and 154,196 pregnant women required further testing. There were 3,941 prenatal diagnostic tests reported, and of these, 964 affected foetuses were diagnosed. The programme has an ambitious target of completing all screening and diagnostic testing by 12+6 weeks of pregnancy, to facilitate reproductive choice in couples with an affected baby. However, the screening programme has not been able to meet its own standards for the number of pregnancies tested by this date, and there is a high degree of variability in the completeness of testing and follow-up.139 A separate report examined outcomes of prenatal diagnosis in the UK from 2008-2017. Where a foetus was diagnosed with sickle cell disease, 34.3% of pregnancies continued; 65.7% were terminated. For β thalassaemia, 20.2% were continued and 79.8% terminated.15 
A small number of countries also offer premarital screening, in order to allow potential couples and their families to make informed choices regarding marriage based in part on the risk of children being affected by haemoglobinopathies.140 This is usually only going to be appropriate in the context of arranged marriages and would be less applicable in the UK. 
It is clear that while ‘prevention’ programmes may reduce the number of babies born with sickle cell disease or β thalassaemia, there will continue to be a large number of patients who need treatment for these conditions. 
[bookmark: _Hlk60077308]1.3.2 Non-haematopoietic stem cell transplant (HSCT) management of sickle cell disease
There is a lack of good quality evidence to guide many areas of sickle cell disease patient management.64; 141; 142; 143 Much practice is based on consensus guidelines from ‘expert’ groups, but where good quality randomised controlled trials exist, they are highlighted below. The lack of effective treatment options for sickle cell disease is associated with a longstanding relative lack of funding for research into this disease. 
[bookmark: _Hlk60077355]1.3.2.1 Preventative measures and education
Treatments which have had the greatest impact on survival in sickle cell disease over the last century remain those seemingly basic tenants of preventative care. Prophylactic antibiotics and additional immunisations to protect from overwhelming sepsis prevented most of the deaths in children under the age of 5 years. Good education of patients, parents and carers in the prevention and simple management of painful crises including maintaining warmth and hydration; avoiding other precipitants such as hypoxia; and the use of good analgesia where required has been vital. Recognition of life-threatening complications such as splenic sequestration, chest crisis or stroke should also be covered during initial consultations with families after a new diagnosis of sickle cell disease is made, and should be revisited regularly as children grow older.57; 142; 144  

[bookmark: _Hlk60077387]1.3.2.2 Blood transfusion
It is logical that by replacing sickle haemoglobin with healthy, donor haemoglobin via a red cell transfusion, the complications of sickle cell disease could be averted. However, regular blood transfusion programmes are burdensome to patients and their families, and introduce new risks and side effects in themselves. Therefore, application of transfusion therapy must be guided by the best available evidence. This currently suggests the use of regular transfusions for targeted primary and for secondary stroke prevention, with single top-up or exchange transfusions indicated for the management of multiple acute presentations and prior to surgery. 
However this treatment modality is not without its own associated risks and complications. Patients receiving regular or frequent red cell transfusions are at risk of iron overload for which chelation therapy is required, and of alloantibody formation. These complications of regular transfusion therapy are described in detail below in the section pertaining to patients with β thalassaemia, but also apply to patients with sickle cell disease where a regular transfusion programme is instituted. In addition, a posttransfusion complication termed hyperhaemolysis is seen in some patients with sickle cell disease. This is thought to arise as a complication of alloantibody formation, but results in the rapid destruction of not only donor but also autologous red blood cells, leading to severe anaemia, multiorgan failure and death in severe and refractory cases.145
[bookmark: _Hlk60077416]1.3.2.3 Hydroxycarbamide
Hydroxycarbamide (HC, also known as hydroxyurea) has a long history of being used as a cytotoxic drug in the treatment of haematological malignancies.146; 147; 148 It was incidentally observed to increase HbF in these patients which led to it being trialled in sickle cell disease, where it was confirmed to produce this effect without prohibitive toxicity.149; 150 In addition to its impact on HbF levels, the  clinical benefits observed in HC treatment also relate to an improvement in red cell hydration and deformability; decreased neutrophil count with partial correction of the abnormal neutrophil activation profile; modulation of the plasma protein inflammatory profile; and effects on the endothelium, mediated in part by HC’s property of being a nitric oxide donor, which is a natural vasodilator.33; 151; 152; 153; 154; 155
In the UK, recent guidance advocates offering HC to all patients with HbSS or HbSβ0 thalassaemia, and it should also be considered in patients with other forms of sickle cell disease, from the age of 9 months, regardless of markers of disease severity. 156; 157 Benefits of HC treatment include a reduction in frequency of painful crises and acute chest syndrome, and a lower transfusion requirement, although these complications are not entirely negated.158159 
There are also a number of potential side-effects and complications related to the use of HC. These include myelosuppression – with the most severe aspect of this being neutropenia. The drug can also affect renal and liver function, and these must be monitored closely, along with the full blood count on initiation of HC or following dose increase. There has been much discussion around any potential for oncogenic risk. This was based on the  observation that where HC has been given to patients who already have clonal haematopoiesis (such as in polycythaemia rubra vera or essential thrombocytosis), HC increases their risk of developing leukaemia.160; 161 However, there is no evidence that this risk is increased in patients who did not already have an increased predisposition to haematological malignancy, including those with sickle cell disease.
Another area which must be discussed in depth prior to starting HC is the potential impact on male fertility and teratogenic risk. There is evidence that sperm count is reduced in males taking HC, and while this appears to resolve in most men when the drug is stopped, it is impossible to guarantee that fertility will not be affected.162; 163 Finally, based on concerns regarding teratogenicity, it is advised that both men and women on HC stop taking the medication at least 3 months prior to trying to conceive. However, studies showing increased teratogenicity risk were all preclinical, and, in contrast, data collected following the birth of many babies conceived while on HC is reassuring, with no evidence of increased risk of teratogenicity compared to the general population in humans.164; 165
[bookmark: _Hlk60077445]1.3.2.4 Newer non-genome modifying therapies
A number of newer therapies: L-glutamine, crizanlizumab, and voxelotor, have all been approved by the US Food and Drug Administration (FDA) for patients with sickle cell disease, to reduce the frequency of crises. Crizanlizumab recently received conditional NICE approval, but NICE or the European Medicines Agency (EMA) have not yet approved any others for routine use in the UK.166
L-glutamine supplementation decreases endothelial cell adhesion and may help to prevent oxidative damage to red cells. It is an essential amino acid required to synthesise nicotinamide adenine dinucleotide (NAD), which is an oxidation-reduction cofactor in red cells. L-glutamine is hypothesised to produce clinical benefit in patients with sickle cell disease by increasing intracellular NAD and thereby rebalancing the oxidation-reduction ratio.167; 168 In one randomised controlled clinical trial, 230 patients received either L-glutamine or placebo and a modest reduction in painful crises, hospital admissions and acute chest syndrome was observed in those patients on the study drug. There was however an increase in nausea, fatigue, musculoskeletal pain and noncardiac chest pain in those taking L-glutamine.169 
Many US sickle cell centres routinely recommend this supplement to their patients based on this study. However, there were significant problems with the reporting of study results and the randomisation process. For example, there were more patients on HC in the L-glutamine group than the placebo group. Also, a large number of patients dropped out of the study early and their data was not included in the final analyses. Based on these shortfalls the European Medicines Agency (EMA) recommended against authorisation of L-glutamine for the treatment of sickle cell disease in Europe, stating that the published research failed to adequately establish a benefit to L-glutamine therapy in sickle cell disease. 
Crizanlizumab (Adakveo, Novartis) is a monoclonal humanised antibody which binds to and inhibits P-selectin, thereby blocking interactions between endothelial cells, erythrocytes, and leucocytes and reducing vascular obstruction. Knockout or inhibition of P-selectin had previously been shown in mice and in ex vivo sickle cell disease patient blood to reduce platelet-neutrophil aggregates and neutrophil activation, and to improve microvascular flow.34; 170 Based on this promising preclinical data, the SUSTAIN trial was approved: a randomised, placebo-controlled, double-blind clinical trial of crizanlizumab. 198 patients aged 16 or over were randomised to receive either crizanlizumab or placebo, with significantly fewer painful crises and longer time to first crisis in the group receiving crizanlizumab.171 Following publication of these data, the FDA approved crizanlizumab for use in patients with sickle cell disease aged 16 years and older and NICE has approved a managed access programme in the UK.172; 173 An ongoing multicentre, double-blind randomised placebo-controlled trial is currently assessing the efficacy and safety of crizanlizumab at 2 doses in comparison to placebo (STAND study, NCT03814746).174
A third compound, Voxelotor (formerly GBT440), is also an approved treatment for patients with sickle cell disease over the age of 12 years in the US.166 It is an allosteric modulator of haemoglobin-oxygen affinity, increasing the oxygenation of haemoglobin and thereby was expected to inhibit HbS polymerisation and resultant erythrocyte sickling.175 However, despite promising preclinical results and improved haematological parameters (increased haemoglobin levels and decreased markers of haemolysis) in patients on the drug, it failed to significantly reduce the annualised incidence of painful crises in a clinical trial, therefore is considered unlikely to impact in a meaningful way on clinical severity.176; 177 Further research and follow-up is ongoing but this treatment does not appear to hold much promise for the treatment of sickle cell disease. 
It should be noted that the best possible outcome in all trials of transfusion therapy, HC or novel drug therapies described above are only a reduction in the number of painful crises, stroke and organ dysfunction. None of these treatments are capable of providing a long-term cure, or complete amelioration of associated symptoms of the disease.

[bookmark: _Hlk60077493]1.3.3 Non-HSCT management of transfusion-dependent thalassaemia
As discussed above, the phenotype of untreated transfusion-dependent thalassaemia  should no longer be seen in developed countries such as the UK, where regular red cell transfusion programmes with iron chelation are now the standard of care. The clinical complications observed now are largely iatrogenic, due to iron overload and alloimmunisation secondary to regular transfusions, and complications of iron chelation therapy. 
Patients with transfusion-dependent thalassaemia need to receive donor red blood cell transfusions on average every 3-4 weeks to provide adequate healthy haemoglobin and to suppress their own ineffective haematopoiesis, but this leads to significant iron overloading without intervention. Death in thalassaemia  is associated with high ferritin levels, a marker of iron overload, with the hazard ratio for death increasing to 4.66 once ferritin is above 4000 ug/l (normal range <300 ug/l).56; 178 Each unit of packed red cells contains approximately 200-250mg of iron, in comparison to an average 1-2mg/day of iron absorbed from the diet, and there is no physiological mechanism to increase iron excretion from the body, which is static at 1-2 mg iron/day via cellular exfoliation in the absence of bleeding.179; 180; 181 Excess iron is progressively deposited in the tissues. Also, once normal iron carrying capacity by transferrin in the blood is exceeded, iron exists in the circulation in alternative forms, interconverting between ferrous (Fe2+) and ferric (Fe3+) compounds and resulting in the generation of toxic free radicals.182
Iron accumulates in the liver, heart and endocrine organs. This leads to hepatic disease including cirrhosis, liver failure and hepatocellular carcinoma; heart failure and cardiac arrhythmias– with a high rate of cardiac iron loading found even with seemingly good iron chelation therapy; and also a multitude of endocrine complications. Even with current treatment protocols, liver iron is severely increased in 15 % of patients, with cardiac iron loading present in 28.9 % and severe in 3.2 %. In one study, the mean age of patients with iron overload cardiomyopathy was only 27.5 years, with the prevalence of left ventricular dysfunction 20.7%. Endocrine complications include central hypothyroidism (4.6 % adults with transfusion-dependent thalassaemia), thyroid cancer (0.41 %), growth hormone deficiency (3.0 %), diabetes, and infertility.183; 184; 185; 186; 187; 188; 189
All patients dependent on regular transfusion require iron chelation therapy to reduce iron overload, although as described above this does not entirely prevent siderosis. There are 3 main iron chelating agents used in the clinic, which themselves confer side-effects and potential complications including renal damage, gastrointestinal adverse events, sensorineural hearing loss and visual impairment. The most well-established agent, desferrioxamine, is administered via subcutaneous or intravenous injection, imposing a significant treatment burden on patients and their carers, who are usually required to administer this multiple times a week at home.191; 192 At least in part due to these reasons, compliance with chelation therapy is often suboptimal, increasing the risk of progressive iron overload.193
Another potentially severe complication of chronic transfusion is alloimmunisation. This term describes the development of an immune response to ‘foreign’ antigens on donor red cells, which are not present on the patient’s own red cells. This can occur in any patient on a regular transfusion programme, but rates are historically higher in those with sickle cell disease or thalassaemia  because these patient populations are ethnically distinct from the majority of the blood donor population, meaning the likelihood of antigen mismatch is greater. Even in countries where the donor and recipient populations are more closely matched, alloimmunisation remains a significant problem without extended red cell phenotype matching.194; 195 Reported rates of alloimmunisation amongst transfusion-dependent β thalassaemia  patients ranged between 2.87 - 30 % in one study, where only ABO and RhD matching of red cell antigens was employed in most centres surveyed.196 Risks of alloimmunisation include transfusion reactions (such as acute or delayed haemolytic reaction) and an inability to source compatible blood for transfusion.197

[bookmark: _Hlk60077599]1.3.4 Allogeneic HSCT
[bookmark: _Hlk60077625]1.3.4.1 Background to HSCT for haemoglobinopathies
All lineages of haematopoietic cells are derived from multipotent HSCs, which reside in the BM. These cells proliferate and their progeny progress down a number of different differentiation and maturation pathways, stimulated by various growth factors. Since all mature blood cells are derived from these HSCs, if a patient’s original HSCs are replaced with donor or modified HSCs, all mature blood lineages will subsequently arise from the new HSC population.211 
Where studied in vitro, such differentiation of HSCs can be observed by culturing HSCs on semi-solid growth media with cytokines, after which individual stem cells may differentiate variably into colonies of early erythroid, myeloid or monocytic cells. Such a technique is employed in multiple experiments described later in this thesis, in order to assess the differentiation and growth potential of HSCs exposed to different treatment conditions.
It is this property of HSCs – to differentiate and repopulate all mature blood lineages – which allows both sickle cell disease and β thalassaesmia to be amenable to cure by HSCT. This has thus far required a donor to provide healthy HSCs which can be used to replace the patient’s own ‘faulty’ haematopoiesis.
This process involves clearing out a patient’s own BM stem cells with chemotherapy plus or minus radiotherapy, followed by an infusion of HSCs from a matched donor. The donor HSCs can be obtained directly by BM harvest; or by collection from the peripheral blood (PB) in an apheresis procedure, after stimulating release of the HSCs from the BM into the peripheral circulation using G-CSF and/or Plerixafor. Less commonly HSCs are obtained by collection from the umbilical cord of a neonate. Where allogeneic (donor) HSCT is carried out in the case of a patient with sickle cell disease or thalassaemia, mature erythrocytes produced by the transplanted HSCs would be expected to make normal haemoglobin, thus providing a normal red cell population in place of those with variant or reduced β globin chain production, and hence cure of the haemoglobinopathy. Current UK guidance recommends that haemoglobinopathy networks have pathways for advice and referral for HSCT, and that this option is discussed with all families at least once during their routine clinic visits.156; 212
The benefit of such a strategy of replacing a patient’s HSCs with a new, healthy HSC population is the potential to offer a one-off curative treatment. This is clearly advantageous as the alternative is life-long disease with unpredictable control and complications even despite best-available treatment. However, as will be described in more detail below, the use of allogenic HSCT requires a well-matched donor. The allogeneic nature of the graft also confers a risk that the newly transplanted immune system will recognise the host tissues as foreign and attack them in a condition termed graft-versus-host disease (GvHD), or that the residual host immune system will cause rejection of the graft, leading to transplant failure.
The collection and subsequent return of a patient’s own HSCs is a different type of procedure, known as autologous stem cell transplantation (ASCT). This is currently practiced in patients with certain malignancies, to allow higher-strength cytotoxic therapy to be delivered and subsequent ‘rescue’ of the patient by redelivering these stored (but otherwise unmodified) HSCs back to them to repopulate the BM which has been cleared by the high-strength chemotherapy treatment. With an ASCT procedure the need for a matched donor is avoided, as are risks of GvHD or graft rejection. However, for patients with inherited haematological conditions such as sickle cell disease or thalassaemia, there would be no benefit to returning their own unmodified HSCs as these would still produce abnormal and affected haematopoietic lineages (in these cases, abnormal erythrocytes). However, if patients’ own HSCs could be modified in a way to ameliorate the effects of such conditions and then returned to them, then such a modified ASCT procedure could offer the benefit of a single-treatment cure without the limitations and risks of using allogeneic HSCs. This is the basis for the development of genetic therapies for haemoglobinopathies which seek to correct a patient’s own HSCs rather than rely on a donor HSCT procedure for cure. 
[bookmark: _Hlk60077670]1.3.4.2 HSCT for sickle cell disease
HSCT for sickle cell disease is reported to result in a 92 – 94 % survival rate with 75 – 84 % disease-free survival, the best outcomes being in younger recipients. Primary graft failure was reported as 2 – 5 % in the European Society for Blood and Marrow Transplantation (EBMT) series, but a summary of published studies quoted a higher rate of graft failure, of around 20%.213 
Cumulative incidence of grade II - IV acute GvHD was 16 %. Rates were generally higher in male recipients, where donors older than 9.6 years were used, or where the donor has positive cytomegalovirus serology. The 4-year cumulative incidence of chronic GvHD was 12 %. Where deaths occurred, they were due to infection or GvHD in the EBMT series. Outcome is best where HSCT is performed prior to significant organ damage, and without significant iron overload.214; 215; 216; 217; 218; 219; 220 HSCT is an imperfect treatment option and, while being potentially curative, comes with significant drawbacks. This is reflected in data showing that many paediatric haematologists do not even discuss the option of allogeneic HSCT with families of their sickle cell disease patients.221
[bookmark: _Hlk60077711]1.3.4.3 HSCT for transfusion-dependent thalassaemia
For TDT, there is now no expected impact on life expectancy with HSCT and it is a more widely accepted treatment than in sickle cell disease – in part because the severity of TDT can be more accurately predicted from an early age.222; 223 Event-free survival is now  80 – 85 % due to improvements in pre-transplant preparative treatment, optimised conditioning regimens, better donor selection and peri-transplant supportive care.224; 225
Overall, quality of life is better in patients with TDT who undergo HSCT, than those who do not, and approaches that of the general population.226; 227; 228 However, HSCT still carries significant risks in this population also, including acute or chronic graft-versus-host disease, life-threatening infection while neutropenic and/or immunosuppressed, and other late complications including infertility and increased risk of future malignancy.212
The quality of life gains demonstrated in transfusion-dependent thalassaemia patients who undergo HSCT are lost in up to 5 % of patients who develop chronic GvHD.229 Factors predicting for poorer outcome after HSCT are: hepatomegaly, portal fibrosis and irregular chelation history; greater age at time of transplantation; stem cell source (with cord blood and possibly BM being inferior to PB); or with an unrelated or poorly matched donor.230; 231; 232
[bookmark: _Hlk60077736]1.3.4.4 Limitations to Haematopoietic stem cell transplantation (HSCT) availability
Even for families that would wish to proceed with HSCT, this possibility is often limited by the lack of a human leucocyte antigen (HLA)-matched donor. The best outcomes are obtained where a matched sibling is the donor. However, any non-selected sibling only has a 25% chance of being a full match, and siblings affected by the haemoglobinopathy would of course not be suitable donors, further reducing that percentage. Guidelines for suitability for transplant in sickle cell disease stipulate that HSCT should only be undertaken with an alternative (non-fully matched sibling) donor in exceptional circumstances, although the provision of HSCs from matched unrelated donors or haploidentical transplants (i.e. with 50% of HLA antigens matched – usually from a donor parent) are now considered acceptable clinical options for the treatment of children with thalassaemia.156; 233 Even where matched unrelated donors are considered an acceptable source of stem cells, the probability of finding a well-matched donor is lower for children with haemoglobinopathies than for individuals of British Caucasian origin, due to ethnic variation in HLA types.234
In summary, while HSCT represents curative therapy for β globinopathies, its application is limited even in resource-rich countries by a lack of matched donors, and in resource-poor countries also by the lack of funding and facilities required. Where HSCT can proceed, there are not insignificant risks associated with the procedure. Short-term complications include infection and acute GvHD; longer-term side-effects include chronic GvHD, organ damage from the conditioning regimens used which usually includes infertility; and an increased risk of malignancy later in life. Therefore, while HSCT is an option that should be considered for all patients, it is far from being a panacea and there is currently no other curative options that we can offer our haemoglobinopathy patients in the clinic.
[bookmark: _Hlk60077823]1.3.5 Summary of treatment options
It is clear that while there are curative (allogeneic HSCT) and non-curative treatment options available for sickle cell disease and thalassaemia, all have significant risks, complications and failure rates associated with them. We need new curative therapies to prevent the chronic organ damage, early mortality and treatment burdens which currently face our patients. This has been the motivation and drive behind the search for genetic cures for these genetic diseases.

[bookmark: _Hlk50628196]1.4 Background to genome editing technology and genome editing for haemoglobinopathies
Much of the material in this chapter was researched and written by the author for a requested review, for the British Journal of Haematology.9 Therefore, this should be considered an overarching citation for the following pages.
[bookmark: _Hlk60077954]1.4.1 CRISPR/Cas9 genome editing: development, clinical applications and current challenges
1.4.1.1 Timeline of CRISPR/Cas9 (Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system) development
Genome editing primarily effects change to target genes by introduction of a double-stranded break (DSB) using a site-specific nuclease. Several genome editing platforms have been discovered and utilised over the past decades, but none have been as successful as the Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system. Applications of CRISPR/Cas9 genome editing now offer the hope of cure for many inherited and acquired conditions, through the correction of pathogenic mutations, introduction of new functional genes, or epigenetic modification. A brief timeline of the major highlights in the discovery and development of genome editing technologies – in particular CRISPR/Cas9 – is included below (Fig 1.11). When understood in the context of historical genetic discoveries, from Mendel’s original description of inheritance patterns in 1866 to Watson and Crick’s publication of the double-helix structure of DNA in 1953, the exponential acceleration in our understanding of and ability to manipulate human genetics is quite awe-inspiring.235; 236 Doudna and Charpentier are credited with being the first to demonstrate the introduction of DSBs in a target sequence, in 2012,  and shortly afterwards, CRISPR/Cas9 was used to edit human cells.237; 238; 239; 240; 241

[image: ]
[bookmark: _Hlk88921128]

Figure 1.11: Highlights of genome editing development
Timeline describing the important chapters of CRISPR/Cas9 (Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system) and other editing platform development. Notable publications associated with time events: 1986,242 1987, 243 1996, 244 2002,245 2005, 243; 246; 247 2010, 248; 249 2013, 238; 239; 240; 241; 250 2014, 251; 252
Adapted from: Humbert-Samuelson et al, 2019

In CRISPR/Cas9 genome editing, the Cas9 protein is complexed with a guide ribonucleic acid (RNA) sequence to form the ribonucleotide protein (RNP) which targets and then creates a DSB at the desired location. Once that DSB is formed, there are two pathways by which the DNA is repaired, known as non-homologous end joining (NHEJ) and homologous recombination (commonly known as homology-directed repair, HDR). Where repair by the NHEJ pathway takes place, this is an error-prone process and there arises the likelihood of small insertions and deletions (indels) at the repair site which may alter or disrupt the function of the gene or epigenetic region. Where CRISPR/Cas9 RNPs are applied without the addition of a DNA template for repair of the disrupted region, NHEJ and resultant disruption of the targeted region is the goal. Alternatively, a template for repair can be provided in the form of a single  or double-stranded DNA sequence, in which case inclusion of this new genetic material is the planned outcome. A third pathway for DNA repair has more recently been recognised and is termed microhomology-mediated end joining (MMEJ). This contains elements of both the NHEJ and HDR repair pathways.253 A pictorial representation of the different DNA repair pathways harnessed during CRISPR/Cas9 editing is featured in figure 1.12 below. 
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Figure 1.12: Simplified mechanism of CRISPR/Cas9 genome editing
Single guide RNA (sgRNA)‐mediated recognition of the chromosomal target sequence via the protospacer adjacent motif (PAM) sequence. A double‐stranded cut occurs three nucleotides upstream of the PAM sequence and enlists the non‐homologous end joining (NHEJ) or homology‐directed repair (HDR) pathways. INDELS = insertions and deletions. 
[bookmark: _Hlk60078025]Humbert-Samuelson et al, 2019, with figure design by M Cui

1.4.1.2 Genome modification of HSPCs
The rationale for targeting HSPCs for genome editing is that these cells self-renew and repopulate all haematopoietic lineages over time. Therefore, genetic modifications applied to HSCs are expected to persist long-term in mature blood cells.254; 255 HSPCs were originally targeted for genetic modification using retroviral vectors, and lentiviral gene transfer is now being applied to the treatment of a multitude of clinical disorders.256; 257; 258; 259 There are, however, many advantages of genome editing above vector-based therapies. These include a more precise targeting of DNA modification, rather than semi-random insertion, and therefore a lower risk of pathogenic mutagenesis including oncogenesis.260; 261; 262 Other advantages can include utilisation of physiological promoters and the avoidance of the need for large-scale clinical-grade vector production, which often limit the efficacy and applicability of lentiviral gene transfer therapies.
[bookmark: _Hlk60078071]1.4.2 Genome editing for haemoglobinopathies
Here I will review in detail the different approaches to genome editing for the cure of haemoglobinopathies, including reactivation of HbF production by disruption within the HBG promoter region or BCL11A enhancer; or introduction of intact haemoglobin genes including HBB (β globin gene), HBG (γ globin gene), or a variant of HBB (such as the Lentiglobin gene used by Bluebird, which is purported to code for a modified β globin chain with anti-sickling properties, but the sequence has unfortunately not been published by the company). 
For the sake of improved readability, throughout this thesis the HBG promoter region is referred to simply as ‘HBG-113’ and the BCL11A erythroid enhancer region referred to as ‘BCL11A-ee’. It should be noted that the targets of the experiments have been these promoter and enhancer regions respectively, rather than the coding regions of the genes themselves. Of course, it would be counterproductive to knockout the HBG gene itself since the goal of these experiments was to increase HBG expression. The rationale for avoiding knockout of BCL11A coding regions however requires some further explanation. There had been earlier reports of attempts to knockdown the BCL11A gene itself (with use of interfering RNAs or by genome editing in a non-erythroid specific manner) but where BCL11A expression was significantly reduced in a non-lineage-specific manner, these strategies resulted not only in defective production of mature erythroid cells (in particular, a failure of erythroid enucleation) but an overarching defect of long-term engraftment of edited HSPCs where transplanted into mice, therefore this approach is unsuitable for clinical application. In contrast to this, reduction of BCL11A transcription in an erythroid-specific manner (by application of short hairpin RNA (shRNA) to erythroid progenitors, or by editing at the intronic erythroid-specific BCL11A enhancer) allows for normal engraftment and erythroid maturation.263; 264 Editing at the erythroid-specific enhancer of BCL11A targets an intronic region within the enhancer and aims to disrupt a GATAA motif, which is involved in binding of upregulating transcription factors, in particular GATA1 and TAL1, thereby reducing BCL11A transcription in a manner which is erythroid-specific. This, therefore, does not impact on engraftment and differentiation of HSCs or on other haematopoietic lineages.263; 265; 266; 267
One area which requires some further explanation is the reference made to microhomology-mediated end joining (MMEJ). Interestingly, NHEJ-directed CRISPR/Cas9 editing at either HBG-113 or BCL11A-ee loci does not result in an entirely random pattern of insertions and deletions but there are certain deletion lengths which appear to be more common. Small (1-2 nucleotide) insertions and deletions are seen in many cells, which is expected whenever NHEJ editing is applied to any locus. However, there are certain longer deletions which appear to be favoured at these targets as well,  and it is hypothesised that these are induced by a microhomology mediated end joining (MMEJ) process. 13nt deletions are commonly seen with HBG-113 editing, whereas 13- and 15nt deletions have both been reported at a higher frequency than would be expected in random indel formation in the case of BCL11A-ee editing.268; 269; 270
There are now over 40 clinical trials involving genome editing, including various platforms and different conditions. Of particular relevance, CRISPR Therapeutics and Vertex Pharmaceuticals (CTX001), and separately, Sanofi and Sangamo Therapeutics (BIVV003, ST400) are currently investigating the use of genome editing to disrupt BCL11A-ee in order to increase circulating HbF levels with the aim of ameliorating sickle cell disease and TDT. HSPCs are modified ex-vivo and then subsequently returned to patients in a modified autologous stem cell transplant procedure. The reader is referred to the Humbert-Samuelson paper for more extensive discussion of the progression of genome editing clinical trials for haemoglobinopathies as well as many other diseases.9
[bookmark: _Hlk60078188]1.4.3 Ongoing challenges facing genome editing therapies
Although genome editing treatments have already come a long way, there remain significant obstacles to be overcome before they can be routinely introduced into clinical practice. These include limitations around safety, efficacy, and more practical issues. 
As described above, genotoxicity is expected to be significantly lower with genome editing than retroviral vector-based therapies. However, this is not to say that the risk of mutagenesis has been entirely eliminated. Off-target DNA breaks still occur which may disrupt vital genes such as tumour-suppressor genes, or allow the creation of oncogenes.271; 272; 273 On- and off-target DNA breaks can result in chromosomal rearrangements with similar results.274 Unintended germline editing must be seriously considered as in vivo applications of genome editing become more popular, the consequences of which are largely unknown. Negative publicity surrounding the unsanctioned genome editing of embryos in China, which were subsequently allowed to progress to term, highlights the vast landscape of unknown unknowns where germline editing is concerned, and it would be irresponsible not to consider the potential for misuse of these technologies.275 Finally, cytotoxic conditioning is still required for the modified autologous transplantation procedures involved in HSPC editing therapies, with further risk of future malignancy as well as other acute and chronic complications.276; 277
As second major challenge is ensuring that a therapeutic level of modified cells persist in the long-term following genome editing treatments. This is particularly a problem where HDR strategies are applied to HSPCs, but lower levels of editing after time is also seen following NHEJ treatments.278; 279; 280
Alongside safety concerns and limited efficacy, there are significant practical challenges involved in the clinical delivery of CRISPR/Cas9 therapies. Where HSPCs are the targets of therapy, these cells normally reside in the BM niche. They can be harvested directly, but this is an invasive procedure and usually requires a general anaesthetic, which confers additional risk particularly in the sickle cell disease population.281 Alternatively, HSPCs can be mobilised into the PB and harvested in an apheresis procedure. While this avoids the need for invasive surgery, it can be difficult to collect adequate HSPCs by this method and mobilization is not straightforward in sickle cell disease patients, who cannot receive the most common mobilisation agent – granulocyte colony-stimulating factor (G-CSF) - due to a risk of precipitating life-threatening sickling crises.282; 283 
Finally, the costs involved in the development and delivery of genome editing therapies are likely to make these treatments unattainable for the vast majority of patients who require them.284 In developing countries, not only costs but also infrastructure requirements are likely to be prohibitive, such as the need for Good Manufacturing Practice-grade cell processing and manufacturing facilities.
[bookmark: _Hlk60078226]1.4.4 Future directions
Methods to improve in vivo editing levels include increasing editing efficiency of the initial application, and positive selection of modified cells either in vitro or in vivo. Examples of the former approach include chemical modifications applied to the RNP compound to  increase target specificity or potency.251 A good example of the latter would be the provision of a homing and engraftment advantage to genome edited cells, such as by increasing C-X-C chemokine receptor type 4 (CXCR4) expression on the surface of modified cells pre-transplant so that their homing and engraftment is supported above that of unmodified cells, providing a competitive advantage.285; 286 This is an area I have also worked on personally and have reported that while the use of wild-type CXCR4 overexpression is a more established (while still experimental) technique, if a constitutively active mutant of CXCR4 is used instead (introduced into cells via mRNA transfection around the same time as genome editing) the improvement in early homing of modified HSPCs is even greater (abstract presented at International Society for Experimental Hematology, 2020). 
Various methods have been proposed to reduce potential genotoxic risk of CRISPR/Cas9 editing. While certainly not a comprehensive list, these include bioinformatic prediction software; higher-fidelity Cas9 variants; targeting of safe-harbour loci and, most recently, base editing platforms. Bioinformatic design and prediction tools should allow production of editing compounds least likely to generate pathogenic off-target mutations (reviewed by Liu et al,287). Higher-fidelity Cas9 preparations are also expected to reduce off-target mutagenesis, and work is ongoing to optimise these without compromising editing efficiency.288; 289 Where new genetic material is to be introduced, aiming to incorporate this into ‘safe harbour’ loci is a further approach to increase the safety of such therapies. Here, areas of the genome are targeted for DSB formation where essential genes are not predicted to be disrupted or disturbed, and the risk of oncogenesis is therefore minimised.290; 291 Finally, and most recently, editing compounds are being developed which allow precise nucleotide modifications without the creation of DSBs (or at least DSBs occur at a significantly lower rate). Both base editors and prime editors allow alteration of or introduction of new genetic material without the need for DSBs and therefore are expected to decrease genotoxic risk.292; 293; 294; 295; 296

[bookmark: _Hlk50628202]1.5 Rationale for research comparing genome editing strategies for the reinduction of HbF
There are now many published studies demonstrating the efficacy of HbF reinduction by NHEJ genome editing at either HBG-113 or BCL11A-ee (as referenced above). However, there are no published data comparing the two approaches directly. If one target is superior to the other in terms of HbF reinduction, cytotoxicity or engraftment, then this may guide future directions in clinical trials. Therefore, studies were undertaken to compare these single targets for editing.
In these experiments, the concept of multiplex genome editing was introduced, and the potential for dual targeting of both these loci in the same target cells studied – either simultaneously or sequentially. The rationale for the dual targeting approach is that it may result in greater HbF reinduction in one of two ways. Firstly, the total percentage of cells edited in at least one target region may be increased. Secondly, cells edited at both targets may have greater HbF reinduction per cell than cells edited at one target only. This multiplex approach has previously been applied to other cell types such as T lymphocytes including TCR-redirected and CAR-T cells. It has also been used in HSPC for the purpose of generating malignant transformation. However, no published data on multiplexing in HSPCs for therapeutic application is as yet available, making this strategy a novel one in this cell type.239; 297; 298; 299; 300
One drawback to the dual targeting approach is the increased potential for translocation and other chromosomal rearrangement events to occur if multiple DSBs are created simultaneously within a cell’s genome.300 Translocations were reported in all in vitro products and all 3 patients reinfused with T cells which had undergone multiplex genome editing in a clinical study recently published by Stadtmauer.299 The risk of translocation was therefore addressed in these experiments initially by standard qualitative PCR and, following this, was further investigated in a quantitative manner by digital droplet PCR (ddPCR).
Herewithin, multiple in vitro, ex vivo and in vivo experiments are described to compare the individual HBG-113 and BCL11A-ee targets of genome engineering, as well as simultaneous and sequential dual edited approaches. Editing efficiency, cytotoxicity, engraftment and proliferation potential, and HbF reinduction are compared, with the latter being assessed by flow cytometry and also by HPLC. 
Non-obese diabetic (NOD)-severe combined immunodeficiency (SCID)-common γ chain-/- (NSG) mice engrafted with human CD34+ cells (the most common marker used to identify human HSPCs) have commonly been used as a preclinical model to study HSPC transplantation and multilineage engraftment.301; 302; 303 However, recognised limitations with this model include the lack of long-term data on engraftment and editing levels in vivo due to limited survival of the animals, and also that this model does not support the production of human erythrocytes. 
Numerous challenges have been overcome and others are still in the process of being tackled: 
PCR assays involving BCL11A-ee required significant work to develop and optimise them due to numerous obstacles. The first of these was a high degree of homology between mouse and human BCL11A enhancer regions. In addition there is a  high proportion of GC nucleotides around the intended cut site which was thought to be interefering with the denaturing component of the PCR reaction. Finally, there was inadequate purity of DNA extracted using initial techniques. Work to optimise this assay included design and comparison of numerous primer pairs; use of a GC-rich buffer in the PCR reaction; optimisation of the PCR conditions including annealing temperature and cycle number; and the discovery that Epicenter DNA extraction gave suboptimal purity DNA therefore a switch to Qiagen micro DNA kit was made.
Translocation PCR assays also suffered from the same problems as those used to assess BCL11A-ee editing efficiency. While the basic translocation PCR assay post-optimisation is still believed to have limited sensitivity, it now demonstrates reliable specificity. The accuracy has been validated by Sanger sequencing of a number of reactions in which the translocation was demonstrated by PCR, confirming the finding. This assay remains qualitative only, and therefore further work focused on the quantitative assessment of translocation events using ddPCR technology, in collaboration with colleagues in the Jerome laboratory at the Fred Hutch, who had the requisite expertise and technology to assist with the design and set up of these assays.
The use of single BFU-E (burst-forming unit-erythroid) analysis in these experiments is a technique which took many experiments to optimise, and which is now providing very useful information. The benefit of analysing single BFUs (burst-forming units) is that each is expected to be a single genetic clone. There are two main benefits to this. Firstly, following multiplex editing, analysis of bulk cells in vitro can give a percentage of editing at each locus, but does not provide information on whether these edits are within the same cells. Single BFU-E analysis, on the other hand, can answer this important question, by analysis of each potentially edited site within the single clones. In addition, where a second assay for HbF level is superimposed, this starts to provide data on the relationship between the editing profile and HbF reinduction in a granular fashion. Although access to single BFU-E HPLC analysis was limited due to reliance on an industry collaborator, the potential of this approach is clear and the early results presented here demonstrate the importance of being able to make more detailed analysis of genotype-phenotype correlations.

[bookmark: _Hlk50628209]1.6 Background to stem cell mobilisation and apheresis
To date, the vast majority of preclinical and now clinical genome editing studies involving HSPCs have involved the ex vivo modification of these cells. This presents a challenge as HSPCs normally reside in the BM and access to these cells for collection is not straightforward. The same issue is presented during any more routine autologous (i.e. from self) or allogeneic (i.e. from a donor) HSCT, which constitutes the gold standard treatment for many haematological and solid malignancies, BM failure syndromes, immunodeficiencies, with indications for HSCT continuing to expand.304
HSPCs can be collected either directly from the BM, or they must be mobilised from their BM niche into the PB prior to collection via an apheresis procedure.282; 305 The former method is an invasive procedure, which is painful and risks causing bleeding, infection and structural damage.281; 306 For these reasons it is usually carried out under general anaesthetic, which confers minor side effects for the majority of healthy individuals, but for patients with sickle cell disease requires more extensive pre-operative preparation and carries increased risk of complications, such as the precipitation of painful bony crises or potentially life-threatening chest crises.307; 308 To avoid the need for direct BM harvest, in the majority of cases collection of HSPCs from the PB is generally preferred, in a non-invasive, relatively safe and straightforward procedure.282 For patients with sickle cell disease, it is especially important to opt for PB stem cell collection where possible, and current clinical trials of gene therapies for sickle cell disease utilise apheresis-collected PB HSPCs.9 A further advantage to transplantation of PB HSPCs rather than BM-derived cells is more rapid haematopoietic reconstitution, ensuring that the period of time during which patients are cytopenic, and at risk of related complications such infection and bleeding, is minimised.306; 309
At the commencement of this work, all NHP modified autologous HSPC transplants including those involving genome editing for HbF reactivation undertaken by our group, had been conducted using cytokine-stimulated, BM-derived HSPCs.280 Cytokines used were stem cell factor (SCF, which is not used in patients) and granulocyte colony stimulating factor (G-CSF, which is in routine clinical use).280; 310 In order to improve clinical applicability of our genome editing strategy, our group decided to move towards apheresis-derived PB HSPCs for HbF-reinducing genome edited modified autologous transplants in the NHPs. Therefore, one substantial part of my role during this time was to produce a safe and reliable mobilisation and apheresis protocol for use in the NHPs. 
Development of an effective apheresis procedure while avoiding unnecessary risks and toxicities was a major challenge. Even in the clinic, with a vast amount of experience and evidence on which to base practice, apheresis is not straightforward for smaller subjects.311 It is recognised that special precautions and modifications to standard procedures must be undertaken when small children undergo apheresis, and our animals were significantly smaller than even most of these young patients. All aspects of the process including practicalities such as tubing sizes and programming of the apheresis equipment, down to prevention of intra-luminal platelet clumping or thrombosis had to be addressed.
The issue of HSPC mobilisation was also not easy to address. The most frequently administered HSPC mobilisation agent in clinical practice and preclinical studies is G-CSF.282 Recombinant human G-CSF is a pro-inflammatory cytokine which boosts activity of haematopoietic cells from primitive progenitor cells to mature granulocytes, increasing numbers of these cells in the BM and PB circulation.312; 313 However, G-CSF has been reported to precipitate life-threatening sickle cell crises and is therefore unsuitable for use in this patient population.314
AMD3100 (Plerixafor, Mozobil) was first approved for clinical use as a second mobilisation agent in 2008, providing an additional or alternative option for patients and HSPC donors. AMD3100 is composed of bicyclam rings connected by a 1.4-phenylenebis(methylene) linker (Fig 1.13).10; 315 
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[bookmark: _Hlk88921709]Figure 1.13: Bicyclam ring structure of the AMD3100 molecule 
Fricker, 2013

Mechanism of action of AMD3100 is thought to be primarily by reversible, competitive antagonism of the cytokine receptor CXCR4 on the HSPC cell surface, interrupting the bond with its ligand CXCL12 (C-X-C motif chemokine ligand 12) in the BM. Interaction with a second receptor, CXCR7 (C-X-C chemokine receptor type 7), for which AMD3100 acts as an allosteric agonist, is also likely to contribute to its mobilisation properties.316; 317 In addition, AMD3100 administration has been demonstrated to reverse the CXCL12 gradient across the BM niche in mice,12 which may contribute to the egress of HSPCs from the BM into the PB circulation (Fig 1.14-1.16).
		[image: ]
Figure 1.14: CXCR4 and CXCR7 physiology
[bookmark: _Hlk41830006]Physiological mechanisms involved in binding of cell surface cytokine receptors CXCR4 and CXCR7 to their ligand CXCL12. It is these interactions which are interrupted on administration of ADM3100.
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, CXCR4: C-X-C chemokine receptor type 4,
CXCR7: C-X-C chemokine receptor type 7

Marchese, 2014
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[bookmark: _Hlk88921949]Figure 1.15: Plerixafor binding to CXCR4
The binding mode of plerixafor to CXCR4 showing interactions with AspIV:20, AspVII:23 and GluVII:06 (Asp171, Asp262 and Glu288 on TMIV, TMVI and TMVII respectively).
Abbreviations: Asp: aspartic acid, CXCR4: C-X-C chemokine receptor type 4, Glu: glutamic acid, TM: transmembrane alpha helix
Fricker, 2013
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[bookmark: _Hlk88922146]Figure 1.16: AMD3100 effect on mouse bone marrow and peripheral blood
Data demonstrating a reversal of the usual bone marrow (C) : peripheral blood (D) CXCL12 ratio on administration of AMD3100 to mice, associated with egress of nucleated cells (A) and in particular those with CFU-forming potential (B) from the bone marrow into the blood stream. 
Abbreviations: CFU: colony forming unit, CXCL12: C-X-C motif chemokine ligand 12
Redpath et al, 2017

While the licence for AMD3100 is currently restricted to use in addition to G-CSF for patients with plasma cell myeloma or non-Hodgkin lymphoma who fail to mobilise adequately with G-CSF alone,318 it is already routinely used in the clinic for a significantly broader set of indications, with clinical use continuing to increase,319; 320; 321
AMD3100 is most frequently used alongside G-CSF, where its addition results in higher numbers of circulating HSPCs and better chance of successful harvest to facilitate transplantation.322; 323 AMD3100 is also now used as a single mobilisation agent,320; 324; 325 thereby circumventing common side-effects and occasionally severe complications associated with G-CSF administration. These include bone pain, flu-like symptoms, and splenic rupture in patients and donors.326; 327 AMD3100 administration, on the other hand, is usually associated with minimal side-effects.320; 328
In addition, the kinetics of AMD3100 ensure more rapid mobilisation of HSPCs in comparison to G-CSF. Routine dosing schedule for G-CSF requires 4-5 days of daily or twice-daily parenteral administration prior to apheresis, whereas AMD3100 is often effective as a single dose given only hours prior to harvest.329 AMD3100 has also successfully been trialled as a single agent in healthy donors where the dramatic reduction in the burden of iatrogenic symptoms and length of preparation time prior to apheresis is particularly meaningful.320; 330 Another situation in which AMD3100 must be administered as a single mobilisation agent is in patients with sickle cell disease, in whom HSPCs are collected for the purpose of ex vivo genome modification strategies. As discussed above, G-CSF carries a risk of precipitating life-threatening sickle cell crises, and is therefore contra-indicated.283 AMD3100, on the other hand, is both safe and effective in this patient population.331; 332 To ensure clinical translatability of our genome editing transplant protocols, protocols were developed for the use of AMD3100 alone as a mobilisation agent for NHP transplant candidates prior to apheresis collection.
AMD3100 has previously been demonstrated to effectively mobilise rhesus macaques for apheresis HSPC collection both in conjunction with G-CSF and as a single agent.333; 334 Larochelle et al reported successful HSPC mobilisation after administering a 1mg/kg subcutaneous (SQ) dose of AMD3100 and therefore this dosing regimen was emulated in our experiments and we confirmed the efficacy of a first dose of AMD3100 to mobilise HSPCs in our NHP subjects.
An incidental but highly important finding was made during these experiments that while AMD3100 effectively mobilises NHP HSPCs on first administration, it fails to remobilise the same recipients on repeat administration. Once these results were confirmed by repetition in additional animals, further experiments were carried out in humanised mice to establish whether the same effect would be observed in human HSPCs. An inability to effectively re-administer AMD3100 to both preclinical and clinical subjects is expected to have significant impacts on autologous and allogeneic HSCT protocols in both animal subjects and in the clinic, as well as the design of in vivo HSPC genome engineering protocols in the future.

1.7 Aims, Objectives and Hypothesis
[bookmark: _Hlk60078493]1.7.1 Experimental hypothesis
HbF reinduction in NHPs can be maximised by a multiplex CRISPR/Cas9 editing strategy targeting both HBG promoter and BCL11A erythroid enhancer regions, in a genome modified AMD3100-mobilised PB HSCT procedure. 
[bookmark: _Hlk60078533]1.7.2 Aims and objectives
1. To establish the feasibility of a multiplex CRISPR/Cas9 genome editing strategy targeting both HBG promoter and BCL11A erythroid enhancer regions and to compare cytotoxicity, engraftment potential and HbF reinduction with cells edited at one region only, in vitro and in the humanised mouse model.
2. To investigate the possibility of chromosomal rearrangement events being generated where both sites are targeted in a single reaction, either simultaneously or sequentially.
3. To investigate the efficacy of HSPC mobilisation into the PB by repeated doses of AMD3100 with apheresis collection in NHPs.
4. If the safety and increased efficacy of this dual editing approach can be established in vitro and in the humanised mouse model, to further investigate this strategy using an AMD3100-mobilised PB stem cell (mPBSC) modified autologous transplant in NHPs.


2.0
Chapter 2:
Materials and methods


[bookmark: _Hlk60078741]2.1. Ethics and animal welfare statements
All animal management conforms to recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.335 All mouse experiments were granted approval by the Institutional Animal Care and Use Committee (IACUC) of the Fred Hutchinson Cancer Research Center and University of Washington, under protocol #1864. NHPs were cared for at the University of Washington Primate Center, and treated on IACUC-approved protocol 3235-01. All animal care and procedures were carried out by appropriately trained veterinary scientists or animal technicians. 
2.2 General mouse care protocol details
Pain assessment categories covered were category B (Animals being bred, conditioned, or held for use in teaching, testing, experiments, research or surgery, but not yet used for such purposes. No pain or distress. For example, breeding colonies, holding protocol) and categories C-D (Brief painful procedures for which analgesia or sedation was not required; Pain or distress relieved by appropriate measures). All animal handling and procedures were carried out by appropriately trained and competent staff, or by trainee staff under competent supervision. 
NSG mice were housed and bred in-house at the South Lake Union Campus in pathogen-limited housing conditions, managed by the Comparative Medicine department. Housing followed Comparative Medicine standard operating procedure (SOP) 018-1 ‘rodent housing requirements’ and  guideline 021-I "Animal Social Housing and Environmental Enrichment’. Weight and health were assessed at least weekly and the protocol for early euthanasia followed by the animal husbandry staff where this applied.
Mice were identified by cage cards and by ear tag as approved in SOP 040-I. Different groups of neonatal mice within the same litter were identified by tail clipping as approved in SOP 036-I. PB draws by retro-orbital collection according to SOP 038-I with isoflurane were performed every 1-3 weeks depending on the experiment. A maximum volume of 200 μl was collected in any 2 week period. Retro orbital bleeds without anaesthesia were performed once competency on the part of the relevant staff member was demonstrated.
At the end of the experiment, a final retro-orbital blood collection of up to 500 μL was taken under isoflurane anaesthesia and immediately followed by CO2 euthanasia and cervical dislocation according to SOP 039-I.
Criteria for early euthanasia (humane endpoint): Severe loss of weight (20% weight loss indicated immediate euthanasia), severe side-effects of irradiation, no reconstitution leading to severe haematological abnormalities or disorders (e.g. engraftment failure, anaemia, etc.), obvious pain, sepsis, any other indications leading to pain following any procedures. All recommendations of Comparative Medicine veterinary staff were followed for animals in poor health requiring early euthanasia according to SOP 039-I. Occasionally, due to the variability of donor CD34+ cells, graft-vs-host disease (GvHD) occurred causing overall health decline in the mice. This was measured by severe weight loss, prolonged hunched posture, and hair loss. Any mice experiencing these symptoms met the criteria for an early euthanasia as outlined above.
Breeding colony information: Breeder pairs were at times supplemented with nutrient-rich food (LoveMesh) which enhances lactation and mild production for successfully maintaining pups (https://www.bio-serv.com/product/S3823P.html). Occasionally, weaned mice are small or runted, especially experimental mice after receiving minor irradiation. If this is case, mice could be left with the dam for additional time, not to exceed 28 days, unless a second litter is born in which case the older litter will be immediately weaned. If weaned mice appear smaller or runted, they may be supplemented with DietGel boost (high calorie diet [http://www.clearh2o.com/research-products/dietgel/dietgel-boost-2.html]) to help them to gain weight. 
Breeding animals were monitored weekly. Any animals that exhibit the following criteria qualified for early euthanasia: impaired mobility, inability to reach food and water, hunched posture for > 48 hours, laboured breathing and/or cyanosis (bluish ears, feet or mucous membranes), abnormal response to stimuli (slow to move/does not move or reacts excessively), body conditioning score <2, and skin ulceration and/or necrosis. If any female breeder is observed to be in dystocia, the animal will be euthanised immediately.
[bookmark: _Hlk60078778]2.3 CD34+ enrichment of peripheral blood mononuclear cells 
PB mononuclear cells (MNCs) were collected by apheresis from adult donors after mobilization with G-CSF, and cryopreserved at -80oC prior to use. Apheresis products were purchased from the stem cell core at the Fred Hutchinson Cancer Research Centre (FHCRC) or were sourced from the Seattle Cancer Care Alliance from two types of donor. The first was healthy donors who were donating for research. The second scenario was collection of autologous PB HSPCs for the purposes of later autologous HSCT in patients with glioblastoma. Where these patients became ineligible for transplant or did not receive the autologous transplant before death, and where they had consented to their product being used for research, these apheresis products were also sometimes used for CD34-enrichment. As per centre protocols, apheresis product should be stored at -80oC prior to use.
MNCs were thawed using pre-prepared buffer: 1X PBS with 2% fetal bovine serum (FBS), 1% deoxyribonuclease (DNAse) (DNAse I from bovine pancreas, Millipore) and 0.2% EDTA (EDTA 0.5M, Millipore). The DNAse was to manage clumping of dead cells within the product which interfered with preparation and enrichment processes. Apheresis product was thawed rapidly in its bag then thawing buffer was added to slowly  increase the volume to approximately double, which was then drawn out of the bag using a needle and 50ml syringe and transferred into 50ml conical flasks. Depending on the red cell contamination of the product, one lysis step was carried out if required but in many cases was not necessary, likely due to red cell lysis during the freeze-thaw process. Where lysis was required, haemolysis buffer was used which was prepared in-house: 150mM ammonium chloride, 12mM sodium bicarbonate and 0.1mM EDTA were mixed into distilled deionised H2O and sterile filtered (0.22 uM filter units used). Cells were resuspended in haemolysis buffer in 50ml conical tubes to a total of 45ml and incubated at room temperature for 5 minutes prior to centrifugation at 800 g for 5 minutes.
Depending on how much cell clumping occurred, the product underwent 1-3 filtration steps, being passed through a 70 μm filter to remove non-cellular debris. This is different from manufacturer’s instructions which recommended a 30 μm filter, but using a smaller pore filter resulted in loss of a large number of cells, since there was a significant amount of cell death which caused clumping within the apheresis product and could result in loss of live cells as well as the dead cellular debris with smaller pore filters.
The cells were then spun down at 800g for 5 minutes after which the supernatant was aspirated and cells resuspended in SFEM (Serum-free expansion medium) II media (Stemspan) but in this particular case there were no added cytokines. Cells were incubated at 37oC for 2 hours which allows loss of non-HSCs, after which cells were spun again and media aspirated.
Cells were resuspended in Miltenyi buffer which was prepared in advance: 1X PBS with 0.2% of 10% bovine serum albumin and 2mM EDTA. CD34+ enrichment was carried out using the CD34 UltraPure Human CD34+ MicroBead enrichment kit (Miltenyi) according to manufacturer’s instructions (described below). The following in vitro experiments were undertaken 5 times using 5 separate cryopreserved apheresis products from 4 different donors. 
Cells were suspended in Miltenyi buffer at a concentration of 1x108 cells in 300 μL buffer. Following suspension, 100 µL of FcR (Fc receptor) Blocking Reagent was added to the cell suspension. CD34 MicroBeads UltraPure (100 µL) were then added. After mixing, the cells were incubated for 30 minutes at 4oC. Cells were washed by adding 5−10 mL of Miltenyi buffer then centrifuged at 800 g for 5 minutes and supernatant aspirated.
Cells were then resuspended in 500 µL Miltenyi buffer and magnetic separation carried out on a MACS column (size dependent on cell number, usually LS columns used). The column was placed in the magnetic field of a suitable MACS Separator and prepared by rinsing with 3 ml buffer. Cell suspension was then applied to the column and flow-through collected in a 50 ml conical flask. The column was washed with the same volume of Miltenyi buffer used for the initial preparation step, and this was repeated a further 2 times for 3 washes in total.
The column was removed from the separator and placed into a 15 ml sterile conical tube. 5 ml Miltenyi buffer was pipetted into the column which was immediately flushed by firmly pushing the plunger into the column.
Quality control (QC) was carried out by staining aliquots of CD34-enriched and flow-through fractions with the haematopoietic stem cell (HSC) antibody panel followed by flow cytometric assessment. Antibodies added for QC were: CD45-PerCP (Peridinin-Chlorophyll-Protein) (clone 2D1, BD (Becton Dickinson)) CD34-APC (Allophycocyanin) (clone 563, BD), anti-CD90-PE (phycoerythrin)-Cy7 (Cyanine7) (clone 5e10, Biolegend) and anti-CD45 RA-APC-H7 (APC-cyanine) (clone 5H9, BD). Samples were incubated with antibodies for 25-30 minutes at 4 oC before flow cytometric analysis. Single colour compensation beads were also run each time and used for voltage setting and post-acquisition analysis using Flowjo V9. Where CD34+ purity was inadequate, a further enrichment step was carried out followed by repeat QC. This was particularly important prior to transplant into mice, as a low CD34 purity implied a likely high T cell contamination of the cells, which would lead to GvHD in the mice. 
[bookmark: _Hlk60078808]2.4 CRISPR/Cas9 editing protocol 
The CRISPR/Cas9 editing protocol commenced 1 day following thaw and CD34-enrichment of MNCs.
Cells in SFEM II media were harvested, centrifuged at 800 g for 5 minutes (which was the maximum speed possible while preserving stem cell integrity) then underwent 2x wash steps with 1x PBS. This was to ensure removal of residual media in which RNAse activity would be present, which could inactivate the gRNA introduced as part of the RNP within the editing procedure.
Cas9 nuclease (Invitgrogen ™ Truecut™ Cas9 Protein V2, 5 ug/ul, ThermoFisher Scientific) and  gRNA (Synthego) were mixed in a 1:5 ratio for ribonucleoprotein (RNP) conjugation, with approximately 60 pmol Cas9 and 300 pmol gRNA per 1x106 CD34+-enriched cells for each editing target. Incubation of RNP reagents was for 15 minutes at room temperature. 
Cells were resuspended in BTX buffer (BTXpress) and split into the appropriate number of separate reactions. Cells were added to RNPs, briefly mixed by pipetting, then transferred to 1 mm or 2 mm electroporation cuvettes (VWR) and electroporated at an appropriate voltage for 5 ms on a BTX 830 electroporator. Untreated reactions were not electroporated; mock treated reactions received electroporation only without the addition of RNPs. Immediately following electroporation, additional SFEM II media was added to the cell solution and cells transferred to non-TC (tissue culture) plates, with additional SFEM II added to give an estimated final concentration of 1x106 cells / ml. Cells were then incubated overnight at 37 °C, 5 % CO2, in a humid environment.
For single edited reactions, either HBG-113 or BCL11A-ee editing took place on day 0 (D0). For simultaneous double-edited reactions, full concentration of both HBG-113- and BCL11A-ee–directed RNPs were applied by electroporation simultaneously on D0. For sequential double-edited reactions, BCL11A-ee editing took place on D0 followed by HBG-113 editing on day 1 (D1), both utilising full concentration of reagents. Mock treated reactions underwent electroporation according to exactly the same protocol as edited reactions, with the omission of RNP reagents. 
[bookmark: _Hlk60078881]2.5 Cell culture
Cells were suspended in culture, counted and manipulated within positive pressure hoods under aseptic conditions.
Two different types of media were used in these experiments for cell culture. The first is referred to as ‘SFEM II’ as this is the major component, but has added cytokines and penicillin streptomycin. This media was always used for cell recovery post enrichment and editing. This media was prepared according to the following instructions: to prepare 100 ml media, 99 ml SFEM II media (Stemspan) was thawed and if it had not already been filter-sterilised (22 μM filter) this was carried out. Penicillin streptomycin (1 ml) was added followed by 100 μl each of: thrombopoietin (TPO), stem cell factor (SCF) and fms like tyrosine kinase 3 (FLT-3).  This is according to previously published protocols.336
The second media described is intended to encourage erythroid differentiation in HSPCs post genome editing, in order to facilitate assessment of HbF reinduction. Cells cultured in SFEM II demonstrate minimal erythroid differentiation, and therefore result in very few cells in which haemoglobin type can be assessed by flow cytometry or HPLC. This media is referred to as ‘epo media’ or ‘differentiation media’ and is prepared according to the following instructions for the preparation of 100 ml: 90 ml IMDM ((Iscove's Modified Dulbecco's Medium) is used and to this is added 10ml foetal bovine serum (FBS) (tet-system approved FBS from Clontech), 1 ml penicillin streptomycin, 75 μl erythropoietin, 50 μl cyclosporin A, 20 μl SCF and 5 μl interleukin 3 (IL3).280
Cells were cultured at 37 oC in a humid atmosphere with 5 % CO2, in non-TC treated plates and flasks, and counted regularly (at least every 3 days) while in culture, as described above. Additional media was added as required to ensure that cell concentration did not exceed 1 x 106/l as higher concentration was associated with increased cell death. For cells in epo media it was observed that maximum erythroid differentiation was obtained by keeping cells at a culture density closer to 0.5 x 106/l, presumably due to increased availability of relevant cytokines to cultured cells. Once this was noted, cells were kept at lower densities in epo media.
Where cell numbers were high and the volume of media required would have been excessive to maintain a satisfactory concentration, a volume of cell culture suspension was harvested prior to addition of fresh media. In some cases, cell pellets were frozen to allow for DNA analysis at a future date. Where this took place, cells in suspension were centrifuged at 800 g for 5 minutes then supernatant was aspirated and discarded, before cell pellets were frozen at -20 oC.
Cells were cultured at 37 oC in a humid atmosphere with 5 % CO2.
[bookmark: _Hlk60078909]2.6 DNA extraction
2.6.1 DNeasy blood and tissue kit for bulk cells in culture
DNA was extracted from bulk cells in culture using DNeasy® blood and tissue kit (Qiagen) as per manufacturer’s instructions (2006 version), described below with details of any modifications made to standard operating procedures.
All centrifugation steps were carried out at room temperature (15–25 °C) in a microcentrifuge. Before using a kit for the first time, the appropriate amount of ethanol (96–100%) was added as indicated on the bottle to obtain a working solution. A thermomixer was preheated to 56 °C.
Fresh cultured cells: the appropriate number of cells (maximum 5 x 106) was centrifuged for 5 min at 800 x g. The pellet was resuspended in 200 µl 1x PBS. Next, 20 µl proteinase K was added. When using a frozen cell pellet, cells were allowed to thaw before adding PBS until the pellet can be dislodged by gently flicking the tube. Following this, 200 µl Buffer AL was added (without added ethanol). The tube contents were then mixed thoroughly by pipetting, and incubated at 56°C for 10 min. Next, 200 µl ethanol (96–100%) was added to the sample, and mixed thoroughly by pipetting. 
The mixture was pipetted into the DNeasy Mini spin column placed in a 2 ml collection tube and centrifuged at 20,000 g for 30 seconds (note the protocol recommended 6000g for 1 minute with this and similar steps below, but previous experience in the lab had allowed colleagues to confirm that a shorter spin time at higher g worked adequately and saved time). Flow-through and collection tube were discarded. The DNeasy Mini spin column was then placed in a new 2 ml collection tube and  500 µl Buffer AW1 added, then centrifuged at 20,000 g for 30 seconds. Flow-through and collection tube were discarded. DNeasy Mini spin column was placed in a new 2 ml collection tube and 500 µl Buffer AW2 added, then centrifuged for 3 min at 20,000 x g (14,000 rpm) to dry the DNeasy membrane. Flow-through and collection tube were discarded. It was important to dry the membrane of the DNeasy Mini spin column, since residual ethanol may interfere with subsequent reactions. This centrifugation step ensures that no residual ethanol will be carried over during the following elution.
Following the centrifugation step, the DNeasy Mini spin column was removed carefully so that the column did not come into contact with the flow-through, since this would result in carryover of ethanol. DNeasy Mini spin column was placed in a clean 1.5 ml or 2 ml microcentrifuge tube, and 30 µl of Buffer AE pipetted directly onto the DNeasy membrane (protocol specified 200 µl but previous experience had demonstrated that a lower volume resulted in higher DNA concentration being eluted which facilitated more successful PCR reactions. Tubes were incubated at room temperature for 1 min, and then centrifuge for 1 min at 11,000 g (as higher spin speeds resulted in the tube caps becoming detached) to elute. 
2.6.2 DNA extraction with low cell numbers using Epicenter (Lucigen)
Initial method used: Epicenter kit (Lucigen), as per manufacturer’s instructions (2019 version), described below.
Cells were pelleted and resuspended in PBS. Proteinase K (1 µL) was added, followed by 300 µL of Tissue and Cell Lysis Solution for each sample. The mixture was combined by either vortexing for 20 seconds or pipette mixing. It was then incubated at 65°C for 15 minutes in a heated shaker block. Samples were placed on ice for 3-5 minutes and then 225 µL of MPC Protein Precipitation Reagent added then vortexed vigorously for 10 seconds. The debris was pelleted by centrifugation at 4°C for 10 minutes at ≥10,000 x g in a microcentrifuge. The supernatant was transferred to a clean microcentrifuge tube and the pellet discarded. 
Following this, 600 µL of isopropanol was added to the recovered supernatant and the tube inverted multiple times to mix, so that the nucleic acids precipitated. The nucleic acid was then pelleted by centrifugation at 4°C for 10 minutes in a microcentrifuge. Isopropanol was then extracted by pipetting (note this is a variation on manufacturer’s protocol which recommended pouring out, but pipetting out reduced the risk of losing the pellet). The pellet was rinsed twice with 70% ethanol, being careful to not dislodge the pellet. Centrifugation was carried out after each rinse to ensure the pellet was not lost. Residual ethanol was then removed with a pipette.
The nucleic acid was then resuspended in 20-35 µL of TE Buffer (with the lower volume used where DNA yield was expected to be low and number of PCR reactions required from it also low). 
2.6.3 DNA extraction with low cell numbers using DNA micro kit (Qiagen)
Details of the QIAamp DNA micro method are given below, and are based on manufacturer’s instructions (2014 version). 
Whole blood (or other tissue), following red cell lysis where appropriate, was pipetted into a 1.5 ml microcentrifuge tube. Buffer ATL was added to a final volume of 100 µl and following this, 10 µl proteinase K was added. Next, 100 µl Buffer AL was added , and the tube contents mixed by pulse-vortexing for 15 seconds. Tubes were incubated at 56°C for 10 min, on a heated shaker block. The tube was then briefly centrifuged to remove drops from inside the lid. Fifty microlitres 100% ethanol was added, and tubes mixed thoroughly by pulse-vortexing for 15 seconds, followed by incubation for 3 min at room temperature. 
Tubes were briefly centrifuged to remove drops from inside the lid. The entire lysate was then carefully transferred to the QIAamp MinElute column (in a 2 ml collection tube) without wetting the rim. The lid was closed, and centrifuged at 6000 x g (8000 rpm) for 1 min. The QIAamp MinElute column was placed in a clean 2 ml collection tube, and the collection tube containing the flow-through was discarded. The QIAamp MinElute column was opened and 500 µl Buffer AW1 added without wetting the rim. The tube was then centrifuged at 6000 x g (8000 rpm) for 1 min. The QIAamp MinElute column was then placed in a clean 2 ml collection tube, and the collection tube containing the flow-through was discarded. Five hundred microlitres Buffer AW2 was added without wetting the rim, followed by a further centrifuge step at 6000 x g (8000 rpm) for 1 min. 
The QIAamp MinElute column was placed in a clean 2 ml collection tube, and the collection tube containing the flow-through was discarded. Contact between the QIAamp MinElute column and the flow-through was avoided, since this would result in the ethanol-containing flow-through coming into contact with the column. Samples were centrifuged at full speed (20,000 x g; 14,000 rpm) for 3 min to dry the membrane completely, to avoid ethanol carryover into the eluate, which may interfere with PCR reactions. 
The QIAamp MinElute column was placed in a clean 1.5 ml microcentrifuge tube and the collection tube containing the flow-through was discareded. 20µl distilled water was added to the center of the membrane. Water was chosen above AE buffer to maximise the purity of the DNA product, and since the stability may have been compromised, DNA extracted in this way was stored at -80 oC instead of -20 oC prior to use. A 20μl elution volume was used (the protocol allows up to 100 μl) to maximise the concentration of extracted DNA, since only 2μl is required for each PCR reaction therefore this volume should be adequate. Tubes were incubated at room temperature (15–25 °C) for 4-5 minutes (longer than the basic protocol suggested, to maximise DNA yield) and following this were centrifuged at full speed (20,000 x g; 14,000 rpm) for 1 min.
2.7 Assessment of DNA concentration
A NanoDrop spectrophotometer was generally utilised to assess DNA concentration following DNA extraction. The ND800 programme was used and ‘nucleic acid’ selected. The equipment was first initialised by adding 2 µL of molecular-grade H2O onto each pedestal. Elution buffer was then used for calibration (for example, AE buffer in the case of DNeasy-extracted DNA and TE buffer where the Epicentre kit had been used). Finally the sample was added and ‘DNA-50’ was selected to measure double-stranded DNA concentration, reflecting the wavelength at which this type of nucleic acid is absorbed.Between 10-200 ng DNA had previously been demonstrated to be ideal for most PCR reactions although some success was also obtained where lower concentrations were used out of necessity.  
2.8 Standard PCR
A master mix was created, specific for each PCR reaction. For standard PCR the volume of each reagent per reaction set-up was: 1 µL dNTPs, 1.5 µL MgCl2 (50 μM concentration), 0.5 µL each of forward and reverse primer (20 μM concentration), 0.25 µL  Taq polymerase, 5 µL buffer, and 39.25 µL molecular-grade H2O. The master mix was combined in a 1.5-2 ml Eppendorf tube on ice and mixed thoroughly by pipetting (vortexing was avoided to prevent shearing of the Taq polymerase). Following this, 48 µL of the master mix was pipetted into each PCR tube, on ice, which were pre-labelled with a numbering system and the key to each reaction noted down. A 2 µL aliquot of DNA solution was then added to each tube, other than the final tube into which 2 µL molecular-grade H2O was added to form the negative control reaction. 
Where it was considered possible that all test reactions may give negative results (i.e. no PCR product formed, and therefore no band on gel electrophoresis seen), a positive control was set up where possible. An example of such a scenario was the setting up of PCRs to detect translocation events in mouse BM samples. In this case, a positive control was set up using cells from in vitro culture, cultured after double editing had been applied and in which the translocation had previously been confirmed.
The PCR reaction was run on an Applied Biosystems Veriti thermal cycler. Standard cycle for PCR for TIDE analysis was: initial hold at 94 °C for 3 minutes, followed by 35 identical cycles: denaturing time 30 seconds at 94 °C , annealing time 30 seconds at temperature 54 °C, extension time 45 seconds at 72 °C, followed by a final hold at 72 °C for 5 minutes, then hold at 4 °C for infinity (i.e. until samples retrieved). Where PCR product could not be purified within 24 hours it was generally frozen at -20 °C until purification.
Primers were supplied in lyophylised state. They were rehydrated using the volume of molecular-grade H2O stated on the manufacturer’s insert (which varied depending on molecular weight of primer supplied), made up initially into a concentration of 100 μM. Aliquots were taken and further diluted in molecular-grade H2O to a concentration of 20 μM for regular usage. Primers were stored at -20 °C and aliquots of 20 μM concentration primer defrosted at room temperature before use.
2.9 Agarose gel electrophoresis
Gel electrophoresis was used to assess the presence of DNA post PCR reaction in most cases. In some cases it was the presence or absence of PCR product that would provide the answer to an investigation (such as where PCR was looking for the presence of a translocation). In other cases, this step simply demonstrated that the PCR reaction was successful and the PCR product then went on to be purified and sequenced (primarily when sequencing results were to be submitted to TIDE analysis to determine editing efficiency in the sample).
Two percent agarose gel was made by the addition pf 1x TAE (Tris-acetate-EDTA) buffer to agarose powder (2 g agarose for every 100 ml buffer). Reagents were combined in a glass bottle and microwaved to boiling point to allow a solution to be formed. Ready-made agarose gel was heated until liquid, then poured into electrophoretic trays, combs of the desired size and well number inserted, and the gel allowed to solidify. Combs were then removed, and the gel tray re-orientated within a bath of 1x TAE buffer. To allow visualisation of DNA, two methods were employed. Either 5 µL ethylene bromide was added to the agarose gel after pouring and mixed well prior to setting (which would then intercalate within the DNA and could be visualised later with UV light). Or, an alternative method which grew in popularity over the time of these experiments, was the use of GelRed (Sigma-Aldrich) which could be mixed into the agarose gel at the time of first combination, and avoided the use of the potentially carcinogenic ethylene bromide compound. This was also an intercalating nucleic acid stain. 
Between 6-8 µL of PCR product was mixed by pipetting with 1-2 µL orange glycerol mix on parafilm, then added to a well in the agarose gel. This process was repeated for each PCR reaction. DNA ladder (1kb plus), 1-2 µL, was mixed with dye and added to the first and in some cases also the last well of the gel. The electrophoresis was then allowed to run at approximately 130 V until the dye was seen to run at least halfway down the gel. 
Following electrophoresis, gels were visualised in one of two different ways. For a quick check for DNA presence, gels could be looked at on a UV light box in a dark room (with appropriate eye protection). However, if images had to be recorded, then a Bio-Rad ChemiDoc system with Image Lab software was used.
2.10 PCR product purification and preparation for sequencing
PCR product had to be purified prior to sequencing, to remove primers and other potentially interfering substances and provide high-purity DNA for the Sanger sequencing process. QIAquick PCR purification kit was used for this procedure, according to manufacturer’s instructions, as described below. 
First, 500 µL PB buffer was added to precipitate DNA and mixed by pipetting. The mixture was added to the PCR purification column and then spun in the microcentrifuge at room temperature at 20,000 g for 30 seconds. Collection tube and flow-through were discarded. There was one wash step, with the addition of 750 µL PE buffer followed by a spin at the same speed for a further 30 seconds. A further spin at the same speed for 1 minute was then carried out in a clean collection tube to dry the membrane, prior to the column being transferred to a collection tube and the addition of 30 µL molecular-grade H2O to elute the DNA. This was allowed to sit for a minimum of 1 minute prior to spin, but where DNA yield was expected to be low, this was maximised by leaving for up to 4 minutes prior to spin. A lower spin speed of at 11,000 g was utilised for 1 minute, to prevent shearing of tube caps. 
Finally, 8 µL of the eluate was mixed with 1 µL of appropriate primer and the combined mix was submitted for Sanger sequencing by the molecular genetics core facility at the FHCRC. To ensure standardisation of procedure, in each case the reverse primer which had been used in the PCR reaction was utilised for sequencing.
2.11 Analysis of editing efficiency
Deskgen TIDE software was used for analysis of editing (NHEJ) efficiency within reactions. This programme utilises sequence trace decomposition to identify and characterise insertions and deletions in the test sample, when compared to a control (control provided by sequencing an unedited control from the same tissue source).337
For the purposes of standardisation, the same control sample sequence was used to analyse each test reaction sequence for each given experiment. Alignment window, decomposition window (both left at standard settings) and indel size included (increased to 30) were all standardised wherever possible. The indel window had to be increased from the default setting of 10 in order to include the previously-described common 13nt deletion in the case of HBG-113 editing, and the 13 and 15 nucleotide (nt) deletions where BCL11A-ee editing was applied. In some cases, the indel size window had to be reduced from 30 to 25 to improve the programme’s ability to derive readable results, and where this was the case all reactions within that particular experiment were analysed with a similarly reduced indel size window so that comparisons between reactions were valid.
2.12 Analysis of sequences to confirm translocation presence
US Santa Cruz gene browser was used to upload relevant sequences (HBG promoter region and BCL11A erythroid enhancer region). Once uploaded into Snapgene, the ‘align multiple sequences’ tool was used to look for alignment of sequence from both the HBG and BCL11A sequences with the PCR product from the reaction, to confirm that what was being amplified and then identified on the gel band was actually the expected translocation.
2.13 Cell counting using the Countess and trypan blue
Cells in culture were counted regularly to avoid over-concentration which would lead to increased cell death. After mixing to allow homogenisation of cell culture (as cells tended to congregate on the bottom of the plate), 10 µL of each cell culture reaction was added to a separate well within a 96-well plate. Next, 10 µL of trypan blue (Sigma Aldrich) was added to each well and mixed by pipetting. 10 µL of the mix was then added to a Countess counting slide and inserted into the Countess II Automated Cell Counter (ThermoFisher Scientific) for counting of cells, separated into alive and dead cells.
2.14 Editing efficiency and chromosomal translocation incidence determination
Assessment of editing efficiency was carried out by extraction of DNA from aliquots of cells in liquid culture (DNeasy Blood and Tissues kit, Qiagen) followed by PCR amplification of relevant regions. Sanger sequencing was carried out on the PCR product followed by TIDE analysis (TIDE, Netherlands Cancer Institute). 
An initial qualitative assessment for the presence of chromosomal translocation events resulting from the two expected breakpoints at the HBG-113 and BCL11A-ee regions was made by PCR. Primer pairs used were: HBG-113-Forward with BCL11A-ee-Reverse, and BCL11A-ee-Forward with HBG-113-Reverse. The presence of the relevant translocation was highly suspected by the amplification of a PCR product, demonstrated on agarose gel electrophoresis. Confirmation that such gel bands represented chromosomal translocation was confirmed by Sanger sequencing of PCR products, with an assessment of alignment between the generated sequences and relevant regions of the HBG-113 and BCL11A-ee regions. 
In order to quantify the  incidence of these two translocation events, a ddPCR assay was developed by colleagues in a collaborating laboratory.  Two sets of primer and probe were selected based on the BCL11A-ee, HBG-113, BCL11A-ee_HBG-113 chimera and HBG-113 _ BCL11A-ee chimera sequences generated from PCR reactions described above. The combination of these primer and probe sets of HBGFwd1_ BCL11ARev2_BCL11AProbe2 and BCL11AFwd2_HBGRev1_HBGProbe1 would amplify the translocation site located at HBG-113_BCL11A-ee chimera and BCL11A-ee_HBG-113 chimera translocation sites, respectively. Duplex ddPCR is performed with either primer and probe set and human RPP30 (Ribonuclease P protein subunit p30) (Table 2.1). 

[bookmark: _Hlk91328389]Table 2.1: Primers and probes designed for ddPCR quantification of chromosomal translocation frequency
Name		Sequences	    				
HBGFwd1	TGGCCTCACTGGATACTCTAAGACT	
HBGRev1	AAACGGTCCCTGGCTAAACTC			 
HBGProbe1	FAM-CTGGCCAACCCATG_MGB			 
 	 	 	 
BCL11AFwd2	CCACCCTAATCAGAGGCCAAA	
BCL11Rev2	CATAACACACCAGGGTCAATACAAC		 
BCL11Probe2	FAM-TGCACTAGACTAGCTTC_MGB		 
 	 	 	 
RPP30_Fwd	GATTTGGACCTGCGAGCG		 
RPP30_Rev	GCGGCTGTCTCCACAAGT		 
RPP30_Probe	HEX- TCTGACCTGAAGGCTCTGCGCG–BHQ		 

The DNA ddPCR was used with ddPCR Supermix for probe (Biorad) and the PCR conditions were 95 °C for 10 min, then 40 cycles at 94 °C for 30 seconds, 60 °C for 1 min followed by 98 °C for 10min. The RNA-ddPCR was used with One-Step RT-ddPCR Advanced kit for Probes (Biorad). The thermal conditions were 50 °C for 60 min for reverse transcription, 95 °C for 10 min, then 40 cycles at 94 °C for 30 seconds, 60 °C for 1 min for the ddPCR followed by 98 °C for 10 min. The translocation and RPP30 copy number were analysed and calculated with QuantaSoft analysis Pro software. 
2.15 HSPC cell cycle analysis
The following is adapted from the Thermo Scientific protocol and allows the simultaneous analysis of cell surface markers and intracellular antigens within single cells. 
A single cell suspension was prepared in PBS, aiming for a concentration of 2x105 cells in 100 μl. Cells were stained in fluorescence-activated cell sorting (FACS) tubes using the antibodies CD34-Texas Red and CD90-PE with a 20 minute incubation period at 4 oC, followed by a wash using PBS. 200 µL of Foxp3 Fixation/Permeablization working solution was added to each tube. The Foxp3 Fixation/Permeabilization working solution had previously been prepared by mixing 1 part of Foxp3 Fixation/Permeabilization Concentrate with 3 parts of Foxp3 Fixation/Permeabilization Diluent. Tubes were pulse vortexed to mix and then incubated at 2-8 oC for 60 minutes in the dark. 
Next, 2 ml of 1X Permeabilization Buffer was added to each tube. This was prepared in advance by mixing 1 part of 10X Permeabilization Buffer with 9 parts of distilled water. Samples were centrifuged at 800 g for 5 minutes at room temperature. Supernatant was discarded and cells washed twice with 1X Permeabilization Buffer. Cell pellets were resuspended in the residual volume of 1X Permeabilization Buffer.
Ki67-AF700 (Alexa Fluor 700) antibody (BD), 1 μl, was added to cells and incubated overnight at 4 oC in the dark. Following incubation, 2ml of 1X Permeabilization Buffer was added to each tube and samples centrifuged at 800 g for 5 minutes at room temperature followed by discarding of supernatant. Cells were resuspended and then 200 µL of 1:5000 Hoechst 33342 added 5 minute prior to flow cytometric analysis. The 1:5000 Hoechst 33342 solution was prepared in advance by the addition of 2 µL Hoechst (Life Technologies) to 10 ml of 1X Permeabilization Buffer. 
[bookmark: _Hlk60078963]2.16 HbF reinduction assessments
HbF reinduction was analysed by flow cytometry and high-performance liquid chromatography (HPLC) on cells extracted from liquid culture 10-14 days after D0. For flow cytometric assessment, cells from liquid culture were fixed and permeabilised using the Cytofix/Cytoperm kit (BD Biosciences), as per manufacturer’s instructions. They were then incubated separately with anti-HbF (HbF-1-PE, ThermoFisher) and anti-HbA (Hemoglobin β-FITC (Fluorescein isothiocyanate), clone 37-8, Santa Cruz Biotechnology) antibodies followed by analysis on the Canto 2-1 or Symphony (BD Biosciences) flow cytometers. Total number of cells expressing the relevant haemoglobin fraction was analysed for a qualitative measure of haemoglobin expression, as well as mean fluorescence intensity (MFI), the latter expected to provide a more quantitative assessment of haemoglobin concentration. 
Haemoglobin fraction quantification by HPLC was carried out by collaborators at Bluebird Bio. Their method is described below:
Cells were washed in PBS, centrifuged 10 min at 300 g and lysed by hypotonic pressure in HPLC grade water. Haemoglobin was analysed by ion-exchange high-performance liquid chromatography (IE-HPLC). The different forms of haemoglobin were separated based on their charge at pH 6.5 on a PolyCAT A column (PolyLCInc.) with a Prominence chromatograph (Shimadzu) and the LC Solution software (Shimadzu) used for peak integration. Elution was achieved with a gradient mixture of buffer A (Tris 40mM, KCN 3mM; adjusted at 6.5 with acetic acid) and buffer B (Tris 40mM, KCN 3mM, NaCl 200mM; pH adjusted at 6.5 with acetic acid). The wavelength chosen for detection was 418 nm and the flow rate was set at 0.3 mL/min.
[bookmark: _Hlk60079034]2.17 CFU and single BFU-E analyses
For CFU analyses, 400 cells from each reaction were plated per 1ml methocult media (H4435, Stemcell Technologies) on day 2 (D2), with assessments carried out in triplicate for each reaction. MethoCult media was stored at  -80 °C therefore had to be thawed prior to use and brought to room temperature. Prior to plating, the tissue culture hood was thoroughly sterilised to avoid contamination of CFU plates. Cells were added to 3ml media and the mix homogenised by vortexing, then allowed to rest until air bubbles were not seen within the media any more. The 3ml media was then transferred using a syringe and blunt-ended needle in 3 equal aliquots into small petri dishes with lids then replaced to ensure sterility. After labelling, these small plates were stored in larger lidded plates along with an open dish containing sterile 1x PBS to further improve the humidity within the local environment and prevent drying out of CFU media.
CFUs were differentiated and counted after a further 13-14 days of culture at 37 oC with 5 % CO2. Single erythroid colonies (BFU-Es) were picked into 1X PBS and dissociated by vortexing. Single BFU-Es arising from edited reactions were split into 2 separate aliquots. The first underwent an assessment of editing efficiency at HBG-113 and/or BCL11A-ee (as appropriate) by PCR, sequencing and TIDE analysis as described above. HPLC assessment for haemoglobin fraction quantitation was undertaken on the second aliquot (again by collaborators, as above). Single BFU-Es arising from mock edited reactions underwent HPLC only.
[bookmark: _Hlk60079156]2.18 Longitudinal assessment of lineage proliferation, persistence of edited cells and chromosomal translocations in vivo after NSG mouse xenotransplantation
PB was sampled 3-weekly by retro-orbital draw from 6 weeks post-transplantation for lineage assessment and determination of editing percentage within circulating leucocytes. Lineage assessment was by flow cytometry utilizing antibody panel: anti-human CD45 (hCD45)-PerCP (clone 2D1); anti-mouse CD45 (mCD45)-V500 (clone 30-F11); anti-CD3-APC; (clone UCHT1); anti-CD4-V450 (clone RPA-T4);  anti-CD8-APC Cy7 (clone SK1);  anti-CD14-PE Cy7 (clone M5E2);  anti-CD20-FITC  (clone 2H7) (all BD Biosciences), run on the Canto 2-1 flow cytometer (BD Biosciences) . For editing analysis, DNA was extracted using QIAamp DNA micro kit (Qiagen) then processed by PCR amplification, sequencing and TIDE analysis, as described above. PB DNA extracted at 6 weeks post-transplant also underwent qualitative translocation PCR assay to determine the presence or absence of chromosomal translocation events in vivo.
[bookmark: _Hlk60079210]2.19 Lineage, HSPC, editing and translocation assessments at necropsy
Mice underwent euthanasia and necropsy 23 weeks post-transplantation, following maximal PB draw. BM, thymus and splenic tissues were harvested. Lineage assessment by flow cytometry was carried out on PB, BM and thymic tissues, using antibody panel and flow cytometer as for longitudinal lineage assessment. In addition, haematopoietic stem and progenitor cell quantitation within the human mononuclear cell population in extracted BM was undertaken using antibody panel: anti-hCD45-V450 (clone H130, BD Biosciences), anti-mCD45-PECF594 (clone 30-F11, BD Biosciences), anti-CD38-PerCP/Cy 5.5 (clone HIT2, Biolegend), anti-CD34-APC (clone 563, BD Biosciences), anti-CD90-PE Cy7 (clone 5E10, Biolegend) and anti-CD45RA-APC Cy7 (clone 5H9, BD Biosciences), run on the Symphony flow cytometer (BD Biosciences).
Assessment of editing percentage within human cells was undertaken on PB, BM and splenic tissue from necropsy, as per PB analyses post-transplant described above. ddPCR quantitation of translocation event frequencies was also undertaken on each of these tissues from necropsy as per protocol above.
[bookmark: _Hlk60079245]2.20 Further assays carried out on mouse bone marrow: CFU analysis and culture in differentiation media
A concentration of 70x103/ml cells were plated in ColonyGELTM 1402 (Reachbio) in triplicate from each mouse BM and CFUs differentiated and counted after 14 days. Remaining BM cells were cultured in liquid differentiation media and assessments of haemoglobin fractions made by flow cytometry and HPLC, as described above, on aliquots extracted after 12 days in culture.
[bookmark: _Hlk60079457]2.21 Treatment of NHP PB samples pre- and post-AMD3100
Aliquots of NHP blood underwent CBC testing by the UW Medicine Laboratories using the Sysmex XN 9000 Hematology Automation Line (Sysmex, IL, US) with MNC reported as total white cell count. 
Aliquots for flow cytometry underwent red cell lysis with haemolysis buffer which was prepared in-house: 150 mM ammonium chloride, 12 mM sodium bicarbonate and 0.1 mM EDTA were mixed into distilled deionised H2O and sterile filtered (0.22 μM filter units used). Blood was incubated with haemolysis buffer in approximately a 1:4 volume ratio, mixed by inverting the tube, and incubated for 5 minutes. Following this samples were spun down at 800 g for 5 minutes, the supernatant aspirated (being careful not to aspirate the buffy coat), and repeated once more. 
The cell pellet was then resuspended in FACS buffer (2% FBS in 1X PBS) and stained using the following antibody mastermix: anti-NHP CD45-V450 (Clone  D058-1283, BD); anti-CD34-APC (clone 563, BD) ; anti-CD90-PE-Cy7 (clone 5e10, Biolegend) and anti-CD45 RA-APC-H7 (clone 5H9, BD). Antibodies were added at a volume of 2 ul/1x106 cells. Incubation with antibodies was for 30 minutes at 4oC. Unstained controls and compensation beads stained with each antibody individually were run alongside, FACS was carried out on the BD FACSAria II or BD FACSCanto II flow cytometers. 
Post-acquisition analysis of flow cytometric data was carried out using FlowJo Version 9.
The percentage of CD34+ cells was defined by CD34-high/CD45-low fluorescence within the MNC population (MNCs first being defined by forward and side scatter). Within the bulk CD34+ cell population, the proportion enriched for true haematopoietic stem cells as defined by CD34+/CD90+/CD45RA- (CD90+) was determined. At each blood draw timepoint, absolute circulating CD34+ count was calculated by multiplication of CD34+ fraction of MNCs by the total circulating white cell count. Absolute CD90+ cell response was determined by multiplication of CD90+ fraction of CD34+ cells by absolute CD34+ cell number. 
[bookmark: _Hlk60079557]2.22 Treatment of mouse PB samples pre- and post-AMD3100
Total white cell count was analysed using the Element HT5 Veterinary Hematology Analyser (Heska). This was analysed on the ‘mouse’ programme after first ensuring that human white blood cells would be detected on this programme. This was done by analysing donor human blood samples (from volunteers in the laboratory) to assess whether the white cell count reported correlated with that expected in healthy adults and was also similar to the result when the same blood sample was run on the ‘primate’ programme. Interestingly, the white cell differential (the percentage of neutrophils, lymphocytes, monocytes etc) was not as expected, suggesting that cellular characteristics used to differentiate these different leucocyte subtypes differ between humans and mice. Since only total white cell count was required for this experiment, this discrepancy was not problematic. 
Remaining cells then underwent red cell lysis using BD Pharm LyseTM buffer (BD Biosciences) followed by staining for FACS analysis. Antibody panel utilised for staining included: anti-human CD45 (hCD45)-PerCP or anti-human CD45-PerCP- CyTM5.5 (both clone 2D1); anti-mouse CD45-V500 (clone 30-F11) and anti-CD34-APC (clone 563) (all BD Biosciences). CD34+ gating was informed by results of an FMO sample processed with each cohort of blood samples, stained with anti-hCD45 and anti-mCD45 but not anti-CD34 (clones as above). Compensation beads were also run with each batch of samples, with each antibody used to stain separate tubes of beads. Post-acquisition analysis of flow cytometric data was carried out using FlowJo Version 9.
In order to examine the CXCL12 plasma concentration, blood samples were spun down at 1700 rpm for 15 mins after initial extraction of a 25µL aliquot for CBC analysis. Separated plasma was pipetted into cryostore tubes and frozen at -80oC for analysis.
[bookmark: _Hlk60082825]2.23 Statistical analysis
FlowJo V9 was used for compensation and analysis of flow cytometry results. Excel 2016 for Windows and GraphPad Prism 7 for Windows (Prism) were used for statistical analysis. Paired t-test is applied where each value has an appropriate paired result; unpaired t-test is applied in every other case. 
Chi squared test was used to compare proportions of insertions and deletions at HBG-113 and BCL11A-ee in single BFU-Es.
p values of <0.05 are taken to be significant (*) and p values of <0.001 are taken to be highly significant (**).Presentation of graphical data is with Prism. 
For assessment of HbF reinduction, 2 separate calculations are employed. For most analyses, HbF/HbA ratio is taken. However, where single BFU-Es are being analysed, the amount of one haemoglobin fraction was below the level of detection by HPLC in some cases, and was therefore reported as ‘0’. In order to avoid this value being used as a denominator, an alternative calculation was used: HbF / (HbF + HbA). 

[bookmark: _Hlk81675124]

3.0
Chapter 3:
Multiplex CRISPR/Cas9 editing of haematopoietic stem and progenitor cells in vitro



[bookmark: _Hlk81066402]
3.1 Introduction
Patients with the severe inherited conditions sickle cell disease or β thalassaemia start to suffer from the manifestations of these diseases only after the first few months of life, when the physiological switch from production of foetal to adult haemoglobin approaches completion.2; 126 Reinducing higher levels of HbF is well established as a therapeutic goal in patients with these conditions since higher baseline HbF levels resulting from co-inherited benign genetic variants, termed HPFH, have been recognised for many decades to confer milder symptoms and improved life-expectancy.73; 134 The chemotherapeutic agent hydroxycarbamide has been used to this end for many decades, but only rarely provides high enough HbF levels to completely halt the underlying pathogenesis of these conditions, and also carries risks and side-effects which make it unsuitable for some patients.158; 159
As an alternative method of re-inducing endogenous HbF production, genome editing strategies have been employed to recapitulate these natural HPFH variants. These work by disrupting areas of the genome regulating the natural shift from HbF to HbA, thereby reversing this switch and leading to increased HbF production in those erythrocytes which descend from such modified HSPCs. Although other elements of these regulatory pathways have been elucidated, the two primary genetic loci which have been targeted for modification in this way are BCL11A and the HBG promoter region (reviewed by Humbert-Samuelson et al).9 
In the natural state, the transcription factor BCL11A binds in an inhibitory manner to the HBG promoter, downregulating production of γ globin chains and therefore inhibiting HbF generation. If the erythroid enhancer region within BCL11A is specifically targeted for disruption, this provides erythroid-specific downregulation of BCL11A production in a manner which does not impair HSPC engraftment or maturation into blood cell lineages.263; 265; 266 A particular region of the HBG promoter, 113 nucleotides upstream of the coding region, has also been edited successfully, reproducing one of the more common mutations found in individuals with HPFH.268; 280 Experiments describing editing of these single loci have and subsequent retransplantation back into NHPs (HBG-113) or into patients (BCL11A-ee) have been published, however, reaching sustainably high enough levels of HbF to reliably deliver a complete cure remains a significant challenge.9; 280 It is therefore important that new methodology is found to further increase HbF generation after CRISPR/Cas9 editing of HSPCs.
This chapter investigates the hypothesis that knocking out both the BCL11A-ee and HBG-113 in the same HSPC population will lead to more effective HbF reinduction than disrupting only 1 of these loci (Fig 3.1). This multiplex editing approach to maximise HbF reinduction had not been attempted before, therefore the effects on cell viability required investigation. One particular concern was that by introducing DSBs into the DNA of 2 separate chromosomes within the same cell, the potential for translocation events would arise. The experiments described below represent the first steps in investigating this dual editing strategy, to ascertain its feasibility, efficacy and safety in in vitro. Two different dual editing protocols were designed in order to compare the simultaneous application of genome editing at both loci to a sequential approach, in which each locus is targeted on separate occasions within the same HSPC population. The aim of introducing a sequential dual editing arm was to mitigate the risk of chromosomal translocations being generated. It was hypothesised that if DSBs within different chromosomes in the same cell were created at separate times, the chances of chromosomal rearrangement would be reduced or removed entirely.
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[bookmark: _Hlk88922340]Figure 3.1: The BCL11A/HBG axis under physiological conditions and following CRISPR/Cas9 genome editing at the BCL11A-ee and HBG-113 regions.
(A) The BCL11A/HBG axis enforces the physiological switch from foetal to adult haemoglobin in infancy. BCL11A transcription factor binds to the promoter region of the γ globin genes on chromosome 11, inhibiting production of γ globin chains and promoting formation of HbA over HbF. (B) Disruption of the BCL11A/HBG axis by CRISPR/Cas9 genome editing allows reversal of the haemoglobin switch and increased HbF production. Targeting either the erythroid-specific enhancer of BCL11A or the binding sites for BCL11A within HBG promoter regions as single loci are well established strategies to reinduce HbF. In these experiments, dual targeting of both regions within the same population of haematopoietic stem cells was investigated. By both reducing BCL11A production and also blocking binding of residual transcription factor, it was hypothesised that HbF reinduction would be further potentiated, beyond that seen with the disruption of either single target. 
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HbA: Haemoglobin A, HBG-113: HBG promoter region, HbF: Foetal haemoglobin


3.2 Aims and objectives
The aim of this chapter was to determine the efficacy of simultaneous and sequential dual CRISPR/Cas9 editing targeting both BCL11A-ee and HBG-113 in terms of in vitro editing efficiency and HbF reinduction, and also the effects of multiplex editing on cell proliferation and differentiation. In addition, these experiments were designed to investigate the possibility that chromosomal translocations would arise as a result of such dual editing strategies and to compare the simultaneous to the sequential dual editing protocols in this regard.
As a secondary aim, once it was noted that HBG-113 editing applied as the second edit in a sequential dual editing strategy resulted in particularly good editing efficiencies, it was hypothesised that this may be due to the effect of the previous electroporation episode which stimulated quiescent HSPCs to enter the cell cycle and thereby increased activity of the MMEJ pathway machinery, facilitating formation of the 13nt deletion. The effect of AMD3100 pre-treatment on cell cycling was also investigated as part of an effort to better understand the behaviour or HSPCs after exposure to AMD3100 (in relation to experiments described later in chapter 7).

Main hypothesis: Multiplex CRISPR/Cas9 genome editing at HBG-113 and BCL11A-ee, delivered either simultaneously or sequentially, will improve total editing efficiency and therefore HbF reinduction in HSPCs in vitro without significantly impairing their viability. Any risk that chromosomal translocations may be generated will be mitigated by delivering dual editing in a sequential rather than simultaneous manner.
Secondary hypothesis: Electroporation or exposure to AMD3100 stimulates stem cells to enter active phases of the cell cycle, thereby increasing activity of the MMEJ machinery and improving the efficiency of 13nt deletions after CRISPR/Cas9 editing at the HBG-113 locus.

The objectives of these experiments were:-
1. To assess the effects of multiplex CRISPR/Cas9 genome editing on HSPC proliferation and differentiation in vitro, in comparison to editing at a single locus.
2. To compare in vitro editing efficiency and HbF reinduction between HSPCs edited at a single locus and those in which both BCL11A-ee and HBG-113 were targeted for CRISPR/Cas9 editing, either simultaneously or sequentially.
3. To investigate whether chromosomal translocations arise as a result of multiplex CRISPR/Cas9 editing at both loci, and if so whether this risk is removed by delivering multiplex editing sequentially rather than simultaneously.
4. To investigate whether exposure to previous electroporation or AMD3100 affects cell cycle activity and whether these events would impact on the efficiency of subsequent HBG-113 CRISPR/Cas9 editing.

3.3 Chapter-specific materials and methods
Detailed information on the majority of individual techniques performed are given in Chapter 2. Development of PCR assays to quantify editing efficiency and to qualitatively detect the presence of anticipated chromosomal translocations was a considerable piece of work in itself and therefore a separate chapter has been allocated to describe these processes (Chapter 6) in order that the focus of this chapter might remain the editing experiments themselves and their results.
3.3.1 Experimental design: single and multiplex genome editing of HSPCs 
3.3.1.1 HSPC source
HSPC source was G-CSF-mobilised PBMNCs donated by (anonymised) healthy individuals or patients with a non-haematological condition, with appropriate ethics approval. Cells were received either as frozen apheresis aliquots or as pre-CD34+-enriched cells.
3.3.1.2 HSPC preparation and genome editing
Where PBMNCs were provided in the form of a frozen apheresis collection, they were thawed and where necessary underwent red cell lysis. They were recovered in SFEM II media at 370C and subsequently underwent CD34+-enrichment on the same day. Where pre-CD34+-enriched HSPCs were purchased from the FHCRC stem cell core, these were thawed and recovered in SFEM II media at 370C. In both cases the thaw +/- enrichment occurred on D-1 prior to commencement of the genome editing protocol on D0. Cell cultures were counted on D0 prior to editing and then divided into separate aliquots for treatment by the following conditions:
1. Mock electroporation only (i.e. treatment was identical to that in edited reactions with the omission of RNPs) on D0
2. Single HBG-113 editing on D0
3. Single BCL11A-ee editing on D0
4. Simultaneous dual editing on D0
5. Sequential dual editing with editing at BCL11A-ee taking place on D0 and editing at HBG-113 taking place on D1.
Following completion of the editing protocol, cells were recovered in SFEM II at 370C until D2 when cells were plated for CFU assessment and the remaining cells transferred into differentiation media to encourage erythroid differentiation (Fig 3.2). The experiment was repeated a total of 5 times using 4 different stem cell donors. 
[image: ][bookmark: _Hlk88922420]Figure 3.2: Single or dual CRISPR/Cas9 editing of HSPCs: experimental arms
Peripheral blood mononuclear cells enriched for CD34+ were treated according to 5 experimental arms in these experiments. On D0 cells underwent either mock editing with electroporation only; single target CRISPR/Cas9 editing with HBG-113 or BCL11A-ee-specific RNPs; or dual editing with RNPs targeting both loci (simultaneous dual editing). In a further sequential dual editing arm, HSPCs underwent single editing at BCL11A-ee on D0 and a second editing procedure targeting HBG-113 on D1. On D2, cells from each reaction were plated onto methocult media for CFU assay and also cultured in liquid media containing erythropoietin in order to encourage erythroid differentiation.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, CFU: colony forming unit, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, D0: day 0, D1: day 1, D2: day 2, G-CSF: granulocyte colony-stimulating factor, HBG-113: HBG promoter region, HSPC: Haematopoietic stem and progenitor cell, RNP: ribonucleoprotein, sgRNA: specific guide RNA



3.3.1.3 CFU assays
400 cells from each reaction were plated onto methocult-based media on D2 for assessment of CFU potential. Assessment was carried out in triplicate for each reaction with total and different types of colonies being counted after 13-14 days of culture. Means were taken for each parameter for each arm of the experiment.
3.3.1.4 Liquid culture of modified HSPCs
Remaining cells were transferred into erythropoietin-containing liquid media and cultured at 37oC for up to 14 days to allow assessment of editing efficiency and HbF reinduction.
3.3.1.5 Assessment of editing efficiencies
Assessment of editing efficiency was carried out following extraction of DNA from aliquots of cells in liquid culture. PCR amplification of the BCL11A-ee and HBG-113 regions was initially undertaken. Sanger sequencing was carried out on the purified PCR product and the results subjected to TIDE analysis (TIDE, Netherlands Cancer Institute, Netherlands) in which the sequence of an edited reaction was compared to a sequence from an unedited aliquot of cells and the percentage in which insertion or deletion was found at the target RNP cut site was derived. Due to challenges obtaining valid results from the PCR reactions (described in full in Chapter 6), aliquots of cells were extracted at multiple timepoints during each experiment for analysis between days 4-9. Given a possibility that editing levels could rise or fall during this time, results included in the analyses were taken from a timepoint at which valid results were obtained for each reaction in a particular experiment, in order to ensure that comparisons were valid. It would have been preferrable that editing be assessed at a standardised timepoint for all experiments, but this was not possible, and so priority was given to ensuring the single timepoint within experiments.
3.3.1.6 Calculation of potency of HbF reinduction
HbF reinduction was examined in cells cultured in differentiation media by flow cytometry and also by HPLC. In each case, the ratio of foetal to adult haemoglobin (HbF/HbA) was calculated. Results were normalised by those obtained for the mock treated reaction in each experiment, to account for otherwise confounding variance in haemoglobin fraction frequency related to factors innate to different stem cell donors or experimental conditions.
3.3.1.7 Assessment of HbF reinduction by flow cytometry 
HbF reinduction was quantified by flow cytometry on cells extracted from liquid culture on D10-14. Flow cytometry quantified the proportion of cells containing detectable HbA and the proportion containing detectable HbF in order that the proportion of haemoglobin-containing (i.e. presumably erythroid) cells with detectable HbF (i.e. F-cells) could be calculated. MFI was also assessed for each fluorophore as a semi-quantitative assessment of concentration of each haemoglobin (Hb) type.
3.3.1.8 Assessment of HbF reinduction by HPLC 
HbF reinduction was also quantified by HPLC in cells extracted from liquid culture on D10-14. Cells were washed and frozen in concentrated solution prior to shipping to a collaborator at Bluebird Bio, who carried out all of the HPLC assays. HPLC analysis provided a validated quantification of the amount of each Hb type (HbA and HbF) in the cell population as a whole rather than assessment at the level of individual cells, since cell lysis is an initial step in the HPLC assay, providing a haemolysate for analysis.
3.3.1.9 Qualitative assessment of translocation presence by simple PCR
PCR assays were designed to amplify the products of translocation events if they occurred. The breakpoints and therefore the meeting points for translocations were anticipated to be the cut sites at BCL11A-ee and HBG-113. The first primer pair used was a forward primer to bind HBG-113 (HBG-F2) in combination with a reverse primer binding to BCL11A-ee (BCL11A-R1), to pick up what was termed ‘translocation event #1’. The second primer pair was a forward primer to bind BCL11A-ee (BCL11A-F1) in combination with a reverse primer binding to HBG-113 (HBG-R2), to pick up what was termed ‘translocation event #2’.  PCR products were run on 2% agarose gel electrophoresis in order to demonstrate the presence or absence of a product of translocation PCR.     
3.3.1.10 Confirmation of translocation by Sanger sequencing
A number of PCR products generated using the translocation PCR assays with dual edited HSPC populations as substrate, were sent for Sanger sequencing. This was in order to confirm that the amplicon visualised did indeed consist of the expected chimera, which aligned with relevant regions of both HBG-113 and BCL11A-ee (assessed using the Snapgene programme), thus validating the PCR translocation assay as a qualitative assessment of the presence or absence of chromosomal translocations.
3.3.1.11 Quantitation of translocation frequencies by ddPCR
Frequencies of translocation events #1 and #2 were quantified by ddPCR assay, carried out by collaborators in the Jerome Laboratory at FHCRC. Samples from 3 experiments were analysed rather than all 5, due to constraints in staff time, reagents and equipment.
3.3.2 Experimental design: cell cycle experiments
3.3.2.1 HSPC source and preparation
CD34+-enriched human G-CSF-mobilised PBMNCs were either purchased from the stem cell core or prepared within the laboratory from donor PBMNCs. Cells were thawed on D-1 and recovered overnight in SFEM II.
3.3.2.2 Original experimental protocol: experiment 1
On D0, an aliquot of cells was separated for an untreated control and the remainder divided into 3 equal portions. Reactions were as follows:
1: Untreated control
2: Standard HBG-113 editing on D0
3: Mock electroporation on D0 followed by standard HBG-113 editing 24 hours later
4: Addition of high-concentration AMD3100 (0.83 ul/ml) on D0 followed by standard HBG editing 24 hours later
3.3.2.3 Modified experimental protocol: experiments 2-3
The initial plan was to conduct experiments, based on the protocol in experiment 1, three times using different stem cell sources to provide results in biological triplicate. In the first experiment, reaction 2 underwent editing on D0, at the same time as mock electroporation of reaction 3 and addition of AMD3100 to reaction 4. This is because according to our standard editing protocol, where a single edit was applied this would be carried out on D0 prior to transplantation on D1, representing normal practice. 
However, when results from this first experiment showed higher editing efficiency in both of the pre-treated reactions than the standard edit reaction, the effect of pre-electroporation or AMD3100 exposure could not be separated from the effect of an additional 24 hours in culture. Therefore, for the subsequent 2 experiments, editing of reaction 2 was carried out on D1, at the same time as editing of reactions 3 and 4. This reduced the number of variables which could potentially contribute to differences in editing efficiency between reactions. 
Therefore, modified reaction conditions for subsequent experiments were as follows:
1: Untreated control
2: Standard HBG-113 editing on D1
3: Mock electroporation on D0 followed by standard HBG-113 editing 24 hours later on D1
4: Addition of high-concentration AMD3100 (0.83 ul/ml) on D0 followed by standard HBG editing 24 hours later on D1
3.3.2.4 Assessments of cell proliferation and differentiation: live cell counts with mathematical standardisation
Live cell counts were monitored for all 3 experiments and also 1200 cells in total from each reaction were plated into H4435 methocult media on D2 for colony forming potential analysis, to permit assessment of the toxicity of each reaction. As the same number of cells were removed from each reaction for the plating of CFUs, despite the differences in total live cell count at that point in time, this represented a different proportion of depletion from the various reactions. Given the limited number of HSPCs included in each experiment, the difference in proportional reduction was considered potentially significant. Subsequent cell counts are therefore adjusted for this.
As an example of this calculation:
Experiment 2, reaction 2: total live cell counts on D2 (24 hours after editing event) was 0.3725x10x6. 1200 cells were then removed for CFUs, which equated to 0.0012/0.375=0.00322 of the total cell number. Total live cell counts the following day was 0.845x10x6, and this was adjusted by multiplying by 1.00322 to give a total of 0.848. Although these differences are small, it was felt important to add this correction factor since failure to do so would result in differences between cell counts being exaggerated. Due to the small number of cells available, the untreated reactions often had a smaller starting cell count to allow treated reactions to contain a more substantial number of cells. A further adjustment was therefore added to standardise starting cell counts between reactions, with starting cell counts adjusted to 1 x10x6 and subsequent counts adjusted appropriately by dividing the actual count by the cell count for that reaction on D0. For example, where starting cell count in a reaction was 1.2 x10x6, this was adjusted to 1.0 x10x6 and subsequent counts adjusted by dividing by 1.2.
3.3.2.5 Assessments of cell proliferation and differentiation: CFU assays
400 cells from each reaction were plated onto methocult-based media on D2 for assessment of CFU potential. Assessment was carried out in triplicate for each reaction with total and different types of colonies being counted after 13-14 days of culture. Means were taken for each parameter for each arm of the experiment.
3.3.2.6 Cell cycle analysis
A sample was taken on D0 prior to splitting into the different reactions, for cell cycle analysis by flow cytometry. Cells were first gated on forward and side scatter. HSPCs were identified by CD34 positivity and selected for Hoescht positivity, confirming DNA presence. Cells in the active phases of the cell cycle were then identified by Ki67-positivity. This was repeated on D1 prior to editing of reactions 3 and 4 (and also prior to editing of reaction 2 for experiments 2 and 3).         
3.3.2.7 Assessment of editing efficiency
Cells from each reaction in liquid culture were extracted on D5-D8 for DNA extraction, PCR and sequencing for the assessment of editing efficiency. Where CFUs had been plated these were also harvested for DNA extraction, PCR and sequencing for the assessment of editing efficiency within colonies. However, the majority of PCR and sequencing for combined CFUs failed to provide readable results therefore these are not reported here.

3.4  Results
3.4.1 Results of experiments comparing single and dual CRISPR/Cas9 editing strategies for HbF reinduction
3.4.1.1 Optimal total editing efficiency with sequential dual CRISPR/Cas9 editing at BCL11A-ee and HBG-113
[bookmark: OLE_LINK3][bookmark: OLE_LINK2]Total editing efficiency was similar between single edited arms (Fig 3.3A), with editing frequency in the HBG-113 single edited reactions of 46.8% +/- 17.8% and in the BCL11A-ee single edited reactions 47.7% +/-7.0% (mean +/- SD). Total editing (taken to be HBG-113 editing plus BCL11A-ee in double-edited reactions) was greatest in sequentially double-edited cells at 87.5% +/- 33.0% (mean +/- SD), being significantly higher than either the HBG-113 or BCL11A-ee single edited reactions (n=5, p=0.0132 and p=0.0341 respectively). Total editing efficiency in the simultaneously double-edited reactions was lower than in the sequentially double-edited arms, at 67.6% +/- 6.0% (mean +/- SD), (n=5, p>0.05), but was still higher than the HBG-113 single edited arm (n=5, p>0.05) and the BCL11A-ee single edited reactions (n=5, p=0.0036).
Looking in particular at mean editing of the HBG-113 locus: in comparison to the HBG-113 single edited arm, editing efficiency was similar in the sequentially double-edited arm at 49.0% +/- 23.6%, but was significantly lower in the simultaneously double-edited reactions at 30.9% +/- 6.2% (mean +/- SD) (n=5, p= 0.0476). Editing efficiency at the BCL11A-ee locus was similar between simultaneous and sequentially double edited reactions at 36.7% +/- 7.6% and 38.5% +/- 12.0% respectively (mean +/- SD). Both double-edited arms showed non-significantly lower editing efficiency at this locus than the BCL11A-only reaction (n=5, p>0.05).
Detailed examination was made regarding the frequency of those precise deletion lengths previously reported to be commonly found at these particular editing targets and associated with the microhomology-mediated end-joining (MMEJ) pathway.269; 280; 338 The 13nt HBG-113 deletion was found in the single edited and sequentially double-edited cells at similar mean levels: 19.9% +/- 20.1% and 21.1% +/- 15.4% respectively, but this particular deletion length was less commonly observed in the simultaneously double-edited reactions (8.0% +/- 8.1%) (mean +/- SD) (n=5, p=0.0222 in comparison to sequential reactions) (Fig 3.3B).
The 13nt deletion at the BCL11A-ee locus was similarly found to be lower in the simultaneously double-edited reaction in comparison to the single edited and the sequentially double-edited arms with mean frequencies of  0.7% +/- 1.1%, 1.2% +/- 1.1% and 1.5% +/- 1.7% respectively (mean +/- SD) (n=5, p>0.05 for all). The same trend was observed for the 15nt deletion at this locus, with frequencies in the simultaneously double-edited, single edited and sequentially double-edited reactions of 1.1% +/- 0.5%, 1.9% +/- 1.9% and 1.9% +/- 1.9% respectively (mean +/- SD) (n=5, p>0.05 for all) (Fig 3.3C). 
[image: ][bookmark: _Hlk88923430]Figure 3.3: Editing efficiencies with single and dual CRISPR/Cas9 editing strategies.
HSPCs underwent CRISPR/Cas9 genome editing targeting either HBG-113 or BCL11A-ee, or both loci either simultaneously or sequentially. Editing efficiency at each locus in each reaction was assessed by PCR, Sanger sequencing and TIDE analysis of the results. (A) Editing at each single locus is shown with significance figures relating to differences in total editing i.e. HBG + BCL11A editing where relevant (n=5) (mean+/-SD). (B) 13nt deletion frequency was analysed as this is expected to comprise a significant proportion of HBG-113 indels and represents activity of the MMEJ pathway (n=5) (mean+/-SD). (C) 13nt and 15nt deletion frequencies within BCL11a-ee were also examined, as these are known to be relatively common large deletions at this site, mediated by the MMEJ (n=5) (mean+/-SD).
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HBG or HBG-113: HBG promoter region, HSPC: Haematopoietic stem and progenitor cell, MMEJ: microhomology-mediated end joining, ns: not statistically significant (p>0.05), PCR: polymerase chain reaction, 13nt: 13-nucleotide, 15nt: 15-nucleotide.



3.4.1.2 Non-significant trend towards reduced proliferation with sequential dual editing but maintenance of normal patterns of differentiation 
HSPCs from each reaction were plated in methocult-based media to assess proliferation and differentiation potential (Fig 3.4). There were no significant differences in the total colony forming unit (CFU) potential of HSPCs from each reaction (n=5, p>0.05 for all), although there was a trend towards reduced total number of colonies following sequential dual editing. The pattern of colony type grown was comparable between arms.
[image: ][bookmark: _Hlk88923670]Figure 3.4: Colony-forming potential of HSPCs after mock, single or dual CRISPR/Cas9 editing
HSPCs underwent CRISPR/Cas9 genome editing targeting either HBG-113 or BCL11A-ee, or both loci either simultaneously or sequentially. Cells were then cultured in triplicate for each reaction in methocult-based media for 13-14 days prior to differentiating and counting each colony type (n=5) (mean+/-SD).
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, BFU-E: burst-forming unit-erythroid ,CFU: colony forming unit, CFU-G: granulocytic colony forming unit , CFU-M: monocytic colony forming unit, CFU-Mixed: mixed types of colony forming unit, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HBG or HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets.




3.4.1.3 Greatest HbF reinduction by flow cytometry with sequential dual editing approach 
Flow cytometric assessment of the proportion of cells containing detectable levels of HbF or of HbA was carried out initially (Fig 3.5A-B). The HbF/HbA ratio was increased in comparison to the mock treated reaction in all edited cells, although this only reached statistical significance in the sequentially double-edited cells (n=5, p=0.0469). Mean HbF/HbA ratio was also highest in this reaction, at 2.263 +/-0.995 in comparison to 1.839 +/- 1.019 in HBG-113 single edited cells, 1.397 +/- 0.537 in BCL11A-ee single edited cells and 1.788 +/- 0.976 in simultaneously double-edited cells (mean +/- SD). HbF/HbA ratio was significantly higher in the sequentially double-edited cells were compared to HBG-113 single edited cells (n=5, p=0.0403) and to simultaneously double-edited cells (n=5, p=0.0092). Where single edited arms were compared, there was a trend towards improved HbF reinduction in HBG-113 edited cells in comparison to BCL11A-ee edited cells, despite comparable editing efficiencies between these arms (n=5, p>0.05).
Mean fluorescence intensity (MFI) reported on flow cytometry was separately analysed for HbF and HbA antibody fluorophores followed by calculation of the ratio, in order to permit a more quantitative assessment of HbF reinduction per cell (Fig 3.5C). Once again, by this alternative analysis, HbF reinduction was highest in the sequentially double edited cells, with mean HbF/HbA MFI ratio being 3.927 +/- 1.797 in these reactions compared to 3.259 +/- 1.911 in HBG-113 singe-edited cells, 1.973 +/- 0.722 in BCL11A-ee single edited cells and 2.832 +/- 1.353 in simultaneously double-edited cells (mean +/- SD). This difference reached statistical significance where sequentially double-edited reactions were compared to simultaneously double-edited ones (n=5, p=0.0287). Where single edited arms were compared, the trend towards greater HbF reinduction with HBG-113 editing above BCL11A-ee targeting was even more marked once amplitude of haemoglobin fraction reporting was taken into account.
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[bookmark: _Hlk88923728]Figure 3.5: HbF reinduction by flow cytometry following single or dual CRISPR/Cas9 editing of HSPCs
HSPCs underwent CRISPR/Cas9 genome editing targeting either HBG-113 or BCL11A-ee as single targets, or both loci either simultaneously or sequentially. After culturing in liquid media designed to encourage erythroid differentiation, cells underwent flow cytometric analysis of HbF reinduction.  (A) After gating on forward and side scatter, the proportion of cells staining positive for HbF and the proportion staining positive for HbA were quantified, as well as mean fluorescence intensity being documented for each fluorophore. Ratios for HbF/HbA were calculated and normalised by dividing by values obtained for the mock treated reaction in each experiment. (B) The proportion of haemoglobin-containing cells staining positive for HbF was increased in all edited reactions in comparison to the mock-treated control and highest in sequential dual treated reactions (n=5) (mean+/-SD).  (C) MFI was also increased in all edited reactions, and again was highest where cells had undergone sequential dual editing (n=5) (mean+/-SD).  
Only statistically significant differences are shown, others are all p>0.05. 
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, BTX: electroporation, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, FSC: forward scatter, HbA: Haemoglobin A, HbF: Haemoglobin F, HBG or HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, MFI: Mean fluorescence intensity, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets, SSC: side scatter




3.4.1.4 Greatest HbF reinduction by HPLC with sequential dual editing
Final analysis of HbF reinduction was by HPLC (Fig 3.6). This provided a validated, quantitative assessment of the HbF proportion and reported patterns almost identical to those seen with MFI analysis in flow cytometric assays. 4 replicates were available for analysis for each reaction, due to failure of HPLC in one experiment. HPLC analysis demonstrated increased HbF/HbA ratio in all edited reactions in comparison to mock-treated cells, as seen with flow cytometric analysis. Again, the greatest increase was in the sequentially double edited reactions. Mean HbF/HbA ratio by HPLC was as high as 4.094 +/- 0.987 in sequentially double-edited cells, in comparison to 3.276 +/- 0.850 in HBG-113 single edited cells, 2.175 +/- 0.506 in BCL11A-ee single edited cells and 2.952 +/- 0.777 in simultaneously double-edited cells (mean +/- SD). This difference was statistically significant where sequentially double-edited reactions were compared to BCL11A-ee single edited reactions (n=4, p=0.0353) or to simultaneously double-edited reactions (n=4, p=0.0128). In this analysis, as in those above, where single edited arms were compared, HbF reinduction was more effective with targeting of the HBG-113 rather than the BCL11A-ee (n=4, p>0.05).



[image: ]
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[bookmark: _Hlk88923814]Figure 3.6: HbF reinduction by HPLC following single or dual CRISPR/Cas9 editing of HSPCs
HSPCs underwent CRISPR/Cas9 genome editing targeting either HBG-113 or BCL11A-ee as single targets, or both loci either simultaneously or sequentially. After culturing in liquid media designed to encourage erythroid differentiation, cells underwent haemoglobin fraction quantification by HPLC. (A) Example traces from one experiment are provided along with the results of calibration with control standards for HbF, HbA, HbS and HbC (‘standard’). Ratios for percentage HbF concentration / percentage HbA concentration were calculated for each reaction and normalised by dividing by values obtained for the mock treated reaction in each experiment. (B) Greatest HbF reinduction was observed in sequentially dual edited cells, this difference reaching statistical significance in comparison to BCL11A-ee single edit and simultaneous dual edited reactions (n=4) (mean+/-SD).  
Only statistically significant differences are shown, others are all p>0.05. 
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HbA: Haemoglobin A, HbC: Haemoglobin C, HbF: foetal haemoglobin, HBG or HBG-113: HBG promoter region, HbS: Haemoglobin S, HPLC: high performance liquid chromatography HSPCs: haematopoietic stem and progenitor cells, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets.




3.4.1.5 Presumed chromosomal translocations detected by PCR after both simultaneous and sequential multiplex editing protocols
The presence of chromosomal translocations was assessed in bulk cells in liquid culture from each reaction, using primer pairs HBG-113 forward (F2) with BCL11A-ee reverse (R1) (translocation event #1), and BCL11A-ee F1 with HBG-113 R2 (translocation event #2). Chromosomal translocations were suspected by the consistent demonstration of PCR product when these translocation assays were applied to dual edited reactions but not when single  or mock-edited reactions were the substrates (Fig 3.7). 

[image: ][bookmark: _Hlk88923839]Figure 3.7: Presumed translocation events detected following dual CRISPR/Cas9 editing of HSPCs
HSPCs underwent CRISPR/Cas9 genome editing targeting either HBG-113 or BCL11A-ee as single targets, or both loci either simultaneously or sequentially. PCR was carried out to investigate the possibility that chromosomal translocation events occurred, due to DNA double-stranded breaks forming at both targeted loci in the same cell. Assays were designed to detect 2 separate translocation products anticipated to form if such chromosomal rearrangement occurred. Products of such PCR experiments were visualised on agarose gel electrophoresis. No such product of the translocation PCR assays was observed where negative control reactions (single or mock edited reactions) were the PCR substrate.
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, DNA: Deoxyribonucleic acid, HBG or HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets.




3.4.1.6 Chromosomal translocation events confirmed by Sanger sequencing
The PCR product from translocation PCR reactions was confirmed to indeed represent a segment of DNA created by translocation at the breakpoints in chromosomes 2 and 11 by demonstration that the resultant sequence aligned with sections of both BCL11A-ee and HBG-113 regions (Fig 3.8). This confirmation validated the translocation PCR assay. Therefore, subsequently, the demonstration of a product of translocation PCR which was of the expected length and present only in dual edited reactions, but not negative controls (single, mock edited or untreated cells) was considered adequate confirmation of translocation presence without the need to sequence every such reaction.


[image: ][bookmark: _Hlk88923921]Figure 3.8: Sequence analysis confirms that products of translocation PCR assays are chimeras of BCL11A-ee and HBG-113
HSPCs underwent multiplex CRISPR/Cas9 genome editing targeting both BCL11A-ee and HBG-113. PCR assays were carried out to investigate the possibility of chromosomal cross-over events involving both target sites, using primer combinations designed to bind to each site of the anticipated translocation sequences. In order to confirm that products of such PCR reactions indeed represented chromosomal translocation products, a number of PCR products underwent Sanger sequencing for further analysis. Three examples of confirmed translocation sequence are included in this figure, each demonstrating alignment both with regions of BCL11A-ee and HBG-113, providing positive validation of the translocation PCR assay.
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, Chr: chromosome, HBG or HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction.



3.4.1.7 Chromosomal translocations are more frequent following simultaneous than sequential multiplex editing
Following the qualitative demonstration of chromosomal translocations in double-edited reactions, translocation frequency was quantified by ddPCR in a number of experiments and found to be significantly higher where dual editing had been applied simultaneously rather than in a sequential manner. Mean frequencies for translocation event #1 were 0.970% +/- 0.285% in simultaneous reactions and 0.113% +/- 0.085% in sequential ones (mean +/- SD) (n=3, p=0.0420) (Fig 3.9A). For translocation #2 these figures were found to be 0.583% +/- 0.155% and 0.037% +/- 0.012% respectively (mean +/- SD) (n=3, p=0.0296) (Fig 3.9B). Higher reported prevalence of translocation event #1 over translocation event #2 was noted which may be due to a genuine difference in frequency but may also reflect variable sensitivity between these assays therefore firm conclusions could not be drawn regarding differential frequencies of the 2 translocation events.
[image: ][bookmark: _Hlk88924000]Figure 3.9: ddCPR quantification of translocation events following multiples CRISPR/Cas9 genome editing
HSPCs underwent CRISPR/Cas9 genome editing targeting either HBG-113 or BCL11A-ee as single targets, both loci either simultaneously or sequentially, or mock electroporation only. Following demonstration that translocation events occur between the two loci, ddPCR was employed to quantify the frequency of 2 particular translocation events. (A) Translocation event #1 was assayed using the combination of a forward primer binding to HBG-113 and reverse primer to bind BCL11A-ee. (B) Translocation event #2 was quantified using a forward primer binding BCL11A-ee and reverse primer binding HBG-113. Both translocation events were significantly more frequent following simultaneous rather than sequential multiplex editing (n=3) (mean+/-SD).
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, ddPCR: digital droplet PCR, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, sequential: sequential dual edited reactions; simultaneous: simultaneous dual edited reactions.



3.4.2 Results of cell cycle experiments
3.4.2.1 Live cell counts 
For all experiments, cell cultures were counted on D0 and D2. In experiment #1 counts were also taken on D4 and D6. In experiments #2-3 counts were also taken on D3. All treated reactions trended towards lower cell counts from D2 than untreated controls (Figs 3.10A-B). For experiments 2-3 all treated reactions had significantly lower live cell counts than untreated controls on D3. Differences between treated reactions were minimal and not statistically significant (Fig 3.10C).
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[bookmark: _Hlk88924044]Figure 3.10: Effects of electroporation or AMD3100 pre-exposure prior to CRISPR/Cas9 editing on live cell counts
HSPCs underwent routine CRISPR/Cas9 editing at HBG-113, or editing preceded by electroporation or AMD3100 exposure. Live cell counts were monitored in liquid culture, corrected to account for the removal of a fixed number of cells for colony forming assays and standardised by correcting to a starting cell count of 1.0 x106. (A) In a first experiment, standard editing took place on D0; where cells were pre-treated with electroporation or AMD3100, these were applied on D0 with editing taking place on D1 (n=1). (B) Two subsequent experiments applied editing to all reactions simultaneously on D1 (n=2) (mean +/-SD). (C) Live cell counts were significantly reduced in all edited reactions in comparison to untreated controls but similar to each other on D3 in experiments 2-3 (n=2) (mean).  
Abbreviations: BTX: electroporation, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, D0: day 1, D1: day 1, D3: day 3, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells.

3.4.2.2 CFU assays
Average CFU counts were calculated from technical replicates (triplicate for each reaction) for each experiment. Colony forming potential was not impaired by any of the reaction conditions in comparison to untreated HSPCs, with mean total colony numbers trending towards being higher for all edited reactions in comparison to untreated controls, although differences did not reach statistical significance (Fig 3.11A). Total colony numbers were similar between all edited reactions. Differentiation patterns were similar between all arms (Fig 3.11B). 


[image: ][bookmark: _Hlk88924134]Figure 3.11: CFU potential following electroporation or AMD3100 pre-exposure prior to CRISPR/Cas9 editing 
HSPCs underwent routine CRISPR/Cs9 editing at HBG-113, or editing preceded by electroporation or AMD3100 exposure. Cells were plated in triplicate onto methocult-based media for CFU culture, followed by differentiation and counting of colonies. (A) total colony numbers were non-significantly increased in all edited reactions in comparison to untreated controls, with total counts being similar between edited arms (n=3, all p>0.05) (mean+/-SD). (B) Pattern of colony types was comparable between arms (n=3) (mean+/-SD).
Abbreviations: BTX: electroporation, BFU-E: burst-forming unit-erythroid, CFU: colony forming unit, CFU-G: granulocytic colony forming unit, CFU-M: monocytic colony forming unit, CFU-Mixed: mixed types of colony forming unit, CRISPR/Cas9	Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells.



3.4.2.3 No significant effect on cell cycle activity results from exposure to electroporation or AMD3100
Very few cells were actively cycling on D0 (1 day after thaw, prior to any treatment). Regardless of the experimental arm, more cells were in an active phase of the cell cycle on D1 (Fig 3.12A-B).  This included untreated cells, suggesting that an extra day in liquid culture in itself resulted in cells being more likely to exit the quiescent phase of the cell cycle and enter more active cell cycling. This difference was most pronounced in the first experiment, with much smaller proportions of cells entering the cell cycle in the other 2 experiments. The reason for this difference between experiments was unclear but considered mostly probably to reflect genetic or acquired differences in the HSPCs used. 
After the observation in experiment 1 that cell cycling appeared to be markedly increased on D1 in comparison to D0, the editing procedure in the ‘edit only’ arm was moved to D1, in order to coincide with editing in the electroporation and AMD3100 pre-treatment arms. This was in order that a more valid assessment may be made of the impact that pre-treatment with electroporation or AMD3100 had on editing efficiency, without the confounding variable of different timing. Where editing took place in the edit only arm on D0 but the pre-treatment arms on D1, the impact of the pre-treatment strategies could not be separated from the impact of cells simply having had an additional day in culture prior to editing. For this reason, cell cycle assay results are presented separately for experiment 1 to experiments 2-3, due to this difference in methodology in the edit only arm (Fig 3.12A-B).
It was, however, valid to combine the results of the untreated control and both pre-treatment arms from all 3 experiments, since methodology was standardised across these reactions, and results were highly concordant between these arms (Fig 3.12C). 1.3% +/- 1.94% of HSPCs were actively cycling (i.e. Ki67+) on D0 (mean +/- SD). By D1 these figures were 17.2% +/- 25.9% for untreated control reactions, 17.6% +/- 26.9% for cells pre-treated with electroporation and 17.0% +/- 25.2% for AMD3100 pre-treatment arms (mean +/- SD).
[image: ][bookmark: _Hlk88924162]Figure 3.12: Cell cycle activity following electroporation or AMD3100 pre-exposure
HSPCs underwent routine CRISPR/Cas9 editing at HBG-113, or editing preceded by electroporation or AMD3100 exposure, and the effects of such pre-treatment on cell cycle activity (taken to be Ki67-positivity) was assessed by flow cytometry. (A) In a first experiment, standard editing took place on D0; where cells were pre-treated with electroporation or AMD3100, these were applied on D0 with editing taking place on D1. Cell cycle activity was increased in all reactions on D1 after very low activities on D0 (n=1).  (B) Two subsequent experiments applied editing to all reactions simultaneously on D1 and demonstrated similar increases in cell cycle activity across all experimental arms including untreated controls at the editing timepoint on D1 (n=2) (mean+/-SD). (C) Results for untreated, electroporation and AMD3100 pre-treatment arms from all 3 experiments were combined for further analysis and showed almost identical increases in cell cycle activity on D1 in all arms (n=3) (mean+/-SD).
Abbreviations: BTX: electroporation, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, D0: day 0, D1: day 1, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells.


3.4.2.4 Pre-treatment with electroporation or AMD3100 do not improve efficiency of subsequent CRISPR/Cas9 editing
Where editing took place on D0 in the edit only arm, in experiment 1, it was of lower efficiency than the editing which took place on D1 in the pre-treatment arms (Fig 3.13A). Of the latter, editing efficiency was highest in the pre-electroporation arm than the reaction pre-treated with AMD3100, but only to a minor degree.  However, where editing took place at the same time in all arms (i.e. experiments 2-3), results for editing efficiency were not improved by pre-treatment with either electroporation or AMD3100 exposure, and in fact trended towards being lower in these arms in comparison to the edit only arm (Fig 3.13B). 
Where the 13nt deletion was examined specifically, this followed the same pattern as that seen with total editing in experiment 1 (Fig 13.3C). In experiments 2-3, following pre-treatment with electroporation or AMD3100, results for frequency of 13nt deletion in comparison to editing only were variable, being higher in one experiment but lower in the other (Fig 13.3D). 
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[bookmark: _Hlk88924201]Figure 3.13: Editing efficiency following pre-treatment with electroporation or AMD3100
HSPCs underwent routine CRISPR/Cas9 editing at HBG-113, or editing preceded by electroporation or AMD3100 exposure. Editing efficiency was assessed by PCR, sequencing and TIDE analysis of results. (A) In a first experiment, standard editing took place on D0; where cells were pre-treated with electroporation or AMD3100, these were applied on D0 with editing taking place on D1. Total editing efficiency was higher in pre-treated reactions in comparison to the standard editing arm (n=1).  (B) However, two subsequent experiments applied editing to all reactions simultaneously on D1 and pre-treated arms trended towards lower total editing efficiencies compared to standard editing (n=2,  all p>0.05) (mean+/-SD). (C) Frequency of the 13nt deletion in experiment #1 followed a similar pattern to that of total editing efficiency (n=1). (D) Mean frequency of 13nt deletion was not significantly different with either pre-treatment strategy in experiments 2-3 (n=2, all p>0.05) (mean+/-SD).
Abbreviations: BTX: electroporation, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, D0: day 0, D1: day 1, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition, 13nt: 13 nucleotide.



3.5 Discussion
CRISPR/Cas9 genome editing is emerging as one of the most promising novel therapies for sickle cell disease and Β thalassaemia. Strategies targeting two distinct loci, BCL11A-ee and HBG-113, have both demonstrated resultant increases in HbF, which is known to ameliorate symptoms and progression of these conditions.263; 265; 266; 268; 280 However, inducing and maintaining sufficiently levels of HbF in order to reliably deliver a complete cure remains a significant challenge. In this chapter the results of in vitro experiments are reported investigating the feasibility, efficacy and safety of multiplex editing protocols in which both loci are the focus of disruption by CRISPR/Cas9 editing, either simultaneously or sequentially, with the aim of optimising HbF reinduction.
Cell viability, as far as it can be assessed in vitro, remained adequate following dual editing procedures, based on HSPC proliferation and differentiation potential in CFU assays. Total editing levels were highest following sequential dual editing, whereas there was less of a benefit with simultaneous application of editing at both loci. This reflects a reduction in those precise large deletion lengths known to be associated with the MMEJ cellular repair pathway where both loci were targeted for editing simultaneously. In particular this involves the 13nt deletion within HBG-113, and, to a lesser extent, the 13nt and 15nt deletions at BCL11A-ee.268; 269; 270 It is hypothesised that where RNPs designed to disrupt both loci are administered simultaneously, there is increased competition for the limited MMEJ intranuclear machinery, leading to a reduction in the frequency of those larger deletions favoured by this particular repair pathway and a proportional increase in the small indels more likely to result from NHEJ which is a passive rather than an active repair pathway. Where the 2 loci are edited on separate occasions, or in a single editing procedure, there is less competition for the MMEJ pathway and therefore an improved rate of formation of the relevant larger deletions. 
HbF reinduction was also greatest in the reactions which underwent sequential multiplex editing. This pattern was consistent whether the proportion of F-cells was assessed by flow cytometry, or a more quantitative measure of HbF concentration was undertaken, in the form of MFI analysis on flow cytometry, or the more recognised and validated quantitative HPLC. There was no such benefit to simultaneous dual editing. These results are consistent with the disproportionate importance of large deletions in effectively disrupting the BCL11A/HBG axis and therefore reversing the physiological switch from HbF to HbA. As the larger, MMEJ-associated deletions are formed less efficiently with simultaneous rather than sequential dual editing, it follows that HbF reinduction potential would also be compromised. Although these experiments were not designed primarily to compare the efficacy of HbF reinduction between the two single editing targets, a consistent trend towards improved HbF reinduction with HBG-113 rather than BCL11A-ee single editing was noted, despite very similar total editing efficiencies at the two loci. 
Chromosomal translocations were consistently demonstrated in multiplex edited reactions. This was first a qualitative detection by standard PCR assays designed to amplify two separate products of translocation, an assay which was validated by confirmation that PCR products did indeed represent chimeras which aligned with sections of both BCL11A-ee and HBG-113. ddPCR experiments were then carried out to quantify the frequencies of translocation events. The sequential editing arm of these experiments had been designed with the aim of mitigating the anticipated risk of chromosomal rearrangement events forming at the double-stranded DNA breakpoints of the 2 target loci. While both of the 2 translocation events quantified were found at a significantly lower frequency in sequential than simultaneous dual edited reactions, their presence was still consistently detected. 
Although at this point it was unclear whether HSPCs harbouring such chromosomal rearrangements would remain viable in vivo, their presence in vitro already raises serious concerns regarding the safety of such a multiplex editing approach. Chromosomal translocations are known to be associated with oncogenetic risk,298; 339 and these results demonstrate that even delivering the two editing episodes on separate days does not adequately abrogate the risk of such rearrangement events. 
Following the finding that HBG-113 editing efficiency was higher when delivered as a second editing event rather than simultaneously with BCL11A-ee editing, it was hypothesised that the pre-exposure of HSPCs to an episode of electroporation may have stimulated their entry into a more active phase of the cell cycle, in which the MMEJ repair pathway would be more available. This would be an alternative or additional explanation for the improved formation of 13nt deletions in sequentially dual edited cells, alongside the competition hypothesis discussed above. Therefore, a further set of small experiments were designed to investigate the effect that prior exposure to electroporation had on cell cycling and on the efficiency of CRISPR/Cas9 editing delivered subsequently. In parallel to the experiments described in this chapter, a separate investigational stream was also being undertaken, relating to the effect of AMD3100 exposure on HSPC behaviour (described in full in chapter 7). Whether AMD3100 treatment affected cell cycling, and if so whether it could also be used to optimise editing efficiency, was also considered a pertinent question and therefore an additional arm was added to these experiments to investigate this. 
Whether HSPCs were treated with standard editing, or pre-treatment with electroporation or AMD3100 followed by editing, there was an initial drop in live cell count in comparison to untreated cells. Following this there was evidence of recovery and cell growth, confirmed by CFU assays which were plated after the initial period of cell loss and demonstrated in fact increased proliferation with normal differentiation patterns in all edited reactions in comparison to controls, with all treated reactions behaving very similarly. 
The proportion of HSPCs in active phases of the cell cycle was not affected by pre-treatment with electroporation or AMD3100, disproving that particular hypothesis. A greater number of HSPCs were actively cycling on D1 compared to D0 but this was the case to a very similar degree in all reactions, including untreated controls, therefore simply representing the effects of an additional day in culture. Where editing was delivered simultaneously to all reactions, there was no improvement in total editing efficiency conferred by either form of pre-treatment, with variable results where the particular indel 13nt deletion was examined. 
Since methodology (timing of editing delivered in the standard edit arm) was varied between experiments 1 and experiments 2-3, it would have been preferred that a further repeat using the latter protocol was carried out, to provide results in triplicate and greater statistical power for analysis. Therefore, caution has to be applied to the interpretation of these results given the low number of replicates with each protocol. However, human HSPCs were a particularly precious resource, and the costs of antibodies and flow cytometry also substantial. Since the approaches of pre-treatment with electroporation or AMD3100 had not shown significant promise as strategies to optimise editing efficiency, further repeats were not considered justified, and the decision made not to pursue these avenues of investigation further. Similarly, it would have been of interest to repeat the cell cycle assays at later timepoints in the experiments described above. However, the aim of these investigations was primarily to ascertain whether pre-treatment strategies affected cell cycling at the time of editing therefore due to limited resources, assessment timepoints were also constrained.
In summary, this chapter provides evidence that sequential dual editing of HSPCs at BCL11A-ee and HBG-113 leads to highest total editing and greatest HbF reinduction. The reason for higher HBG-113 editing when applied as a second editing event rather than simultaneously with BCL11A-ee editing does not appear to be related to the pre-exposure of HSPCs to recent electroporation. The reason for this more effective HBG-113 editing as a second event may be due to reduced competition for the MMEJ repair pathway, increased cell cycle activity of HSPCs after an extra day in culture leading to greater MMEJ pathway activity, or other factors not yet elucidated. This would be an interesting area for further research. Despite the initially promising results provided by the sequential dual editing protocol, however, the formation of chromosomal translocations with this approach raises significant concern regarding the safety of such an approach.


4.0
Chapter 4:
Editing profiles and HbF reinduction within individual BFU-Es after single or dual CRISPR/Cas9 editing of HSPCs



4.1 Introduction
Higher levels of HbF are associated with milder disease phenotype in sickle cell disease and β thalassaemia.73; 134 CRISPR/Cas9 genome editing has been used to disrupt the pathway regulating the physiological swing away from the formation of HbF in favour of HbA production. This is accomplished by targeting either the erythroid-specific enhancer of the transcription factor BCL11A, or its binding site within the promoter region for the gamma globin gene, HBG. The moderately high levels of HbF generated by targeting either single locus are expected to provide at least some clinical benefit to haemoglobinopathy patients. However, they are not reliably able to deliver adequate, sustained HbF reinduction following retransplantation of modified HSPCs such that complete cure would be assured.263; 264; 268; 280
In the previous chapter (Chapter 3), experiments on bulk HSPCs in vitro provided evidence that HbF reinduction could be further improved by targeting both loci for editing in a sequential manner. However, these results are based on analyses of many thousands, and often over a million, cells per test. They do not provide any detail on the editing patterns within single cells. Given that each cell contains 2 separate BCL11A-ee loci and 4 HBG-113 sites, it was impossible to ascertain whether a smaller number of HSPCs had all available sites edited or whether a lower number of loci were successfully edited in a greater proportion of the HSPCs, for example. Importantly, where reactions underwent editing at both the BCL11A-ee and HBG-113 loci, the degree to which reported editing at each locus overlapped was not clear. It was possible that the reported editing at both loci was taking place predominantly in the same subpopulation of HSPCs, or conversely that HSPCs edited at BCL11A-ee were to a large degree a separate group to those edited at HBG-113. Gathering detailed data looking at the relationship between editing efficiencies at these sites would provide greater insight into the mechanism by which sequential dual editing resulted in optimal HbF reinduction. The impact, if any, that dual editing had on the indel patterns observed in comparison to single edited reactions was also considered of interest. 
In this chapter the results of experiments conducted on single erythroid colonies are presented. These were set up to provide single cell-level data on editing patterns and HbF reinduction after the novel dual editing strategies targeting both BCL11A-ee and HBG-113. Other groups have published results of single BFU-E analyses following genome editing at one of these loci,263; 268; 340; 341 but such analyses had not previously been undertaken after multiplex editing at both sites. The first step was, therefore, developing techniques to allow tandem sequencing of both BCL11A-ee and HBG-113 loci alongside Hb analysis, all conducted on cells from a single BFU-E.
In a CFU assay, each colony arises from the clonal expansion of a single progenitor cell. Consequently, where a single colony can be isolated and analysed, this is expected to provide information at a single cell level, since all cells within a colony can be assumed to be genetically identical. If a colony arises from a cell edited at 1 of the 2 available BCL11A-ee loci, for example, then all progeny of this cell should also have an identical editing pattern. Similarly, results from Hb fraction analysis conducted on an entire erythroid colony can be applied to each one of the many cells of that particular colony. By conducting both genetic and Hb analysis in tandem on a single erythroid colony, the relationship between editing profile and HbF reinduction can be interrogated at the level of single erythroid progenitor cells. 

4.2 Aims and objectives
The purpose of the experiments in this chapter was to analyse single erythroid clones in order to provide single cell-level data on editing patterns following single, or simultaneous or sequential dual, CRISPR/Cas9 editing, at BCL11A-ee and / or HBG-113. The aim was to investigate the number of each loci edited per cell, the types of indel generated, and how these may differ between single and the two dual edited arms of each experiment. This chapter also set out to examine in detail the relationship between editing and HbF generation in erythroid progenitors.

Hypothesis: The number and pattern of indels formed following CRISPR/Cas9 genome editing at BCL11A-ee and HBG-113 will differ between reactions in which each indel is targeted alone and those in which dual editing at both loci is undertaken. Erythroid cells in which both target loci are disrupted will have greater HbF reinduction than cells in which only one target locus is edited.

The objectives of these experiments were:
1. To assess the number and types of BCL11A-ee and HBG-113 edits per erythroid clone and to compare patterns between reactions in which HSPCs underwent single, simultaneous dual or sequential dual editing, as well as compare indel patterns between the two loci.
2. Where HSPCs underwent dual editing, to ascertain the proportion of clones in which there had been successful disruption at both the BCL11A-ee and HBG-113 loci, and the number of each alleles edited at each locus.
3. To compare HbF reinduction between cells in which different proportions of either, or both, loci were edited.

4.3 Chapter-specific materials and methods
Detailed information on the majority of individual techniques performed are given in Chapter 2 and further material relating to the development of PCR assays is outlined in Chapter 6. 
4.3.1 HSPC source
HSPC source was G-CSF-mobilised PBMNCs donated by (anonymised) healthy individuals, or patients with a non-haematological condition, with appropriate ethics approval. Cells were received either as frozen apheresis aliquots or as pre-CD34+-enriched cells.
4.3.2	HSPC preparation and genome editing
4.3.2.1 Experimental arms for all experiments
Where PBMNCs were provided in the form of a frozen apheresis collection, they were thawed and, where necessary, underwent red cell lysis. They then underwent CD34+-enrichment on the same day. Where pre-CD34+-enriched HSPCs were purchased from the FHCRC stem cell core, these were thawed and recovered in SFEM II media at 370C. In both cases, the thaw +/- enrichment occurred on D-1 prior to commencement of the genome editing protocol on D0. 
On D0, HSPCs were divided into separate aliquots for treatment by the following conditions:
1.	Mock electroporation only (i.e. treatment identical to that in edited reactions but RNPs omitted) on D0
2.	Single HBG-113 editing on D0
3.	Single BCL11A-ee editing on D0
4.	Simultaneous dual editing on D0
5.	Sequential dual editing with editing at BCL11A-ee taking place on D0 and editing at HBG-113 taking place on D1.
Following completion of the editing protocol, cells were recovered in SFEM II media with cytokines at 370C until D2 when cells were plated for CFU assessment (as described in sections 2.1.4.1. and 2.1.4.4). The experiment was repeated a total of 5 times using 4 different stem cell donors and results combined.
4.3.2.2 Additional experimental arm in experiment #1
In the first experiment only, an additional arm was included, in which sequential dual editing took place as per reaction 5. but with both edits being applied on D0, with 6 hours between them. In subsequent experiments it was decided to include only 1 sequential editing arm, in order to maximise the number of HSPCs available for each reaction, since the number of live HSPCs was lower in subsequent experiments. In selecting which sequential arm to carry forward, it was considered that differences between simultaneous and sequential dual editing would be most efficiently identified by selecting the sequential dual editing arm in which edits were applied 24 hours apart, and this protocol was continued in subsequent experiments. 
As the 6-hour sequential editing protocol was only carried out in 1 experiment, results from this arm were not included in analyses of the bulk HSPCs in vitro (Chapter 3). This particular experimental arm was also abandoned prior to commencing in vivo experiments, and for this reason is not referenced in Chapter 7. Data on BFU-Es arising from this arm were not included in the results relating to indel patterns at each locus, as it was considered possible that editing patterns may differ depending on time between sequential edits and therefore, this arm could not be combined with the sequential editing reactions in which editing took place on consecutive days. Equally, it was not included as a separate arm since all BFU-Es arose from one source of HSPCs and, consequently, there were no biological replicates for this experimental arm. 
However, a number of BFU-Es arising from this reaction yielded valid results for editing efficiency at each locus and also Hb fraction analysis by HPLC. Given that analysis relating to HbF reinduction did not separate out the different dual edited reaction types but simply looked at HbF fraction in relation to editing level at each locus, it was decided to include the results of BFU-Es from this additional 6-hour sequential dual editing arm in that particular analysis only.
4.3.3 CFU cultures
400 cells from each reaction were plated onto methocult-based media on D2 for CFU culture. In early experiments, this was carried out only in triplicate. However, as it became clear that the success rate for analysing single BFU-Es was suboptimal, in later experiments 6 x 400 cells were plated for each reaction. This was in order to increase the number of available BFU-Es which could be picked. Three plates only were still counted for quantitation of the mean total number and various types of colonies (results reported in Chapter 3), but all 6 plates were used to select and pick BFU-Es.
4.3.4 BFU-E picking and splitting
4.3.4.1 BFU-E selection
Three criteria were used to select BFU-Es for picking:
1 – Size: larger BFU-Es were selected as they were likely to contain the greatest number of cells which was anticipated to improve success of subsequent assays.
2 – Separateness: BFU-Es were only picked if they appeared to be separate enough from all other colonies that the individual BFU-E could be picked without contamination by cells from other colonies. 
3 – Haemoglobinisation: well-haemoglobinised BFU-Es were preferred, i.e. those with a deeper red colour. This was in order that the total amount of Hb contained per cell, and accordingly in the colony as a whole, would be greater, which would improve the likelihood that HPLC analysis of the single colony would be successful.
It should be noted that in some cases where the total number of colonies on a plate was higher than average, the degree of crowding made it difficult to select BFU-Es which could be picked without contamination from other colonies. For this reason, plates were monitored carefully from D10-11 to select the optimal time to count and pick colonies. However, haemoglobinisation generally only took place to an adequate degree after this time and, therefore, consideration had to be given to finding the best balance of size and haemoglobinisation (improved with time) versus separateness (compromised with additional time). In every case, the timepoint selected was after 13-14 days of culture.
4.3.4.2 Initial BFU-E picking and splitting method
After 13-14 days of CFU culture, plates were examined and individual BFU-Es were picked into 50 µL of 1X PBS using 10 µL pipette tips. PCR tubes were used in order to accommodate the small volumes. The PBS solution was pipetted in and out of the tip multiple times after colony collection, with the aim of removing all collected cells into solution. Of this 50 µL cell solution, 12.5 µL was extracted for DNA extraction, PCR and sequencing and the remaining 37.5 µL underwent HPLC analysis.
4.3.4.3 Refinements to BFU-E picking protocol
Initial assays on single BFU-Es resulted in a low success rate for sequencing and, to a more moderate degree, also HPLC analysis. In an effort to improve the number of cells collected into solution and the concentration of both DNA and Hb derived from it, advice was sought from colleagues at the Seattle Children’s Hospital Research Institute, who had previously published results of single colony analysis in the past. In particular, Dr Chris Lux, of the David Rawlings laboratory, provided helpful advice on maximising cell collection and results. Following this consultation the following modifications were made to the picking and splitting protocols described in 4.3.4.2:
1 – 20 µL PBS was used for collection of BFU-Es rather than 50ul, in order to increase concentration of collected cells.
2 – Pipette tip was rinsed in PBS prior to commencing collection to reduce sticking of cells to the inside of the tip, which could be difficult to dislodge even with washing.
3 – Pipette tip size was changed from 10 µL to 20 µL tip to reduce the surface area inside the tip making contact with the collected cells, again to reduce sticking of the cells to the plastic.
4.3.4.4 Modification of splitting protocol for single BFU-Es
Following the modifications described in 4.3.4.3, sufficient numbers and concentration of cells were generated per single BFU-E collection to improve the rate of successful HPLC analysis. However, rates for successful genetic sequencing remained lower. For this reason, the ratio used to split the single BFU-E solution into aliquots for DNA extraction : HPLC analysis was altered from 1:3 to 1:1.
In order to ensure that the cell solution was truly homogenous before splitting, the collection tube was vortexed for 10 seconds prior to splitting volumes. This was a change from the earlier method of simply pipetting up and down to mix, which was likely to lead to cell loss on the pipette tip. For mock edited reactions, genetic sequencing was not necessary and the entire BFU-E was sent for HPLC analysis.
These changes improved the yield of successful sequencing results without significantly compromising HPLC assays. It was also decided that, for edited reactions, samples would only be sent for HPLC analysis once it was confirmed that BCL11A-ee and/or HBG-113 (as appropriate) sequencing was successful. This was because HPLC results would only provide additional information where editing data coexisted for the same BFU-E, and because access to HPLC was a particularly limited resource.
4.3.5 DNA extraction 
DNA extraction and PCR protocol differed from that utilised for bulk cells in liquid culture, due to the small number of available cells. Cell solution was transferred into a separate PCR tube containing QuickExtractTM DNA Extraction Solution (Lucigen, US) to a total of 50 μl. Tubes were vortexed to mix and then underwent a pre-set cycle in the thermocycler, designed to maximise DNA extraction from single CFUs: 60 oC for 5 minutes, followed by 95 oC for 30 minutes and then 4 oC for ∞.
4.3.6 PCR and sequencing
Aliquots of the DNA solution were utilised separately in BCL11A-ee and HBG-113 PCR assays, designed to amplify the relevant region of DNA. The thermocycler settings were as per standard PCR reactions with the exception that cycle number was increased to 40 in order to increase amplification, given the lower amount of initial substrate DNA. Although the principles of gel electrophoresis to visualise PCR products was the same as for analyses involving bulk cells described in other chapters, pre-formed 96-well gel plates (E-GelTM General Purpose Agarose Gels, 2%, Invitrogen, Thermo Fisher Scientific, US) were used, run on Invitrogen E-Gel Power Snap Electrophoresis Device (Thermo Fisher Scientific, US). PCR reactions were decanted using multichannel pipettes, to maximise time efficiency. 
For single edited arms, PCR reactions demonstrating successful amplification (in the form of a clear single band on electrophoresis) underwent purification and sequencing, followed by TIDE analysis of results. For simultaneous or sequential dual edited arms, initially all BFU-Es underwent PCR reactions to amplify both BCL11A-ee and HBG-113. All PCR reactions which appeared successful (based on electrophoretic results) were sequenced and subjected to TIDE analysis. However, a sizeable proportion of PCR reactions failed, and even where a gel band was visualised on electrophoresis, a number of reactions still failed to yield readable sequencing traces. This resulted in a large number of BFU-Es from dual editing arms for which a result for either BCL11A-ee editing or HBG-113 editing was available, but not both. It was decided to prioritise obtaining co-ordinated results for single BFU-Es, i.e. that both BCL11A-ee and HBG-113 editing results be available, in order to provide data on the interplay between editing at each locus whilst conserving resources. Therefore, PCR and sequencing was carried out at one locus first. Once this had been completed, and sequencing and TIDE results were available, then PCR amplification of the second locus was run on the DNA samples which had produced valid results for the first editing assay. Again, only PCR reactions appearing successful based on electrophoresis results were sequenced. Sequencing and TIDE analysis protocols were as previously described for analysis of bulk cells. 
4.3.7 Analysis of sequencing results
4.3.7.1 Exclusions
For initial analysis of indel pattern at each locus, all results were included. However, for analyses involving dual edited reactions and specifically examining the proportion of BFU-Es in which only one versus both loci were successfully edited, only those BFU-Es with valid results for both editing assays were included. 
4.3.7.2 Assessment of allele number edited
In order to analyse how many of the available alleles were edited at each locus, estimates had to be made in relation to the editing percentages which would be reported by TIDE for each possible number of alleles edited. Limits were set to denote the number of alleles assumed to be edited at each reported total editing frequency. For the HBG-113 locus there are 4 alleles present in each cell which may be amenable to editing. Reported editing of 10-35% was taken to represent editing at 1 allele; 35-60%, 2 alleles; 60-85%, 3 alleles, and where editing was reported as >85%, all 4 alleles were assumed to be edited. For BCL11A-ee, there are 2 potential editing sites per cell. Editing efficiency reported at <20% was assumed to represent 0 alleles edited; 20-60% was taken to indicate that 1 allele was edited; and where editing was reported to be >60% both alleles were taken to be edited. These figures take into account that TIDE has a lower accuracy than the gold-standard of next generation sequencing (NGS) analysis, and also generally under- rather than over-reports editing frequencies.342; 343 Frequencies of various editing combinations for BFU-Es arising from simultaneously or sequentially double-edited reactions were reported where a valid editing result at each locus is available.
4.3.8 HPLC analysis
4.3.8.1 Cell preparation for HPLC
Only BFU-Es for which relevant editing data was available were selected to undergo HPLC analysis, after initial validation of methodology. The remaining cell solution, after removal of an aliquot for DNA extraction, was frozen at -20oC or below prior to shipping to a collaborator at Bluebird Bio for HPLC analysis. There was no washing step or removal of supernatant after centrifuge, as when bulk cells in liquid culture were analysed. This was to avoid the loss of any cells since the number of cells available for analysis was already small, and the team processing HPLC assays agreed to receive cells in solution for this assay.
4.3.8.2 Analysis of HPLC results
HPLC results were included where a peak was visualised at the expected elution time corresponding to at least either HbF or HbA. Peaks were small, as expected given the low number of cellular input per test. In some cases the peak at HbA or HbF elution time was too small to be visualised or measured by the spectrophotometric reader, and that Hb fraction was reported as 0%. In previous Hb analyses involving bulk cells in liquid culture, the measure for HbF reinduction used was the HbF/HbA ratio. However, this could not be applied here in cases where HbA was reported as 0%. Therefore, an alternative calculation was used, to report HbF as a percentage of total Hb (with total Hb taken to be HbF + HbA). The calculation used was: ( HbF / (HbF + HbA) ) x 100. 

4.4 Results
4.4.1 Development of single BFU-E sequencing and HPLC analysis 
Analyses conducted on single BFU-Es were developed in order to interrogate in detail the patterns of indels formed at each locus after single, simultaneous or sequential dual editing, and the relationship between editing pattern and HbF reinduction. Initial attempts at conducting single colony assays were largely unsuccessful, with failed PCR reactions, unreadable sequencing traces and no detectable haemoglobin fractions on HPLC. Multiple optimisation steps were undertaken: as the number of cells available per assay was so much smaller than with investigations on bulk cells in liquid culture, techniques required optimisation. 
Improvements in harvesting procedure were made, including the use of wider-bore pipette tips which were moistened prior to picking, in order to reduce the number of cells which would be lost due to sticking to the tip. Methods for mixing cell solutions were optimised and DNA extraction and PCR protocols more suitable for the small amount of starting DNA available were utilised. Alternations to ratios of cells subjected to sequencing and HPLC were made in order to maximise the frequency with which both aspects of assessment would yield valid results and could therefore be considered together. As a result of the incremental gains garnered from this stepwise optimisation process, there was meaningful improvement in the yield rate of results. DNA yields were successfully increased, as evidenced by a higher rate of successful  PCR and accurate sequencing results. HPLC traces also now reported detectable haemoglobin fractions in the HbA and HbF time windows in the majority of samples submitted.
For example, in one experiment conducted after improvements in protocols, 112 BFU-Es were harvested from the simultaneous dual edited reaction and underwent DNA extraction. HBG-113 PCR was conducted first: 109/112 of the PCR reactions demonstrated clear bands on gel electrophoresis and subsequently proceeded to Sanger sequencing. Of the 109 samples sequenced, 101 yielded valid TIDE results on subsequent analysis. BCL11A-ee PCR was then carried out on the DNA corresponding to each of these 101 BFU-Es which had valid results for the HBG-113 editing assay. Of these, 85 PCR products resulted in clear gel bands on electrophoresis and were sequenced. Readable sequencing results were obtained for 66/85. In total, 59% of BFU-Es harvested from this particular dual edited reaction provided results for editing efficiency at both loci. 
In the most recent BFU-E HPLC assays, valid results were available for 15/23 (65%) samples assayed. This compared favourably with the only available benchmark: the success rate of this assay observed by our collaborators at the Seattle Children’s Research Institute, who reported close to 50% successful results from HPLC conducted on single BFU-Es (unpublished data). 
When compared to initial attempts at the single BFU-E assays, in which the majority failed to provide usable data, these figures represent convincing improvements in assay performance.
4.4.2 Frequency of each indel type at HBG-113 in single BFU-Es
Once protocol optimisation allowed for successful sequencing of the majority of single BFU-Es investigated, granular analysis of indel patterns at each locus was permitted. First, all single BFU-Es subjected to HBG-113 editing were examined, whether they originated from a single or dual edited reaction (n=364). Where HBG-113 was successfully edited (taken to be BFU-Es in which editing was reported to be ≥10%), the most commonly observed indel was the 13nt deletion (Fig 4.1). This was present in at least 1 allele in 39% of edited BFU-Es. When all reported editing frequencies in such BFU-Es were summated, the 13nt deletion comprised 27.5% of all indels. This is consistent with activity of the MMEJ repair pathway which is known to favour this particular deletion length. After the 13nt deletion, the next most frequent indels seen at the HBG-113 locus were small deletions. One and 2nt deletions were seen in 23.1% and 15.3% of edited BFU-Es and comprise 16.2% and 10.7% of reported indels respectively. 
In general, a pattern of decreasing frequency with increasing indel size is noted, as would be expected since the NHEJ pathway favours the formation of smaller indels and is the predominant repair pathway in HSPCs.344; 345 However, in addition to the 13nt deletion, 6, 14 and 18nt deletion lengths appear to be outwith this general trend. This may be suggestive of MMEJ pathway activity contributing to a greater incidence of these particular length deletions, though numbers were not [image: ]large enough to draw firm conclusions regarding this interesting observation. [bookmark: _Hlk88924228]Figure 4.1: Indel frequencies in single BFU-Es after CRISPR/Cas9 editing at HBG-113 
HSPCs were edited at HBG-113 as a single editing target or as part of a multiplex editing strategy also targeting BCL11A-ee. Single BFU-Es cultured from these HSPCs were individually harvested and HBG-113 sequences analysed by TIDE after PCR amplification and Sanger sequencing. The percentage of edited BFU-Es containing each indel type was documented.
Abbreviations: BCL11A-ee: BCL11A erythroid enhancer region, BFU-E: burst-forming unit-erythroid, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, Indel: Insertion or deletion, PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition.



4.4.3 Frequency of each indel type at BCL11A-ee in single BFU-Es
The indel pattern is markedly different in the case of BCL11A-ee editing (Fig 4.2). Again, all single BFU-Es subjected to BCL11A-ee editing either as a single or as part of a dual editing strategy were examined (n=245). The most common indel is 1nt insertion, present in 41.4% of BFU-Es edited at ≥1 BCL11A-ee allele (taken to be those with ≥20% total editing reported by TIDE analysis) and comprising 26.5% of total reported indels in these colonies. 13nt and 15nt deletions, reported to be associated with MMEJ pathway activity, were seen in 7.0% and 3.8% of edited colonies, and 4.5% and 2.4% of total colonies respectively.


[image: ][bookmark: _Hlk88924292]Figure 4.2: Indel frequencies in single BFU-Es after CRISPR/Cas9 editing at BCL11A-ee 
HSPCs were edited at BCL11A-ee as a single editing target or as part of a multiplex editing strategy also targeting HBG-113. Single BFU-Es were cultured from these HSPCs, individually harvested and underwent BCL11A-ee sequence analysis by TIDE after PCR amplification and Sanger sequencing. The percentage of edited BFU-Es containing each indel type was documented.
Abbreviations: BCL11A-ee: BCL11A erythroid enhancer region, BFU-E: burst-forming unit-erythroid, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, Indel: Insertion or deletion, PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition.



4.4.4 Frequency of insertions compared to deletions at each locus in single BFU-Es
Editing data from all single BFU-Es with editing at each locus were combined and the total frequencies of each indel type were examined. Undefined indels (i.e. the discrepancy between total reported editing and the sum of defined indels reported by TIDE) were excluded from this particular analysis. At HBG-113, there is a clear preference for the formation of deletions rather than insertions, with 90.0% of defined indels comprising deletions of various lengths and only 10.0% being insertions (Fig 4.3). 
At BCL11A-ee, however, there is a more even distribution between deletions and insertions (Fig 4.3). Deletions contribute 45.5% of all defined indels whereas insertions make up a similar proportion, at 54.5%. The difference in comparative frequencies of insertions and deletions at the 2 loci was very highly significant (p<0.0001).



[image: ][bookmark: _Hlk88924369]Figure 4.3: Comparative contributions of insertions and deletions to total indel frequencies at HBG-113 and BCL11A-ee in single BFU-Es after CRISPR/Cas9 editing
HSPCs were edited at HBG-113 and/or BCL11A-ee, as single editing targets or as part of a dual editing strategy. BFU-Es were cultured and individually harvested, then underwent PCR, Sanger sequencing and TIDE analysis of each target site. For each locus, the proportion of defined indels comprised of insertions and the proportion of deletions were calculated separately, in order to facilitate comparison of indel type formation between the two loci. Differences between loci were compared using the two-sided Chi-square test.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, BFU-E: burst-forming unit-erythroid, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition.



4.4.5 Indel patterns at HBG-113 within individual BFU-Es arising from single and both dual CRISPR/Cas9 edited reactions
DNA sequencing of single BFU-Es from each reaction allowed the pattern of indel formation to be compared between single edited and each of the double-edited reactions within each locus. At HBG-113, there was a slightly higher proportion of unedited colonies arising from simultaneous dual edited reactions in comparison to single HBG-113 edited HSPCs, but the pattern of edits seen was largely similar (Fig 4.4A-B). Looking in particular at frequency of the 13nt deletion, this was present in 54/167 (32.3%) of BFU-Es arising from single edited reactions, with an average reported frequency within these 54 colonies of 46.8%. 
In BFU-Es from simultaneous dual edited reactions the 13nt deletion was present in 39/155 (25.2%) colonies with an average reported frequency within those 39 BFU-Es of 46.3%. There was less data available from analysis of BFU-Es from sequentially dual edited reactions and, therefore, comparisons drawn between this arm and other reactions must be cautious (Fig 4.4C). The total number of edited colonies in BFU-Es from sequential dual edited arms trended towards being lower than either of the other two arms, but where editing had taken place, this was to a high frequency per cell in the majority of edited BFU-Es, with a smaller proportion of clones appearing to contain low or moderate editing levels than in other reactions. The 13nt deletion was present in 10/42 (23.8%) BFU-Es from this arm but with the greatest average frequency out of all 3 experimental arms, at 68.8% within those 10 BFU-Es.
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[image: ][bookmark: _Hlk88924459]Figure 4.4: HBG-113 editing patterns within individual BFU-Es after single, simultaneous or sequential dual CRISPR/Cas9 editing 
HSPCs were edited at HBG-113 as a single editing target, or as part of a multiplex editing strategy also targeting BCL11A-ee, either simultaneously or in a sequential fashion. Single BFU-Es cultured from these HSPCs were individually harvested and HBG-113 sequences analysed by TIDE after PCR amplification and Sanger sequencing. The pattern of total editing and the contribution of specific indel types was examined separately in BFU-Es from single edited (A), simultaneous dual edited (B) or sequentially dual edited (C) reactions.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, BFU-E: burst-forming unit-erythroid, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, TIDE	: Tracking of Indels by Decomposition.



4.4.6 Indel patterns at BCL11A-ee within individual BFU-Es arising from single and both dual CRISPR/Cas9 edited reactions
Detailed examination of indel types at the BCL11A-ee locus in single BFU-Es from each reaction was then undertaken. As observed at the HBG-113 locus, patterns appeared largely similar between single and simultaneous dual edited reactions (Fig 4.5A-B). However, where the MMEJ-associated larger deletions were studied, the 13nt deletion was again more likely to be present in BFU-Es arising from single edited HSPCs than simultaneous dual edited reactions. This particular indel was present in 6/73 (8.2%) BFU-Es from single edited reactions but only 5/125 (4.0%) from simultaneous dual edited arms, but with the same average frequency where present of 35.2% in each arm. The
15nt deletion was reported in only 1/73 (1.4%) of BFU-Es from single edited reactions, at a frequency of 49.1% in that single colony. In simultaneous dual edited BFU-Es the 15nt deletion was reported in 4/125 (3%), with an average frequency, where present, of 19.5%. There were a smaller number of data available for single BFU-Es arising from sequential dual edited reactions, precluding  robust comparison (Fig 4.5C).
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[image: ][bookmark: _Hlk88924522]Figure 4.5: BCL11A-ee editing patterns within individual BFU-Es after single, simultaneous or sequential dual CRISPR/Cas9 editing 
HSPCs were edited at BCL11A-ee as a single editing target, or as part of a multiplex editing strategy also targeting HBG-113, simultaneously or in a sequential fashion. Single BFU-Es cultured from these HSPCs were individually harvested and BCL11A-ee sequences analysed by TIDE after PCR amplification and Sanger sequencing of this locus. The pattern of total editing, and contribution of specific indel types, was documented separately for BFU-Es from single edited (A), simultaneous dual edited (B) or sequentially dual edited (C) reactions.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, BFU-E: burst-forming unit-erythroid, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, TIDE	: Tracking of Indels by Decomposition.
.



4.4.7 Proportion of alleles edited at each locus in single BFU-Es arising from single and dual edited reactions
Total editing expressed as number of alleles edited was next scrutinised in BFU-Es arising from the different single or dual edited reactions. Frequencies of various editing combinations for BFU-Es arising from simultaneously or sequentially double-edited reactions were only reported where a valid editing result at each locus is available.
Where BCL11A-ee single editing was applied, a similar number of BFU-Es were edited at 0/2 and 1/2 alleles (38.4% and 39.7% respectively), and approximately half this number (21.9%) had 2/2 alleles edited (n=73) (Fig 4.6A). In BFU-Es from simultaneously double edited reactions, a similar pattern was observed: 33.6% of reactions were edited at 0/2 alleles; 47.3% at 1/2 alleles and 19.1% at 2/2 alleles (n=110) (Fig 4.6B). For sequentially double-edited reactions, the majority of BFU-Es were not found to have any editing at the BCL11A-ee site (56.3%), a smaller number had 1/2 alleles edited (28.1%) and it was rarer to find 2/2 alleles edited (15.6%) (n=32) (Fig 4.6C).
With regards to HBG-113 editing, there was a more equal spread between BFU-Es containing each possible number of edited alleles following application of single HBG-113 editing (Fig 4.6D). 19.2% had 0/4 alleles edited, 24.0% had 1/4, 15.0% had 2/4, 15.6% had 3/4 and 26.3% had 4/4 alleles edited (n=167). With the double-editing approaches, the most frequent number of HBG-113 alleles edited was 0/4 (46.4%, n=73, with simultaneous and 53.1%, n=32, with sequential strategies) (Fig 4.6E-F). However, amongst BFU-Es demonstrating at least some HBG-113 editing following simultaneous or sequential double editing, it was more common to find 4/4 alleles edited rather than a smaller number (20.0% and 31.3% respectively).

[image: ][bookmark: _Hlk88924690]Figure 4.6: Distribution of allele numbers edited at BCL11A-ee and HBG-113 within individual BFU-Es following single, simultaneous or sequential dual editing 
HSPCs were edited at BCL11A-ee, as a single editing target (A), or as part of a simultaneous (B) or sequential (C) dual editing protocol; and/or at HBG-113, again as a single (D), simultaneous dual (E) or sequential dual (F) target. Single BFU-Es cultured from these HSPCs were individually harvested and sequences analysed by TIDE, after PCR amplification and Sanger sequencing. The number of alleles edited at each locus was analysed separately in BFU-Es from each reaction, out of a maximum of 2 BCL11A-ee and 4 HBG-113 alleles per cell.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, BFU-E: burst-forming unit-erythroid, HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition.
With thanks to O Humbert for designing the layout of these graphs


4.4.8 Proportion of single BFU-Es with editing at one or both loci
In BFU-Es from single edited reactions, the HBG-113 and BCL11A-ee loci had at least 1 allele edited in 80.8% (n=167) and 61.6% (n=73) of colonies studied, respectively (Fig 4.7). BFU-Es from dual edited reactions which had editing data available for both loci were next examined. In BFU-Es arising from simultaneous dual edited reactions: 22.7% did not have editing at either locus; 10.9% were edited at HBG-113 only; 23.6% at BCL11A-ee only and 42.7% had editing at both loci (n=110). In BFU-Es from sequential dual edited arms: 40.6% were unedited; 15.6% were edited only at HBG-113; 12.5% were edited only at BCL11A-ee and only 31.2% were edited at both loci (n=32).


[image: ][bookmark: _Hlk88924723]Figure 4.7: BFU-Es edited at HBG-113, BCL11A-ee or both loci following single, simultaneous or sequential dual editing 
HSPCs were edited at HBG-113 and/or BCL11A-ee as single editing targets, or as part of a simultaneous or sequential dual editing protocol. Single BFU-Es cultured from these HSPCs were individually harvested and sequences analysed by TIDE, after PCR amplification and Sanger sequencing. The proportion of BFU-Es arising from each reaction in which one or both loci were edited was examined.
Abbreviations: BCL11A: BCL11A-ee single edit reaction, BCL11A-ee: erythroid-specific enhancer region of BCL11A, BFU-E: burst-forming unit-erythroid, HBG: HBG-113 single edit reaction; HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, Seq: sequential, Sim: simultaneous, TIDE: Tracking of Indels by Decomposition.




4.4.9 Association between editing efficiency and HbF percentage in single BFU-Es following single or dual editing
Single BFU-Es with comprehensive editing and HPLC data were examined, in order to investigate the relationship between editing efficiency and HbF reinduction in these clonal populations (Fig 4.8A). Data from an additional arm conducted within a single experiment has also been included here, in which sequential dual editing was applied with a shorter time lag (6 hours) between edits 1 and 2. The particular calculation applied to the HPLC data in this case was an assessment of HbF as a percentage of total haemoglobin (taken to be the sum of HbF + HbA percentages).
Baseline HbF was high even in unedited clones: in BFU-Es with <1 allele edited at either HBG-113 or BCL11A-ee, mean HbF percentage was 31.2% (n=5). In BFU-Es with at least one HBG-113 allele edited (but no BCL11A-ee editing), mean HbF was 40.1% (n=10). Where at least one BCL11A-ee allele was edited (without editing at the HBG-113 locus), HbF was 33.4% (n=12). A weak positive correlation was found between HBG-113 editing and HbF percentage but very little association was observed between BCL11A-ee editing and HbF percentage. It is clear that a wide range of HbF levels were seen within BFU-Es with similar editing frequencies, suggesting that factors other than the basic measure of total number of alleles edited must contribute significantly to the HbF reinduction potential of each BFU-E clone. A clue to the pertinence of the indel type rather than just the volume of editing is suggested by the finding that the association between total HBG-113 editing and HbF reinduction appears to be almost entirely accounted for by the effect of the particular HBG-113 13nt deletion on HbF percentage (Fig 4.8B).
[image: ][bookmark: _Hlk88924790]Figure 4.8: HbF reinduction in single BFU-Es edited at HBG-113, BCL11A-ee or both loci 
HSPCs were edited at HBG-113 and/or BCL11A-ee as single editing targets, or as part of a simultaneous or sequential dual editing protocol. Single BFU-Es were cultured and individually harvested. Sequences were analysed by TIDE after PCR amplification and Sanger sequencing. HPLC was undertaken to determine HbF percentage of total Hb (taken to be HbF + HbA). (A) The association between editing frequency at each or both loci, and HbF percentage was examined. (B) The association between HbF percentage and both total HBG-113 editing and the 13nt deletion at this site was studied.
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, BFU-E: burst-forming unit-erythroid, Hb: haemoglobin, HbA: haemoglobin A, HbF: foetal haemoglobin, HBG or HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, TIDE	: Tracking of Indels by Decomposition, 13nt del: 13 nucleotide deletion.



4.4.10 Greatest HbF reinduction in single BFU-Es edited at both BCL11A-ee and HBG-113 loci
HbF percentage in dual edited BFU-Es was higher than in single edited BFU-Es (Fig 4.9). In clones with ≥60% editing of both BCL11A-ee and HBG-113, mean HbF was 71.3% (n=6) whereas it was only 47.1% with ≥60% editing at HBG-113 only (n=5, p>0.05), and was significantly lower at 29.6% where editing was ≥60% at BCL11A-ee only (n=5, p=0.0373).
[image: ][bookmark: _Hlk88924959]Figure 4.9: HbF reinduction in single BFU-Es edited at either HBG-113, BCL11A-ee or both loci 
HSPCs were edited at HBG-113 and/or BCL11A-ee as single editing targets, or as part of a simultaneous or sequential dual editing protocol. BFU-Es were cultured and individually harvested. Sequences were analysed by TIDE after PCR amplification and Sanger sequencing of relevant loci. BFU-Es with ≥60% editing at one or both loci were included in the analysis. This cut-off was taken to represent editing at both available BCL11A-ee sites, or at the majority of the 4 HBG-113 alleles per cell. HPLC was undertaken and HbF as a percentage of total Hb (taken to be HbF + HbA) was calculated. HbF percentage was compared between BFU-Es edited at both BCL11A-ee sites alone; BFU-Es edited at ≥3/4 available HBG-113 sites alone, and BFU-Es edited at both BCL11A-ee sites plus ≥3/4 available HBG-113 sites. This was in order to characterise any additive effect of editing at the secondary site, once a primary site was already completely or almost entirely edited. Mean+/- SD shown.
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, BFU-E: burst-forming unit-erythroid, Hb: haemoglobin, HbF: haemoglobin F, HBG or HBG-113: HBG promoter region, HSPCs: haematopoietic stem and progenitor cells, ns: not statistically significant (p>0.05), PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition.



4.5 Discussion
The study of singe clones following single or dual CRISPR/Cas9 genome editing allows single cell-level analysis of indel types formed at each of the BCL11A-ee and HBG-113 loci. Different patterns of editing dependent on type of reaction and locus were elucidated, and the relationship between editing frequency and HbF reinduction was examined in detail.
Optimisation of the BFU-E picking and processing protocols were first required in order that valid results could be obtained. The size of pipette tip and preparation by first washing the tip in PBS reduced adherence of colony cells to the tip. Cell loss was further avoided by picking cells into the final volume of PBS and mixing by vortexing, negating the need for pump mixing by pipette, or centrifugation and removal of excess supernatant. The proportions of cell solution allocated to DNA extraction and HPLC was honed. DNA extraction procedure suitable to the smaller cell number was introduced, and the number of PCR cycles increased in order to further amplify the limited number of sequences. Following these improvements, error-free sequencing was now possible for the majority of BFU-Es and HPLC also reported valid results in most cases.
 Clear differences in indel patterns between the two loci emerged. Deletions make up the vast majority of indels at HBG-113, including a high frequency of 13nt deletions associated with the MMEJ repair pathway, and also a large proportion of small deletions. At BCL11A-ee, however, insertions were approximately as frequent as deletions. Where the MMEJ-associated 13nt and 15nt deletions at this locus were excluded from analysis, insertions in fact represented a greater proportion of indels than deletions, again with preferential formation of smaller indels. The high frequency of small indels observed was expected, due to primary activity of the NHEJ repair pathway.344; 345 However, it is unclear why NHEJ repair leads primarily to deletions at HBG-113 but to a more even distribution of insertions and deletions at the BCL11A-ee locus. 
The indel pattern observed following HBG-113 editing is similar to that published in previous studies, with at least 2 other groups each reporting that in addition to the well-recognised 13nt deletion, other longer deletion lengths of 11 and 18 nucleotides occur at higher frequency than would be expected due to NHEJ alone.268; 341; 346 Given the consistency of these observations, it is highly likely that the formation of these two particular nt deletion lengths also relate to MMEJ repair pathway activity. Indel patterns observed at BCL11A-ee were also reflective of publications from other groups, in which 13nt and 15nt deletions were particularly prevalent, again consistent with MMEJ pathway activity.263; 269 Why the MMEJ-associated 13nt deletion at HBG-113 is so much more frequent than the 13nt and 15nt deletions at BCL11A-ee is unclear. Hypotheses to explain this difference include that the MMEJ machinery may have easier access to certain parts of the genome than others, or that flanking sequences close to the cut site more strongly promote microhomology recognition at the HBG-113 site than the BCL11A-ee locus. This phenomenon warrants further study.
Single cell-level data on editing patterns at each of these loci has previously been published, but this is the first report examining editing patterns following multiplex editing at both loci. On comparing BFU-Es from single and simultaneous dual edited reactions, no clear differences in the pattern of small indels was seen. However, there was a trend towards a reduced prevalence of BFU-Es containing the 13nt deletion at both HBG-113 and BCL11A-ee where editing had been simultaneous at both loci rather than single target only. This was consistent with results seen on analysis of bulk cells in liquid culture, outlined in Chapter 3 (section 3.4.1.1), in which frequency of the 13nt deletion at each locus was lower in simultaneous dual reactions when compared to single edited arms. A similar pattern was expected in relation to the 15nt deletion at BCL11A-ee and although this was not observed, the numbers involved were too small to draw inferences from this.
Due to the paucity of data available for sequentially dual edited reactions, comparisons between this arm and others were necessarily limited. The reasons for a reduced volume of data in this arm relate to the exclusion of BFU-Es from the additional 6-hour sequential dual edit arm in the first experiment and the failure of a large number of the BCL11A-ee PCR reactions where BFU-Es from the sequential dual edit arm of the last experiment were assayed. The reasons for this were unclear and likely relate to technical or reagent problems, but only a limited number of repeats were undertaken due to resource constraints.
Developing tandem editing and Hb analysis on single BFU-Es was challenging, but these results provide an interesting insight into the relationship between edits and HbF reinduction in single erythroid clones. Although the high baseline HbF levels seen in these colonies were likely to dampen associations, a positive correlation between HBG-113 editing level and HbF percentage was documented. Further proof of the strong relationship between indel type (rather than just presence) and efficacy of target locus disruption is borne out by the observations that the association between HBG-113 editing percentage and HbF reinduction in erythroid colonies is almost exactly mirrored by the relationship between the 13nt deletion and HbF, suggesting that this particular indel length is particularly effective at preventing transcription factor binding and may, therefore, be disproportionately responsible for HbF reinduction, in comparison to other indel types. 
The association between BCL11A-ee editing and HbF level was observed to be very weak, which was surprising. This may be due to a small number of anomalous results, for example 2 BFU-Es for which close to 100% BCL11A-ee editing was reported but 0% HbF was recorded on HPLC. Accuracy of these HPLC data was considered unlikely, especially given the high baseline HbF levels in many unedited colonies. However, exclusion of such data risked introducing confirmation bias and would have been scientifically unsound. Both the number of datasets generated and, almost certainly, also elements of their accuracy, were limited by sensitivity thresholds of the HPLC assay in the context of single colony analysis. A larger dataset would have been highly desirable in order to increase robustness of this analysis and reduce the effect of such probable inaccuracies. Unfortunately, access to HPLC was limited since it was undertaken by collaborators rather than in-house. Efforts were made to explore the possibility of setting up HPLC analysis at FHCRC in collaboration with the proteomics department. However, the large outlay of finance and time required to purchase, set up, validate and regularly calibrate equipment was considered prohibitive at that point in time. 
The levels of HbF observed in single erythroid colonies where biallelic editing of BCL11A-ee had taken place were similar to those reported by Wu et al.269 There was a trend towards these being lower than HbF proportions where all available HBG-113 sites were edited. Our higher mean HbF values reported with quadrallelic editing at HBG-113 were also consistent with those previously reported.341
One of the most important findings of this chapter was that HbF percentage was significantly higher in dual edited BFU-Es in comparison to those edited at both BCL11A-ee loci only, and also trended towards being higher than those edited at the majority of HBG-113 loci only. This provides evidence of a further benefit to editing at HBG-113 even where both BCL11A-ee loci have been successfully edited in a single cell, and suggests that the reverse is also the case. This is consistent with results from analysis of bulk cells in vitro, presented in Chapter 3 (sections 3.4.1.3 and 3.4.1.4), in which the most effective HbF reinduction was seen in sequentially dual edited cells. However, in earlier analyses it was not possible to discern whether this benefit was simply due to an increase in the total number of HSPCs which were edited to some degree, or whether there was an additive benefit to modification at a secondary locus within the same cell even if the first was fully edited. 
It is hypothesised that this additional benefit to editing HBG-113 in the context of both BCL11A-ee loci already containing indels relates to one or both of the following mechanisms. The first proposed hypothesis relates to the likelihood that only certain indels will effectively disrupt the function of a genetic locus. As a result, the BCL11A enhancer region may still fulfil this function despite containing some indels (predicted to be smaller indels). If such a non-disruptive indel has been introduced, then BCL11A transcription factor will still be produced at normal levels and there would consequently be additional benefit to disrupting its binding site within HBG-113. A second proposed mechanism relates to the fact that BCL11A-ee is not the only transcription factor involved in the HbA to HbF physiological switch.19; 21 At least one other such effector protein is known to bind to the HBG promoter region and there may be more. As a result, disruption of this locus removes the binding site for other transcription factors even where BCL11A production has been successfully knocked down, and consequently adds further potency to HbF reinduction. 
Parallel hypotheses were proposed to explain the beneficial effect of knocking out BCL11A-ee, even where all available HBG-113 sites may be edited. Indels at HBG-113 may not have effectively disrupted the transcription factor binding site at this location, meaning that BCL11A downregulation could still take effect. Reducing BCL11A production would, in this case, be expected to continue to have an impact on the amount of HbF production taking place. Secondly, BCL11A may have effector sites other than HBG-113 and, therefore, reducing BCL11A production may enhance HbF reinduction by more mechanisms than simply reducing its binding at HBG-113. Further investigation of these proposed mechanisms for the beneficial effect of dual editing within single cells is recommended.
Limitations both to this particular dataset and also to the study of single BFU-Es more generally were considered. The relatively small volume of data from sequential dual edited reaction BFU-Es has already been discussed above, alongside limited availability of HPLC data. 
It is recognised that in selecting limits for the definition of specific number of alleles edited, the exact figures chosen necessarily have at least a somewhat arbitrary nature. While the overestimation of editing efficiencies as reported by TIDE was taken into account, without having NGS data to validate the selected limits, their accuracy remained unconfirmed. The lack of NGS data itself is a further limitation to these experiments.
With regards to the study of single colonies more generally, the assumption is made that these were clonal and, due to this characteristic, represent single cell-level data. However, it is possible that cells from more than one colony could be inadvertently harvested. Indeed, in a very small minority of cases, the TIDE results were highly suggestive of non-clonality, on analysis of what had been presumed to be single BFU-Es. This was the case, for example, where >2 types of indel (or 2 indels alongside unedited sequence) were reported at the BCL11A-ee locus (which only has 2 alleles per cell), or >4 types of indel (or 4 different indels plus unedited sequence) at HBG-113 (of which there are 4 sites per cell). Thorough consideration was given to the best method of dealing with such results. On the one hand, failure to reject such data from analyses meant that results from mixed colonies were knowingly included. On the other hand, if they were excluded, this risked introducing systemic bias into the analysis. The reason that bias would be systemic was that the lower the amount of editing present, the less likely a mix of colonies would be picked up and excluded as a result. For example, if 2 unedited colonies were inadvertently collected together, or 1 edited plus 1 unedited colony, this would not be detected by such standards. As a result, mixed highly edited colonies would be more likely to be excluded from the analysis than mixed unedited colonies. This would consequently skew results towards reporting a higher proportion of unedited colonies. It is recognised that by including results with evidence of non-clonality, error is increased and precision decreased. However, this was acceptable given the high number of colonies analysed and the fact that only a very small proportion appeared to show evidence of mixing. On the other hand, introducing systemic bias and skew to results would render conclusions invalid. Therefore, the final decision was that evidence of non-clonality should not be considered an exclusion criterion on examination of sequencing results.
As a further limitation to the analysis of single BFU-Es, even without the problem of contamination, it may not be a correct assumption that HbF proportion will be equivalent in every cell within a single BFU-E. Factors other than genetic sequence may have a significant impact on Hb proportions. For example, cells in the centre of a colony may have reduced exposure to cytokines in the media, or conversely may be influenced to a greater degree by cytokines secreted by neighbouring cells. 
It is also possible that BFU-Es for which results were generated were not fully representative of the BFU-E population as a whole, if larger and better haemoglobinised colonies were more likely to have results included in analyses. For example, edited BFU-Es may on average be larger or smaller, better or less well haemoglobinised, leading to differential levels of selection and / or successful analysis between edited and unedited clones. 
BFU-Es themselves may also not be representative of other colony types in terms of editing patterns, although this potential concern is allayed to some degree by the finding that the distribution of colony types was not significantly impacted by single or dual editing applied to HSPCs (Chapter 3, section 3.4.1.2). Finally, conclusions drawn based on analysis of single colonies cannot be assumed to apply to cells cultured in alternative conditions or, more importantly, to HSPCs in vivo.
In summary, the investigation of indel formation and HbF reinduction within single erythroid clones adds granular detail to the data garnered by analysis of bulk cells in vitro. Very different editing patterns at BCL11A-ee and HBG-113 were observed, the reasons for which warrant further research in order to expand our understanding of the NHEJ and MMEJ repair pathways resulting in indel formation after the formation of DNA double-stranded breaks by CRISPR/Cas9 RNPs. These results have also demonstrated the additive effect of HBG-113 editing in cells already fully edited at BCL11A-ee, and most likely the converse is also true. This provides further support to the conclusion of Chapter 3, that maximal HbF reinduction results from dual CRISPR/Cas9 editing at both BCL11A-ee and HBG-113. 


5.0
Chapter 5:
Xenotransplantation multiplex CRISPR/Cas9 edited haematopoietic stem and progenitor cells into mice



5.1 Introduction
Sickle cell disease and β thalassaemia are two of the most common monogenic disorders worldwide, resulting in a heavy burden of morbidity and early mortality for sufferers.16 Until now, the only potentially curative therapy was donor HSCT, which is only available to a small proportion of patients and carries inherent risks and complications in and of itself.219 Recently, genome editing therapy has emerged as another possibility for long-term curative treatment, by increasing circulating levels of HbF. Raised HbF levels have long been recognised to confer amelioration of disease symptoms in patients with haemoglobinopathies, and may even render them asymptomatic.73; 134 Genome editing accomplishes this by disrupting the BCL11A/HBG axis, responsible (at least in part) for the repression of HbF production. Thus far studies have focused on knocking out either the erythroid enhancer region of BCL11A, or the BCL11A binding site within the HBG promoter region, but resultant HbF levels have not consistently been high enough to guarantee cure.263; 264; 280 This thesis describes investigation into strategies aiming to disrupt both loci in the same HSPC population, in order to maximise resultant HbF reinduction.
HSPCs targeted for genome editing at a single locus of either HBG-113 or BCL11A-ee have been demonstrated to successfully engraft, proliferate and differentiate into mature blood cell lineages when transplanted into immunodeficient mice.263; 269; 341; 346 Previously published data has demonstrated the successful engraftment of single HBG-113-edited HSPCs in non-human primates,280 and single BCL11A-ee-edited HSPCs when retransplanted back into patients (NCT03655678, NCT03745287). Data presented in Chapter 3  established that the simultaneous and sequential dual editing procedures did not prohibit haematopoietic stem and progenitor cells from proliferating and differentiating in vitro, as assessed by colony forming and erythroid differentiation assay analyses. However, it remained to be studied whether such multiplex-edited cells will be able to reliably engraft in vivo following transplantation, and whether they will subsequently differentiate into mature blood cell lineages. It is well established that certain editing targets impair the ability of HSPCs to engraft and differentiate in vivo, such as in the case of whole BCL11A gene knockout rather than just the erythroid enhancer region.263; 264 Therefore, investigating any effects on the viability of edited HSPCs is a vital step in establishing the feasibility of these new dual editing strategies for treatment of haemoglobinopathies.
The NSG mouse species is well established as a preclinical model for human haematopoietic stem cell xenotransplantation, and a common first step in the translation from in vitro strategies to clinical application.303 Therefore, experiments were conducted to investigate the effects of simultaneous and sequential dual editing protocols on the engraftment and normal development of HSPCs after transplantation into NSG mice. Initially 2 small pilot experiments were conducted in order to ensure the feasibility of this transplant strategy and the analyses planned within it, before moving forward with a larger mouse transplant, in order to minimise the total number of animals required for this investigation.
Effects on engraftment and differentiation of the total human HSPC population are not the only concerns post-transplant. One of the most challenging aspects of genome editing transplant experiments is often the failure to maintain an adequate level of edited cells over time post-transplant.279; 280; 347 It is insufficient for the total human cell population to persist if the proportion of edited cells within this falls to levels predicted to be subtherapeutic. Therefore it was necessary to assess whether or not the genetically modified cells would continue to contribute an adequate and stable proportion of the human cell population in vivo over time. While mouse transplants generally only continue for around 6 months, this at least would provide data on the medium-term persistence or otherwise of the edited cell population.
Finally, in Chapter 3 data is presented describing the development of 2:11 chromosomal translocations following the application of the dual editing strategies in vitro, due to the formation of double-stranded DNA breaks at the target sites in both the HBG-113 and BCL11A-ee regions in the same cells. This in itself is concerning to a degree, but it may still be possible that such chromosomal rearrangement events in fact render cells non-viable. If that were to be the case, they would not persist in vivo and would not therefore present a risk of oncogenetic change. Therefore the final aspect under investigation in these xenotransplantation experiments was whether the translocation events would persist in vivo and, if so, whether this would be the case regardless of whether dual editing was delivered simultaneously or sequentially.

5.2 Aims and Objectives
The aim of this chapter was to determine the effects of simultaneous or sequential dual editing procedures on HSPC engraftment and lineage differentiation potential, as well as the persistence of editing levels and presence of chromosomal translocations in vivo. 

Hypothesis: Dual CRISPR/Cas9 genome editing at HBG-113 and BCL11A-ee, delivered either simultaneously or sequentially, does not impair the post-xenotransplant viability of HSPCs, and edited cells remain at stable levels in vivo. Chromosomal translocations persist following transplantation of dual edited cells.

The objectives of these experiments were:-
1. To analyse HSPC engraftment and differentiation into mature haematological lineages, following simultaneous or sequential dual editing at HBG-113 and BCL11A-ee,  in comparison to HSPCs edited at either single locus or mock-edited HSPCs.
2. To investigate the degree to which edited cells persist in vivo following multiplex editing of HSPCs followed by xenotransplantation, up to the point of necropsy.
3. To ascertain whether the chromosomal translocation events detected in vitro following dual editing strategies would persist in vivo following xenotransplantation, up to the point of necropsy.

5.3 Chapter-Specific Materials and Methods
Detailed information on individual techniques performed are given in Chapter 2: General Materials
and Methods.
5.3.1 Experimental design
5.3.1.1 HSPC source
For initial experiments, cell source was G-CSF-mobilised PBMNCs donated by glioblastoma patients who underwent apheresis for the collection of PBSCs as part of a clinical trial. Patients were offered the option of donating their cells to research if they did not proceed to an autologous HSCT and such donated cells were used with patient consent in this experiment. 
For the final, larger transplant experiment, G-CSF-mobilised PBMNCs pre-enriched for CD34+ cells were purchased from the FHCRC stem cell core.
5.3.1.2 HSPC preparation and genome editing
Human PBMNCs were thawed and where this had not already taken place were enriched for CD34+ cells on D-1 followed by flow cytometric quality control assay of the CD34+ enrichment, where this had been carried out post-thaw. For the pre-CD34+-enriched cells, quality assurance data was provided by the stem cell core documenting adequate CD34+ enrichment and purity.
HSPCs were recovered overnight in SFEM II media with cytokines. The CRISPR/Cas9 editing protocol commenced on D0. As described in detail within the genome editing protocol in Chapter 3, HSPCs were edited at either a single locus of HBG-113 or BCL11A-ee on D0; both loci simultaneously on D0; BCL11A-ee on D0 followed by HBG-113 on D1; or underwent mock electroporation only. 
5.3.1.3 Transplant procedure
On D2, 5 groups (n=2 mice/group) of adult NSG mice (age 6-8 weeks) were xenotransplanted with cells from each reaction (section 3.3.1.2), with each mouse receiving 1x106 cells which had been spun down at 800 g for 5 minutes at room temperature and resuspended in 1X PBS with 1% heparin (APP Pharmaceuticals) to a total volume of 200 μl. Cell suspension was kept on ice during transport to the mouse facility to optimise cell viability at the point of delivery. Cells were injected via the tail vein. Injection was preceded by sublethal irradiation of 275 cGy.
5.3.1.4 Longitudinal assessment of human chimerism and lineage proliferation
PB was sampled 2-3-weekly by retro-orbital draw from 6-8 weeks post-transplantation for lineage assessment and determination of editing percentage within circulating leucocytes. Lineage assessment was by flow cytometry utilizing antibody panel: anti-human CD45 (hCD45)-PerCP (clone 2D1); anti-mouse CD45 (mCD45)-V500 (clone 30-F11); anti-CD3-APC; (clone UCHT1); anti-CD4-V450 (clone RPA-T4);  anti-CD8-APC Cy7 (clone SK1);  anti-CD14-PE Cy7 (clone M5E2);  anti-CD20-FITC  (clone 2H7) (all BD Biosciences), run on the Canto 2-1 flow cytometer (BD Biosciences).
5.3.1.5 Assessment of human chimerism and lineage differentiation at necropsy
Mice underwent euthanasia and necropsy at 23 weeks post-transplantation in the main experiment, earlier euthanasia in the pilot experiments, following maximal PB draw. BM, thymus and splenic tissues were harvested. Lineage assessment by flow cytometry was carried out on PB, BM and thymic tissues, using antibody panel and flow cytometer as for longitudinal lineage assessment in the PB, described above. 
In addition, HSPC quantitation within the human cells in extracted BM was undertaken. Within the HSPC population,  the long-term repopulating HSC-enriched subpopulation of CD90+CD45RA- cells were quantified. These assessments used the antibody panel: anti-hCD45-V450 (clone H130, BD Biosciences), anti-mCD45-PECF594 (clone 30-F11, BD Biosciences), anti-CD38-PerCP/Cy 5.5 (clone HIT2, Biolegend), anti-CD34-APC (clone 563, BD Biosciences), anti-CD90-PE Cy7 (clone 5E10, Biolegend) and anti-CD45RA-APC Cy7 (clone 5H9, BD Biosciences), run on the Symphony flow cytometer (BD Biosciences).
5.3.1.6 Investigations into the persistence of edited cells in each experimental arm
For editing analysis, DNA was extracted from PB, BM and splenic tissues using QIAamp DNA micro kit (Qiagen) then processed by PCR amplification, sequencing and TIDE analysis, as described in Chapter 2 (sections 2.8 – 2.11).
5.3.1.7 Investigations into the persistence of chromosomal translocation events in vivo
For the main transplant experiment, DNA extracted from PB at 6 weeks post-transplant underwent analysis by translocation PCR assay for a qualitative assessment of the presence of the 2:11 chromosomal translocations detected in vitro. PB, BM and splenic samples from the point of necropsy were also subjected to ddPCR analysis for quantitative analysis of translocation presence, as described in detail in Chapter 2 (section 2.14).
5.3.1.8 Ex-vivo analysis of CFU-forming potential of BM HSPCs
A total of 7x104 cells from each mouse BM were plated in ColonyGELTM 1402 (Reachbio) in triplicate from each mouse BM to allow CFU differentiation. This particular methocult media was primarily designed for NHP CFUs but had previously been established by laboratory colleagues as optimal to differentially favour growth and differentiation of human HSPCs while preventing ongoing viability of mouse HSPCs (unpublished data). This is a different media to that used in in vitro experiments involving only human cells where such a differential is not required. CFUs of each type were counted after 14 days incubation. 
5.3.1.9 Culture of BM cells in differentiation media and assessments of HbF reinduction potential
Remaining BM cells were cultured in liquid differentiation (erythropoietin-containing) media and assessments of Hb fractions made by flow cytometry and HPLC on aliquots extracted after 12 days in culture.
5.3.1.10 In vitro analyses of HSPCs
In vitro aliquots of edited or  mock electroporated human HSPCs were also cultured in differentiation media for analysis of editing efficiencies, quantification of translocation events and assessment of HbF reinduction, and plated out into methocult media for CFU formation. These experiments are described in detail in Chapters 3-4.

5.4 Results
Prior to the larger planned mouse transplant, 2 pilot transplant experiments were carried out with the aim of validating the methods used. Whilst it had also been hoped initially that they would provide an early contribution to the dataset relating to engraftment and lineage differentiation of edited cells in each arm, human engraftment was lost after a short period of time in the first transplant, and in the second there was primary engraftment failure. Both experiments were terminated early and changes made to future transplant protocol including a change in source of human CD34+ cells as a result of investigations into these transplant failures and lessons learned.
5.4.1 Pilot mouse transplant #1 
5.4.1.1 CD34+ purity of enriched MNCs
Following a single passage over the CD34+ enrichment column, as was standard practice, quality control flow cytometric analysis of the enriched cellular fraction demonstrated 80% of CD34+ cells (Fig 5.1A-B). This was considered adequate to proceed with the transplant experiment. 
[image: ][bookmark: _Hlk88925039]Figure 5.1: Example of flow cytometric quality control result following CD34+ enrichment of PB MNCs
In order to assess adequacy of CD34+ enrichment prior to modification and transplant of these cells, flow cytometry was carried out to quantify the CD34+ fraction, taken to indicate HSPCs. (A) MNCs were initially selected using forward and side scatter. (B) Within this gated population of cells, the HSPC subpopulation was defined as being CD34+ and CD45low
Abbreviation: CD: cluster of differentiation, HSPC: Haematopoietic stem and progenitor cell, MNCs: mononuclear cells, PB: peripheral blood.


5.4.1.2 Mouse numbers transplanted
10 mice were enrolled in this initial pilot experiment, with 2 mice being injected with cells from each arm of the experiment.
5.4.1.3 Early loss of human engraftment in all arms on longitudinal analysis of human chimerism and lineage differentiation
Human chimerism at the point of first blood draw at 8 weeks post-transplant was lower than expected in all arms and fell off quickly to less than 10% human contribution to total CD45+ cell population in the PB of most mice by 12 weeks (Figure 5.2). Although the 2 mice with close to 0% human chimerism on initial blood draw were both double-edited mice (1 from the sequential double editing and 1 from the simultaneous double editing arm), the other mice in these arms had close to or above average human chimerism level for this experiment. In most mice the human cell population in the PB was composed primarily of CD20+ cells, which is unusual particularly at such an early stage of the transplant, with much lower CD14+ proportions than would usually be seen. 1 mouse in the BCL11A-ee single edit arm had higher CD3+ proportions than all other mice and 1 mouse in the sequential double-edit arm appeared to have higher CD14+ levels but otherwise the lineage distribution patterns were reasonably similar between arms (Fig 5.2A-D).
[image: ][bookmark: _Hlk88925139]Figure 5.2: Total human chimerism and lineage specific proportions in mouse PB post-transplantation over time demonstrates early engraftment loss but similar patterns in all experimental arms
Flow cytometry was used to assess changes in total human chimerism and lineage-specific cell populations in the PB of humanised mice between 8-14 weeks following transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only (control). (A) Human CD45+ as a percentage of total CD45+ cell population over time, indicative of total human engraftment (mean +/-SD). (B) CD14+ proportion of human CD45+ cells over time, indicative of myeloid cells (mean +/-SD). (C) CD20+ proportion of human CD45+ cells over time, indicative of B-lymphocytes (mean +/-SD). (D) CD3+ proportion of human CD45+ cells over time, indicative of T-lymphocytes (mean +/-SD). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, CD: cluster of differentiation, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood.


5.4.1.4 Low level of human engraftment in all experimental arms at necropsy
Due to rapidly falling human chimerism a decision was made to terminate the experiment early and mice were euthanised shortly following the 14-week blood draw. At necropsy, human chimerism was a little higher in the BM than in the PB and again higher in the spleen, although levels were still less than 30% in most mice even in this tissue (Fig 5.3). In the thymus results were highly variable, but where human chimerism is reported as close to 0% this raises suspicion that the tissue extracted was not actually thymic, since this is usually close to 100% human and simply not visible in animals without adequate human engraftment.  As noted above, CD20+ cells comprised the major proportion of PB human cells and the same was noted in the spleen. 
The pattern in the BM similarly demonstrated a larger than usual proportion of CD20+ cells but reassuringly also a significant fraction of myeloid (CD14+) cells. CD34+ cells as a proportion of human cells in the BM were over 1% in both mock treated mice, both BCL11A-ee single edited mice, and one of the sequentially double edited mice. In other mice CD34+ fraction was 0.5-1.0% other than 1 simultaneously double-edited and 1 sequentially double-edited mouse in which it was lower. In the context of generally poor engraftment and small numbers this discrepancy in CD34+ levels in the BM was noted but meaningful conclusions could not be drawn. There was inadequate thymic tissue available for lineage analysis (Fig 5.3A-D).

[image: ][bookmark: _Hlk88925231]Figure 5.3: Total human chimerism and lineage specific proportions in mouse tissues at necropsy demonstrates low overall human engraftment but no significant differences between experimental arms
Flow cytometric analysis was used to quantify total human chimerism and also lineage-specific contributions to the human cell populations within the PB, BM and spleen of mice extracted at necropsy, following transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only. Total human chimerism was also assessed within the thymus. In the BM, the subpopulation of CD34+ cells assumed to represent  haematopoietic stem and progenitor cells was also analysed. (A) Human CD45+ as a percentage of total CD45+ cell population in each tissue, as a marker of total human chimerism (mean +/-SD). (B) Haematopoietic lineages as percentages of total human CD45+ cells in the PB (mean +/-SD). (C) Mature lineages and CD34+ cells as a percentage of total human population in the BM (mean +/-SD). (D) Haematopoietic lineages as percentages of total human CD45+ cells in the spleen (mean +/-SD). Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: BM, CD: cluster of differentiation, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood.


5.4.1.5 Cells edited at each locus persist within the human MNC population over time
Following transplantation there was an initial drop in percentage of edited cells within the circulating human leucocytes in the PB, as is usually seen, but following this editing levels remained stable or increased over time in most mice. This is with the possible exception of BCL11A-ee editing levels in BCL11A-ee single edited mice but since the assay failed on the latter 2 samples from one of these mice, conclusions could not be drawn. Full discussion of challenges involved in obtaining valid results of the BCL11A-ee editing assay in mouse tissue samples is provided in a separate chapter (Chapter 6).
Reassuringly, persistence of edited cells did not appear to be compromised in the double-edited reactions, and in  fact trended towards being highest in these mice by the end of the experiment, in the PB. In the BM, HBG-113 editing levels were very low in all mice with the exception of 1 sequentially double-edited mouse, and a similar pattern was seen in the spleen. BCL11A-ee editing was also generally lower in the BM than the PB, while a little better in the spleen. Despite low editing levels overall, the importance of these results is that persistence of edited cells following the novel dual editing approaches is not lower than in single edited arms, providing a degree of reassurance that the dual editing strategy provides stable levels of cells edited at both loci, at least in the short term (Fig 5.4A-D). 
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Description automatically generated][bookmark: _Hlk88925346]Figure 5.4: Longitudinal assessment of editing levels within human cells in the PB and in haematopoietic tissues at necropsy demonstrates persistence of edited cells over time
Quantification of the percentage of genome editing within the human cell population circulating in the PB over time and in haematopoietic tissues at necropsy was carried out following transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), or at both loci either simultaneously or sequentially in the double-edited arms. This was achieved by extraction of DNA followed by amplification using the relevant PCR assay, sequencing and TIDE analysis of results. (A) Percentage of cells edited at HBG-113 in the infusion product and in the PB of each mouse over time. (B) Percentage of cells edited at BCL11A-ee in the infusion product and in the PB of each mouse over time. (C) Percentage of human cells edited at HBG-113 in the haematopoietic tissues of each mouse at necropsy (mean +/-SD). (D) Percentage of human cells edited at BCL11A-ee in the haematopoietic tissues of each mouse at necropsy (mean +/-SD).
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: BM, DNA: Deoxyribonucleic acid, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood, PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition.





5.4.1.6 Greatest HbF reinduction potential demonstrated in cells cultured from BM of sequentially double-edited mice
Hb fraction analysis was done by HPLC only in this experiment (Fig 5.5), due to a lack of adequate cells to support both HPLC and flow cytometric measurement. The proportion of HbF within Hb-containing cells trended towards being greater in cells cultured from the BM of mice in all edited arms of the experiment in comparison to mock-treated mice, as expected (p>0.05 for all). Mean HbF proportion was greatest in cells cultured from the BM of mice transplanted with sequentially double-edited cells followed by the BCL11A-ee single edited arm. HbF fraction was lower in cells taken from mice in the simultaneously double-edited arm and the HBG-113 single edited arm (p>0.05 for all differences) (Fig 5.5A-B). Numbers were small and differences not statistically significant but the importance of this experiment was primarily in validating this particular technique, i.e. Hb analysis by HPLC conducted using cells cultured from BM extracted from humanised mice, which had not previously been applied in our laboratory.



[image: ][bookmark: _Hlk88925439]Figure 5.5: HbF reinduction potential of human HSPCs cultured from mouse BM
Cells extracted from the BMs of transplanted mice were cultured in liquid differentiation media to encourage growth and erythroid differentiation of human haematopoietic stem and progenitor cells. BM harvesting took place at the point of necropsy, 14 weeks following transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only. Cultured cells were then analysed using HPLC in order to quantify the proportion of HbA and HbF within each cell population and HbF as a percentage of total (HBA + HbF) Hb was calculated for each BM culture. (A) HbF as a percentage of total Hb (mean +/-SD). (B) HbF as a percentage of total Hb, normalised by the results in mock-treated mice as an alternative method of presenting results (mean +/-SD). No difference was statistically significant (all p>0.05). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: bone marrow, Hb: haemoglobin, HbA: haemoglobin A, HbF: foetal haemoglobin, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, HSPC: Haematopoietic stem and progenitor cell, Sequential: sequential double editing of both loci. Simultaneous: simultaneous double editing of both loci.


5.4.1.7 Minimal CFU growth from mouse BM cells confirms paucity of human HSPC engraftment
Only 1 CFU plate was prepared per mouse BM in order to preserve adequate cells for flow cytometric lineage assessment and liquid differentiation culture for HbF assessment. Numbers of colonies grown were very low, confirming above results demonstrating minimal engraftment and survival of human HSPCs following transplant.
5.4.2 Pilot mouse transplant #2
Pilot mouse transplant #1 validated many of the techniques planned for future experiments and, to some degree, provided reassurance that the double-editing technique itself did not result in a deficit in human engraftment or persistence of edited cells in vivo in comparison to mock-treated cells or single edited cells. However, overall engraftment was poor and in particular there appeared to be minimal engraftment of human HSPCs, in comparison to lymphocytes. 
As this phenomenon was observed in mice from all arms including the mock-treated arm, it suggested a problem with either the stem cell source, the thaw and enrichment process, or the transplant process itself. Since the transplant protocol was well established in the laboratory and procedures including irradiation and injection were carried out by experienced animal husbandry staff, this latter option seemed least likely. 
5.4.2.1 Changes to CD34+ enrichment procedure based on pilot mouse transplant #1
Given the suboptimal CD34+ percentage in the infusion product used for pilot mouse transplant #1, the initial hypothesis considered as to cause of poor engraftment was that the MNCs had not been adequately CD34+ enriched and this had led to a higher than usual proportion of lymphocytes in the infusion product which affected HSPC engraftment. Therefore, in the mouse transplant #2 study it was decided that CD34+ percentage of at least 85% would be required in order to proceed to transplant. In order to obtain this, since initial CD34+ fraction was again close to 80% after first enrichment of PBMNCs, cells were passed over the enrichment column a second time to further purify the CD34+ population.
5.4.2.2 Failure of human engraftment post xenotransplantation 
Despite good CD34+ enrichment of cells prior to further treatment and transplantation, there was primary engraftment failure in the majority of mice with total human engraftment below 0.5% in most mice at both the 8- and 10-week mark (Fig 5.6). Therefore the experiment was terminated early in accordance with IACUC requirements to minimise length of animal experiments where informative results were not anticipated. 
[image: ][bookmark: _Hlk88925608]Figure 5.6: Total human chimerism in mouse peripheral blood post-transplantation highlights failed human cell engraftment
Flow cytometry was used to assess changes in total human chimerism and lineage-specific cell populations in the PB of humanised mice from 8 weeks following transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only. Human CD45+ as a percentage of total CD45+ cell population over time is shown, indicative of very poor or absent total human engraftment in all mice (mean +/-SD).  
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, CD: cluster of differentiation, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood.



5.4.3 Main mouse transplant experiment
5.4.3.1 HSPC source
Failure of adequate engraftment in pilot transplant #2, despite improved CD34+ enrichment in this experiment with the modified enrichment protocol, included the mock-treated arm. This indicated that the cause of engraftment failure was not related to the CRISPR/Cas9 editing protocols  and further investigation was undertaken. This included requesting records relating to quality control testing and storage conditions of the donated mobilised PB (mPB) MNCs. 
Following investigation, it was discovered that the mPBMNCs may not have been stored at a temperature maintained reliably <80oC. Therefore, for the main mouse transplant experiment below, CD34+ enriched HSPCs were purchased from the stem cell core at the FHCRC. Quality control information was provided with these cells and the storage conditions had been closely monitored at all times, providing reassurance that the viability of these stem cells would be adequate. The high cost of purchasing these cells was considered reasonable in order to maximise success of the following transplant and therefore minimise animal numbers involved in these experiments, as per IACUC and NIH guidelines. 335
5.4.3.2 Longitudinal assessments demonstrate similar levels of human chimerism and lineage differentiation between experimental arms in the PB 
Twenty-five adult NSG mice were transplanted with human HSPCs which had been treated according to the different conditions described above (section 3.3.1.2). Four mice received mock-edited (electroporated only) cells; 5 mice received HBG-113 single edited cells; 5 mice received BCL11A-ee single edited cells; 5 mice received simultaneously double-edited cells and 6 mice received sequentially double-edited cells, with the larger number of mice in the latter group due to a greater number of cells available for transplantation into this arm. Two mice were euthanised early for reasons unrelated to health or engraftment (1 mouse each from the BCL11A-ee single edited and simultaneously double-edited arms); remaining mice survived in good health to the point of necropsy at 23 weeks post transplantation.
Total human and lineage-specific engraftment and proliferation were monitored in the PB of transplanted mice from 6 weeks post infusion of human HSPCs by 3 weekly PB draws up until necropsy at 23 weeks, or until early euthanasia. Total human engraftment as defined by human CD45+ (hCD45+) cells as a percentage of total CD45+ (hCD45+ + mouse CD45+ cells) was similar between mice transplanted with mock, single or double-edited cells from each arm of the experiment. 
[image: ]Human engraftment peaked on average at week 9 post-transplant and stabilised by around week 21. Normal patterns of development of different lineages were observed in all arms. A high proportion of CD14+ cells was noted early on. By week 9, CD20+ cells were circulating in substantial numbers and by week 18 the numbers of CD3+CD4+ and CD3+CD8+ cells had started to rise. These patterns were similar in all experimental arms, with slightly wider variability between individual mice, and as a result between experimental arms, where the proportion of CD3+ cells was analysed compared to other lineages (Fig 5.7A-B).
[bookmark: _Hlk88925646]Figure 5.7: Total human chimerism and lineage specific proportions in mouse PB post-transplantation over time demonstrates similar patterns in all experimental arms
Flow cytometry was used to assess changes in total human chimerism and lineage-specific cell populations in the PB of humanised mice following transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), both loci either simultaneously or sequentially in the dual edited arms, or mock electroporation only. (A) Example of flow cytometric gating strategy. Nucleated cells were first selected based on forward and side scatter. Next, cells expressing human CD45 but negative for mouse CD45 were gated for, in order to define the human leucocyte population. Within this population, CD14+, CD20+ and CD3+-expressing lineages were quantified. Finally, within the CD3+ population, the proportion of CD3+CD4+ and CD3+CD8+ lymphocytes were defined. (B) Longitudinal proportions are shown: human CD45+ as a percentage of total CD45+ cell population over time, indicative of total human engraftment, followed by CD14+, CD20+, CD3+CD4+ and CD3+CD8+ proportions of human CD45+ cells (mean +/-SD). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, CD: cluster of differentiation, FSC: forward scatter, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood, SSC: side scatter.


5.4.3.3 Human engraftment including HSPCs and lineage proportions similar between experimental arms in haematopoietic tissues at necropsy
At necropsy, the proportion of hCD45+ cells was comparable between experimental arms in each of the BM, PB and thymus (Fig 5.8A). The proportional contribution of each lineage within the PB and BM was also similar between arms (Fig 5.8B). The presence of human HSPCs in the BM was assessed separately. The total proportion of CD34+CD38low cells was similar between mice transplanted with each edited arm of the experiment. The subpopulation of HSC-enriched CD90+CD45RA- cells was also analysed and found to be present at comparable levels between arms (Fig 5.8C-D). Splenic tissue was not analysed by flow cytometry as DNA extraction for editing and translocation analysis was prioritised in this experiment.
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[bookmark: _Hlk88925680]Figure 5.8: Total human chimerism and lineage specific proportions in mouse tissues at necropsy demonstrates good BM engraftment in double-edited arms and no significant differences between experimental arms
Flow cytometric analysis was used to quantify total human chimerism and also mature lineage-specific contributions to the human cell populations within the PB and BM of mice extracted at necropsy, following transplant of human HSPCs which had undergone editing at a single locus (HBG-113 or BCL11A-ee), both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only. In the BM, the population of human HSPCs was also analysed. (A) Human CD45+ as a percentage of total CD45+ cell population in each tissue, as a marker of total human chimerism (mean +/-SD). (B) Haematopoietic lineages as percentages of total human CD45+ cells in the BM and PB (mean +/-SD). (C) Example of flow cytometric gating strategy used to define the HSPC population in extracted BM cells. First, MNCs were gated for based on forward and side scatter. Human cells were then defined by human CD45+/mouse CD45- immunoprofile. Within human cells, the HSPC population was quantified based on the immunophenotype CD34+CD38low. Finally, within these cells, the subpopulation enriched for longer-term repopulating HSCs was defined by gating for CD90+CD45RA- (D) Percentages of CD34+CD38 low HSPCs and within these the CD90+CD45RA- subpopulation within human cells in the BM (mean +/-SD). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: bone marrow, CD: cluster of differentiation, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, HSPC: haematopoietic stem and progenitor cells, MNCs: mononuclear cells, PB: Peripheral blood.


5.4.3.4 CFU-forming potential of human HSPCs within mouse BM similar between experimental arms
Total CFU numbers were relatively low in each arm, reflecting the small proportion of human HSPCs within cells extracted from mouse BM. While there was some variability in total numbers of CFUs, differences between total CFU numbers did not come close to reaching statistical significance between any of the arms. The most meaningful result to note is that the CFU-forming potential was not significantly impaired in either of the dual edited arms in comparison to the mock treated arm. This lends further support to results above which already confirm the hypothesis that these double editing treatments do not cause a deficit in viability or normal lineage differentiation of human HSPCs following transplantation. The proportion of each colony type was also comparable (Fig 5.9).
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[bookmark: _Hlk88925733]Figure 5.9: CFU-forming potential of human haematopoietic stem and progenitor cells within mouse BM is not impaired in dual edited arms
Mice were transplanted with human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only. At necropsy, almost 6 months post-transplant, BM cells were harvested and plated onto methocult media in order to assess CFU-potential of the human cells therewithin. There were no significant differences in total colony numbers between arms and the distribution of colony types was also similar between experimental arms (mean +/- SD). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BFU-E: Burst-forming unit-erythroid, BM: bone marrow, CFU: colony forming unit, CFU-G: Granulocytic colony forming unit, CFU-M: Monocytic colony forming unit, CFU-Mixed: Mixed types of colony forming unit, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets.


5.4.3.5 Stable or increasing levels of genome edited cells over time in mice from each edited experimental arm 
Editing efficiency assessment of the infusion product transplanted into the mouse cohort demonstrated total HBG-113 editing of 50.4% in the single edited cells, 35.4% in the simultaneously double-edited cells and 74.8% in the sequentially double-edited cells. The frequency of the 13nt deletion within HBG-113 was 23.3% in the single edited reaction, 12.6% with simultaneous double-editing and 35.4% where double editing was applied sequentially. BCL11A-ee editing was 55.5% in the single edited cells, 41.5% in the simultaneously double-edited reaction and 43.3% in the sequentially double-edited cells. This was consistent with the patterns of editing found in other in vitro experiments and described in detail above. 
Following transplantation, editing efficiency within the population of human cells was assessed in mouse PB for all edited arms at each PB draw timepoint, and also within BM and spleen at necropsy. Valid results were available for most mice at each timepoint from 9 weeks post-transplant. After an initial drop in the proportion of edited cells, stable or even improving levels of editing within human cells are demonstrated in most arms of the experiment, where each editing locus is considered (Fig 5.10A-B). A number of editing assays carried out on samples of PB drawn at 6 weeks failed, therefore this timepoint is not included.
Tracking of HBG-113 editing levels in the blood over time from weeks 6 to the point of necropsy at 23 weeks post-transplantation demonstrated consistently highest levels of HBG-113 total editing and HBG-113 13nt deletion in the sequentially double-edited arm and generally lowest levels in the simultaneously double-edited arm. In the sequentially double-edited mice there was initially a modest decrease in HBG-113 editing which stabilised by approximately 12 weeks post transplantation. In this arm, mean HBG-113 editing was 41.5% at 6 weeks and 32.0% at 23 weeks. HBG-113 editing levels were relatively stable in the single  and simultaneously double-edited arms. In the single edited arm, mean editing frequency was 17.7% at 6 weeks and 18.2% at 23 weeks; these figures were 6.2% and 11.7% respectively in the simultaneously double-edited arm.
The frequency of BCL11A-ee editing was comparable between arms and there was no consistent trend in results over time. Mean editing levels at 9 weeks were 27.9% in single edited mice, 15.6% in simultaneously double-edited mice and 20.9% in sequentially double-edited mice. At the point of necropsy these figures were 19.1%, 24.0% and 33.0% respectively. 
[image: ] [bookmark: _Hlk88925759]Figure 5.10: Longitudinal assessment of editing levels within human cells in the PB demonstrates stable persistence of edited cells over time in each arm
Quantification of the percentage of genome editing within the human cell population circulating in the PB over time was carried out following transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), or at both loci either simultaneously or sequentially in the double-edited arms (or mock electroporation only). This was achieved by extraction of DNA followed by amplification using the relevant PCR assay, sequencing and TIDE analysis of results. (A) Percentage of cells edited at HBG-113 in the infusion product and in the PB of mice in each arm over time (mean +/-SD). (B) Percentage of cells edited at BCL11A-ee in the infusion product and in the PB of mice in each arm over time (mean +/-SD). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: bone marrow, DNA: Deoxyribonucleic acid, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood, PCR: polymerase chain reaction, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets, TIDE: Tracking of Indels by Decomposition.



BM: BM, HBG: HBG-113, BCL11A: BCL11A-ee



5.4.3.6 Greatest levels of total genome editing at necropsy in mice transplanted with sequentially double-edited cells
At the point of necropsy: in the PB, the frequency of total HBG-113 editing in sequentially edited mice (n=6) was significantly greater than either the single edited (n=5) or the simultaneously double-edited (n=4) mice (p=0.0137 and p=0.0034 respectively). The differences in 13nt deletion frequency in the sequentially double-edited arm compared to the single edited or to the simultaneously double-edited arms were even more significant (p=0.0013 and p=0.0006 respectively). A greater frequency of HBG-113 editing was also found in the BM of sequentially double-edited mice (n=6) than simultaneously double-edited mice (n=4) (p=0.0063) or than single edited mice (n=5) (p>0.05) (Fig 5.11A). Where BCL11A-ee editing at necropsy was examined, there was also a trend towards highest editing frequencies in the sequentially double-edited arm than in the single  or simultaneously double-edited arms found in the PB, BM and spleen (Fig 5.11B).
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[bookmark: _Hlk88925896]Figure 5.11: Assessment of editing levels within human cells in the haematopoietic tissues at necropsy generally demonstrates maximal proportion of edited cells in the sequentially dual edited mice
Quantification of the percentage of genome editing within haematopoietic tissues at necropsy was carried out following transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), or at both loci either simultaneously or sequentially in the double-edited arms. This was achieved by extraction of DNA followed by amplification using the relevant PCR assay, sequencing and TIDE analysis of results. (A) Percentage of cells edited at HBG-113 in the PB, BM and spleen of mice in each experimental arm (mean +/-SD). (B) Percentage of cells edited at BCL11A-ee in the PB, BM and spleen of mice in each experimental arm (mean +/-SD). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: bone marrow, DNA: Deoxyribonucleic acid, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood, PCR: Polymerase chain reaction, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets, TIDE: Tracking of Indels by Decomposition. Only statistically significant differences (p<0.05) are shown.





5.4.3.7 Frequency of MMEJ-mediated indels in haematopoietic tissues at necropsy
Where trends in the HBG-113 13nt deletion frequency were examined over time, there was a reduction in frequency in all arms from weeks 6 to 23, and only in the sequentially double-edited arm was this particular deletion length still present at a meaningful level at time of necropsy (Fig 5.12A). Mean frequencies at 6 and 23 weeks respectively were 10.4% and 5.5% in the sequentially double-edited mice; 7.5% falling to 1.3% in the single edited mice; and 1.4% and 0.6% in the simultaneously double-edited mice. BCL11A-ee indels 13nt and 15nt deletions showed variable results between haemopoietic tissues with no consistent pattern (Fig 5.12B).
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Description automatically generated with low confidence][bookmark: _Hlk88926083]Figure 5.12: Assessment of the frequency of particular indels recognised to be associated with the MMEJ pathway within human cells in the haematopoietic tissues at necropsy 
Quantification of the frequency of particular indel lengths known to be associated with activity of the MMEJ repair pathway at the point of genome editing at either selected target was next analysed within the human cell population in mouse haematopoietic tissues at necropsy. This followed transplant of human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), or at both loci either simultaneously or sequentially in the double-edited arms (or mock electroporation only). This was achieved by extraction of DNA followed by amplification using the relevant PCR assay, sequencing and TIDE analysis of results. (A) Percentage of cells containing the 13nt deletion at HBG-113 in the PB, BM and spleen of mice in each experimental arm (mean +/-SD). (B) Percentage of cells containing the 13nt or 15nt deletion at BCL11A-ee in the PB, BM and spleen of mice in each experimental arm (mean +/-SD). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: bone marrow, DNA: Deoxyribonucleic acid, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, MMEJ: microhomology-mediated end joining, nt: nucleotide, PB: peripheral blood, PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition. Only statistically significant differences (p<0.05) are shown.





5.4.3.8 Patterns of genome editing levels not fully explained by differences in infusion product editing efficiency
At necropsy, editing levels were generally highest in mice transplanted with sequentially double-edited cells. It was recognised that with regards to HBG-113 editing, this pattern reflected that seen in the infusion product. Further analysis was therefore conducted to establish whether differential editing levels in the infusion product could completely account for the different editing levels seen at necropsy or whether other factors may be at play. In order to establish this, the ratio of editing at necropsy to editing in the infusion product for each mouse was calculated for each of the target loci. For HBG-113, in the PB, this ratio was highest in the sequential double-edited arm, although patterns were different in the BM and spleen and differences did not reach statistical significance (Fig 5.13A).
Where editing at BCL11A-ee was considered, the ratio of editing at necropsy to editing in the infusion product was consistently highest in the sequentially edited arm in all tissues. This reached statistical significance in comparison to the single edited arm in the PB (n=4 single edited and n=6 sequentially double-edited mice, p=0.0440) and in the spleen (n=4 each arm, p=0.0219). The difference was also statistically significant in comparison to the simultaneously double-edited arm in the spleen (n=4 each arm, p=0.0150) (Fig 5.13B).
Interestingly therefore, the pattern of greatest editing levels in sequentially double-edited cells cannot simply be explained by differential editing efficiencies in the infusion product, particularly where BCL11A-ee editing is concerned. This suggests that in the sequentially edited arm, a greater number of medium- and/or long-term repopulating HSPCs are successfully edited with this approach, explaining their preferential persistence in comparison to the other edited arms.
[image: ][bookmark: _Hlk88926110]Figure 5.13: Analysis of editing levels within haematopoietic tissues in comparison to infusion product delivered at time of transplant suggests additional factors contribute to the difference in percentages of edited cells between experimental arms 
Immunodeficient mice were transplanted with human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), or at both loci either simultaneously or sequentially in the double-edited arms. Total editing levels at each particular target within mouse haematopoietic tissues have already been demonstrated to vary by the time of necropsy dependant on experimental arm, being generally greatest in the sequentially dual edited arm. In order to establish whether this was simply due to differences in editing efficiency within the infusion product transplanted into the mice, the ratio of editing in each mouse tissue at each locus to the editing level at each locus in the infusion product delivered to that mouse was calculated.  (A) Ratio of HBG-113 editing in each mouse tissue to that within the infusion product delivered to each mouse (mean +/- SD) (B) Ratio of BCL11A-ee editing in each mouse tissue to that within the infusion product delivered to each mouse (mean +/- SD) 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 2, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 11. Only statistically significant differences (p<0.05) are shown.





5.4.3.9 Chromosomal translocations are detectable by standard PCR in the PB of a number of mice from dual edited experimental arms at 6 weeks post-transplant
The presence of a 2:11 chromosomal translocation was demonstrated by qualitative PCR assay in PB drawn at 6 weeks post-transplant in 4/5 simultaneously double edited mice but only 2/6 sequentially double-edited mice (Fig 5.14). 
[image: ][bookmark: _Hlk88926208]Figure 5.14: Demonstration of the presence of a 2:11 chromosomal translocation within the PB of  multiple mice transplanted with human haematopoietic stem and progenitor cells edited at both HBG-113 and BCL11A-ee loci
Immunodeficient mice were transplanted with human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), at both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only. PB drawn at 5 weeks post-transplant was subjected to a PCR reaction designed to amplify a translocation event occurring between these two breakpoints on chromosomes 2 (HBG-113) and 11 (BCL11A-ee), by using an HBG-113 forward primer with a BCL11A-ee reverse primer.  PCR product was run on agarose gel electrophoresis. Samples from mice transplanted with mock- or single edited cells were included as negative controls. A positive control reaction was also included: sequentially dual edited cells from an in vitro reaction which had already been demonstrated to contain the translocation in question, confirmed on sequencing of the PCR product.
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, DNA: Deoxyribonucleic acid, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood, PCR: Polymerase chain reaction, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets.




5.4.3.10 Chromosomal translocations persist in vivo to the point of necropsy with highest frequency in mice transplanted with sequentially double-edited cells
Translocation frequency was further analysed quantitatively by ddPCR in the infusion product and in mouse BM, PB and splenic tissue extracted at necropsy. Translocation event #1 was detected in the infusion product at a frequency of 1.26% in simultaneously double-edited cells and 0.05% in sequentially double-edited cells. This persisted in vivo and was detected in the BM of 1/4 simultaneously double-edited mouse at a frequency of 0.07% and 4/6 sequentially double-edited mice, with mean frequency of 0.203% respectively. No translocation was present in analysed mice transplanted with mock-edited (n=2) or single (HBG-113 or BCL11A-ee)-edited (n=4) cells. 
Translocation event #2 was present in the infusion product at frequencies of 0.71% and 0.03% in simultaneously and sequentially double-edited reactions respectively. It was later confirmed to be persistent in the BM. It was later confirmed to be persistent in the BM of 3/4 simultaneously dual edited mice at a frequency of 0.05%, these being the mice without translocation event #1 therefore all 4 mice in the simultaneous double edit arm had a translocation of one type detected in their BM. Translocation event #2 was present in 4/6 sequentially double-edited mice at a mean frequency of 0.200%, with only 1 mouse in this arm being negative for both translocation events (Fig 5.15A). 
Detection of the translocation by ddPCR in the PB and spleen at necropsy was less common, possibly due to reduced proliferation or lineage differentiation of HSPCs harbouring chromosomal translocation events. Translocation #1 was not detected in the PB of any simultaneously double-edited mouse but was observed in the PB of 2/5 sequentially double-edited mice at frequencies of 0.514% and 0.155% at time of necropsy. This same translocation was again undetectable in the spleens of all simultaneously double-edited mice but was present in the spleen of 1 of 5 sequentially double-edited mouse at a frequency of 0.372%. 
Translocation event #2 was not detected in the PB of any of the 4 simultaneously or 5 sequentially double-edited mice. It was also not found in the spleens of any simultaneously double-edited mice but was picked up in the spleen of 1 of 5 sequentially double-edited mice, at a frequency of 0.24% (Fig 5.15B).
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Figure 5.15: Quantitation of chromosomal translocation events within the haematopoietic tissues of mice transplanted with human haematopoietic stem and progenitor cells edited at both the HBG-113 and BCL11A-ee loci by ddPCR
Immunodeficient mice were transplanted with human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), at both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only. Chromosomal translocations have already been demonstrated where cells are edited at both loci. BM, PB and splenic tissues extracted at necropsy underwent ddPCR analysis in order to detect and quantify the presence of 2 separate translocation types. Translocation event #1 was quantified using  an HBG-113 forward and BCL11A-ee reverse primer, and translocation event #2 was assessed using a BCL11A-ee forward and HBG-113 reverse primer. In this way, the two types of translocation products predicted to form when chromosomes rearranged at the two editing breakpoints could be analysed. (A) Frequency of each translocation event within the BM of mice in the simultaneous and sequential double editing arms. A number of mice from the mock or single editing arms were included as negative controls (mean). (B) Frequency of each translocation event within the PB and spleen of mice in the simultaneous and sequential double editing arms (mean).
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: bone marrow, ddPCR: digital droplet PCR, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, PB: peripheral blood, Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets. All differences are p>0.05.






5.4.3.11 HbF reinduction potential in cells cultured from mouse BM greatest in the sequentially double-edited arm
BM extracted at necropsy was cultured in differentiation media and the Hb fractions assessed by flow cytometry and HPLC. HbF proportion was greatest in cells cultured from the BM of sequentially double-edited mice, with this difference being most marked where analysis was by HPLC (Fig 5.16A-C), consistent with patterns seen during in vitro analyses. As the humanised mouse model does not support significant amounts of human erythropoiesis, this ex vivo analysis on erythroid progeny of human HSPCs persistent in mouse BM almost 6 months post-transplant provided the closest possible surrogate for in vivo Hb assessments.  
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[bookmark: _Hlk88926442]Figure 5.16: Assessment of HbF reinduction potential of human haematopoietic stem and progenitor cells cultured from mouse BM
Immunodeficient mice were transplanted with human haematopoietic stem and progenitor cells which had undergone editing at a single locus (HBG-113 or BCL11A-ee), at both loci either simultaneously or sequentially in the double-edited arms, or mock electroporation only. Cells extracted from mouse BM at necropsy were cultured in liquid differentiation media to encourage erythroid differentiation. The ratio of foetal to adult Hb (HbF/HbA) was measured both by flow cytometry and by HPLC. (A) Example flow plot demonstrating quantification of cells containing HbF and cells containing HbA, after initial gating for mononuclear cells based on forward and side scatter (B) HbF/HbA ratio according to experimental arm, as assayed by flow cytometry (mean +/-SD). (C) HbF/HbA ratio according to experimental arm, measured by HPLC (mean +/-SD). 
Abbreviations: BCL11A: BCL11A-ee target of genome editing within the BCL11A erythroid enhancer region on chromosome 11, BM: bone marrow, HbA: haemoglobin A, HbF: foetal haemoglobin, HBG: HBG-113 target of genome editing within the HBG promoter region on chromosome 2, HPLC: high performance liquid chromatography. Seq double: sequential dual editing of both targets, Sim double: simultaneous dual editing of both targets. Only significant differences (p<0.05) are shown. 




5.5 Discussion
Genome editing offers the promise of long-term cure for patients with haemoglobinopathies, by the reactivation of HbF production. Editing at either HBG-113 or BCL11A-ee has been demonstrated to result in moderate increases in HbF without compromising HSPC viability including engraftment, but further improvement in HbF reinduction is desirable. Therefore, experiments were carried out to investigate strategies targeting both loci for disruption by CRISPR/Cas9 genome editing within the same HSPC population, with the aim of further increasing HbF levels. In vitro experiments, described in detail in Chapters 3-4, demonstrated maximal HbF reinduction with a sequential dual editing strategy. 
The transplant experiments outlined here were designed to investigate the hypothesis that dual CRISPR/Cas9 genome editing at both the HBG-113 and BCL11A-ee loci, delivered either simultaneously or sequentially, does not impair the post-transplant viability of HSPCs, and that edited cells remain at stable levels in vivo. Finally, since chromosomal translocations were evidenced following dual editing in vitro, it was important to establish whether or not HSPCs harbouring translocations would persist post-transplant.
To this end, mice were transplanted with human HSPCs which had undergone dual editing at both of these loci, simultaneously or sequentially, and for comparison arms were also included in which mice received cells edited at only 1 locus or which had undergone mock electroporation only. 2 small pilot experiments were undertaken which validated many of the experimental protocols and assays but led to a change in stem cell source which allowed the main transplant experiment to proceed favourably. All aims and objectives were addressed successfully and all elements of the hypothesis were proven.
Firstly, HSPC engraftment and differentiation into mature haematological lineages was assessed, following simultaneous or sequential dual editing at HBG-113 and BCL11A-ee, in comparison to HSPCs edited at either single locus or mock-edited HSPCs. Data showed no impairment in HSPC engraftment, lineage differentiation and proliferation over time in either of the dual edited arms where compared to single  or mock-edited arms, following transplantation into immunodeficient mice. Human chimerism was similar between unedited, single  and double-edited arms in the PB throughout the experiment, and in BM at the point of necropsy, at 23 weeks post-transplant. In addition, appropriate maturation into the various haematological lineages was similar between arms when each lineage was examined separately within the PB over time and within the same tissues at necropsy: namely, myeloid cells (hCD45+CD14+), T lymphocytes (hCD45+CD3+) and B lymphocytes (hCD45+CD20+). Within the BM, the same held true for the haematopoietic stem and progenitor cell population (hCD45+ CD34+CD38low) and, within this, the fraction enriched for long term-repopulating haematopoietic stem cells (CD90+CD45RA-).
CFU-forming potential of cells harvested from the BMs of mice again did not show any significant differences between arms. The use of a sequential mouse transplant was considered in which the human HSPCs harvested from mouse BM would be further transplanted into another cohort of mice, in order to further prove the longer-term repopulation potential of these dual edited cells. However, the use of additional animals and other resources was not justified since it was already clear this method was not suitable for clinical translation due to the issue of chromosomal translocations.
Secondly, the degree to which edited cells persist in vivo following dual editing of HSPCs followed by xenotransplantation, up to the point of necropsy, was investigated. Stable, or in some cases even increasing, levels of editing in all arms at both editing loci was demonstrated to almost 6 months post-transplant, after the expected early fall in editing levels. In the dual edited arms, modified cells are able to engraft and persist after transplant: in fact the highest levels of editing by the end of the experiment were generally seen in the sequentially double-edited arm. These differences were not entirely explained simply by differences in editing levels within the infusion product and point to most successful editing of the medium or longer-term repopulating HSPCs with this sequential multiplex editing approach, or perhaps an engraftment or survival advantage in edited HSPCs in this arm. 
Thirdly, the question of whether the chromosomal translocation events which had been witnessed to occur in vitro would persist following transplantation was addressed. Early evidence of the viability of cells harbouring the translocation was observed when simple PCR was able to detect the translocation in the PB of over 50% of the mice transplanted with dual edited cells at 6 weeks post-transplant. More detailed analysis followed with the application of ddPCR to allow quantification of the 2 different translocation chimerae in the haematopoietic tissues at necropsy. In vitro, both translocation events were detected at higher frequency in the simultaneously-edited cells than those from the sequentially-edited reactions, as presented in Chapter 3. However, in vivo this trend had reversed by almost 6 months post-transplant. Translocations were detected in the BMs of almost all mice which had received dual edited cells from either arm. Mean frequencies were higher in the sequentially double-edited mice than those in the simultaneous dual edited arm. Notably, average frequency of each translocation event in the sequentially double-edited mice was higher than the frequency detected in the infusion product (which was not the case with the simultaneously dual edited mice). This adds further weight to the hypothesis that most editing of the repopulating HSPCs was seen rather than shorter-term haematopoietic cells with sequential dual editing. An alternative hypothesis is acknowledged for the observation of increasing translocation frequency in these sequentially double-edited mice could be a survival advantage conferred to cells containing the chromosomal rearrangements. This is considered less likely since if that were the case a similar increase would be expected in the simultaneously double-edited mice containing the same translocation events. 
In previous chapters it has been established that dual CRISPR/Cas9 editing of both HBG-113 and BCL11A-ee, particularly where delivered sequentially, optimises HbF reinduction potential of HSPCs. Results from the ex vivo culture of  mouse BM cells in this experiment further support this conclusion, since highest levels of HbF were seen in cells culture from mice transplanted with sequentially dual edited HSPCs. Given that the NSG mouse model does not support human erythropoiesis, this is the closest it was possible to get to in vivo Hb analysis of human erythroid cells. 
The hypothesis that dual editing at both loci does not impair HSPC viability post-transplant has been proven, with successful engraftment and lineage differentiation seen in these arms. It has been demonstrated successfully that edited cells remain at stable levels in vivo. However, data has been presented showing the persistence of cells harbouring the chromosomal translocation events resulting from dual editing at both loci in the majority of mice transplanted with such cells. The aim of including an experimental arm in which multiplex editing was delivered sequentially rather than simultaneously was due to a hypothesis that this would be less likely to generate simultaneous DNA double-stranded breaks at both loci within the same cell and therefore lower the risk of translocations developing. In vitro, translocations were certainly less frequent where the sequential double editing strategy was used in comparison to simultaneous dual editing. However, results from this experiment have shown in fact the highest frequency of translocations in the BMs of mice transplanted with sequentially dual edited cells. 
It is clear that chromosomal rearrangement events persist post-transplantation of dual edited cells, whichever protocol is used to deliver the double editing approach. This is concerning given the well-recognised link between chromosomal translocations and oncogenesis. A risk of future malignant events arising from multiplex-edited HSPCs precludes this strategy from being considered for clinical application going forwards and therefore testing on higher-order mammals would also be unethical. No further multiplex editing experiments are planned using CRIPSR/Cas9 for HbF reinduction for this reason, but in the main discussion section the possibility that newer editing platforms may allow editing of multiple targets without the associated risk of chromosomal translocations will be considered and discussed.


6.0
Chapter 6:
Development and optimisation of PCR assays for BCL11A-ee editing assessment and detection of t(2;11) chromosomal translocations


6.1 Introduction
Genome editing is a promising novel approach to the treatment of the congenital haematological disorders sickle cell disease and β thalassaemia.9 The delivery of precisely targeted RNPs creates double-stranded breaks in pre-specified regions of the DNA in HSPCs. Where this takes place without the provision of a template for exact reconstitution of the fractured region, the result is repair by the error-prone processes NHEJ and, to a lesser extent, also the MMEJ repair pathway. Insertions and deletions are introduced with the aim of disrupting functionality of the targeted region. Genomic engineering can be applied to the treatment of inherited blood diseases by altering the genome of HSPCs, which then replicate and differentiate into all mature blood cells lineages. Genetic modifications introduced into these progenitor cells will persist in their progeny. Therefore, where HSPCs – and particularly the long-term repopulating HSCs - are the object of therapeutic genome editing, long-lasting beneficial effects are anticipated.
Genome editing has been used to target either the HBG promoter region or the erythroid-specific enhancer of the transcription factor gene BCL11A for disruption, as a therapeutic modality for haemoglobinopathies. In this way, the physiological switch from foetal to adult Hb can be at least somewhat reversed.263; 268; 280; 340 This leads to increased HbF production, associated with milder disease phenotype and improved life expectancy.73; 134 However, only moderate HbF reinduction is generally achieved by editing at one of these loci alone. A greater increase in HbF levels would be desirable, in order to confer increased clinical benefit.
Chapters 3-4 describe the results of in vitro experiments investigating whether targeting both the HBG-113 and BCL11A-ee loci within the same population of HSPCs, either simultaneously or sequentially, would confer further benefit over editing at a single locus only, by improving HbF reinduction without introducing unacceptable cytotoxicities. Chromosomal translocations were also sought, based on the hypothesis that dual editing strategies would confer a risk of cross-over events involving the cut-sites on chromosomes 2 (BCL11A-ee) and 11 (HBG-113), due to the formation of double-stranded DNA breaks at both loci in the same cell. In Chapter 5, the results of xenotransplantation experiments were outlined. Following single or dual CRISPR/Cas9 editing of human HSPCs, these were transplanted into immunodeficient mice in order to study engraftment and differentiation potential of edited cells in vivo, and to examine the persistence of editing levels and translocation frequencies post-transplant.
Throughout all experiments, editing efficiency at each locus was determined by Sanger sequencing following PCR amplification of the relevant region (termed ‘editing PCR’ below), permitting comparison to unedited sequence using the TIDE software programme. Initial translocation assay also utilised simple PCR in order to amplify any such cross-over regions. The same PCR techniques were applied to ex vivo samples from xenotransplanted mice, where, in principle, they would report on editing and translocations within the human cell population specifically. Therefore, the design and optimisation of editing and translocation PCR assays constituted a vital part of the set-up for all experiments described in Chapters 3-5. 
An HBG-113 editing PCR had already been developed and validated by our group for use in the NHP population.280 There are only minor differences between human and NHP genetic sequence in this region and the assay had already been successfully adapted for use in human cells. The process of creating a functional BCL11A-ee PCR assay, on the other hand, proved highly challenging. This was particularly the case where samples of haematopoietic tissues from humanised mice were the substrate. Obstacles to successful assay development included highly GC-rich regions around the BCL11A-ee RNP cut-site and striking homology between mouse bcl11a and human BCL11A genes. Similar challenges beset the progress of these novel translocation assays, of which this is the first reported use.
There were a large number of redesign and optimisation steps involved in these assay development processes, which in themselves required multiple experiments. Results were used to guide further modifications. It was decided to report on these assay development processes separately in this chapter, so that earlier results chapters could continue to focus on the results of the experiments they facilitated, and to consolidate description of the processes involved.
 
6.2 Aims and objectives
The aim of this chapter was to develop PCR assays, to successfully and selectively amplify the BCL11A-ee locus for analysis of editing efficiency and indel type generation, and also to detect the presence of chromosomal translocations between HBG-113 and BCL11A-ee. 

Hypothesis: The BCL11A-ee region can be amplified by a PCR reaction which is specific to human DNA and can therefore be used to assess the efficiency and type of genome editing at this locus, within human cells, in vitro and following xenotransplantation into immunodeficient mice. PCR assays can also be designed to detect the presence of chromosomal translocation products, in the event that t(2;11) chromosomal rearrangements take place between these two editing targets.

The objectives of these experiments were:
1. To design and develop a PCR assay to amplify the BCL11A-ee region within (and specific to) human HSPCs, providing readable sequence which could be subjected to TIDE analysis of editing efficiency and indel type.
2. To design and develop a sensitive PCR assay which would amplify genetic sequences formed by t(2;11) chromosomal translocation events taking place at the target editing sites of BCL11A-ee and HBG-113, in order that the presence of such rearrangements, even at low frequency, could be detected.

6.3 Chapter-specific materials and methods 
Detailed information on the majority of individual techniques included in this chapter are given in Chapter 2. Details of xenotransplantation protocol are reported in Chapter 5.
6.3.1 PCR substrate material
HSPCs subjected to PCR assay development experiments were CD34+-enriched G-CSF-mobilised PBMNCs donated by (anonymised) healthy individuals, or patients with a non-haematological condition, with appropriate ethics approval. They had undergone CRISPR/Cas9 genome editing at either the HBG-113 locus, the BCL11A-ee locus; both loci together either simultaneously or in a sequential dual editing procedure; or mock editing (i.e. electroporation only). In vitro aliquots of cells were cultured in liquid differentiation media and then underwent DNA extraction prior to PCR reactions being set up. Haematopoietic tissues harvested from humanised mice were also subjected to DNA extraction before PCR experiments took place, after a red cell lysis step in the case of PB.
6.3.2 PCR reaction set-up using AccuPrime™ GC-rich kit
AccuPrime GC-Rich DNA Polymerase kit (Thermo Fisher Scientific, US) was used for BCL11A-ee editing PCR and translocation PCR reactions after initial stages of assay development. PCR reactions using this kit were carried out based on manufacturer’s instructions:
A master mix was prepared using the following volumes of reagents per reaction: 0.5 μl each of forward and reverse primer, 5 μl Buffer A, 0.5 μl polymerase, 16.5 μl molecular-grade H2O. Aliquots of 23 μl each were pipetted into each tube and 2 μl DNA template was added per reaction. After addition of DNA substrate, reactions were mixed by pipetting up and down a number of times.
6.3.3 Extraction of DNA from agarose gel
DNA bands following electrophoresis of PCR product in 2% agarose were visualised on a UV light block, with appropriate eye protection. The DNA content was highlighted by the inclusion of GelRed Nucleic Acid Stain (Biotium, US) within the agarose gel. Earlier experiments used ethidium bromide (ThermoFisher Scientific, US) within the gel to highlight nucleic acids, but due to the toxic (potentially carcinogenic) nature of ethidium bromide, and better visualisation of DNA bands with GelRed, laboratory policy changed to the use of GelRed for this purpose shortly after these experiments commenced.
The appropriate section of gel was excised using either a scalpel or suction device. DNA was extracted from the gel fragment using the QIAquick Gel Extraction Kit (Qiagen, US), as per manufacturer’s instructions:
Gel slices were transferred into Buffer QG, with approximate volume of 3 x gel volume. Samples were incubated at 50 °C for 10 min or until the gel slice had completely dissolved. To help dissolve gel, samples were mixed by vortexing the tube every 2–3 min during the incubation step. After the gel slice had dissolved completely, a check was made to ensure that the colour of the mixture remained yellow. In the case of the colour having changed to orange or violet, 10 µl of 3 M sodium acetate, pH 6.0, would be added prior to mixing by vortexing. The rationale for this is that the QG buffer contains a pH indicator that is yellow at pH   ≤7.5 and orange or violet at higher pH. The adsorption of DNA to the QIAquick membrane is efficient only at pH ≤7.6. therefore it was important to determine that the gel and DNA solution was at optimal pH for DNA binding before proceeding to the next stop.
Isopropanol was next added to the sample at a volume approximately equal to that of the gel band, followed by mixing by vortexing. A QIAquick spin column was placed into a 2 ml collection tube. The sample was applied to the QIAquick column, and then centrifuged at >10,000g for 1 min at room temperature, in a table-top centrifuge. Flow-through was discarded and the QIAquick column replaced back into the collection tube. A further 0.5 ml of Buffer QG was then added to the QIAquick column followed by a further centrifugation step at the same settings for a further 1 min.
To wash the bound DNA, 0.75 ml of Buffer PE was added to the QIAquick column and allowed to stand for 2-5 min followed by further centrifugation at the same settings for 1 min. Flow-through was discarded and the QIAquick column then centrifuged for an additional 1 min at 7,900 g, in order to remove residual buffer and isopropanol, which would interfere with the DNA elution step. QIAquick column was placed into a clean 1.5 ml microcentrifuge tube. To elute DNA, 30 µl of Buffer EB (10 mM Tris·Cl, pH 8.5) was added to the centre of the QIAquick membrane. The column was allowed to stand for 1 min and then centrifuged for 1 min. Thirty rather than 50 µl elution buffer was used in order to increase the concentration of eluted DNA, since this was anticipated to be relatively low.
6.3.4 HBG-113 primers
Generic HBG-113 primers (i.e. complimentary to both HBG-1 and HBG-2) were already available and pre-validated for use in these experiments (Fig 6.1).

[image: ][bookmark: _Hlk88926507]Figure 6.1: HBG-113 editing PCR primers 
HBG-113 sgRNA and editing primers used in CRISPR/Cas9 editing experiments, adapted for applicability to human HSPCs.
Abbreviations: CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, gRNA: specific guide ribonucleic acid, HBG-113: promoter region of HBG, HSPCs: haematopoietic stem and progenitor cells.

Primers specific to HBG1 and HBG2 were briefly used and were supplied by collaborators at the Seattle Children’s Research Institute (received with thanks from Dr S. Patthabi) who previously published experiments validating the use of these primers.346  The sequences are listed in Table 6.1. 
[bookmark: _Hlk91328418]


Table 6.1: Primer pairs specific for HBG1 and HBG2 
	Genetic locus
	Forward primer
	Reverse primer

	Promoter region for HBG1
	GCGCTGAAACTGTGGCTTTA
	AGCATGCACACACCACAAAC

	Promoter region for HBG2
	TCCTGCACTGAAACTGTTGCTTTA
	AAAGTGTGGAGTGTGCACATGA



6.4 Results
6.4.1 Initial BCL11A-ee editing PCR primer design 
Three different forward and 3 reverse primers were designed using the SnapGene programme, with assistance from Dr O. Humbert (supervisor), and ordered from Synthego. Specifications used for design of an ideal primer were:
1. 19-25 base pairs long: long enough to provide adequate specificity but short enough for efficient binding within the normal range of annealing temperatures
2. 150-200 base pairs away from break site in each direction: too long an amplification fragment would mean less efficient amplification. The primer should also not bind too close to the cut site since when PCR product is sequenced, the beginning of the sequence is often more prone to reading errors.
3. Long stretches of A/T should be avoided, to prevent weak binding.
4. Long stretches of C/G should be avoided, as binding may be too strong. 
5. Primer pairs at this point were designed to align with both human and NHP (rhesus macaque) sequences, since at this early stage, work on editing NHP HSPCs at this site was being undertaken in parallel. Given that there were only minor differences in sequence between human and NHP genome at this site, this requirement could be met without compromising the other design criteria.
The primer sequences selected and their alignment with the BCL11A-ee region in relation to the anticipated CRISPR/Cas9 cut site are shown below (Fig 6.2).

[image: ][bookmark: _Hlk88926555]Figure 6.2: BCL11A-ee editing PCR primers designed for initial comparative testing 
HSPCs underwent CRISPR/Cas9 editing at the BCL11A-ee locus. PCR primers were designed to amplify the region around this cut site in order that editing efficiency could be quantified and the character of indels described, by TIDE analysis following Sanger sequencing. A number of forward and reverse primers were initially designed in order that comparative testing of primer pairs could be undertaken. Primer sequences are provided and their alignment with the BCL11A-ee region either side of the targeted cut site illustrated. CRISPR/Cas9 cut site is highlighted by inclusion of the binding site for the specific guide RNA. 
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, gRNA: specific guide ribonucleic acid, HSPCs: haematopoietic stem and progenitor cells, PCR: Polymerase chain reaction, TIDE: Tracking of Indels by Decomposition.


6.4.2 Initial BCL11A-ee editing PCR primer pair testing
Each possible primer pair combination was tested, to allow selection of the most successful pair. The same human and the same NHP samples were used for each primer pair, each containing >40 μg/ µL DNA. A single volume of all master mix reagents (details given in Chapter 2, section 2.8) minus primers was first constituted, before separation into equal aliquots to which specified primer pairs were added. The primer combinations added to each master mix are presented below in Table 6.2.

[bookmark: _Hlk91328428]Table 6.2: BCL11A-ee primer pair combinations for initial testing with human and NHP HSPCs
	Master mix: test primer pair
	Forward primer
	Reverse primer

	1
	F3
	R3

	2
	F3
	R4

	3
	F3
	R5

	4
	F4
	R3

	5
	F4
	R4

	6
	F4
	R5

	7
	F5
	R3

	8
	F5
	R4

	9
	F5
	R5



Each primer pair was tested with human cells and with NHP cells (since at this point, the provisional strategy was still to progress to testing the newly developed dual editing strategy in NHPs if in vitro and mouse experiments proved successful) as well as with a water control. Small volumes (5 μl) of PCR product from each reaction were loaded into wells in 2% agarose gel for electrophoresis and the resultant electrophoretic gel trace is shown below (Fig 6.3). Successful primer pairs were considered those resulting in a single, clear band when tested with either human or NHP DNA. After repeat testing, primer pair 7 was initially selected and validated by accurate sequencing of both human and NHP amplicons. Standard thermocycler settings were used in this initial experiment (described in Chapter 2, section 2.8). 

[image: ][image: ][bookmark: _Hlk88926547]Figure 6.3: Results of initial BCL11A-ee editing PCR primer pair testing
Human and NHP HSPCs underwent PCR reactions with numerous combinations of primer pairs (listed in table 6.2) designed to amplify the BCL11A-ee region, in order to compare efficiency and specificity of amplification. PCR products were run on 2% agarose gel electrophoresis. For each triplet of wells, the sample on the left is human DNA, the middle sample is NHP DNA and on the right is a water control. 
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, DNA: deoxyribonucleic acid, HSPCs: haematopoietic stem and progenitor cells, NHP: non-human primate, PCR: polymerase chain reaction. 


6.4.3 Modified design of BCL11A-ee primers for human specificity 
6.4.3.1 Amplification of mouse DNA by current BCL11A-ee primers
The primer pair selected above (F5 + R3) allowed successful BCL11A-ee amplification when applied to in vitro samples of human HSPCs. However, when the same assay was applied to samples from humanised mice post-xenotransplantation of mock, single or dual edited human HSPCs, reactions were unsuccessful. Gel traces usually demonstrated multiple bands of different sized DNA fragments and sequencing failed to give valid results.
Given that the main difference between these samples and in vitro human HSPCs, for which PCR was successful, was the inclusion of mouse DNA, it was hypothesised that this was due to similarity between human BCL11A and similar region(s) within the mouse genome, which were also being amplified by the BCL11A-ee PCR reaction with these selected. After further investigation using the NCBI’s BLAST programme and the Mouse Genome Database, it was confirmed that there were multiple sites within the mouse genome to which these primers would hybridise.348; 349 In particular, the mouse bcl11a gene had a high level of homology to human BCL11A (Fig 6.4). The primers currently being used were binding both to human and mouse DNA, making results unusable.
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[bookmark: _Hlk88926599]Figure 6.4: Homology between human BCL11A and mouse DNA 
The BCL11A-ee PCR assay designed to amplify this region in human cells also resulted in additional reaction products when applied to samples contaminated with mouse DNA. Investigations revealed a high level of homology between human BCL11A on chromosome 2 and mouse bcl11a on chromosome 11. An example of sequences demonstrating this homology is presented.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, chr: chromosome, DNA: deoxyribonucleic acid, enh: enhancer, PCR	: polymerase chain reaction.


6.4.3.2 Design of human-specific BCL11A-ee primers
Primers which were specific to human BCL11A-ee were required, which would not bind to, and amplify, mouse DNA. Advice was sought from collaborators at the Seattle Children’s Research Institute who had expertise on the mouse genome and were familiar with working with PCR assays on samples from humanised mice. Guidance from Dr S. Pattabhi was particularly valuable. Using the PrimerBlast® programme, primers with greater specificity for human DNA were designed.350 Of the initial primer suggestions, those primer pairs which would not cross the gRNA binding site were excluded. Primers selected to progress to further testing were those with the least homology with the mus musculus genome, and where the segment of mouse DNA which had the potential for amplification would be of a significantly different size (particularly where these would be much larger e.g. >3kb) than the human BCL11A-ee region, in order to reduce the likelihood of the PCR reactions resulting in a meaningful amount of mouse DNA amplification. The prefix ‘hupp’ (human primer pair) was used to denote human specific primers. The sequences of primers selected for further testing are listed in Table 6.3.

[bookmark: _Hlk91328436]Table 6.3: Human-specific BCL11A-ee primers selected for comparative testing
	Forward primers
	Reverse primers

	hupp1F: TTCTCCATCAGCAAGAGAGC
	hupp1R: CAGGGATCACAACACGTACA

	hupp2F: AGCTGGTACTTCATAGGTGC
	hupp2R: GGTTCTGCTCTGAGGTACTG

	hupp4F GGGAACCTTCACCTCCTTTA
	hupp4R GGGTTCTGCTCTGAGGTACT

	hupp5F GAGGCAAGTCAGTTGGGAAC
	


Abbreviations: hupp: human-specific primer pair

6.4.4 Testing of human-specific BCL11A-ee editing PCR primers
6.4.4.1 Set-up of primer pair combinations and temperature gradient for comparative testing
Twelve human-specific primer pairs were initially tested. These included all combinations of hupp1F, hupp2F, hupp4F, hupp5F (forward primers) with hupp1R, hupp2R, hupp4R (reverse primers). Each pair was tested with human and mouse DNA separately, and with a gradient of temperatures from 52 oC to 62 oC. The aim of this experiment was to select a primer pair which amplified human BCL11A-ee but not mouse DNA, in order to allow selective amplification and testing of human DNA where this was mixed with mouse cells, as in the case with samples extracted from humanised mice. 
The gradient range of annealing temperatures tested was designed to find the greatest balance between adequate amplification of the desired sequence whilst maintaining specificity. A water control was run for each primer pair combination at 52oC only since this was predicted to provide the greatest sensitivity for picking up false positive results including contamination. Table 6.4 sets out primer pair combinations tested.

[bookmark: _Hlk91328446]Table 6.4: human-specific BCL11A-ee primer pair combinations used in each master mix for testing of human-specific primer pairs
	Master mix: test primer pair
	Forward primer
	Reverse primer

	1
	hupp1F
	hupp1R

	2
	hupp1F
	hupp2R

	3
	hupp1F
	hupp4R

	4
	hupp2F
	hupp1R

	5
	hupp2F
	hupp2R

	6
	hupp2F
	hupp4R

	7
	hupp4F
	hupp1R

	8
	hupp4F
	hupp2R

	9
	hupp4F
	hupp4R

	10
	hupp5F
	hupp1R

	11
	hupp5F
	hupp2R

	12
	hupp5F
	hupp4R


Abbreviations: hupp: human-specific primer pair

6.4.4.2 Temperature range and primer pairs with best performance on initial testing
On analysis of results, reactions at 52 oC were observed to result in multiple bands of different speeds present for each reaction, including those with mouse DNA as a substrate, pointing to a high frequency of non-specific amplification (Fig 6.5). Between 54-58 oC, as the temperature increased, there was a lower frequency of multiple bands or amplification of mouse DNA and also a reducing density (as assessed by visualisation only) of the band with human reactions. At 60-62 oC there was sparse amplification in either human or mouse reaction. The temperatures selected for further testing were 54 oC, 56 oC and 58 oC, as these demonstrated a reasonable amplification of human DNA without significant amplification in the mouse reactions. 
Primer pairs 2, 3, 9 and 12 (Table 6.4) appeared to show the best amplification with human DNA without significant band formation where mouse DNA was used as a substrate. These were the primer pairs selected for the next stage of testing. 
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[bookmark: _Hlk88926640]Figure 6.5: Comparative testing of human-specific BCL11A-ee primers with temperature gradient
DNA extracted from human and mouse haematopoietic cells underwent PCR reactions with numerous combinations of primer pairs (one per master mix) designed to specifically amplify the human BCL11A-ee region without amplification of mouse DNA. A gradient of annealing temperatures was also investigated, from 52oC – 62oC. Electrophoresis was then undertaken of PCR products on 2% agarose gel. For each duet of wells, the substrate of the reaction being tested on the left is human DNA and on the right is mouse DNA. Water controls were run for each primer pair combination at 52oC (not all shown). DNA ladder was not run with samples, in order to conserve resources and since further testing of primer pairs showing promise was anticipated.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, DNA: deoxyribonucleic acid, MM: master mix, PCR: polymerase chain reaction.


6.4.4.3 Further challenge to human specificity of BCL11A-ee primer pairs by mixing human and mouse DNA
For the next stage of testing, the best performing primer pairs were further challenged by their application to a mix of human and mouse DNA. This is because it was anticipated that human specificity of the primer pair may be limited in the context of a relatively low concentration of human DNA with a higher concentration of mouse DNA, as was expected to be the case in many of the mouse tissue samples which would require investigation by this assay. 
Therefore human and mouse DNA of similar concentration was mixed in a human:mouse 1:9 volume ratio. The best performing primer pairs selected above were then applied to PCR reactions with this mixed DNA as substrate, at a temperature gradient of 54 oC, 56 oC and 58 oC. Again, water control reactions for each primer pair were run at the lowest included temperature (54 oC). Primer pair 9 (hupp4F + hupp4R) with annealing temperature 54 oC was finally selected as the optimal combination, demonstrating selective amplification of human DNA within the mixed human and mouse sample. This was demonstrated by a single band on the gel of the same length as that seen when human DNA alone was used as a substrate. Confirmation that the PCR product consisted of the amplified region of BCL11A-ee as expected was confirmed by Sanger sequencing. 
6.4.5 Optimisation steps investigating other PCR reaction reagents
6.4.5.1 Ongoing assay failures
Despite the design and selection of an optimal primer pair and PCR programme as described above, when this assay was applied to DNA extracted from the PB of humanised mice, it still continued to fail in a high proportion of cases. Either multiple bands on gel were still visible after PCR, suggesting further non-specific amplification, or there was an absence of any amplification at all, with no DNA visible on electrophoretic gel after PCR. Therefore, further investigation was made into how the assay and preparation for it could be optimised.
6.4.5.2 Modifications to polymerase enzyme and PCR buffer
[bookmark: _Hlk81913439]As a first step in considering reasons for these ongoing reaction failures, the BCL11A-ee sequence which was the target for amplification was reviewed closely. High GC content was noted and it was hypothesised that this lead to excessively strong binding, making it difficult for sense and antisense strands to separate in order to allow successful PCR cycling. It was considered that reagents optimised for GC-rich sequences should be trialled. A particular GC-rich PCR kit was recommended and purchased (AccuPrime GC-Rich DNA Polymerase, Invitrogen). This kit contained both a modified Taq polymerase enzyme and optimised buffer solutions. The manufacturer does not provide extensive detail on the mechanism by which these modifications improve GC-rich sequence amplification, but even in their own product literature for the standard polymerase enzyme used for PCR reactions so far (Platinum Taq, Thermo Fisher Scientific, US), they report GC-Rich PCR performance as low.
Use of this kit in place of the standard Taq polymerase and buffer resulted in an increased frequency of PCR amplification of DNA, as evidenced by gel bands present after electrophoretic testing of PCR product. However, gel traces were still not clean and multiple bands were often still present.
6.4.5.3 Investigations into modification of other reagents
Further steps included trialling replacing all other reagents used in the PCR reaction with fresh reagents in case of contamination. The use of MgSO4 instead of MgCl2 was also investigated
along with varied concentrations of these Mg compounds, given the Mg-dependence of Taq enzymes, but none of these steps resulted in a cleaner gel trace or more successful sequencing reactions.351
As part of this process, discussions took place with the Nucleic Acid Sequencing Core team at FHCRC, who carried out the Sanger sequencing reactions on pre-prepared samples. Modifications were also made to their protocol based on the GC-rich sequences involved (at no additional charge per sample). Full details of their methods were not provided and there was only modest improvement in results, at most.
6.4.6 Improvements to DNA extraction protocol
Most PCR reactions at this point continued to result in amplification of multiple PCR products, as demonstrated by the presence of multiple bands of different size on subsequent gel electrophoresis. Since every step of the PCR reaction itself had already been examined, analysis was now broadened to include the process from sample extraction to PCR. Given that the PCR was working well on in vitro samples, areas identified for scrutiny were those for which protocols for in vitro and ex vivo samples differed.
One way in which these processes diverged was in the method of DNA extraction. For cells in vitro, since there was usually an ample number of cells, the standard kit for DNA extraction (DNEasy, Qiagen, US) was used. However, for extraction of DNA from mouse samples, because the number of human cells present was much lower, the Epicenter kit was used as this generally provided a higher DNA concentration post extraction. It was hypothesised that a lack of purity in the DNA substrate produced by Epicentre may be contributing to the non-specific amplification results. A clue to this was given by the trace on the Nanodrop spectrophotometer which was used to measure DNA concentration following extraction. Where DNA had been extracted by the DNEasy kit, there was normally a clear and relatively sharp peak visible at the expected wavelength (260 nm). However, DNA extracted by Epicentre generally resulted in a much flatter curve, suggesting that compounds other than pure dsDNA were present in the sample. 
Alternative DNA extraction methods were therefore investigated to determine whether their products would result in more successful PCR reactions. The DNA Micro Kit (Qiagen, US) was trialled using blood from humanised mice. This resulted in the extraction of adequate concentrations of DNA, higher frequency of specific DNA amplification as evidenced by single bands on post-PCR gel electrophoresis, and valid sequencing results. 
6.4.7 Summary of modifications to BCL11A-ee editing PCR reaction
Following the modifications to the DNA purification, PCR and sequencing reactions described above, the BCL11A-ee editing PCR assay was functioning well for both in vitro and ex vivo samples. The modified protocol involved using the DNA Micro Kit for DNA extraction of mouse tissue samples, the GC-rich PCR kit for PCR with the selected human-specific primer pair (hupp4F + hupp4R) at optimal annealing temperature of 54oC. Although these modifications still did not result in a 100% success rate, valid results were now available in the majority of cases and allowed successful analysis of results of ongoing experiments.
6.4.8 Translocation PCR design and testing
Alongside optimisation of the BCL11A-ee editing PCR assay, translocation PCR assays were also being developed. The aim of these tests was to detect the presence of two separate products of suspected t(2;11) chromosomal translocation events, which it was hypothesised would occur between the BCL11A-ee and HBG-113 editing cut sites, in the event that DNA double-stranded breaks were formed at both loci within the same cell. The principle of translocation PCR design is illustrated in Chapter 3 (Fig 3.8). 
Each translocation PCR primer pair was created by the combination of one HBG-113-specific primer with another aligning with BCL11A-ee in the reverse direction. This assay suffered from the same challenges as the BCL11A-ee editing PCR reactions. Moreover, there was an added layer of difficulty since the translocation events were attempting to selectively amplify a rare event (i.e. the translocation product) over the much higher concentration of non-translocated DNA.
Initial translocation PCRs were run using BCL11A-ee F5 forward primer and BCL11A-ee R3 primers in combination with HBG-113 primers running in the opposite direction, tested on DNA from in vitro mock, single and dual edited HSPCs. PCR cycle number was increased from the standard 35 to 40 in order to increase sensitivity of the assay, given that the translocation (if present) was expected to be a rare event. Electrophoresis of PCR products showed the presence of multiple bands indicating non-specific amplification, but still managed to suggest the presence of a translocation event by the presence of an additional band observed only with double-edited reactions (Fig 6.6A). This was most clear in reactions amplified by HBG-113 F primer with BCL11A-ee R3, whereas only a very faint additional band was visible in the double-edited reactions amplified by BCL11A-ee F5 with HBG-113 R. 
In order to improve the specificity of the PCR reactions for the translocation whilst maintaining sensitivity for translocation detection, various modifications were investigated, including increasing annealing temperature of PCR cycles and altering the number of cycles. The optimal conditions were found to be 40 cycles with annealing temperature of 58oC, which resulted in successful and specific amplification demonstrated in dual edited reactions which was not present in single edited reactions, and without additional bands visualised on electrophoresis (Fig 6.6B). Translocation PCR products were sequenced and confirmed to represent chimeric sequences which aligned to regions of HBG-113 and also BCL11A-ee (sequencing results presented in Chapter 3, section 3.4.1.6).



[image: ][bookmark: _Hlk88926734]Figure 6.6: Suspected product of t(2;11) chromosomal translocation amplified by PCR
HSPCs underwent single CRISPR/Cas9 editing at either the BCL11A-ee or HBG-113 locus, or dual editing at both loci. PCR reactions were designed with the aim of detecting any chromosomal translocations formed by cross-over events at the two loci. Primer pairs anticipated to bind to either side of the putative chimeric sequence were tested on DNA from single edited reactions (negative controls) and dual edited reactions (test samples). (A) Initial reactions were carried out with thermocycler settings of 35 cycles and annealing temperature of 54oC. (B) Modifications introduced to improve specificity included increasing annealing temperature to 58oC and increasing cycle number to 40. Additional bands present in reactions from dual edited cells but not single edited cells are highlighted in red and are suspicious for the presence of translocation events.
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, DNA: deoxyribonucleic acid, HBG or HBG-113: promoter region of HBG, HSPCs: haematopoietic stem and progenitor cells, PCR: polymerase chain reaction.


6.4.9 Modified translocation PCR for human specificity
6.4.9.1 Amplification of mouse DNA by current translocation PCR reaction
The translocation PCR assay was now working successfully where applied to human HSPCs in vitro. However, when the substrate was DNA extracted from humanised mouse tissues, results were less successful due to apparent loss of specificity of the PCR reaction in this context (Fig 6.7). An additional band was often still seen after application of the translocation assay to PB samples from mice transplanted with double edited HSPCs, which was not present in reactions from mice transplanted with single or mock-edited HSPCs. This band was of the length expected to represent the translocation amplicon, but the DNA content of this additional band was observed to comprise only a small proportion of the total amplified DNA. A thicker, faster-moving band was seen in the traces from each mouse including those transplanted with mock-treated or single edited cells each time this experiment was tried. This represented either non-specific amplification of human DNA or amplification of mouse DNA. Since this assay was functioning well with in vitro human HSPCs, it was considered most likely that the lack of specificity when applied to ex vivo samples related to amplification of regions of the mouse genome.

[image: ][bookmark: _Hlk88926756]Figure 6.7: Initial results of translocation PCR applied to ex vivo samples from humanised mice
HSPCs underwent single CRISPR/Cas9 editing at either the BCL11A-ee or HBG-113 locus, or dual editing at both loci. Engineered HSPCs were then transplanted into immunodeficient mice and allowed to engraft. Translocation PCR assays were carried out on DNA extracted from mouse blood, in this case utilising a forward primer to bind HBG-113 and a reverse primer to bind BCL11A-ee. The PCR reaction products were then run on gel electrophoresis. An additional band present in a number of samples from dual edited mice but not single edited mice (highlighted in red) was suggestive of the presence of translocation.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, DNA: deoxyribonucleic acid, HBG-113: promoter region of HBG, HSPCs: haematopoietic stem and progenitor cells, PCR: polymerase chain reaction.


6.4.9.2 Attempts to extract and sequence additional DNA band after translocation PCR applied to ex vivo samples from humanised mice
Translocation PCR assays where applied to humanised mice transplanted with edited HSPCs often demonstrated the presence of an additional product where applied to dual edited arms, which was not present in single or mock edited mice and therefore considered most likely to represent translocation amplicons. Sequencing of the entire PCR reaction in these cases was attempted but unsuccessful, with unreadable sequence reports or complete failure of sequencing reaction. This was considered most likely to be due to the presence of multiple other amplified segments of DNA, which in most cases appeared to contain higher DNA concentration than the additional band suspected of representing translocation product (as demonstrated by darker, thicker band on gel electrophoresis). 
An attempt was made to isolate the translocation amplicon from other amplified DNA, by extracting this additional band from the double-edited reaction electrophoresis gel channels. This was followed by purification of the DNA contained in the gel slice using the DNA gel extraction and purification protocol (described in detail in section 6.3.3). However, the resultant sequences remained too poor to read. 
Since the gel bands extracted were generally faint, it was hypothesised that sequencing may have failed due to low DNA concentration within these bands. With the aim of expanding the translocation fragments more specifically, a further translocation PCR reaction was run using the DNA extracted from each gel band as substrate. Electophoretic testing of the products of these PCR reactions revealed that purity was still low, with multiple bands again seen on gel electrophoresis, and subsequent sequencing also failed. It was clear that the translocation assays required further modifications to improve their specificity for the translocation sequences, in order to prevent amplification of mouse DNA.
6.4.9.3 Human-specific BCL11A-ee primers introduced into translocation PCR assays
It was hypothesised that the translocation PCR assay primers were binding to and amplifying sections of mouse DNA. Given the homology of human BCL11A and mouse bcl11a, it was hypothesised that the lack of specificity was likely to be related primarily to the BCL11A-ee primers than the HBG-113 primers and therefore modifications to the BCL11A-ee components of the assay were investigated as a first priority.
Concurrent to the development of the translocation PCRs, the BCL11A-ee editing PCR assay was also being optimised for human specificity, having run into similar problems where applied to ex vivo samples from transplanted mice (described in section 6.4.4), and learning points from working with that assay were applied to the translocation PCR process. DNA continued to be extracted from mouse samples using the DNA Micro Kit, in order to improve purity of the DNA template. Following the work described above to design and test BCL11A-ee primers which were more specific for human DNA (rather than mouse), the best performing of these human-specific primers (hupp4F and hupp4R) were taken forward for further work-up of the translocation assays. 
At this point, investigation was also being undertaken into the potential benefit of using separate primers specific for each of the HBG promoter regions. There are 2 such alleles per chromosome which have minor differences in their sequences, termed HBG1 and HBG2. One reason that the separate HBG-113 primers were being considered was that, at the time, an alternative method of selectively amplifying and sequencing translocation sequences was being investigated (Nextera Flex – more details given below in section 6.4.10.3). This experimental methodology, if successful, would have permitted an increased level of detail and allowed definition of translocations involving HBG1 from those involving HBG2. However, a decision was made not to pursue the Nextera system and, without that, it was unlikely that that separate primers would be useful. The use of separate HBG1 and HBG2 primers in translocation assays was not progressed further but they were involved in some of the reactions for which results are presented below.
[bookmark: _Hlk81936635]6.4.9.4 Optimisation of human-specific translocation PCR
Comparative testing of primer pairs was carried out initially on in vitro human HSPCs, since mouse samples from the humanised mouse cohorts was a scarcer resource (Fig 6.8). PCR reactions for each primer pair were carried out with DNA from dual edited HSPCs which ad previously been demonstrated to contain both types of translocation sequence, as positive control. A negative control consisted of unedited cells from the same experiment. HBG1, HBG2 and BCL11A-ee amplification PCRs were also run as part of the testing process for the HBG1 and HBG2 PCR assays, and were expected to act as further positive controls, validating experimental conditions including DNA concentration of substrate. Reactions were run at a gradient of annealing temperatures from 54 oC to 63 oC.
Primer pairs based on forward primer aligning with HBG-113 and reverse primer BCL11A-ee hupp4R with annealing temperature of at 60 oC were observed to provide the best results: single bands apparent in the positive control reactions but not the negative controls. The reverse primer pair combinations (i.e. BCL11A-ee hupp4F with a forward HBG-113 primer) did not function well. It was decided to focus on application of this successful primer pair rather than continue to invest time and reagents in efforts to amplify the complimentary translocation event. This was for two reasons. Firstly, because the demonstration of any translocation resulting from dual edited cells was considered to render that treatment strategy unsuitable for clinical application, particularly if persistent in mouse samples post-transplant. The second reason for not aggressively pursuing further development of additional functional primer pairs is that efforts were already focusing by this time on the development of ddPCR testing for both types of translocation event.
PCR products from these reactions were purified and successfully sequenced to confirm that the amplicon was in fact the translocation expected. HBG-113 amplification PCRs were successful in each case but all BCL11A-ee amplification PCR reactions failed. It was noted that these PCR reactions were set up using standard PCR reagents rather than the GC-rich PCR buffer and polymerase, which was assumed to be the cause of these failures. 
Further testing steps to confirm these optimal reaction conditions included repetition of translocation PCR reactions using the optimal 2 primer pairs at additional temperatures. In the initial test, 60 oC appeared to be the optimal temperature at which to run this assay. However, there were 3 oC between each step in the gradient, therefore, repeats were carried out at 58 oC, 60 oC and 62 oC. Since there looked to be an improvement in performance with 40 cycles over 35, further repeats also compared 40 versus 43 cycles to see whether further benefit would be observed, but this made no apparent difference to results. After the separate HBG1 and HBG2 primers were abandoned, it was confirmed that the assay still worked successfully in these optimal conditions using the generic HBG-113 primers.
Upon completion of these experiments, 58 oC was determined to be the optimal annealing temperature for the translocation assay, and 40 cycles determined to be the ideal number. The translocation primer pair used for future assays was HBG-113 F with BCL11A-ee hupp4R.



[image: ][bookmark: _Hlk88926822]Figure 6.8: Comparative testing of human-specific translocation PCR primer pairs
HSPCs underwent single CRISPR/Cas9 editing at either the BCL11A-ee or HBG-113 locus, or dual editing at both loci. Translocation PCR assays were carried out using different primer combinations (annotated on figure). A range of annealing temperatures was also investigated: 54oC (A), 57 oC (B), 60 oC (C) and 63 oC (D). PCR reaction products were then run on electrophoretic gel. Each triplet of samples included a positive control on the left (DNA known to contain translocations), a negative control in the middle (DNA from unedited cells) and a water control on the right. 
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, DNA: deoxyribonucleic acid, HBG-113: promoter region of HBG, HBG1: promoter region of HBG1, HBG2: promoter region of HBG2, HSPCs: haematopoietic stem and progenitor cells, PCR: polymerase chain reaction.


6.4.9.5 Successful application of translocation PCR to ex vivo samples from humanised mice harbouring translocation
Following optimisation of the human-specific translocation PCR assay using in vitro HSPCs, it was then successfully applied to DNA extracted from the PB of humanised mice (Fig 6.9). The translocation was demonstrated to be present in the majority of ex vivo samples extracted from mice transplanted with dual edited HSPCs, whether the dual editing had been delivered simultaneously or sequentially.
The final result of this work-up is that the translocation assay was successfully applied to PB samples of humanised mice, and demonstrated presence of the translocation in a number of mice transplanted with dual edited HSPCs.

[image: ]


[bookmark: _Hlk88926840]Figure 6.9: Successful demonstration of translocation in mice transplanted with dual edited HSPCs
HSPCs underwent single CRISPR/Cas9 editing at either the BCL11A-ee or HBG-113 locus, or dual editing at both loci. Translocation PCR, using  forward primer aligned to HBG-113 and reverse primer aligning with BCL11A-ee, was carried out on DNA extracted from mouse peripheral blood samples, drawn 6 weeks after transplantation. PCR reaction products were then run on electrophoretic gel. Positive control (well 1) was an in vitro aliquot of dual edited HSPCs previously demonstrated to contain the translocation. Negative controls were peripheral blood from mice transplanted with mock edited (well 2) or single edited (wells 3-4) HSPCs. PCR product demonstrated only in samples from dual edited mice, of the same size as that present in positive control, is highlighted with red rings and was highly suggestive that cells harbouring the translocation were present in the peripheral blood of a number of the dual edited mice post-transplant.
Abbreviations: BCL11A or BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, DNA: deoxyribonucleic acid, HBG or HBG-113: promoter region of HBG, HSPCs: haematopoietic stem and progenitor cells, Neg: negative, PCR: polymerase chain reaction, Pos: positive.

6.4.10 Investigations into additional methods to define and quantify translocations
6.4.10.1 Need for quantitative assay of translocation frequency
The simple translocation PCR assay was useful in providing a qualitative assessment of the presence of a translocation event. In most cases where this was carried out on in vitro aliquots of experiments investigating single versus dual editing techniques, the ‘translocation’ band appeared to be denser where cells had undergone simultaneous rather than sequential double editing. An example of this phenomenon is provided below (Fig 6.10). However, without access to densitometry for quantification of the DNA band, even with standardisation of DNA concentration inputted into the PCR reactions and of volume of PCR product run on electrophoretic gel, valid comparisons of translocation frequency using standard PCR were prohibited. An alternative assay was required to allow comparative quantitation of translocation frequency between dual edited arms of [image: ]experiments.Figure 6.10: Translocation PCR results on in vitro HSPCs following mock, single or dual CRISPR/Cas9 editing
HSPCs underwent single CRISPR/Cas9 editing at either the BCL11A-ee or HBG-113 locus, dual editing at both loci either simultaneously or sequentially, or mock editing. Translocation PCR was carried out using forward primer designed to bind HBG-113 and a reverse primer aligning with BCL11A-ee. PCR reaction products were then run on electrophoretic gel. Positive control was an in vitro aliquot of dual edited HSPCs from a previous experiment already demonstrated to contain the translocation. High density of DNA was highlighted with red.
Abbreviations: BCL11A-ee: erythroid-specific enhancer region of BCL11A, CRISPR/Cas9: Clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-associated protein 9 (Cas9) system, DNA: deoxyribonucleic acid, HBG or HBG-113: promoter region of HBG, HSPCs: haematopoietic stem and progenitor cells, PCR: polymerase chain reaction, Pos: positive, Seq: sequential dual editing, Sim: simultaneous dual editing. 




Following the detection of translocation presence in mouse PB samples after xenotransplantation with dual edited HSPCs, the ability to track frequency of the translocation over time in these mice would also provide valuable information on the viability and possibly even survival or proliferation advantage of HSPCs harbouring t(2;11) chromosomal translocations in vivo. Alternative methods which would provide accurate quantification of translocation frequency were therefore investigated. These included fluorescent in situ hybridisation (FISH), a novel PCR method being developed by Illumina (Nextera Flex) and finally digital droplet PCR (ddPCR).
6.4.10.2 FISH
Double-fusion FISH testing was initially considered. Fluorescent probes designed to hybridise to either side of the cut site in HBG-113 and BCL11A-ee could be used to visualise chromosomes in which these had broken apart and re-conjugated with partners in the other gene, creating a secondary colour of fluorescence, in the case of translocation. However, access to cytogenetics expertise or equipment was not available. There was, surprisingly, no cytogenetics core facility at FHCRC. Contact was made with the clinical cytogenetics laboratories at SCCA, Seattle Children’s Hospital and UW but all were continuously at capacity with clinical samples at the time, and quoted up to a year to be able to begin working on research samples. FISH is also known to be less sensitive than molecular genetic methods at detecting the presence of a translocation event. For these reasons, this method was not pursued further.
6.4.10.3 Nextera Flex
The Illumina Nextera Flex method was next investigated.352 In this technology, transposomes linked to magnetic beads are guided by specifically designed probes. The probe library is constructed to conjugate to a high number of regions within sequences of interest. DNA is thus fractured into multiple small fragments by these transposomes which are then pulled out for analysis by their attached magnetic beads. The DNA strands would subsequently be sequenced. This was purported to allow NGS-level data, purely of the regions of interest and small amounts of surrounding DNA. This system was still in the early phases of roll-out by the company but the use of this novel method was attractive and promised an excellent level of detail in data provided, if effective. 
The downsides of using a new system, however, included the facts that it was not yet fully tested and validated in similar experiments, therefore results would likely draw such criticisms if published. There would also be a high degree of reliance on the company to design and provide reagents and also initiate result analysis. The probe design and provision of reagents was also very expensive, even with the 50% discount offered by the Illumina team. For these reasons this avenue was not pursued further.
6.4.10.4 ddPCR
The final method considered for quantification of translocation events was ddPCR. This was selected as the method of choice given its ability to accurately quantify a molecular genetic event with high sensitivity, and because a collaborating laboratory at the FHCRC had the equipment and expertise to develop this assay. Sequences demonstrating the translocation amplicons and details of primer pairs used to produce them were provided in order to assist in design of this test. Details and results of these experiments are provided in Chapter 3 (section 3.4.1.7). 

6.5 Discussion
This chapter has outlined the developmental process for the BCL11A-ee editing PCR and translocation PCR assays used in experiments investigating the dual CRISPR/Cas9 editing strategy of HSPCs, targeting both HBG-113 and BCL11A-ee loci, with the aim of maximising HbF reinduction. Accurate assays for the quantification and description of editing at both regions were vital. The HBG-113 editing assay was straightforward, however the BCL11A-ee amplification assay required that many obstacles were overcome before useable data could be generated. This was particularly the case when testing samples extracted from humanised mice, transplanted with edited human HSPCs. Challenges included a high GC-component of generated sequences, homology between this region and mouse genome, and poor purity of DNA extracted by standard methodology from mouse samples. 
Each step of the pathway from mouse blood processing through to sequencing of PCR product was examined and refined. This included modification of the DNA extraction protocol, selection of an alternative DNA polymerase enzyme with greater efficacy in GC-rich PCR reactions, design and testing of human-specific primer pairs, and investigation into PCR cycle settings which would result in adequate sensitivity of the assay without compromising specificity.
In the early stages, it was anticipated that preclinical development of the dual editing strategies may progress to testing in NHPs, therefore the design of initial primers and preliminary experiments took this into account. However, once it became clear that the multiplex editing protocols were associated with the development of chromosomal translocation events which persisted in vivo following transplantation into immunodeficient mice, this precluded further work-up towards clinical application. Therefore NHP experiments would be unethical and were discarded from planning processes.
It was hypothesised that chromosomal translocations may occur, where double-stranded DNA breaks were formed at both the BCL11A-ee and HBG-113 loci within the same cell. Translocation PCR assays were designed and optimised in order to amplify the products of such translocation events. This assay was also faced with similar difficulties to the BCL11A-ee amplification PCR reaction, but to an even greater degree given the rarity of the sequence sought for expansion. Application of the human-specific BCL11A-ee primers, refinement of thermocycle settings, and continued use of the modified DNA extraction protocol, all contributed to the step-wise improvement of these assays.
By methodical and thorough consideration of all aspects of these reactions, both the BCL11A-ee editing PCR assay and the translocation PCR were successfully developed and applied to in vitro and ex vivo samples. 
The need for a quantitative translocation assay was recognised and various options including FISH, and the novel system, Nextera Flex, were investigated. ddPCR showed the most promise and was pursued in collaboration with a partner laboratory at FHCRC.
Limitations to the processes described in this chapter include the small number of repeats of each optimisation step. Due to scarcity of samples, particularly DNA from ex vivo mouse tissues, and also in order to conserve other resources, the largest comparative testing experiments were often performed only once before selecting a smaller number of optimal conditions for further testing. Finally, there was more success in the development of the translocation PCR reaction using a forward primer to bind the HBG-113 region and a reverse primer binding BCL11A-ee than with the BCL11A-ee forward and HBG-113 reverse pairs. The reasons for this are not entirely clear, although it is noted that ddPCR experiments reported in Chapter 3 generally reported a higher frequency of translocations which would have been detected with the former rather than those detected with the latter combination. Again, it is unclear whether this difference in ddPCR-reported frequencies relates to a genuine difference in the frequencies of two translocation events studied, differential sensitivities of the assays, or possibly both.
A final limitation is that some, but not all, of the translocation PCR products underwent sequencing. Having confirmed the alignment of sequenced amplicons from a number of translocation PCR reactions with both sections of BCL11A-ee and HBG-113, it was considered that these validated the use of the translocation PCR assay with use of gel electrophoresis to demonstrate presence or absence of amplicon. Future reactions demonstrating an additional band on gel electrophoresis consistent with the size of those already confirmed to be translocation sequences, were assumed to also represent the presence of translocation, but it is accepted that this was not confirmed in every case.
In summary, intensive and systematic processes were required in order to develop functional BCL11A-ee and translocation PCR assays. The individuality of each genetic locus and the need for a tailored approach to its expansion by PCR was highlighted. The challenges of using PCR to amplify rare events, or those with homology to other species where xenotransplantation has taken place, were also recognised. The assays whose development has been described in this chapter proved vital to the interpretation of results from in vitro and mouse transplant experiments investigating dual CRISPR/Cas9 editing of HSPCs, reported in Chapters 3-5. 


7.0
Chapter 7:
Investigation into failure of HSPC remobilisation with repeated AMD3100 dosing in NHPs and humanised mice
 


7.1 Introduction
Sickle cell disease and β thalassaemia are the most common forms of β-haemoglobinopathy, caused by mutations or deletions in the β-globin gene, leading to aberrant or reduced production of HbA.13; 16; 23; 50; 353 Even with the best available supportive treatment, life expectancy and quality of life in these conditions is reduced.6; 72 The only curative option currently open to patients is allogeneic HSCT, but this is limited by availability of matched donors, and confers significant risks, including GvHD.219; 229; 234
Genome editing offers the promise of cure by engineering a patient’s own HSPCs, negating the requirement for an HLA-matched donor and the risk of GvHD. The most successful strategy thus far has been targeting genomic regions involved in the regulation of the physiological switch from HbF to HbA, leading to reinduction of HbF production. High HbF levels have long been recognised to confer reduced symptom burden and improved survival,73; 134 and at least moderate success has been achieved by targeting the erythroid enhancer region of the transcription factor gene BCL11A, or its binding site within the promoter region for HBG.263; 268; 280; 340 However, further improvement in HbF reinduction remains desirable, and a major aim of the work described in this thesis was the investigation of dual editing strategies to knock out both regions in the same HSPC population, with assessment of the effect on HbF reinduction. 
Our group has developed an NHP HSCT model, the use of which is an important final step in preclinical testing of novel therapies prior to clinical translation.336; 354; 355 Given the high level of genetic and physiological homology between humans and NHPs, in this case rhesus macaques (macaca mulatta), this represented the most robust test of safety and efficacy before application to human subjects. The HBG-113 genome editing strategy had already demonstrated success in the NHP model using BM-derived HSCPs.280 In the event that the dual CRISPR/Cas9 editing strategy for improvement of HbF reinduction proved successful in in vitro and then mouse transplant experiments, application to the NHP transplant model was also planned. NHP HSCTs carried out by the group up until that point, including genome-modified autologous HSCTs, had all been based on BM-derived HSPCs, but the need to transition to a PBSC source was recognised. 
The clinical benefits of transplanting PBSCs over BM-derived cells include shorter time to engraftment, and the avoidance of invasive BM harvest procedures.281; 356 The latter are particularly risky for patients with sickle cell disease, since the associated general anaesthetic may precipitate life-threatening crises. For these reasons, clinical studies investigating genome editing therapies for sickle cell disease and thalassaemia have also moved towards the use of mPBSCs for modification and retransplantation, after initial trials using BM-derived cells.357 In order to bring the NHP transplant procedures into line with gold-standard clinical practice, a new protocol was required for the extraction, modification and retransplantation of mPBSCs. Such procedures were already being carried out in other primate centres but had not as yet been developed at FHCRC or the UW Primate Centre.
The first step in this process was the mobilisation of HSPCs from their niche in the BM into the PB circulation. This would then be followed by collection in an apheresis procedure. The most common mobilisation agent used in clinical practice is the inflammatory cytokine G-CSF, but this is contraindicated in patients with sickle cell disease due to the risk of associated crisis.282; 314 The only other licensed mobilisation agent is AMD3100 (Plerixafor), a small-molecule CXCR4 antagonist which works primarily by interrupting the bond between CXCR4 on the surface of HSCPs and their ligand CXCL12 in the BM.11 AMD3100 is the mobilisation agent of choice in sickle cell disease patients, in whom it has an established safety and efficacy profile.331; 332 In order to ensure that the NHP transplant procedures aligned as closely as possible to clinical transplant guidelines for haemoglobinopathy patients, in order to facilitate clinical translation of investigational therapies into this patient group, AMD3100 was selected to be the mobilisation agent used in NHPs for the future testing of genome editing therapies for haemoglobinopathies. 
During the process of developing a successful NHP apheresis protocol, challenges relating to the apheresis procedure itself had to be overcome. This work is described fully in Appendix 1. Early results also suggested that, whilst initial dosing with AMD3100 resulted in successful HSPC mobilisation in to the PB, repeated dosing was less effective. Since multiple episodes of mobilisation are often required in order to collect adequate HSPCs for treatment, such a failure of remobilisation with repeated AMD3100 dosing in this preclinical model required thorough investigation. In this chapter, the results of experiments investigating the observed failure of remobilisation with repeated dosing of AMD3100 in the NHP and, subsequently the humanised mouse model, are presented.

7.2 Aims and objectives
The aim of the work in this chapter was to develop a successful NHP apheresis protocol, including the use of AMD3100 mobilisation, in order to harvest PBSCs for genome editing and retransplantation. This was in order to bring the NHP genome-edited autologous transplantation procedures more closely into line with clinical practice in patients with haemoglobinopathies. As a further aim, the failure of HSPC remobilisation with repeated AMD3100 dosing was investigated in order to confirm this phenomenon in NHPs and, subsequently, to investigate whether a similar remobilisation failure would be observed with human HSPCs.

Hypotheses: 
1. HSPC mobilisation is less successful with subsequent doses of AMD3100 than initial doses, both in the NHP and humanised mouse preclinical models. 

The objectives of these experiments were:
1. To investigate the phenomenon of HSPC remobilisation failure with repeated AMD3100 dosing in NHPs.
2. To establish whether HSPC remobilisation failure with repeated AMD3100 dosing would be observed consistently in NHPs, and whether it would also be demonstrated by human HSPCs within the humanised mouse preclinical model.

7.3 Chapter-specific materials and methods
7.3.1 Original NHP apheresis protocol
A copy of the original NHP apheresis protocol is included in Appendix 1.
7.3.2 Optimisation of NHP apheresis protocol
Work initially focused on updating the NHP apheresis procedure in order to successfully harvest HSPCs from the PB. This work is described in full in Appendix 1.
7.3.3 AMD3100 mobilisation and remobilisation of NHPs
7.3.3.1 Preparation and administration of AMD3100
AMD3100 (octahydrochloride hydrate, Sigma-Aldrich, US) was provided in hydrophylised form. It was reconstituted in sterile conditions using H20 to a concentration of 5mg/ml. The sterile H20 was injected into the vial using a blunt needle and syringe, and mixed by shaking until powdered AMD3100 was fully dissolved. Contents were transferred to sterile conical flasks and stored at 4oC until delivery to animal husbandry staff at the UW Primate Centre. 
7.3.3.2 AMD3100 administration
AMD3100 was administered at a dose of 1mg/kg SQ according to previously published protocols.334; 358 Some animals were given a 2nd administration of AMD3100 6-14 weeks after the 1st, with identical dosing regimen. One animal received a 3rd dose of AMD3100, 4 weeks after the 2nd dose, with dosing carried out in an identical manner.
7.3.3.3 PB draws
Prior to 1st AMD3100 administration, NHPs underwent baseline blood sampling. PB draws were then taken at a minimum of 2 time points between 2-3.5 hours post-dose, into anticoagulated blood collection tubes. One animal was sedated for a longer period of time and had additional blood samples drawn: hourly blood draws from 2-7 hours post dose. Samples were taken for investigation of CBC and for FACS.
Following 2nd dose of AMD3100, blood draws were again taken prior to dosing and at a minimum of 2 timepoints 2-3.5 hours post dose. 2 animals had additional blood draws taken: 1 also had blood drawn at 4 hours post dose and 1 had hourly blood draws from 2-7 hours post dose. Following the 3rd dose of AMD3100, blood draws were taken at baseline, 2 and 2.5 hours following dose.
7.3.3.4 Processing of PB samples: CBC
Aliquots of NHP blood underwent CBC testing by the UW Medicine Laboratories using the Sysmex XN 9000 Hematology Automation Line (Sysmex, IL, US), by scientific staff in this laboratory. Reported white cell count (WCC) was assumed to include all circulating nucleated cells, which would include HSPCs as well as mature leucocytes. 
7.3.3.5 Processing of PB samples: flow cytometry
Aliquots for flow cytometry underwent red cell lysis with haemolysis buffer which was prepared in-house: 150 mM ammonium chloride, 12 mM sodium bicarbonate and 0.1 mM EDTA were mixed into distilled deionised H2O and sterile filtered (0.22 μM filter units used). Blood was incubated with haemolysis buffer in approximately a 1:4 volume ratio, mixed by inverting the tube, and incubated for 5 minutes. Following this, samples were spun down at 800 g for 5 minutes, the supernatant aspirated (being careful not to aspirate the buffy coat), and the process repeated once more.
The cell pellet was then resuspended in FACS buffer (2% FBS in 1X PBS) and stained using the following antibodies: anti-NHP CD45-V450 (Clone  D058-1283, BD, US); anti-CD34-APC (clone 563, BD, US) ; anti-CD90-PE-Cy7 (clone 5e10, Biolegend, US) and anti-CD45 RA-APC-H7 (clone 5H9, BD, US). Antibodies were added at a volume of 2ul/1x106 cells. Incubation with antibodies was for 30 minutes at 4oC. Unstained controls and compensation beads stained individually with each antibody were run alongside. FACS was carried out on the BD FACSAria II or BD FACSCanto II flow cytometers. Post-acquisition analysis of flow cytometric data was carried out using FlowJo Version 9.
The percentage of CD34+ cells was defined by CD34-high/CD45-low fluorescence within the MNC population (MNCs first being defined by forward and side scatter). Within the bulk CD34+ cell population, a proportion enriched with true haematopoietic stem cells as defined by CD34+/CD90+/CD45RA- (CD90+) was determined. At each blood draw timepoint, absolute circulating CD34+ count was calculated by multiplication of CD34+ fraction of MNCs by the total circulating WCC. Absolute CD90+ cell response was determined by multiplication of CD90+ fraction of CD34+ cells by absolute CD34+ cell number.
7.3.3.6 Processing of apheresis sample
Apheresis product underwent CBC and flow cytometry investigations as per PB aliquots (sections 7.3.4.4 and 7.3.4.5). Total cell count of apheresis product was determined by multiplication of volume by reported WCC on CBC. CD34+ and CD90+ counts were determined based on calculations as for PB samples.
7.3.4 AMD3100 mobilisation of humanised mice 
7.3.4.1 Humanisation of immunodeficient mice
2 cohorts of NSG mice were humanised in adulthood, at the age of 6-8 weeks. Mice were initially subjected to 275 cGy sublethal irradiation. Humanisation was then carried out by a single tail vein injection of human G-CSF-mobilised, CD34+-enriched PB MNCs via the tail vein, at 1.5x106 cells per mouse in one cohort, and 0.5x106 cells per mouse in the second, resuspended in phosphate-buffered saline with 1% heparin (APP Pharmaceuticals, IL, US) to a total volume of 200 μl.
Humanisation was confirmed by lineage assessment on PB draws (as described in detail in Chapter 5, section 5.3.2.4) at least once prior to commencement of the experiment.
7.3.4.2 Preparation of AMD3100 or control injections
AMD3100 was reconstituted as described in section 7.3.3.1. AMD3100 equivalent to a dose of 10 mg/kg was transferred to a separate Eppendorf tube for each mouse, based on weight taken within the previous 7 days, recorded and shared using SoftMouse software. Double the required amount of injection mix was prepared for each mouse to facilitate delivery of the full and exact volume required at the time of injection. In order to avoid introducing an additional variable to the experiment by delivering different volumes of injection to different mice, sterile H2O was added to make up the total volume to 200 µL in total for each tube. For mice in the control arm of each experiment, 200 µL of sterile water alone was transferred to each Eppendorf tube. Injection mixes were stored at 4oC prior to collection by mouse core technicians.
7.3.4.3 Administration of AMD3100
100 µL of injection mix was administered to each mouse, SQ, according to the IACUC-approved protocol and according to a previously published mobilisation regimen.359; 360  This was equivalent to a dose of 5 mg/kg for AMD3100-treated mice. Control mice received sterile H20 injections only. Injections were labelled with mouse number only: animal technicians and veterinary staff were blinded to the treatment arm of each mouse.
A 1st mouse cohort received 1st dose AMD3100 20 weeks post humanisation, followed by 2nd dose and for surviving mice a 3rd dose was also given, with time intervals between doses 3-4 weeks. The 2nd cohort received 1st dose AMD3100 9 weeks post humanisation, followed by a 2nd dose 3-4 weeks apart.
7.3.4.4 PB draws
Baseline blood draw was taken prior to administration of AMD3100. PB samples were taken into EDTA-anticoagulated tubes. Following each dose, blood was drawn 1.5-2 hours post AMD3100, to coincide with expected peak of mobilization, for CBC and FACS analysis.12 According to IACUC protocol SOP 038-I for retroorbital blood draws, no more than 10% of the animal’s blood volume could be drawn during any 2 week timeframe. This would usually approximate to 200 μl. In order to ensure that volumes drawn were equal for treatment and control mice, blood draws were standardised to 50 µL pre AMD3100 and 50 µL post- AMD3100. Pre-dose blood draws were taken 2-3 days prior to AMD3100 administration in each case.
7.3.4.5 Processing of PB samples: CBC
Total WCC was analysed using the Element HT5 Veterinary Hematology Analyser (Heska). This was analysed on the ‘mouse’ programme after first ensuring that human WBCs would be detected on this programme. This was done by analysing donor human PB samples (from volunteers in the laboratory), to assess whether the WCC reported correlated with that expected in healthy adults. As a 2nd check, the same human samples were also run on the ‘primate’ programme and results compared to those reported by the ‘mouse’ programme. Since total WCC correlated between reports run on ‘mouse’ and ‘primate’ programmes and were also those expected in healthy adults, it was concluded that the ‘mouse’ programme would detect and quantify both mouse and human leucocytes. Interestingly, the WBC differentials (the percentage of neutrophils, lymphocytes, monocytes etc) reported where human samples were run on the ‘mouse’ programme were not as expected, consistent with the fact that cellular characteristics used to differentiate these leucocyte subtypes differ significantly between humans and mice. Since only total WCC was required for this experiment, this discrepancy in subtype reporting was not problematic. 
7.3.4.6 Processing of PB samples: flow cytometry
Remaining cells then underwent red cell lysis using BD Pharm LyseTM buffer (BD Biosciences, US), followed by staining for FACS analysis. Antibody panel utilised for staining included: anti-human CD45 (hCD45)-PerCP or anti-human CD45-PerCP- CyTM5.5 (both clone 2D1); anti-mouse CD45 (mCD45)-V500 (clone 30-F11) and anti-CD34-APC (clone 563) (all BD Biosciences, US). CD34+ gating was informed by results of an FMO sample processed with each cohort of blood samples, stained with anti-hCD45 and anti-mCD45 but not anti-CD34 (clones as above). Compensation beads were also run with each batch of samples, with each antibody used to stain separate tubes of beads. Post-acquisition compensation and analysis of flow cytometric data was carried out using FlowJo Version 9.
7.3.5 CXCL12 assay
7.3.5.1 Sample preparation
Plasma CXCL12 concentrations were measured pre- and post-AMD3100 dosing for 1st and 2nd doses in the 1st mouse cohort. Following CBC analysis, PB samples were spun down at 1700 rpm for 15 mins. Separated plasma was pipetted into cryostore tubes and frozen at -80 oC prior to analysis. Freezing of samples rather than immediate processing allowed simultaneous testing of all samples, with the aim of ensuring identical testing of pre- and post-AMD3100 samples. Samples were frozen at -80oC to prevent degradation of CXCL12 levels during storage, since cytokine degradation may occur at higher temperatures.361
7.3.5.2 CXCL12 ELISA (enzyme-linked immunosorbent assay)
CXCL12 level within mouse plasma was quantified by ELISA  assay using Mouse CXCL12/SDF-1 alpha Quantikine ELISA Kit (R+D Systems, US), according to manufacturer’s instructions:
Reagents and samples were brought to room temperature before use. All samples, standards, and controls were assayed in duplicate. Twenty millilitres of wash buffer concentrate was added to 480 ml deionised water to prepare 500 ml wash buffer. Colour reagents A and B were mixed together in equal volumes, and 200 µL of the resultant mixture used per well. Mouse stromal cell-derived factor 1 alpha (SDF-1α) standard was reconstituted with deionised water, to produce a stock solution of 100 ng/ml. The standard was mixed and allowed to sit for a minimum of 15 minutes prior to making dilutions. 
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Description automatically generated]Nine hundred microlitres of calibrator diluent RD6Q was pipetted into the 10 ng/ml tube and 500 µL into the remaining tubes. Stock solution was used to produce a dilution series (Fig 7.1). Each tube was mixed thoroughly before the next transfer. The 10 ng/ml standard served as the high standard. Calibrator diluent RD6Q served as the zero standard. The standard curve was used within 30 minutes of preparation. [bookmark: _Hlk88927096]Figure 7.1: Serial dilution method for standard curve production in CXCL12 ELISA 
The serial dilution method used for producing a standard curve for analysis of results in the plasma CXCL12 ELISA assay is illustrated.
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, ELISA: enzyme-linked immunosorbent assay
(Reproduced from manufacturer’s literature)


Fifty microlitres of assay diluent was added to each well followed by 50 µL of standard, control, or sample. Wells were then covered with a plate sealer, and incubated at room temperature for 2 hours on a horizontal orbital microplate shaker. Following this, each well was aspirated and washed, repeating the process 3 times for a total of 4 washes. One hundred microlitres of mouse SDF-1α conjugate was added to each well. Wells were covered with a new plate sealer, and incubated at room temperature for a further 2 hours on the shaker. Aspirate and wash step was repeated 4 times. 
After this, 200 µL substrate solution was added to each well, followed by a 30 min incubation at room temperature on the benchtop (i.e. not on the shaker) in the dark. On completion of this time, 50 µL stop solution was added to each well. Optical density of each well was determined immediately, using a microplate reader set to 450 nm. For this the Epoch microplate spectrophotometer (Biotek) was used. A standard curve was created using Excel software: a template was supplied which allowed entry of experimental data for the automatic creation of the standard curve followed by conversion of  sample optical density results into plasma CXCL12 concentrations. Finally, results were corrected by the dilution factor applied during the experiment.
7.3.6 Transwell plate experiments
7.3.6.1 Cell migration assay #1 : untreated NHP HSPCs
The standard media used in these experiments for HSPC suspension, and control constituent of lower wells, was SFEM II with added cytokines and penicillin (described in detail in Chapter 2, section 2.1.4.1, and referred to simply as SFEM II. Transwell® plates of diameter 6.5 mm with 8.0 um pore polyester membrane inserts (Corning, US) were used for all cell migration experiments (after smaller size pore in the 1st pilot experiment only).
An initial small pilot experiment was set up in duplicate using NHP HSPCs, with lower wells containing:
1 – SFEM II only, or
2 – SFEM II + CXCL12 400 ng/ml 
Rhesus CXCL12/SDF-1 protein was sourced from Sino Biological (US) and made up to a stock concentration of 0.15 ng/ml with sterile H2O as per product literature instructions. A concentration of 400 ng/ml was chosen for this assay based on a previous publication citing the use of 200 ng/ml.362 Double dose was selected for this initial pilot as it was hypothesised that this would increase the chemotactic effect. 
CD34+-enriched NHP BM cells, suspended in SFEM II at a concentration of 1x106/ml, were added to the inserts over the wells: 500 µL per well. Each condition was set up in duplicate. Forty eight hours later, cells were harvested from one top and bottom well combination from each condition for counting. Cells were harvested using PBS with the aim of collecting as many cells as possible, but the porous membrane itself was not washed since this may have moved cells from one side to the other. Cell solutions were spun down at 800g for 5 minutes followed by resuspension in 500 µL PBS, then counted, and total and live cell numbers were recorded. 
Given very low cell numbers counted, the method was modified for further counts. It was considered likely that a large number of cells had been at least mildly adherent to the porous membrane and since this was not washed, these cells were not collected. Therefore, 24 hours later, cells in other wells (top and bottom) were counted, by direct sampling this time, of 10 µL cell suspension after gentle mixing which would also have encouraged resuspension of cells on the membrane. Again, total and live cell counts were recorded. The ratio of live cells bottom well: top well was taken as an indication of the degree of cell mobility from top to bottom wells. 
7.3.6.2 Cell migration assay #2: untreated vs AMD3100-treated NHP HSPCs
This experiment was repeated, again using steady state NHP BM CD34+-enriched cells. An additional arm was introduced using the standard recommended concentration of CXCL12 (200 ng/ml). As a further addition, incubation of HSPCs with AMD3100 prior to introduction into the Transwell plates was introduced, with control cells remaining untreated. 
Transwell plates were set up with wells containing:
1 – SFEM II only
2 – SFEM II + 200 ng/ml CXCL12
3 – SFEM II + 400 ng/ml CXCL12
Cells were suspended in SFEM II at a concentration of 1x106 cells/ml and divided into 3 equal aliquots each for treatment as below: 
A – Untreated
B – Low dose AMD3100 (10ug/1x106 cells)
C – High dose AMD3100 (100ug/1x106 cells)
AMD3100 concentrations for treatment were decided upon after review of systemic exposure to AMD3100 following dosing in patients (emc, Mozobil summary of product characteristics). This would suggest the use of approximately 1 μg/1x106 cells. Since dosing is higher for NHPs (approximately x 4  human dose) and humanised mice (approximately x 20 human dose), higher doses of 10 μg/1x106 cells and 100 μg/1x106 cells were tested. Cells were incubated with AMD3100 (or control cells without AMD3100) for 1 hour prior to addition to the top Transwell inserts. Cells were counted by direct sampling from top and bottom wells 24 hours after experiment set-up.
7.3.6.3 Cell migration assay #3: untreated vs AMD3100-treated human HSPCs
The experiment outlined in 7.3.6.2 was repeated using human G-CSF mobilised PB-derived CD34+-enriched HSPCs. Conditions and experimental set-up were identical other than the exclusion of the low-dose CXCL12 arm, due to insufficient cells.
7.3.6.4 Cell migration assay #4: untreated vs AMD3100-treated human HSPCs with replicates
The experiment outlined in 7.3.6.3 was repeated, with modifications as follows: in order to prioritise inclusion of technical replicates, wells were set up to include 2 media conditions only. Bottom wells contained either SFEM II only or SFEM II with CXCL12 at the lower concentration of 200 ng/ml.
7.3.6.5 Flow cytometric assessment of CXCR4 blockade by AMD3100 low and high dose in NHP and human HSPCs
In order to investigate the degree to which CXCR4 receptors were being effectively blocked by high and low doses of AMD3100 in the cell migration assays, flow cytometry was used to assess CXCR4 availability. Aliquots of NHP and human HSPCs from the untreated, AMD3100 low dose and AMD3100 high dose arms were sampled. For NHP cells, staining was with anti-NHP CD45 (pCD45)-v450 (clone D058-1283) and anti-CXCR4-PE (mouse anti-human CD184) (both BD, US). For human cells staining was with anti-hCD45-PerCPCy5.5 (clone 2D1) and anti-CXCR4-PE (mouse anti-human CD184) (both BD, US). Cells were incubated at 4oC for 30-45 mins, in the dark, prior to analysis. Unstained controls were also run with the first timepoint but due to the small number of unavailable cells, the same unstained control plot was used for gating of subsequent reactions, since these were run within 24 hours. 
MNCs were initially gated on forward and side scatter, followed by selection for CD45-positivity (pCD45 for NHP cells or hCD45 for human cells). Within the CD45+ population, the percentage staining positively for CXCR4 and also the MFI of this fluorophore were quantified. Timepoints for analysis were: 1 hour after AMD3100 incubation commenced on D0 (to coincide with the time at which cells would be added to top Transwell plate wells in cell migration assays), 3 hours after AMD3100 incubation on D0, and approximately 24 hours after AMD3100 commenced, on D1.

7.4 Results
7.4.1 HSPC remobilisation with repeated AMD3100 dosing in NHPs
7.4.1.1 Initial AMD3100 remobilisation study
Initially the apheresis protocol, software and equipment was modified to improve HSPC collection from NHPs (Appendix 1), following this successful a mPBSC-based genome edited modified autologous HSCT was anticipated.  Four animals were allocated to this study. There is recognised variation in AMD3100 responsiveness seen in the clinic.320; 330 Therefore, it was decided that as part of the preparation for a further transplant attempt, AMD3100 response would be assessed in the 3 animals most suitable for transplant based on weight. Their degree of HSPC mobilisation would be assessed, and the best mobiliser would be selected to undergo repeat mobilisation with apheresis, progressing to transplant provided success of earlier steps. 
AMD3100 at standard dose was administered to all 3 animals in order to compare their response, and all 3 mobilised well with a 1st dose AMD3100 (results described fully in sections 7.4.2.2-7.4.2.4). The animal with the best CD34+ PB mobilisation was selected (A18094) and preparations made to remobilise with collection of PBSCs by apheresis. The first indication that remobilisation with AMD3100 may be a problem was that this particular animal failed to remobilise with a 2nd dose of AMD3100 (Fig 7.2). Peak CD34+ count in the PB following 1st administration was 16.2x106/l and CD90+ concentration at this point in time was 4.0x106/l. Following 2nd ADM3100 dose, however, peak CD34+ count was only 2.1x106/l and CD90+ count only 0.75x106/l. 

[image: ]Figure 7.2: Initial HSPC remobilisation study with repeated AMD3100 dosing
First and 2nd doses of AMD3100 1mg/kg SQ were administered 6 weeks apart to a NHP. Peak HSPC mobilisation was assessed by CBC and flow cytometric analysis of post-dose PB samples. Mobilisation of WBCs, CD34+ and CD90+ HSPCs was good with a 1st dose AMD3100, but HSPC mobilisation was reduced following 2nd dosing episode.
Abbreviations: CD: cluster of differentiation, HSPCs: haematopoietic stem and progenitor cells, NHP: non-human primate, WBCs: white blood cells, WCC: white cell count, PB: peripheral blood, #1: 1st AMD3100 dose, #2: 2nd AMD3100 dose.


7.4.1.2 Investigation into the failure of AMD3100 repeat dosing to mobilise HSPCs in animal A18094
It was essential to establish whether a genuine loss of response to AMD3100 was a feature of the NHP population, or whether this was an incidental finding related to this particular animal or episode. In order to investigate this, a 2nd AMD3100 dose was administered to animals A18092 and A18093 with pre- and post- WCC, CD34+ count and CD90+ count assessment. 
In order to ensure that the AMD3100 failures were not related to the reagent itself (such as aberrant storage conditions), a new batch of AMD3100 was ordered (both batch and LOT numbers different from original supply), prior to the 2nd administration to A18093, but with no improvement in the response to 2nd AMD3100 dose. One animal (A18093) received a 3rd AMD3100 dose in order to investigate whether the response would continue to decline. A final animal (A18091) also received a 1st dose AMD3100 and underwent apheresis with the aim of progressing to genome-edited HSCT. For reasons unrelated to mobilisation or apheresis this did not proceed, but results of AMD3100 response are also included in the analysis below. Therefore, a total of 5 animals received a 1st dose AMD3100, 3 received a 2nd dose and 1 received a 3rd dose. 
7.4.1.3 Reduction in WBC mobilisation on repeated AMD3100 dosing
We first investigated kinetics of mononuclear cell (MNC) mobilization (taken to be reported total WCC) in healthy adult rhesus macaques receiving a 1st dose (n=5), a 2nd dose (n=3) and a 3rd dose (n=1) of AMD3100. Peak MNC count in the PB was observed to occur at 2-3 hours post AMD3100 dose, a little earlier than previously reported (Fig 7.3A).358
Mean baseline MNC count prior to the 1st dose of AMD3100 was 10.5x109/l (within the normal range) and rose significantly to 30.5x109/l after treatment (n=5, p=0.0003) (Fig 7.3B). Mean baseline MNC count prior to the 2nd or 3rd dose of AMD3100 was 9.6x109/l, and rose to 24.3x109/l after treatment (n=4, p>0.05). There was no significant difference between baseline MNC counts before 1st vs subsequent dose AMD3100, and the reduction in peak MNC count following 1st vs subsequent doses was also not statistically significant. 
Where analysis was restricted to the results pertaining to 1st vs 2nd dose AMD3100 only in animals receiving at least 2 doses (n=3), mean baseline MNC count prior to 1st dose AMD3100 was 11.3x109/l and rose significantly to 31.0x109/l (p= 0.0152). Prior to 2nd dose AMD3100 baseline MNC count was 10.3x109/l and rose to 20.0x109/l (p>0.05). Again, there was no significant difference between baseline or peak MNC count when comparing 1st to 2nd dose AMD3100. 
In summary, these data demonstrate successful increase in the MNC count in NHPs following 1st AMD3100, with non-significantly reduced response on repeated treatments.
Figure 7.3: Trend towards reduced white cell mobilisation with repeated AMD3100 dosing
First,  2nd , and, in 1 case, a 3rd dose of AMD3100 1mg/kg SQ were administered to NHPs 4-14 weeks apart. (A) Pre- and serial post-dose blood draws were processed for CBC and WCC (reported as MNC concentration), tracked over time. (B) Peak MNC count following a 1st dose of AMD3100 was compared to peak count after subsequent doses, demonstrating a non-significant trend towards reduced mobilisation with subsequent doses (mean +/- SD).
Abbreviations: MNC: mononuclear cells, NHP: non-human primate, ns: statistically not significant (p>0.05 using paired t-test), SQ: subcutaneous, WCC: white cell count.
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7.4.1.4 Reduction in CD34+ HSPC mobilisation on repeated AMD3100 dosing
Peak CD34+ count in the PB was assessed by combining flow cytometry results with CBC-reported total WCC (Fig 7.4A). Mobilisation kinetics of CD34+ cells after 1st dose of AMD3100 followed a similar trajectory to those of total MNCs (Fig 7.4B). Peak CD34+ count was significantly reduced with repeated AMD3100 dosing in comparison to 1st dose (Fig 7.4C). Mean CD34+ cell count following 1st dose of AMD3100 for all animals was 38.3x106/l (n=5), whereas peak CD34+ count measured after subsequent doses was significantly reduced by nearly 7-fold, with a mean of only 5.7x106/l (n=4, p=0.0005). Where results for animals receiving 1st and 2nd dose AMD3100 only were taken, peak CD34+ cell count after 1st dose was 45.2x106/l and after 2nd dose was 5.5x106/l (n=3, p=0.0011).
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Figure 7.4: Reduced CD34+ cell mobilisation with repeated AMD3100 dosing in NHPs
First,  2nd, and, in 1 case, a 3rd dose of AMD3100 1mg/kg SQ were administered to NHPs 4-14 weeks apart. Serial blood draws were taken post dose, analysed by CBC counter and flow cytometry in order to assess CD34+ count within the PB. (A) Flow cytometric gating strategy for assessment of both the entire CD34+ cell population and, within this, the subpopulation of CD90+CD45RA- (CD90+) subpopulation. (B) CD34+ count in the PB over time following 1st dose AMD3100 demonstrating kinetics of mobilisation. (C) Peak CD34+ count following 1st  AMD3100 dose is significantly higher than following subsequent doses (mean +/- SD).
Abbreviations: CBC: complete blood count, CD: cluster of differentiation, CD90+ cells: CD34+CD90+CD45RA- cells, FSC: forward scatter, NHP: non-human primate, PB: peripheral blood, SQ: subcutaneous, SSC: side scatter.


7.4.1.5 Reduction in CD90+ HSC mobilisation on repeated AMD3100 dosing
Following the demonstration that CD34+ HSPC mobilisation was reduced on redosing with AMD3100, investigation was undertaken to determine whether similar results apply to the recently described HSC-enriched immunophenotype CD34+CD90+CD45RA-.354 The timing of CD90+ mobilization appears to follow a similar pattern to that expected of the total CD34+ population (Fig 7.5A). 334; 358 Similarly to bulk CD34+ counts, a significant decrease in the number of CD90+ cells mobilised after the 2nd or 3rd AMD3100 doses relative to the 1st dose was observed (Fig 7.5B). PB CD90+ count at time of peak CD34+ mobilization was 12.9x106/l (n=5) after the 1st dose but was reduced to only 0.9x106/l (n=4) after subsequent dosages (p=0.0234). Where results for animals receiving 1st and 2nd dose AMD3100 only were taken, peak CD90+ cell counts were 15.0x106/l and 0.5x106/l respectively (p>0.05).

[image: ]Figure 7.5: Reduced CD90+ cell mobilisation with repeated AMD3100 dosing
First,  2nd, and, in 1 case, a 3rd dose of AMD3100 1mg/kg SQ were administered to NHPs 4-14 weeks apart. Serial blood draws were taken post dose, analysed by CBC counter and flow cytometry in order to assess CD90+ count within the PB. Flow cytometric gating strategy is illustrated in Fig 7.4. (A) CD90+ count in the PB over time following 1st dose AMD3100 demonstrates kinetics of mobilisation. (B) Peak CD90+ count following 1st  AMD3100 dose is significantly  higher than following subsequent dosing episodes (mean +/- SD).
Abbreviations: CBC: complete blood count, CD: cluster of differentiation, CD90+ cells: CD34+CD90+CD45RA- cells, NHP: non-human primate, PB: peripheral blood, SQ: subcutaneous.


7.4.2 Human HSPC remobilisation with repeated AMD3100 dosing in the humanised mouse model
7.4.2.1 Mouse study #1: reduction in MNC mobilisation on repeated AMD3100 dosing
Following confirmation of the unexpected observation that HSPCs fail to re-mobilise with repeat AMD3100 in NHPs, experiments were designed in order to investigate whether or not this phenomenon would be observed with human HSPCs as well. For this, the NSG humanised mouse model was used. Nine NSG mice were engrafted with human CD34+ HSPS for 20 weeks, and subsequently received a 1st, then a 2nd dose of AMD3100. The effect on human HSPC mobilization was measured by PB analysis at 1.5 hours after dosing (Fig 7.6A). Four surviving animals also received a 3rd dose of AMD3100. Time between each AMD3100 administration episode was 3-4 weeks. 
For the 1st dosing episode, 6 animals received AMD3100 and 3 controls received vehicle only. In the control group there was very little difference in the number of circulating hCD45+ cells following injection of vehicle: mean hCD45+ count prior to injection was 0.0563x109/l +/- 0.045x109/l, and following control injection was 0.068x109/l +/- 0.055 x109/l (mean +/- SD, n=3, p>0.05) (Fig 7.6B).
After the 1st dosing episode, control mice were transitioned to receive AMD3100 for further dosing episodes in order to increase power of this experiment to detect significant differences between 1st and subsequent doses of AMD3100. One of the mice from initial control group underwent early euthanasia between 1st and 2nd dosing episodes, based on veterinary advice, after being found to have lost 22.2% of its body weight and having a hunched and pale appearance. The surviving 2 control mice which received vehicle only in the 1st dosing episode received their 1st dose AMD3100 in the 2nd dosing episode, and received their 2nd dose AMD3100 in the 3rd dosing episode. A further 2 mice from the original treatment group were euthanised for health reasons prior to receiving a 3rd dose of AMD3100.
The response of total human MNCs was assessed first, as defined by the hCD45+ cell population. Baseline and peak levels were compared, with a reduction in peak count being found after sequential AMD3100 doses, in comparison to 1st dose (Fig 7.6C-D). After the 1st dose, mean human MNC count rose from 0.19x109/l +/- 0.22x109/l to 0.50x109/l +/- 0.30x109/l (mean +/- SD, n=8, p=0.0002). After a 2nd dose, the increase was less significant, from 0.17x109/l +/-  0.075x109/l to just 0.27x109/l +/- 0.113x109/l (mean +/- SD, n=8, p=0.0349). Following a 3rd dose of AMD3100, there was no significant increase in circulating human MNCs when comparing baseline 0.24x109/l +/- 0.16x109/l (n=8) to peak count 0.33x109/l +/- 0.153x109/l (n=4, p>0.05) (mean +/- SD). Furthermore, a significant decrease in the amplitude of mobilised hCD45+ cell count was noted between 1st and 2nd doses (n=8, p=0.0349) (Fig 7.6E). 
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Figure 7.6: Reduced human CD45+ cell mobilisation with repeat dosing of AMD3100 in the humanised mouse model (study 1)
Immunodeficient mice were humanised by injection of G-CSF-mobilised PBSCs. Following engraftment, they received 1st injections of either AMD3100 or vehicle only. Second injections were AMD3100 and a number of mice also received 3rd doses of AMD3100, 3-4 weeks apart. PB was taken pre and post each dose in order to assess the efficacy of human MNC mobilisation by CBC combined with flow cytometry. (A) Flow cytometric gating strategy used to define human CD45+ cells and, within the human population, CD34+ HSPCs. (B) hCD45+ count in the PB pre and at anticipated peak level post AMD3100 doses (or injection of vehicle only in control mice). (C) hCD45+ count in the PB following 1st, 2nd +/- 3rd AMD3100 doses by individual mouse. (D) Comparison of baseline and post-dose hCD45+ levels demonstrates significantly lower hCD45+ cell mobilisation following 2nd dose of AMD3100 in comparison to 1st dose (mean +/- SD). (E) Change in hCD45+ cell count from baseline to post-dose level was significantly reduced with 2nd AMD3100 dose in comparison to 1st dose (mean +/- SD).
Abbreviations: CBC: complete blood count, CD: cluster of differentiation, FSC: forward scatter, G-CSF: Granulocyte colony-stimulating factor, hCD45: human CD45, HSPCs: haematopoietic stem and progenitor cells, ID: identifier, MNC: mononuclear cells, ns: statistically not significant (p>0.05 using paired t-test), PB: peripheral blood, PBSCs: peripheral blood stem cells, SSC: side scatter. 


7.4.2.2 Mouse experiment #1: reduction in CD34+ HSPC cell mobilisation on repeated AMD3100 dosing
Even more importantly, the response of human HSPCs, as defined by CD34+ cells, was also reduced with repeated doses of AMD3100. In control mice, circulating CD34+ count remained stable, with pre-dose mean level of 0.15x106/l +/- 0.13x106/l and post-dose level of 0.30x106/l +/- 0.273x106/l (mean +/- SD, n=3, p>0.05) (Fig 7.7A). With a 1st dose of AMD3100, mean CD34+ cell count rose from 0.24x106/l +/- 0.28 x106/l to 1.97x106/l +/- 1.37x106/l (mean +/- SD, n=8, p=0.0135). CD34+ counts with the 2nd and 3rd doses, on the other hand, did not rise significantly: with a 2nd dose they fell from 0.59x106/l +/- 0.41x106/l to 0.51x106/l +/- 0.551x106/l (n=8, p>0.05), and with a 3rd dose from 0.19x106/l +/- 0.13x106/l to 0.07x106/l +/- 0.09x106/l (n=4, p>0.05) (mean +/- SD) (Fig 7.7B-C). The amplitude of mobilization of human HSPCs following 2nd or 3rd doses of AMD3100 was also significantly lower than after 1st dose (p=0.0034 and p=0.0219 respectively) (Fig 7.7D). CD90+ subpopulation was too small to be reliably quantified.
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Figure 7.7: Reduced CD34+ HSPC mobilisation with repeated dosing of AMD3100 in the humanised mouse model (study 1)
Immunodeficient mice were humanised by injection of G-CSF-mobilised PBSCs. Following engraftment they received 1st injections of either AMD3100 or vehicle only. Second injections were AMD3100, and a number of mice also received 3rd doses of AMD3100, 3-4 weeks apart. PB was taken pre and post each dose in order to assess the efficacy of human HSPC mobilisation by CBC combined with flow cytometry. Flow cytometric gating strategy is illuatrated in Fig 7.6A. (A) CD34+ count in the PB pre and at anticipated peak level post AMD3100 doses (or injection of vehicle only in control mice). (B) CD34+ count in the PB following 1st, 2nd +/- 3rd AMD3100 doses by individual mouse. (C) Comparison of baseline and post-dose CD34+ levels demonstrates significantly lower CD34+ cell mobilisation following 2nd or 3rd dose of AMD3100 in comparison to 1st dose (mean +/- SD). (D) Change in CD34+ cell count from baseline to post-dose level was significantly reduced with 2nd or 3rd AMD3100 dose in comparison to 1st dose (mean +/- SD).
Abbreviations: CBC: complete blood count, CD: cluster of differentiation, G-CSF: Granulocyte colony-stimulating factor, HSPCs: haematopoietic stem and progenitor cells, ns: statistically not significant (p>0.05 using paired t-test), PB: peripheral blood, PBSCs: peripheral blood stem cells. 


7.4.2.3 Mouse experiment #1: stable engraftment over course of experiment
Data so far had demonstrated a reduction in the response of circulating hCD45+ cells and CD34+ HSPCs in humanised mice with 2nd or 3rd doses of AMD3100, in comparison to a good response to a 1st dose. An alternative hypothesis for this deterioration in mobilisation was that human engraftment in the mice was being lost, leading to a reduced pool of human cells from which mobilisation could occur. In order to investigate this possibility, human engraftment (taken to be represented by the percentage of circulating CD45+ cells which were of human origin, i.e. hCD45+ / (hCD45+ + mCD45+) x 100, was calculated at each baseline timepoint, prior to AMD3100 (or vehicle only) dosing (Fig 7.8). Prior to 1st dosing episode, mean human chimerism was 19.73% +/- 21.38% (mean +/- SD, n=8). Prior to dosing episode #2, human chimerism was 10.77% +/- 5.11%, and prior to dosing episode #3 these figures were 15.81% +/- 11.46% (mean +/- SD, n=8, p>0.05 for all).Figure 7.8: Stable human engraftment throughout AMD3100 mobilisation in the humanised mouse model (study 1)
Immunodeficient mice were humanised by injection of G-CSF-mobilised PBSCs. Following engraftment they received 1st injections of either AMD3100 or vehicle only. Second injections were AMD3100 and a number of mice also received 3rd doses of AMD3100 3-4 weeks apart. PB draws taken prior to each dose were analysed by CBC combined with flow cytometry. Flow cytometric gating strategy is outlined in Fig 7.6A. Human chimerism remained stable throughout the experiment (mean +/- SD).
Abbreviations: CBC: complete blood count, G-CSF: Granulocyte colony-stimulating factor, hCD45: human cluster of differentiation 45, ns: statistically not significant (p>0.05 using paired t-test), PB: peripheral blood, PBSCs: peripheral blood stem cells. 
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7.4.2.4  Mouse study #2: falling human chimerism during experiment
A 2nd humanised NSG mouse cohort was used to confirm the loss of efficacy of repeated AMD3100 dosages in this model. Planned experimental protocol was mainly as per cohort #1, with 7 mice receiving 2 doses of AMD3100 and 2 mice receiving control injections. In this experiment, control mice remained in the control arm throughout, in order to permit clearer demonstration of a lack of variability in this arm. A 3rd dosing episode was originally planned in this experiment, but the cohort required early euthanasia after the 2nd dose, based on veterinary advice relating to their health and wellbeing. 
Human chimerism was noted to fall during the course of the experiment (Fig 7.9). Prior to first AMD3100 (or control) injection, human chimerism was 34.8% +/- 13.5% but this had fallen to 13.5% +/- 5.5% by the second baseline blood draw (n=9, p=0.0015, mean +/- SD). This must be taken into account during interpretation of mobilisation data, as this may reflect a reduction in the available pool of human cells from which mobilisation could occur, and therefore may at least contribute to the reduction in hCD45+ and CD34+ cell mobilisation observed.
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[bookmark: _Hlk91320048]Figure 7.9: Falling human chimerism between 1st and 2nd AMD3100 doses in the humanised mouse model (study 2)
A 2nd cohort of immunodeficient mice were humanised by injection of G-CSF-mobilised PBSCs. Following engraftment, they received 1st and 2nd injections AMD3100 (or vehicle only in control mice) 3-4 weeks apart. PB draws taken prior to each dose were analysed by CBC combined with flow cytometry. Flow cytometric gating strategy is illustrated in Fig 7.6A. Human chimerism was calculated as the percentage of CD45+ cells which were of human origin, and was demonstrated to have fallen between 1st and 2nd baseline PB draws (mean +/- SD).
Abbreviations: CBC: complete blood count, G-CSF: Granulocyte colony-stimulating factor, hCD45: human cluster of differentiation 45, PB: peripheral blood, PBSCs: peripheral blood stem cells. 


7.4.2.5  Mouse experiment #2: reduction in hCD45+ cell mobilisation on repeated AMD3100 dosing
Once again, in this experiment, poorer hCD45+ and CD34+ cell mobilization were noted with a 2nd dose of AMD3100 when compared to 1st dose. hCD45+ level following the 1st dose rose to 1.03 x 109/l +/- 0.27 x 109/l but after 2nd dose only reached 0.52 x 109/l +/- 0.32 x 109/l (n=7, p=0.0065, mean +/- SD) (Fig 7.10A-B).
[image: ][bookmark: _Hlk91320127]Figure 7.10: Reduced hCD45+ cell mobilisation with repeat dosing of AMD3100 in the humanised mouse model (study 2)
A 2nd cohort of immunodeficient mice were humanised by injection of G-CSF-mobilised PBSCs. Following engraftment they received 1st and 2nd injections AMD3100 (or vehicle only in control mice) 3-4 weeks apart. PB was drawn pre and post each dose in order to assess the efficacy of human HSPC mobilisation by CBC combined with flow cytometry. Flow cytometric gating strategy used to define hCD45+ cells is illustrated in figure 7.6A. (A) hCD45+ count in the PB pre and at anticipated peak level post AMD3100 doses (or injection of vehicle only in control mice). (B) Comparison of baseline and post-dose hCD45+ levels demonstrates significantly lower hCD45+ cell mobilisation following 2nd dose of AMD3100 in comparison to 1st dose (mean +/- SD). 
Abbreviations: CBC: complete blood count, G-CSF: Granulocyte colony-stimulating factor, hCD45: human cluster of differentiation 45, HSPCs: haematopoietic stem and progenitor cells, ns: statistically not significant (p>0.05 using paired t-test), PB: peripheral blood, PBSCs: peripheral blood stem cells. 


7.4.2.6 Mouse experiment #2: reduction in CD34+ HSPC mobilisation on repeated AMD3100 dosing
CD34+ cell response to the 1st dose of AMD3100 reached 25.15 x 106/l +/- 23.33 x 106/l, whereas with the 2nd dose peak level was significantly lower at only 3.19 x 106/l +/- 4.04 x 106/l (n=7, p=0.0225, mean +/- SD) (Fig 7.11A-B).

[image: ][bookmark: _Hlk91320385]Figure 7.11: Reduced CD34+ HSPC mobilisation with repeat dosing of AMD3100 in the humanised mouse model (study 2)
A 2nd cohort of immunodeficient mice were humanised by injection of G-CSF-mobilised PBSCs. Following engraftment, they received 1st and 2nd injections AMD3100 (or vehicle only in control mice) 3-4 weeks apart. PB was drawn pre and post each dose in order to assess the efficacy of human HSPC mobilisation by CBC combined with flow cytometry. Flow cytometric gating strategy used to define human CD45+ cells is illustrated in figure 7.6A.  (A) CD34+ count in the PB pre and at anticipated peak level post AMD3100 doses (or injection of vehicle only in control mice). (B) Comparison of baseline and post-dose CD34+ levels demonstrates significantly lower CD34+ cell mobilisation following 2nd dose of AMD3100 in comparison to 1st dose (mean +/- SD). 
Abbreviations: CBC: complete blood count, CD: cluster of differentiation, G-CSF: Granulocyte colony-stimulating factor, HSPCs: haematopoietic stem and progenitor cells, ns: statistically not significant (p>0.05 using paired t-test), PB: peripheral blood, PBSCs: peripheral blood stem cells. 


7.4.3 AMD3100 reverses the CXCL12 gradient across the BM in the humanised mouse model with equivalent efficacy after 1st and 2nd doses (study 2)
Repeated administration of AMD3100 results in decreased mobilisation of human cells in the humanised mouse model. This was demonstrated reliably in mouse cohort #1, and similar results were obtained from the 2nd cohort (although must be interpretated with some caution in the 2nd cohort given the fall in human chimerism during that experiment). 
One mechanism by which AMD3100 appears to exert its mobilisation effect on HSPCs is via reversal of the CXCL12 gradient across the BM niche.12 It has been suggested that this results in HSPCs being drawn out into the peripheral circulation, by increased concentration of this cytokine in the blood. It was therefore hypothesised that the observed loss of ADM3100 efficacy in both NHPs and humanised mice may be related to a loss of this CXCL12 gradient reversal.   
Plasma samples pre and post dosing from the 1st mouse cohort were analysed for CXCL12 concentration, using an ELISA assay, in order to investigate whether the change in PB CXCL12 concentration would be blunted with 2nd dose AMD3100, in comparison to 1st dose. Samples had been frozen at -80oC and were all processed simultaneously, in order to avoid the introduction of any additional variables.
With 1st AMD3100 dose, mean plasma CXCL12 concentration rose from 0.57 ng/ml +/- 0.26 ng/ml to 1.75 ng/ml +/- 0.56 ng/ml (n=8). With a 2nd dose the figures were very similar: concentration increased from 0.56 ng/ml +/- 0.20 ng/ml to 1.76 ng/ml +/- 1.08 ng/ml (n=6) (mean +/- SD) (Fig 7.12A-B). There was no significant difference between post-dose CXCL12 concentration following 1st and 2nd AMD3100 administration episodes (p>0.05). 
Originally, further CXCL12 plasma testing was planned, to include the 2nd dose samples from the remaining 2 mice, and pre and post samples from the 3rd dose. However, since the results from 1st and 2nd doses had already been demonstrated to be very similar, additional experiments were not considered a necessary use of resources.
[bookmark: _Hlk91320416]Figure 7.12: Plasma CXCL12 levels in the humanised mouse model increase to similar levels after 1st or 2nd AMD3100 doses (study 2)
Immunodeficient mice were humanised by injection of G-CSF-mobilised PBSCs. Following engraftment, they received 1st injections of either AMD3100 or vehicle only and 2nd injections of AMD3100, 3-4 weeks apart. CXCL12 concentration within plasma, extracted from PB drawn pre and post doses, was analysed by ELISA assay. (A) Plasma CXCL12 level increased following each dose of AMD3100 in most mice, whereas this effect was not observed following injection of vehicle only. (B) The increased plasma CXCL12 level following AMD3100 dosing was almost identical following 1st and 2nd doses (mean +/- SD).
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, ELISA: enzyme-linked immunosorbent assay, G-CSF: Granulocyte colony-stimulating factor, ns: statistically not significant (p>0.05 using paired t-test), PB: peripheral blood, PBSCs: peripheral blood stem cells. 
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7.4.4 Cell migration assays with NHP HSPCs
7.4.4.1 Cell migration experiment #1: pilot cell migration assay to optimise methodology using untreated NHP HSPCs
One hypothesis suggested for the failure of remobilisation with repeated AMD3100 dosing was that HSPCs mobilised by AMD3100 lost their sensitivity to CXCL12 chemotaxis and were therefore unable to home back to the BM from the peripheral circulation. As a result, it was suggested that they were not, therefore, available for re-mobilisation in response to subsequent AMD3100 administration. Therefore, in vitro cell migration experiments were set up to investigate this hypothesis. These were based on the use of TranswellTM plates, in which cell suspension is added to the top well and the constituents of media in the bottom well can be varied. Cell migration is assessed by counting the number or proportion of cells which have migrated through the porous membrane from the top to bottom well, which is taken as an indicator of the level of chemotaxis exerted by the bottom well solution, as well as the activity levels of cells in the top well. 
A pilot cell migration assay was first set up in order to optimise the methodology using NHP HSPCs, comparing HSPC migration with and without CXCL12 chemotaxis. On D0, bottom wells on the Transwell plate were set up with either SFEM II or this media with added CXCL12 (400 ng/ml). A total of 3.2x105 NHP BM-derived HSPCs suspended in SFEM II were then added to each top well. Each condition was set up in duplicate (there were considered inadequate cells for triplicate testing).
Cell counts in top and bottom wells were initially assessed on D2, in one set of wells from each condition (Fig 7.13A). This was carried out by harvesting all cells from both wells using PBS but avoiding washing the membrane itself, spinning the cell solution down and reconstituting in 500 µL PBS. However, this yielded surprisingly low total live cell counts. The ratios of bottom : top cell counts were therefore considered likely to be unreliable and an alternative method of cell counting by direct sampling was instituted for future counting within this and subsequent experiments. On D3, the second set of wells for each condition underwent cell counting with total (i.e. top + bottom) live cell counts being more in keeping with the number of cells introduced into the experiment, and similar between conditions (Fig 7.13B).
[bookmark: _Hlk91320485]Figure 7.13: Pilot cell migration assay using NHP BM-derived HPSCs to determine the optimum cell counting method
NHP HSPCs were introduced into the top wells of Transwell plates in order to investigate their mobilisation into the bottom wells. Bottom wells contained either standard media or media plus CXCL12 (400 ng/ml). (A) Cells in top and bottom wells were counted 2 days after experimental set up by harvesting contents of each well, and resuspending in standardised volumes of PBS. This method resulted in artificially low total live cell counts. (B) An alternative counting strategy of direct sampling from each well after gentle mixing, with immediate counting of cell solution, was employed in duplicate wells, with counts more closely resembling the cell counts at the beginning of the experiment.
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, HSPCs: haematopoietic stem and progenitor cells, NHP: non-human primate, SFEM II: serum-free expansion medium II.
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As expected, there was greater cell migration from top to bottom well where CXCL12 had been added to the bottom well media (Fig 7.14). Although this was only an n=1 for each condition (as the duplicate sets of wells were used in the less accurate counting method). Despite this, the pilot experiment was considered adequate to validate most aspects of methodology. However, since only a very small proportion of cells migrated through the membrane to the bottom well, for future experiments, Transwell plates with larger diameter pores were used, in order to improve ease of HSPC migration. 
[bookmark: _Hlk91320599]Figure 7.14: Pilot cell migration assay using untreated NHP HSPCs: greater migration towards media containing CXCL12 than standard media
NHP HSPCs were introduced into the top wells of Transwell plates in order to investigate their mobilisation into the bottom wells. Bottom wells contained either standard media or media plus CXCL12 (400 ng/ml). Cells in top and bottom wells were counted 3 days after experimental set up, demonstrating greater cell migration into media with added CXCL12 in comparison to standard media only (n=1).
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, HSPCs: haematopoietic stem and progenitor cells, NHP: non-human primate, SFEM II: serum-free expansion medium II.
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7.4.4.2 Cell migration assay using untreated vs AMD3100-treated NHP HSPCs
[bookmark: OLE_LINK4]Following the initial pilot experiment carried out to validate methodology, this experiment was repeated using NHP cells with or without pre-exposure to AMD3100, in order to investigate whether the chemoattractant property of added CXCL12 would be blunted or lost entirely due to CXCR4 blockade by AMD3100. High and low concentration AMD3100 exposure (100ug/1x106 cells and 10ug/1x106 cells) and also high and low CXCL12 levels (400ng/ml and 200ng/ml) were introduced, in order to investigate whether there would be a dose-related effect of AMD3100 pre-treatment and, if so, whether this would be overcome by higher CXCL12 concentration in the media. 
Only a small number of cells were available for this experiment, since it was carried out with residual HSPCs surplus to the requirements of a larger experiment. Therefore, no technical replicates were introduced into this experiment and results must be interpreted with caution.
The number of cells available for each condition was 4.0x105. Top and bottom wells were counted 24 hours after experimental set-up. Total (i.e. top + bottom wells) live cell count did not indicate any particular cytotoxicity of any one condition in comparison to untreated cells in SFEM II only (Fig 7.15). On the contrary, looking at the SFEM II-only arm, live cell count was actually greater following high dose AMD3100 and very similar with low dose AMD3100 in comparison to untreated cells. Similarly, for both untreated and AMD3100 low dose cells, total live cell count was similar between SFEM II and low dose CXCL12 arm and even greater in the CXCL12 high dose arm. In the AMD3100 high dose arm, cell counts were lower in both CXCL12 arms than the SFEM II only arm. However, they remained more in keeping with counts in other arms and the high live cell count in the AMD3100 high dose / SFEM II only arm was more anomalous.
[image: ][bookmark: _Hlk91320694]Figure 7.15: Live cell counts in NHP HSPC migration assay, comparing untreated cells to those pre-treated with AMD3100
NHP HSPCs were introduced into the top wells of Transwell plates in order to investigate their mobilisation into the bottom wells. Cells were either untreated, or had undergone a period of incubation in high (100 μg/million cells) or low (10 μg/million cells) dose AMD3100. Bottom wells contained either standard media or media plus CXCL12 at high (400 ng/ml) or low (200 ng/ml) concentration. Live cell counts in top and bottom wells were counted 24 hours after experimental set up and their sum reported as total live cell count (n=1).
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, HSPCs: haematopoietic stem and progenitor cells, NHP: non-human primate, SFEM II: serum-free expansion medium II.


Looking at untreated cells first, cell migration was higher in both CXCL12 arms than where SFEM II only was added to the bottom well, as would be expected (Fig 7.16). The observed ratio of bottom : top well live cell count was greater with low dose than high dose CXCL12. Where  cells had been pre-treated with low dose AMD3100, migration remained higher with high dose CXCL12 than SFEM II only, but was lowest in the low dose CXCL12 arm. With high dose AMD3100 pre-treatment, migration was highest with SFEM II only and similar in both CXCL12 arms. 
[bookmark: _Hlk91320766]Figure 7.16: Cell migration in NHP HSPC migration assay, comparing untreated cells to those pre-treated with AMD3100
NHP HSPCs were introduced into the top wells of Transwell plates in order to investigate their mobilisation into the bottom wells. Cells were either untreated or had undergone a period of incubation in high (100 μg/million cells) or low (10 μg/million cells) dose AMD3100. Bottom wells contained either standard media or media plus CXCL12 at high (400 ng/ml) or low (200 ng/ml) concentration. The ratio of live cell counts in bottom well : top well was taken as a measure of cell migration.
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, HSPCs: haematopoietic stem and progenitor cells, NHP: non-human primate, SFEM II: serum-free expansion medium II.
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Given the small cell numbers and lack of replicates, this experiment provided a degree of reassurance regarding a lack of immediate cytotoxicity of any treatment arm (since there were 3 reactions each in total treated with low and high dose AMD3100 and low and high dose CXCL12), but repeats would be required before any conclusions could be drawn regarding cell migration. Repeat experiments had initially been planned, however by this point a lack of HSPC remobilisation with AMD3100 had also been demonstrated in humanised mice. Since the consequences of remobilisation failure with human HSPCs were considered of primary importance, given the potential clinical significance, further experiments moved on to using human HSPCs as the cell source.
7.4.4.3 Cell migration assay using untreated vs AMD3100-treated human HSPCs
The cell migration experiment in section 7.4.4.2 was repeated using human G-CSF mobilised PB-derived CD34+-enriched HSPCs. Untreated cells were compared to low (10 μg/1x106 cells) and high dose (100 μg/1x106 cells) AMD3100 pre-treated HSPCs, and both a SFEM II control and SFEM II + CXCL12 arms included. 
In the first experiment, due to a low number of available cells, only one CXCL12 concentration was investigated, and high dose (400 ng/ml) was selected. Cell number available for each condition combination was 1.0x105. Due to low cell numbers technical replicates were not possible. Therefore, results were interpreted with caution. This experiment was repeated using the same type of human HSPCs from a different donor, with each condition combination was set up in triplicate. The only change in experimental conditions for this second experiment was that a lower dose of CXCL12 was selected in order to more closely replicate physiological conditions. Cell number allocated to each well was 1.5x105 and wells were counted 24 hours after experimental set up.
In the first experiment, total live cell counts for both SFEM II only and CXCL12 arms were higher after cells had been pre-treated with AMD3100 in comparison to untreated cells, whether AMD3100 dose was low or high (Fig 7.17A). In the second experiment, mean total live cell counts were not significantly different between condition combinations although trended towards being greater after low or high dose AMD3100 than for untreated cells (Fig 7.17B). Whether or not CXCL12 was added to the SFEM II in the bottom well did not make any consistent difference to cell counts. 
[bookmark: _Hlk91320838]Figure 7.17: Total live cell counts in human HSPC migration assays comparing untreated and AMD3100 pre-treated cells
Human HSPCs were introduced into the top wells of Transwell plates in order to investigate their mobilisation into the bottom wells. Cells were either untreated or had undergone a period of incubation in high (100ug/million cells) or low (10ug/million cells) dose AMD3100. Bottom wells contained either standard media or media plus CXCL12, at 400 ng/ml in experiment 1 (n=1) (A) or 200ng/ml in experiment 2 (n=3) (B). Live cell counts in top and bottom wells were counted 24 hours after experimental set up and their sum reported as total live cell count. Mean +/- SD is shown for experiment 2.
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, HSPCs: haematopoietic stem and progenitor cells, SFEM II: serum-free expansion medium II.
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On examination of cell migration in the first experiment (i.e. bottom : top well ratio), this appeared to be lower in the CXCL12 arm in comparison to SFEM II only control, whether cells were untreated or had been subjected to low or high dose AMD3100 pre-treatment (Fig 7.18A). Migration overall was lowest after AMD3100 low dose treatment and highest after AMD3100 high dose treatment, with migration ratio of untreated cells falling between those observed for the AMD3100 arms. 
In the second experiment, on examination of bottom : top well ratios, average migration of untreated cells was unexpectedly non-significantly lower in the CXCL12 arm compared to SFEM II only control, at 0.23 +/- 0.05 and 0.28 +/- 0.18 respectively (mean +/- SD) (Fig 7.18B). The reason for this unexpected observation was unclear, although given the small cell numbers and high SD, likely relates to the high variance rather than a genuine decrease in migration in response to CXCL12 addition. This suggests that the experiment has poor power to detect genuine differences rather than that results are actually inaccurate. Given these factors, other results are considered with caution. Where cells had been pre-treated with low dose AMD3100, migration ratio was non-significantly greater where CXCL12 was added to SFEM II in the lower well, than with SFEM II alone: 0.26 +/- 0.15 and 0.16 +/- 0.13 respectively; and a similar pattern was observed following high-dose AMD3100, although the difference between arms was smaller: 0.31 +/- 0.16 with CXCL12 and 0.26 +/- 0.06 with SFEM II only (n=3 for all, mean +/- SD). Overall, mean cell migration towards CXCL12 actually trended towards being greater after AMD3100 exposure than in untreated cells.

[image: ][bookmark: _Hlk91320928]Figure 7.18: Cell migration in human HSPC migration assays comparing untreated and AMD3100 pre-treated cells
Human HSPCs were introduced into the top wells of Transwell plates in order to investigate their mobilisation into the bottom wells. Cells were either untreated or had undergone a period of incubation in high (100 μg/million cells) or low (10 μg/million cells) dose AMD3100. Bottom wells contained either standard media or media plus CXCL12, at 400 ng/ml in experiment 1 (n=1) (A) or 200 ng/ml in experiment 2 (n=3) (B). The ratio of live cell counts in bottom well : top well was taken as a measure of cell migration. Mean +/- SD is shown for experiment 2.
Abbreviations: CXCL12: C-X-C motif chemokine ligand 12, HSPCs: haematopoietic stem and progenitor cells, SFEM II: serum-free expansion medium II.


Further repeats would be desirable in order to investigate whether these findings would be replicated, in particular given that there was no increased cell migration to CXCL12 in the untreated cell arms. A greater number of HSPCs available would also be expected to improve both precision and accuracy. A large number of repeats was anticipated to be required in order for genuine differences to reach statistical significance (most p values in this experiment were >0.4). However, due to a lack of available HSPCs and other resources, and prioritisation of other experiments, further repeats have not been carried out up to this point in time.
7.4.4.4 Both high and low dose AMD3100 block most CXCR4 receptor sites in NHP or human HSPCs
In the cell migration experiments reported here, AMD3100 incubation did not appear to inhibit HSPC migration towards CXCL12. Further investigation was therefore undertaken to examine the efficacy of CXCR4 blockade by both doses of AMD3100 used in these experiments. The hypothesis being investigated by the cell migration studies was that HSPCs would lose their sensitivity to the chemotactic effects of CXCL12 after AMD3100 exposure, due to inability of CXCL12 to bind to its receptor CXCR4, to which AMD3100 had already bound. Results thus far were not supportive of this hypothesis. Therefore, it was important to establish that the administered AMD3100 had effectively bound CXCR4 in these reactions.
In NHP cells, there was almost complete blockade of CXCR4 receptors with either high or low dose AMD3100, particularly 3 hours after incubation with AMD3100 was commenced (Fig 7.19A-B). This effect was reduced by the following day. Examination of MFI revealed a similar pattern (Fig 7.19C). Similarly, in human HSPCs there was again high level of CXCR4 blockade with both low and high dose AMD3100 (Fig 7.20).

[image: ][bookmark: _Hlk91321110]Figure 7.19: CXCR4 blockade by high and low dose AMD3100 in NHP HSPCs
NHP HSPCs were incubated with high (100 μg/million cells) or low (10 μg/million cells) concentration AMD3100, or left untreated. Flow cytometric assessment was undertaken to quantify the proportion of MNCs which were still positive for CXCR4, as well as the associated MFI. Time points for assessment were D0 (time of HSPC addition to Transwell plate assay, 1 hour after AMD3100 incubation commenced), D0 + 2 hrs (3 hours after start of AMD3100 incubation) and D1 (the following day). MNCs were first gated on forward and side scatter, and pCD45+ cells selected for analysis. Within this population, CXCR4+ cells were quantified and MFI assessed. (A) An example of the flow frequency plot is illustrated. (B) The percentage of CXCR4+ cells is similarly reduced in cells treated by either high or low dose AMD3100. (C) CXCR4+ MFI is also similarly and almost completely reduced in cells treated with high or low dose AMD3100.
Abbreviations: CXCR4: C-X-C chemokine receptor type 4, hrs: hours, HSPCs: haematopoietic stem and progenitor cells, MFI: mean fluorescence intensity, MNC: mononuclear cell, NHP: non-human primate, pCD45: NHP CD45.


[image: ][bookmark: _Hlk91321181]Figure 7.20: CXCR4 blockade by high and low dose AMD3100 in Human HSPCs
Human HSPCs were incubated with high (100 μg/million cells) or low (10 μg/million cells) concentration AMD3100, or left untreated. Flow cytometric assessment was undertaken to quantify the proportion of MNCs which were still positive for CXCR4. Time point illustrated is D0 (time of HSPC addition to Transwell plate assay). MNCs were first gated on forward and side scatter, and CD45+ cells selected for analysis. Within this population, CXCR4+ cells were quantified.
Abbreviations: CD: cluster of differentiation, CXCR4: C-X-C chemokine receptor type 4, D0: day 0, HSPCs: haematopoietic stem and progenitor cells, MNC: mononuclear cell.


7.5 Discussion
This chapter describes work arising from the overarching goal of carrying out a PBSC genome edited autologous HSCT in the NHP preclinical model, as a final translational step prior to clinical application. This was primarily planned to involve the single HBG-113 CRISPR/Cas9 genome editing strategy, which had already proved successful with a BM-derived stem cell source.280 A modified process involving AMD3100 mobilisation and a PBSC transplant would bring the preclinical protocol into closer alignment with gold standard treatment in the clinic for patients with sickle cell disease, for whom this was anticipated to offer a potentially curative therapeutic option. The dual editing approach targeting both HBG-113 and BCL11A-ee was being investigated concurrently in in vitro and mouse experiments, and had these resulted in improved HbF reactivation without the development of chromosomal translocations, this approach would also have been tested in the NHP prior to recommendations for clinical trials.
The initial work described involved the development of a safe and functional apheresis protocol in order to collect mobilised HSPCs in NHPs. This work is described fully in Appendix 1. To summarise very briefly, these modifications included a switch from intermittent to continuous MNC collection, alteration of tubing set size, and optimisation of periprocedural anticoagulation. Following this work, successful apheresis of the rhesus macaque population was demonstrated. Unfortunately this did not progress to the PBSC-based genome edited HSCT as originally planned, since by this point in time the BCL11A-ee target was already being trialled in the clinic with promising early results.363; 364 It was not considered likely that the HBG-113 single editing approach would progress to clinical translation, and by this point the dual editing approach had been demonstrated to result in chromosomal translocation events, raising safety concerns which precluded further development.
During the course of this work, AMD3100 was used as the mobilisation agent of choice, given its demonstrated safety and efficacy in the sickle cell population. It was noted that NHPs who had mobilised efficiently with a 1st dose of AMD3100 failed to remobilise HSPCs successfully upon subsequent administration of this drug. The kinetics of CD34+ HSPC mobilisation with 1st dose AMD3100 were similar to those reported by other groups,358 but HSPC response was repeatedly lower with subsequent AMD3100 doses. While there was only a non-significant reduction in total MNC mobilisation, the responses of CD34+ HSPCs and the subpopulation of CD90+ cells, enriched for longer-term repopulating HSCs, were both significantly reduced with subsequent dosing episodes. 
In order to investigate whether a similar loss of HSPC mobilisation would be observed with human HSPCs upon repeated AMD3100 dosing, further experiments were designed using the human mouse model. Once again, a reduced response to subsequent AMD3100 doses in comparison to 1st dose was documented in hCD45+ (i.e. total WBC) response, and even more importantly, CD34+ HSPC mobilisation. Human chimerism was stable from 1st to 3rd dosing episodes, supporting the conclusion that a genuine loss of response to AMD3100 was the cause for these observations. Similar results were obtained with a 2nd mouse cohort, although in this case human engraftment over the course of the experiment was not stable therefore this in itself may explain at least part of the loss of mobilisation response.  
Various explanations for this loss of AMD3100 efficacy with repeated dosing were considered. One mechanism by which AMD3100 is proposed to effect mobilisation is via a reversal of the CXCL12 gradient across the BM niche. Therefore the first hypothesis considered was that this change in CXCL12 gradient does not occur as effectively with 2nd AMD3100 doses as with the 1st administration. To investigate this, an ELISA assay was used to quantify the concentration of CXCL12 in the plasma of the 1st humanised mouse cohort, after 1st and 2nd AMD3100 dosing episodes. No significant difference in the increased CXCL12 plasma levels was observed between doses. Although this experiment was limited by the lack of any analysis of BM CXCL12 levels (since this would have required euthanasia and necropsy), this strongly suggests that the loss of AMD3100 efficacy is not due to a loss of its effect on CXCL12 gradient between BM and plasma. 
A further hypothesis considered was that loss of AMD3100 efficacy was due to loss of HSPC sensitivity to the chemoattractant properties of CXCL12, due to CXCR4 blockade by theAMD3100 molecules. It was suggested that this prevented the HSPCs mobilised during a 1st AMD3100 dosing episode from rehoming back into the BM and being available for subsequent mobilisation. This hypothesis was suggested by more than one experienced and well-published clinical transplant professional. The logic of this hypothesis is considered reasonably weak, since HSPCs mobilised by AMD3100 in the clinic are subsequently transplanted back into patients or other recipients in autologous or allogeneic stem cell transplants, with resultant repopulation of the BM by these same cells. This suggests that BM rehoming ability is not significantly impaired by AMD3100 exposure. Also, this would be contradictory to the hypothesis that AMD3100’s mechanism of action at least partly relies on increased plasma CXCL12 levels drawing HSPCs out of the BM. However, given that this explanation was proposed for our findings by multiple sources, investigation was considered reasonable. 
Next, in vitro cell migration experiments were designed in order to assess whether human or NHP HSPCs would lose their propensity to migrate towards CXCL12 after exposure to AMD3100. Although the number of experiments, and within those the number of cells per condition and number of replicates (particularly with NHP cells), was low, the results do not support this hypothesis. The majority of experiments demonstrated equivalent or possibly even improved cell migration after AMD3100 exposure in comparison to untreated cells. Again, given low numbers of replicates with high SD, any conclusions must be guarded, but these data mitigate to at least a degree against the hypothesis that AMD3100 exposure reduces CXCL12 attractivity. 
A further interesting observation which arose from the experiments involving human HSPCs, was that total live cell counts trended to be higher in the AMD3100-treated arms than untreated cells. It was hypothesised that this may related to stimulation of active cell cycling associated with AMD3100 exposure, via intracellular signalling pathways activated by AMD3100 binding to the CXCR4 receptor.316; 317 Cell cycle experiments carried out to investigated this hypothesis were described in Chapter 3 (sections 3.2 – 3.5).
Alongside the lack of repeats of – and within – these experiments, a further limitation is the PB rather than BM source of human HSPCs. As the hypothesis related to the behaviour of BM-derived HSPCs, it is possible that they may represent a different population, or that their behaviour may be different, to HSPCs which have already been mobilised out into the PB by G-CSF. However, human BM-derived HSPCs were not available and therefore PB-derived HSPCs considered the best available surrogate.
Other limitations of the experiments described include a lack of baseline CD34+ and CD90+ counts prior to 1st AMD3100 administration in some of the NHP subjects, who received this dose before the phenomenon of remobilisation failure was recognised and in whom this had not been felt necessary. There was no reason to suspect that their baseline values for circulating HSPCs would be different to those reported in other animals, although inclusion of this data would have made for a more complete dataset. In the NHP experiments there were a limited number of blood draw timepoints and within the mice only a single post-dose PB sample was taken to assess mobilisation. This was for reasons related to animal health and welfare, but it is possible that peak HSPC mobilisation was not captured. For example, repeated AMD3100 dosing may have resulted in an earlier mobilisation peak in the mice which was missed by the standardised timing of the blood draw. The limited number of blood draws also precluded calculation of area under the curve for HSPC mobilisation which would have been a better measure of the adequacy of mobilisation than simply a peak (or expected peak) level. Finally, the CXCL12 ELISA assay was only applied to humanised mice and not to NHP plasma, which would have provided interesting additional information. 
Other hypotheses which have not yet been investigated include the development of an immune response to AMD3100 following 1st dose, resulting in inactivation of subsequently administered doses, or that those HSPCs which were mobilised from the BM in the 1st mobilisation episode are less sensitive to the effects of future AMD3100 doses, although the cause for this is not clear. 
Loss of AMD3100 response of human HSPCs has serious consequences. Preclinical testing of in vivo HSPC transduction or transfection in human mice may require multiple mobilisation episodes in order to achieve sufficient HSPC exposure to the modifying agent.365; 366 Even more importantly, in the clinic, patients often require repeated HSPC mobilisation if sufficient PB HSPCs are to be collected in order to facilitate standard HSCT.282 It is anticipated that 1/3 patients undergoing ex vivo lentiviral gene additional therapy for sickle cell disease will require more than 1 mobilisation episode for the collection of adequate HSPCs. 331 If AMD3100 cannot be used to effectively mobilise HSPCs on more than 1 occasion, serious consideration regarding the delivery of such treatments to patients with sickle cell disease must be given. 



8.0
Chapter 8:
Discussion


8.1 Thesis findings: sequential dual CRISPR/Cas9 genome editing targeting the BCL11A/HBG pathway results in optimised HbF reinduction but the consistent development of t(2;11) chromosomal translocations which persist in vivo 
Sickle cell disease and β thalassaemia are severe, inherited blood disorders caused by abnormality and lack of HbA, respectively. Both conditions are rendered less harmful if circulating levels of an alternative haemoglobin, HbF, can be increased. One way to achieve this is to disrupt particular areas of the genome responsible for suppressing HbF production after early infancy. Previously published work has already established both HBG-113 and BCL11A-ee as effective targets for disruption by genome editing, resulting in significant HbF reinduction. The safety of both these individual targets is supported by the absence of off-target mutations and lack of any impairment to engraftment, lineage differentiation or erythroid maturation.268; 269; 346 However, in the case of each locus being targeted individually, induced HbF levels have not reliably reached levels expected to confer substantial therapeutic benefit.263; 268; 269; 280; 341; 346; 367 This thesis investigated the hypothesis that by targeting both loci in the same haematopoietic stem cells, HbF reinduction potential would be increased.
In vitro and in vivo experiments were conducted to investigate the hypothesis that dual editing strategies targeting both loci in the same HSPC population would result in improved HbF reinduction without compromising HSPC viability, engraftment or lineage differentiation potential. The risk that inducing dsDNA breaks in 2 chromosomes within the same cell would result in the development of chromosomal translocations was also considered, and analyses were designed to detect and then quantify such events.
Enhanced HbF reinduction was demonstrated following the application of a double editing strategy in which both the BCL11A-ee and HBG-113 regions were targeted sequentially by CRISPR/Cas9 editing. This is consistent with an increase in the sum of total editing events occurring where this strategy is applied. Interestingly, this improvement in HbF levels was not observed where simultaneous targeting of both loci was employed, despite a modest improvement in the sum of editing efficiencies in those reactions. It is hypothesised that this is due to a reduction in the formation of indels of certain sizes, which are particularly effective at disrupting the transcription factor binding sites, and which are reliant on the MMEJ pathway for their formation, where dual editing takes place simultaneously. This would be because, where double editing is applied simultaneously, there is competition for the limited MMEJ machinery within the nucleus of each edited cell. MMEJ is already known to be active in the formation of the 13nt deletion at the HBG-113 locus, as well as the 13nt and 15nt deletions in the BCL11A-ee, all demonstrated here to be reduced in the simultaneously dual edited reactions, in comparison to single edited or sequentially dual edited reactions. These larger deletions may contribute disproportionately to the disruption of the BCL11A/HBG axis and therefore reinduction of HbF. This hypothesis also explains the observation that total HBG-113 editing is greater in sequentially than simultaneously double edited reactions, whereas total BCL11A-ee editing is very similar between these arms, since the MMEJ-dependent 13nt deletion normally comprises a much greater proportion of the total HBG-113 editing than known MMEJ-dependent indels do in the case of BCL11A-ee editing.
One further hypothesis was considered to explain the higher rates of MMEJ-associated indels at HBG-113 following sequential rather than simultaneous dual editing. This theory was that, in the sequential dual editing arm, the editing procedure (and particularly the electroporation episode) on D0 resulted in a higher proportion of HSPCs having entered more active phases of the cell cycle by D+1. It has previously been recognised that HDR repair pathways are more active in cycling HSCs in comparison to quiescent HSCs.344 It was hypothesised that MMEJ repair pathways would also be more active in cycling rather than quiescent cells, and the electroporation encouraged more HSPCs to enter the active phases of the cell cycling, so that by the time of the second editing episode on D+1, a greater activity of the MMEJ pathway would result in higher levels of the 13nt deletion being observed. Additional experiments were conducted to investigate this hypothesis, whereby cell cycling activity was compared between pre-electroporated cells in comparison to untreated controls. Whilst the number of repeats was low, early results did not support this hypothesis. It is considered most likely, therefore, that the lower incidence of 13nt deletions in the simultaneously dual edited reaction relates primarily to saturation of the MMEJ pathway where 2 loci are edited simultaneously within the same cell.
A non-significant trend towards higher HbF levels was found where HBG-113 was targeted for single editing above that noted with single BCL11A-ee editing. This was despite almost identical mean editing efficiencies at these two loci. This finding is consistent with recently published data which also found greater γ-globin mRNA transcription, higher HbF percentage of total haemoglobin, and greater percentage of HbF-positive cells by flow cytometry, with editing at HBG-113 in comparison to BCL11A-ee.367 It is hypothesised that this finding is due to the particular indel types formed at these loci, which in the case of HBG-113, more effectively disrupt the transcription factor binding site than the indels at BCL11A-ee manage to with their respective target, in erythroid precursors. This hypothesis is supported by the report from Wu et al of significant levels of residual BCL11A expression even with high levels of editing efficiency at BCL11A-ee.269 An alternative reason for our observation may be related to the binding of other transcription factors at a similar site within HBG-113, such as ZBTB7A.19; 21 Removing the transcription factor binding site within HBG-113 blocks downregulation by all such proteins, whereas reducing BCL11A production modulates only one of a number of effectors.
The detailed analysis of single erythroid colonies provides granular data on the frequency of a wide spectrum of indel types following CRISPR/Cas9 editing at the two targeted loci, and the associations between single or double editing levels and HbF reinduction. The indel pattern after HBG-113 editing is similar to that reported in previous studies, with at least 2 other studies each reporting that in addition to the well-recognised 13nt deletion, other longer deletion lengths of 11 and 18 nucleotides occur at higher frequency than would be expected due to NHEJ alone.268; 341; 346 Given the consistency of these observations, it is highly likely that the formation of these two particular nucleotide deletion lengths is also related to the MMEJ pathway. The indel patterns observed at BCL11A-ee are also similar to previous reports, in which 13 and 15nt deletions were particularly prevalent, consistent with MMEJ pathway activity. 263; 269
Analysis of clonal erythroid colonies allowed the additional boost given to HbF reinduction by HBG-113 disruption, even where biallelic BCL11A-ee editing was already present, to be clearly documented. This is likely due to a combination of incomplete knockdown of BCL11A production even with editing at both BCL11A-ee alleles, alongside the existence of additional γ globin-repressor transcription factors which continue to bind to HBG-113 unless this site is also disturbed. Within clones edited at one locus only, HbF percentage remained highly variable between cells with similar levels of editing. This is consistent with the hypothesis that the efficacy of transcription factor binding site disruption depends on the particular type of indel formed. For example, it has previously been demonstrated that a single nucleotide insertion at HBG-113 may allow the core CCAAT box to be preserved and therefore was not associated with HbF reinduction.268
Dual editing did not negatively impact engraftment, lineage differentiation of proliferation following transplantation into immunodeficient mice, and editing levels stabilised over time in vivo. Optimal persistence of edited HSPCs post-transplant was observed in mice transplanted with sequentially dual edited cells, suggesting that at least medium-term repopulating HSPCs were edited most efficiently with this approach. However, despite the improvement in editing efficiency and HbF levels conferred by the sequential double editing approach , this strategy cannot be recommended for clinical translation. This is due to the finding that multiplex editing consistently resulted in the generation of chromosomal translocation events, which persisted in vivo. In vitro, translocations were most frequent where both loci had been targeted simultaneously. However, following transplantation into immunodeficient mice, translocations were found in cells arising from HSPCs in both the sequential and simultaneous double-editing arms, being in fact most frequent in the case of the former. This suggests that translocations were being harboured by longer-term repopulating HSPCs in the case of sequential double editing, and is again consistent with these particular cells being targeted most efficiently with the sequential dual editing approach. 
Previously published studies have reported the application of multiplex genome editing to haematopoietic cells in a multitude of scenarios. This approach is already being applied in a number of clinical trials and considered for many more. These include the production of CAR-T cells with optimised potency for the treatment of refractory malignancy, and to overcome the obstacles of immune incompatibility in haematopoietic lineages.299; 300; 368; 369 However, where chromosomal translocations have been sought following multiplex editing in these studies, their presence has usually been confirmed.299; 369
It is well recognised that chromosomal translocations often serve as precursor events to malignant, clonal transformations where they occur in vivo. This property of multiplex genome editing has even been harnessed specifically for the production of cancer-relevant translocations such as those characteristic of MLL-rearranged leukaemia, anaplastic large cell lymphoma or Ewing sarcoma, providing evidence that the risk of malignant transformation with multiplex editing approaches is more than just hypothetical.298; 339 
It is appreciated that in some scenarios where multiplex editing is already being applied, such as the production of CAR-T cells directed towards aggressive tumours refractory to all other available therapy, the potential risk of future leukemogenesis resulting from the generated chromosomal rearrangements in haematopoietic cells may be outweighed by the urgent need to control a more immediately life-threatening malignancy.299; 300; 369 However, where multiplex genome editing is considered for the treatment of non-malignant conditions such as the haemoglobinopathies, such an inherent future risk of iatrogenic oncogenesis may well outweigh any potential benefit.
It should be noted that the generation of chromosomal translocation is not exclusively the preserve of multiplex editing. Large deletions, inversions and other rearrangements are known to occur with single target editing of HBG-113 due to simultaneous editing at the promoter regions of both HBG1 and HBG2.341; 346 Translocations may also be found in cells undergoing genome editing with other single targets, due to simultaneous on- and off-target double-stranded DNA breaks. However, this risk may be abrogated and possibly entirely eliminated by the use of higher-fidelity editing systems.370; 371 In contrast, the relatively high frequency of chromosomal rearrangement events demonstrated to occur by the active targeting of multiple domains in a multiplex editing strategy must be considered a significant drawback to this approach.
It is noted that there have recently been reports of significantly higher HbF reinduction with single target editing, such as with the use of chemically modified sgRNAs.341 However, the results of single erythroid colony analysis in our experiments demonstrated an additional benefit to disrupting a second genomic target even where efficiency of editing at the first has been optimised. This is likely due to incomplete disruption of the relevant locus with certain indel types generated, or in the case of the HBG/BCL11A axis specifically, may reflect the complexity of this system, with multiple transcription factors involved in the physiological switch from foetal to adult haemoglobin production.
No firm conclusion could be drawn from these results as to the superiority of one single editing target above the other. Whilst  a trend towards higher HbF reinduction was noted with HBG-113 editing than BCL11A-ee editing in both bulk cells and single erythroid colonies in vitro, consistent with a recently published comparison of these editing targets, these differences were minor and not statistically significant.367 Lamsfus-Calle et al also reported a greater degree of dysregulation in genes associated with cell cycle, p53 signalling, apoptosis and immune pathways with HBG-113 editing than where BCL11A-ee is targeted, raising concern regarding potentially increased risk of malignant transformation with the former. This may at least in part be due to the recognised generation of large deletions, inversions and other rearrangements known to occur with HBG-113 editing due to simultaneous double-stranded breaks formed at the promoter regions of HBG1 and HBG2.341; 346 Further investigation is required before one of these editing sites may be conclusively recommended above the other.
This thesis documents the application of multiplex genome editing to maximise HbF reinduction in the erythroid progeny of engineered HSPCs. In conclusion, despite the optimization of HbF reinduction furnished by sequentially targeting both the BCL11A-ee and HBG-113 loci, the safety concerns raised by the invariable generation of chromosomal translocations, demonstrated to persist in vivo, currently preclude the application of this strategy in the clinic.
Novel platforms such as base editor technology may in the future allow multiple loci to be targeted for editing without the frequent formation of dsDNA breaks, thereby mitigating the risk of chromosomal rearrangement events. Such a possibility warrants rigorous investigation.

8.2 Thesis findings: repeated dosing with AMD3100 fails to effectively remobilise HSPCs in the NHP and humanised mouse preclinical models
The NHP transplant model is particularly useful as a final step in pre-clinical investigation of novel therapeutic approaches, and results are most transferrable to clinical practice when methodologies are aligned as closely as possible to those employed in the clinic. Therefore, work was undertaken to develop a protocol allowing NHPs to undergo HSPC mobilisation with single agent AMD3100 followed by stem cell collection, since this regimen is used for patients with sickle cell disease in the clinic. 
[bookmark: _Hlk85296615]Chapter 7 presented experimental results which demonstrated significantly poorer mobilisation of HSPCs in NHPs following repeated administration of AMD3100 in comparison to first dose. This was observed to be the case for the CD34+ cell population as a whole. Since this is the most commonly used HSPC marker routinely in the clinic, as well as in preclinical NHP transplant protocols, this is highly relevant. Arguably of even greater consequence, the HSC-enriched CD90+ subset was also observed to mobilise significantly less well with repeat AMD3100 dosage in NHPs. 
Human HSPCs within the humanised mouse model also failed to remobilise effectively with repeated AMD3100 doses, with this phenomenon being demonstrated in 2 cohorts of mice. Total human white blood cell remobilisation also mobilised less effectively with subsequent AMD3100 doses. The humanised mouse is the most commonly used pre-clinical model used for studies into human haematopoiesis, and the NHP model is the closest to human anatomy and physiology, making this particularly valuable as a last step in preclinical testing prior to translation to the clinic. Therefore, the inability to effectively remobilise HSPCs with AMD3100 in these two preclinical models is highly significant and is expected to impact upon preclinical experimental protocols.
Loss of AMD3100 activity on redosing in these animal models will be most problematic in the investigation of therapies for sickle cell disease are being considered, since AMD3100 is the only mobilisation agent available for use in the clinic, which can safely be used in this patient population. The result of being unable to reuse this drug in two of the most important preclinical models may result in preclinical mobilisation protocols which rely on AMD3100 remobilisation being abandoned, introducing a further level of disparity between preclinical and clinical testing. 
Other groups have previously published results demonstrating a reduced mobilisation response to G-CSF with repeated exposure. In one study, healthy donors were given repeated doses of G-CSF, up to a year apart. Reduced efficacy of mobilisation was observed with the second dose, demonstrating that the deficit in remobilisation was long-lasting.372; 373 Results presented here confirm a similar remobilisation deficit upon repeated dosing with AMD3100, many weeks following initial exposure in some cases. 
The mechanism by which AMD3100 redosing fails to effectively remobilise HSPCs in the NHP and humanised mouse models has not yet been defined. One hypothesis was that this may related to a reduced plasma CXCL12 response on repeat AMD3100 dosing. This theory arose from the demonstration by Redpath et al that plasma CXCL12 levels rose in response to AMD3100 in BALB/c mice.12 However, experiments carried out to compare plasma CXCL12 levels after first versus second AMD3100 dosing in humanised mice did not support this particular hypothesis. Redpath et al also documented a fall in BM CXCL12 following AMD3100 administration, and therefore, whether the magnitude of this effect is reduced with subsequent AMD3100 dosing is recommended as a further avenue for investigation. It should be noted that this manuscript is the first report of plasma CXCL12 response to AMD3100 in humanised NSG mice. 
There have been published reports which provide a degree of reassurance that the loss of AMD3100 efficacy has not been seen with repeated dosing in healthy volunteers, and recently also in sickle cell disease patients.374; 375 If confirmed in repeat studies, the difference between these results and the preclinical data presented above may be related to the higher doses of AMD3100 delivered to NHPs (approximately 4 x human dose) and humanised mice (approximately 20 x human dose). This may result in a greater proportion of those HSPCs which are amenable to mobilisation by AMD3100 being mobilised during the 1st dosing episode. If AMD3100 reduces the remobilisation potential of exposed cells, then these mobilised HSPCs had reduced mobilisation potential during a 2nd dosing episode. In contrast, in the clinical studies, a lower dose of AMD3100 was adequate for effective mobilisation. It is hypothesised that within human subjects the BM HSPC population is more sensitive to the effects of AMD3100, consistent with the fact that smaller doses are adequate for mobilisation. Since a smaller dose was given, only a small proportion of the pool of cells available for mobilisation by AMD3100 were affected by reduced mobilisation potential in the future. This would leave a larger proportion of cells which had not been mobilised by the 1st dose of AMD3100 and which retained sensitivity for a 2nd dose. The differential observed response of repeated AMD3100 dosing in human, NHP and humanised mouse subjects should be a stimulus for further research into the mechanisms involved.
In conclusion, data has been presented which demonstrates a failure of HSPCs to remobilise with repeated AMD3100 dosing in NHPs and in humanised mice. This must be taken into account in the planning of pre-clinical transplant and genome engineering studies planning to use AMD3100 to repeatedly mobilise HSPCs.

8.3 Study Limitations
Extensive consideration has been given to study limitations. A general criticism would be the small number of repeats in some in vitro experiments, such as the cell cycle and cell mobilisation experiments. This was due to limited resources on which there were multiple demands. As a result, only approaches which demonstrated the most promise early on were pursued. Whilst it is recognised that this is not ideal, such an approach allowed other, potentially more fruitful, avenues of investigation to be pursued. 
Moving on to more detailed criticisms pertaining to individual aspects of experiments, the use of flow cytometric analysis of HbF levels is standard in experimental studies, but has the limitation of not being able to differentiate between very high and simply detectable levels of HbF per cell in a validated manner. Whilst MFI may give an element of semi-quantitative data, the test was not calibrated or validated to provide a quantification of HbF per cell, and therefore cannot be taken to demonstrate such. For this reason, HPLC analysis was vital as a supplementary test. Not only is this a gold standard test used in the clinic for haemoglobin analysis, but it provides relative quantification of Hb fractions.114; 115 One remaining limitation even with the HPLC studies, however, was that, in contrast to studies on whole blood from patients, for example, the total haemoglobin concentration was not known. Therefore, the ratio of HbF to HbA was the best measure available but actual HbF concentration per cell could not be calculated.
The total number of HPLC assays available to our group was unfortunately limited by the requirement for these to be shipped to a collaborator, and their restriction on the number of samples which could be processed. A greater number of analyses would have been particularly valuable where single BFU-Es were being tested, in order to contribute to assessment of the relationship between particular indel patterns, editing efficiency and HbF reinduction. As a result of recognising the importance of having improved access to HPLC analysis, particularly if the laboratory was going to continue working in the field of haemoglobinopathies, recommendations were made to the proteomics laboratory at the FHCRC that this be prioritised as a service for future development, and this work is underway.
It would have been interesting to carry out in vitro or ex vivo studies to test the dual editing strategy on HSPCs derived from patients with β thalassaemia or sickle cell disease, or on erythroid cell lines containing the relevant mutations. However, once it became clear that translocations were consistently formed, and that therefore this approach was not suitable to continue towards clinical translation, further such studies were not justified. If, in the future, the problem of translocations is solved by the use of alternative editing platforms such as base editors, then such studies would be recommended for additional in vitro validation.
The use of TIDE analysis to estimate editing efficiency and define indel formation carries a degree of inaccuracy in comparison to NGS analysis, and this is acknowledged as a limitation to the editing data presented. In addition, the lack of NGS analysis prevents any comment on the formation, or otherwise, of off-target dsDNA breaks. Previous studies have looked for off-target mutagenesis with both HBG-113 and BCL11A-ee editing and provide reassuring results,263; 268; 269; 280; 341; 346; 367 but it is still reasonable to consider it a limitation of these experiments that such analyses were not repeated here.
Furthermore, mRNA quantification of BCL11A or HBG transcription would have supplemented the datasets available. For example, this may have supported the hypothesis that one reason dual CRIPPR/Cas9 editing at both sites optimises HbF reinduction is by removing the binding site for residual BCL11A transcription factor produced. However, such studies have already been carried out by other groups (for example, demonstrating that even with high editing levels at BCL11A-ee there is still at least moderate production of BCL11A)269 and it was considered that the benefit of repeating such analyses did not justify the resources required.269
It is accepted that whilst 2 reciprocal t(2;11) translocation products were demonstrated, there are also a large number of other possible chromosomal rearrangements, which include inversions and large deletions (particularly at HBG-113, where editing occurs at the promoter regions of both HBG1 and HBG2).280; 346 A more extensive analysis of all such mutations would have been warranted if dual editing were currently fit for clinical translation.
On initial submission of the paper detailing results of AMD3100 mobilisation experiments, one peer reviewer criticised the small numbers of animals involved in our studies. However, since statistical difference had reached the point of significance, with both the humanised mouse and NHP models, it would have been ethically questionable to arbitrarily increase the number of animals used in an experiment when such an endpoint has already been reached.335 This is particularly the case with higher-order animals such as NHPs, in whom a minimisation of the number of animals involved in any experiment is particularly important.
It is also considered a necessary limitation that blood draws were available for only a restricted number of timepoints following AMD3100 administration to humanised mice or NHPs. It is possible, for example, that HSPC mobilisation peaks very early after subsequent doses, and that this was missed by the standardised blood draw regimen. It was also impossible to calculate area under the curve (AUC) for HSPC mobilisation, given the small number of timepoints. It could be reasonably argued that AUC is a more relevant marker of HSPC mobilisation efficacy, as this relates more closely to the success of an apheresis procedure.376 However, as with all animal work, the number of tests and procedures which an animal is subjected to are very rightly limited by consideration of their welfare and relevant regulations. 

8.4 Future Work
With regards to the dual CRISPR/Cas9 editing strategy for HbF reinduction, the main recommendation to come out of this work is that methods to overcome the problem of chromosomal translocations with multiplex editing strategies must be developed. Multiplex editing strategies are already increasingly being introduced into clinical practice, and other studies have also confirmed our finding that multiplex editing results in the development of chromosomal rearrangement events.299; 300 It is accepted that where multiplex editing is used for the development of new treatments for otherwise refractory, aggressive malignancies, that the risks associated with such translocations may well be outweighed by the benefit derived by a patient, if such a treatment delivers disease control. However, for the treatment of non-malignant conditions such as haemoglobinopathies, justifying such a potential risk to patients becomes much more difficult.
Methods which may prove fruitful in attempting to ameliorate, or entirely remove, this translocation risk, include the use of base editor platforms, which confer a much lower frequency of dsDNA breakage. Shorter half-life Cas9 preparations may also decrease the likelihood of ongoing dsDNA break formation at one site by the time that editing at a second site is introduced. Such possibilities warrant systematic investigation.
A recent paper looked at a similar dual editing strategy to that presented here, and reported a lack of translocations. However, the authors used karyotyping and FISH analysis only to investigate translocation formation.377 A comparison of our data highlights the importance of selecting more sensitive methods for the detection of translocation events, which will usually mean PCR-based methods. Where multiplex editing strategies are being considered for clinical translation, a strong recommendation of this thesis is that molecular methods of the highest possible sensitivity are used to detect any possible chromosomal rearrangements. This is because malignancies such as leukaemia are thought to arise from a single mutated progenitor cell, and therefore there is no lower limit for translocation frequency at which this could be considered risk-free. With the ongoing improvements continually being introduced into bioinformatic tools and protocols, it is anticipated that such analyses will be able to predict the potential negative effects of on- and off-target edits (including translocations) with increasing accuracy. Such information will be vital in weighing up the risk : benefit ratio of delivering treatments which have a residual risk of translocation development.
It would also be interesting to further investigate the mechanisms by which sequential dual editing is more effective than simultaneous dual editing. The hypothesis that this relates to activity of the MMEJ repair pathway, and thereby the formation of certain large indels which most effectively disrupt the locus in question, could be looked into further. In order to facilitate this, a deeper understanding of the pathways and reactions involved in this particular DNA repair pathway are desirable, and further research into this is recommended.
Another approach which remains to be investigated is that of reversing the target order in the sequential dual editing strategy, i.e. targeting HBG-113 first followed by BCL11A-ee. It would be interesting to assess whether results would be different. Again, such studies will be justified if the safety issues around the development of translocation events are resolved.
With regards to the AMD3100 remobilisation failures observed, further studies are recommended to establish the length of time over which such a loss of efficacy would be observed. This will inform future experimental protocols requiring repeated ADM3100 administration in these valuable preclinical models. Whether or not such a loss of potency is also observed when AMD3100 is combined with G-CSF, as it often is in clinical practice, should also be established.282 The studies in healthy human volunteers and patients with sickle cell disease do not appear to show similar loss of AMD3100 efficacy on redosing, and these results are welcomed. However, it is hypothesised that this is due to the size of the residual HSPC ‘well’ left behind in the BM niche after an initial mobilisation episode. Where this is large, as is expected to be the case in people with a healthy BM capacity who are dosed with the standard dose of 240 μg/kg (i.e. 4-20 times lower than that used in the animal models), it is hypothesised that HSPCs which were unaffected by the first mobilisation are ready and available to be mobilised in large numbers following a subsequent dose of AMD3100. However, in individuals with more limited BM activity and reserve, such as those with diseases causing bone marrow failure, this may not be the case. It is recommended that data is collected prospectively on the efficacy, or otherwise, of repeated AMD3100 dosing in such individuals. 
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10.0
Chapter 10:
Appendix


10.1 (Appendix 1) Development of a successful NHP apheresis protocol
10.1.1 Failure of apheresis using original protocol
mPBSC genome edited HSCTs in NHPs were planned using the CRISPR/Cas9 HBG-113 editing strategy which had already been demonstrated to effectively increase HbF where BM-derived HSPCs were used as cell source.280 The initial experimental plan was to administer AMD3100, followed by apheresis collection of PBMNCs commencing 3 hours after ADM3100 administration as in a previously published report.333 Cells would be enriched for CD34+, undergo CRISPR/Cas9 editing at HBG-113 and retransplanted, with the aim of delivering edited HSPCs with HbF reinduction potential for long-term engraftment. An apheresis guideline was already available in the laboratory, but had not previously been successfully used with the rhesus macaque colony. 
A 1st animal received AMD3100 which resulted in good PB mobilisation, but on this first attempt, apheresis failed to collect the target cell population adequately. WCC had risen from a baseline of 10.5x109/l to a maximum of 34.0x109/l, 3 hours post AMD3100 administration, with peak CD34+ concentration of 28.9x106/ at 7 hours post AMD3100 administration, and peak CD90+ concentration at that point in time being 13.6x106 (Fig. 10.1A). Baseline CD34+ and CD90+ counts were not available as flow cytometric assessment had not been carried out on the baseline PB sample prior to AMD3100 administration in this case. Despite good HSPC mobilisation, the apheresis procedure failed, as evidenced by the poor concentration of HPSCs collected (Fig. 10.1B). Total WBC count collected was 57.8x106but flow cytometric analysis demonstrated a total CD34+ cell count of only 0.26x106, and CD90+ count of only 0.11x106.
To provide a frame of reference, for a standard autologous HSCT in the clinic, mobilisation is considered adequate for leukapheresis to commence when PB CD34+ cell count is >20x106/l, which was exceeded. Minimum requirement for CD34+ cell delivery back to a patient is >2x106/kg (and preferably >5x106/kg).282 BM-derived genome-edited HSCT carried out successful by this group in NHPs delivered a total of 83 to 204x106 gene-edited CD34+ cells.280  Given that the NHP colony was generally 3-7 kg in weight, it is clear that the number of CD34+ cells collected in this case was well below requirements. Therefore, work was undertaken to revise the NHP apheresis protocol in close conjunction with the NHP specialist veterinary staff and animal technicians at the UW Primate Center, so that HSPCs could be collected successfully from the PB, following mobilisation, in future.

[image: ]Figure 10.1: Successful first AMD3100 mobilisation but failed apheresis in a NHP
AMD3100 was administered to a NHP at a dose of 1mg/kg SQ, after documenting baseline WCC. (A) Serial measurements of PB WCC (by CBC analysis), CD34+ and CD90+ cell concentration (by addition of flow cytometric analysis) were recorded, demonstrating good HSPC mobilisation into the PB. (B) Despite good mobilisation, apheresis failed to collect adequate HSPCs. The total number of WBCs, CD34+ and CD90+ cells within the apheresis product are shown.
Abbreviations: CBC: complete blood count, CD: cluster of differentiation, HSPCs: haematopoietic stem and progenitor cells, NHP: non-human primate, PB: peripheral blood, WBCs: white blood cells, WCC: white cell count.

10.1.2 Modification of apheresis protocol to account for small size of NHPs
The first step taken in the process of modifying the NHP apheresis protocol was consultation with the clinical paediatric haematology apheresis and transplant team at the Seattle Children’s Hospital, in order to learn from their experience of managing apheresis in very small children (<10kg). The size of the rhesus macaques was a major problem with establishing effective apheresis, mirroring the challenges associated with apheresis in small children in the clinical setting.378 Information and advice from Michelle Flores, professional practice manager for apheresis, and Professor Lininberger, both of Seattle Cancer Care Alliance Cellular Therapy team, is acknowledged with thanks.
Anecdotally, some primate research centres avoid apheresing their smaller animals, with weight cut-off of 6.5kg, for example, set by the Oregon Health and Science University IACUC. However, for genome edited transplant studies, the larger animals were less suitable, since they required large volumes of supportive transfusions peri-transplant which could not be supplied by the limited number of donors, who themselves may also be smaller than the transplanted animal. Also, with the larger animals, the cost of enrichment and genome editing reagents would be greater. For these reasons, it was important to be able to collect HSPCs by apheresis in the smaller animals if at all possible.
As well as learning from the experience of the paediatric clinical team, available literature on apheresis in small children was reviewed as well as and the few papers available on apheresis in NHPs. Following these information-gathering steps, the following changes were instituted:
10.1.3 Switch from intermittent to continuous MNC collection
A switch from intermittent to continuous MNC collection was instituted. This altered method involves blood continuously being taken from the patient / animal, undergoing separation within the apheresis equipment, following which the non-MNC fraction is returned. The benefits are: more effective MNC separation in a shorter space of time, reducing the time on the machine; and a lower incidence of clots within the tubing, which cause interruption to blood flow.379; 380 The reduced time on the apheresis machine was particularly key, since the reported experience of the primate team was that the longer an animal was on the machine, the more concerns they had about his/her health during the apheresis procedure and immediately afterwards. They were continuously monitoring the animals during apheresis and found that at around 4 hours post start of apheresis, the serum creatinine started to increase, indicative of impending renal damage. 
Continuous MNC collection required an alternative software package for the Spectra Optia apheresis machine, was installed by the manufacturer’s representative. A different type of tubing was also required: continuous collection requires a wider-bore tubing set and, the downside to which is that the extracorporeal blood volume at any one time during the procedure is greater. This is in contrast to the intermittent collection procedure, in which a certain volume of blood is taken out, processed, and the non-MNC fraction returned in one cycle, followed by repeated similar cycles. For intermittent collection, a single lumen tube is adequate since blood is only flowing in one direction at once. Although some increase in extracorporeal volume was inevitable on switching from intermittent to continuous collection, it was important that the smallest functional tubing sets were selected. This was to avoid too large a proportion of the animal’s circulating blood volume being within the apheresis circuit at any one time, in order to prevent cardiovascular instability or the need to prime the circuit with large volumes of donor blood. The apheresis team at the Seattle Children’s Hospital kindly provided a small number of such small, continuous collection tubing sets for our use during this optimisation process.
10.1.4 Reduction of platelet clumping and coagulation within apheresis circuits
There were problems with platelet clumping and small clots forming within the tubing (reported as a particular error message by the Spectra Optia). Therefore, additional methods to improve flow within the machine were investigated. Alongside implementation of continuous rather than intermittent collection, data was also collated on best practice from clinical colleagues. Anticoagulation within the apheresis circuit was already used as standard in order to prevent clot formation within tubing, but current protocol required optimisation. The anticoagulation protocol in use during apheresis was refined, incorporating the clinical procedures employed for infants and young children at the Seattle Children’s Hospital, and making appropriate modifications prior to application to our NHP population. 
The concentration of ACD-A was increased, and heparin added, to improve anticoagulation of blood within the apheresis system. Where platelet clumping was reported by the machine, additional unfractionated heparin was added. Prior to implementation of this change, IACUC approval of modified guidelines was confirmed. 
Consideration was given to the potential complications of increasing anticoagulant exposure, which would primarily be increased risk of traumatic or spontaneous bleeding events. In order to mitigate the risk of bleeding on catheter insertion, it was recommended that surgical strategies used to insert and remove catheters should be designed to minimise bleeding risk (in particular, use of the Seldinger technique rather than open access). 
A discussion took place as to the feasibility of inserting and removing catheters at timepoints removed from the apheresis procedure itself, in order to reduce bleeding risk by avoiding anticoagulation administration within temporal proximity to line insertion or removal. However, it was concluded that the risks of prolongating sedation or, alternatively, planning additional episodes of sedation, to facilitate this, would outweigh the benefits, particularly because the levels of systemic anticoagulation were anticipated to be minimal. Veterinary staff were confident that with cautious surgical approach and close monitoring for early treatment of any bleeding, significant bleeding complications would be unlikely, despite increased anticoagulation. Protamine sulphate was made available for emergency use if required, as this reverses the anticoagulant effect of unfractionated heparin, and cautery was also available for the treatment of local bleeding complications.
10.1.5 Successful apheresis following modifications to protocol and equipment
The updated University of Washington Primate Center apheresis protocol with optimised anticoagulant procedures was formalised based on these modifications. Following institution of these revisions, apheresis within the NHP colony proceeded successfully. For example, a further NHP underwent successful apheresis following AMD3100 mobilisation. A total of 19x106 CD34+ cells were collected, which included 7.6x106 CD90+ cells. The animal weighed 6.6kg therefore 2.9x106 CD34+ cells / kg were collected. 
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