
 

  1 

Towards Gene Therapy for CTLA4 

Insufficiency 

Thomas Andrew Fox 

Student Number: 18146012 

A thesis submitted to University College London for the 

degree of Doctor of Philosophy 

2021 

Supervised by: 
Professor Emma Morris 

Institute of Immunity and Transplantation 
University College London 

 
Professor David Sansom 

Institute of Immunity and Transplantation 
University College London 

 
Professor Siobhan Burns 

Institute of Immunity and Transplantation 
University College London 

 
Professor Claire Booth 
Institute of Child Health  

University College London 
 



 2 

Declaration 

I, Thomas Fox, confirm that all the work presented in my thesis is my own. I confirm 

that I have indicated any information contained in this thesis which is derived from 

other sources.  

 

 

Thomas Fox 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract  



 3 

Heterozygous mutations in CTLA4 result in an inborn error of immunity (IEI) with a 

severe clinical phenotype. Autologous T cell gene therapy may offer a cure without 

the immunological complications of allogeneic stem cell transplantation. The 

mutational landscape and requirement for tight regulation of CTLA4 make viral gene 

addition approaches unappealing. Gene editing strategies permit alteration of CTLA4 

while retaining the endogenous gene control machinery. We set out to devise a 

CRISPR/Cas9/AAV6 gene editing strategy to correct CTLA4 insufficiency in T cells.  

 

We designed several homology directed repair (HDR) editing strategies that would 

correct the genetic defect. We first assessed correction of an individual point mutation. 

We then evaluated several universal strategies that enable correction of most disease-

causing mutations with a single edit; the first that inserts the CTLA4 cDNA in exon 1, 

and a second that inserts the CTLA4 cDNA at the 3’end of the first intron of CTLA4.  

 

Superior editing efficiencies were obtained with the intronic approach compared to the 

other editing strategies and this strategy was then further evaluated. CTLA4 function 

and expression kinetics were assessed following editing using flow cytometry-based 

assays.  Functional studies using CTLA4 transendocytosis (TE) assays, demonstrated 

restoration of CD80 and CD86 internalization in the edited CD4+ T cells. Following 

gene editing, transgene expression kinetics were comparable to healthy control CD4+ 

T cells. Gene editing of T cells isolated from patients with CTLA4 insufficiency restored 

CTLA4 expression and rescued transendocytosis of CD80 and CD86 in vitro.  Using 

a similar approach, gene corrected T cells from CTLA4 -/- mice engrafted in 

immunodeficient mice at clinically relevant frequencies and prevented 

lymphoproliferation in an in vivo murine model of CTLA4 insufficiency. These results 

demonstrate the feasibility of a novel therapeutic approach using T cell gene therapy 

for CTLA4 insufficiency.  
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Impact Statement 

The work undertaken during my PhD and presented in this thesis will have positive 

clinical and academic implications. CTLA4 insufficiency is a newly described IEI (first 

described in 2014), and current treatment options are not satisfactory due to either the 

lack of a long-term cure or due to mortality and morbidity risks associated with 

allogeneic stem cell transplantation. The primary and most obvious potential impact of 

this work is the development of a novel T cell gene therapy product for CTLA4 

insufficiency. The editing approach outlined in this thesis has been the subject of a 

patent application by University College London and the data presented lays the 

groundwork for pre-clinical scale up and a human clinical trial of T cell gene therapy 

for CTLA4 insufficiency. The data outlining a therapeutic approach is, at the time of 

writing, under revision for Science Translational Medicine. A similar approach could 

be used in other lymphoid-mediated IEIs that are caused by multiple heterozygous 

mutations. This data will be communicated to the gene editing/gene therapy 

community at several upcoming major scientific conferences (Keystone symposium 

on precision genome engineering, abstract accepted for oral presentation, Whistler, 

Canada February 2022, ASGCT abstract submitted, under review for presentation at 

ASGCT, Washington DC, USA, May 2022). 

 

Academically, our work has several important implications for the advancement of our 

understanding of CTLA4 biology and the relationship of CTLA4 with its ligands. Our 

editing approach was designed to enable the in-frame correction of CTLA4, but it could 

be just as easily used to create homozygous CTLA4 mutants. CTLA4 insufficiency has 

provided lots of clues as to how CTLA4 functions, but T cells taken from patients are 

heterozygous thus the full effect of a mutation on CTLA4 function can be 

underestimated due to presence of a normal allele. Homozygous mutants can be 

modelled in cell lines such as Jurkat cells with the caveat that a cell line may behave 

differently from primary cells. Our editing approach enables homozygous primary cell 

mutants to be generated (both in humans and mice) thus enabling the full effect of a 

mutation to be explored in vitro or in vivo. Indeed, we have used this approach to 

generate primary T cells with CTLA4 containing an R70Q mutant. Experiments using 

these mutant cells indicated that, a clinically significant mutation at R70 expressed 

from its endogenous locus in human Treg resulted in a specific defect in CD86 
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transendocytosis thus supporting other data that CD86 is required to prevent 

autoimmunity. This data helped to begin to elucidate the differing roles of the two 

distinct ligands, CD80 and CD86 and is included on a manuscript by Kennedy et al, 

on which I am a co-author. This manuscript is currently under revision with Nature 

Immunology. The Sansom lab have plans to use both the human and murine editing 

approaches to interrogate the effects of other mutants on CTLA4 biology.  

 

I plan to build on and further develop the work presented in this thesis in a period of 

postdoctoral research for which I am currently preparing clinician scientist grant 

applications. If successful, I plan to undertake pre-clinical scale up work of our T cell 

gene therapy approach for CTLA4 insufficiency and to use our clinical proof-of-

concept to develop a T cell gene editing platform that could be used for other IEIs and 

potentially T cell cellular therapies.  
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Halfway through the second year of my PhD the COVID-19 pandemic resulted in the 

closure of the lab and the suspension of my studies. I returned to full time clinical work 

during the first wave of the pandemic in March 2020. During my clinical work I became 

involved in several COVID-19 related research projects which have continued as I 

have completed my PhD. Whilst not directly related to this thesis, this second 

workstream has led to several peer reviewed publications and an ongoing clinical trial 

so warrants a mention in the presentation of the work undertaken during my PhD. 

Publications are listed in the section below which details peer reviewed manuscripts 

resulting from this PhD. 

 

As my clinical work involved the care of patients with haematological malignancy, my 

COVID-19 work has applied my developing expertise in immunology to explore the 

immune response to SARs-CoV-2 and vaccination. Early work focused on determining 

clinical outcomes in patient with compromised immune systems due to haematological 

malignancies and to try and identify risk factors for severe disease and death. Later 

work has focused on the immune response to COVID-19 vaccination in patients with 

B cell malignancies. To investigate this, I am one of the principal investigators on the 

COVVAC clinical trial which is ongoing.  

 

The COVID-19 pandemic has also shaped my approach to translational research. The 

pandemic demonstrated the speed at which new therapeutic approaches can be 

translated from bench to bedside. In the field of inborn errors of immunity, new 

diseases are frequently discovered as our understanding of the genetics and immune 

phenotype improve, yet as these are rare diseases, the development of totally novel 

therapeutic approaches such as this, are exceptionally rare. The pandemic has 

focused my ambitions to apply my clinical and academic backgrounds on translational 

research in the fields of gene editing and immunodeficiencies to develop novel 

therapeutics which will benefit patients.  
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Chapter 1: Introduction 

 

1.1. The mammalian immune system 

 
The mammalian immune system is a critical biological system which protects an 

organism from diseases. It surveys the organism for foreign pathogens and abnormal 

or dead cells and then triggers processes to attack, remove and destroy the 

foreign/abnormal material. It relies on the correct functioning of its various components 

to distinguish self from non-self. The mammalian immune system can be broadly 

divided into two main components, the innate and the adaptive immune systems.  

 

1.1.1. Innate immune system  

Innate immunity is responsible for the early response to pathogens. The innate 

response is similar for all pathogens and foreign bodies, and the strength of the 
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response does not increase on repeated exposure to the same pathogen.1 The innate 

immune system has two key components, skin and mucous membranes which 

prevent microorganisms from entering the body in the first place and the cellular 

components of the innate immune system which includes neutrophils, eosinophils, 

monocytes, macrophages, basophils, natural killer (NK) cells, acute phase proteins 

and complement molecules.  

 

The skin and mucous membranes offer a physical barrier to pathogens. This barrier is 

supplemented by physical processes such as the movement of cilia in the bronchi. 

Chemical obstacles further augment the protection offered by skin and mucous 

membranes, such as the secretion of tears or stomach acid.  

 

The cellular components of the innate immune system utilise a range of mechanisms 

such as phagocytosis and opsonisation to identify and kill invading microorganisms. 

The innate immune system relies on pattern recognition receptors (PRRs) to identify 

molecular structures specific to microorganisms.2 These pathogen-specific molecular 

structures are collectively termed; pathogen associated molecular patterns (PAMPs) 

and include lipopolysaccharides and mannose residues.3,4 Innate immune responses 

can also be triggered by signals from the host such as molecules released from 

damaged cells, collectively referred to as; damage associated molecular patterns 

(DAMPs).5  

 

Using the components described, the innate immune system can rapidly react and 

recruit immune cells to sites of tissue injury and inflammation where they are able to 

identify and kill invading microorganisms. A critical role of the innate immune system 

is to activate the adaptive immune system through antigen presentation. Macrophages 

and dendritic cells are innate immune cells which in addition to their phagocytic ability, 

function as antigen presenting cells (APCs). APCs express proteins on their surface 

termed the major histocompatibility complex (MHC). The MHC protein is responsible 

for presenting fragments of foreign antigens. MHCs are divided into two groups. Class 

I MHC molecules (also referred to as human leucocyte antigen (HLA) A, B and C) are 

found on all nucleated cells and present intracellular peptides. The expression of Class 

II MHC molecules (HLA DP, DQ and DR) is restricted to B cells, dendritic cells, and 

macrophages. Class II MHC molecules present extracellular peptides.1 
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1.1.2. Adaptive immune system 

Whilst the innate immune system offers the first line of defence against invading 

microorganisms, the adaptive immune system is critical to the sophisticated responses 

required to clear infections and recognise malignant cells. The adaptive immune 

response relies on the ability of its components to distinguish self from non-self. 

Following the recognition of non-self-antigens, the adaptive immune system is able to 

generate a pathogen-specific response, that includes the development of an 

immunological memory that can quickly react to subsequent infections with the same 

pathogen.1 The main components of the adaptive immune system are T and B 

lymphocytes and the immunoglobins which they secrete.  

 

Following differentiation from haematopoietic stem cells (HSCs), T cells migrate to and 

mature in the thymus. T cells differentiate into two main groups of cells, CD8+ cytotoxic 

T cells and CD4+ T helper (Th) cells. T cells express a T cell receptor (TCR) which 

can bind to peptide antigens which are presented in the context of the MHC. Each T 

cell expresses a TCR that is specific to a particular antigen. Each T cell expresses a 

TCR that is specific to a particular peptide/MHC complex. If the T cell encounters that 

peptide/MHC complex and receives the appropriate costimulatory signals, it can 

rapidly proliferate.   

 

CD8+ T cells function primarily to destroy abnormal cells, such as those infected with 

foreign pathogens or malignant cells. CD8+ cells recognise antigens presented in the 

context of MHC class I. CD4+ cells function as coordinators of the adaptive immune 

response (T helper (Th) cells), recruiting and interacting with other innate and adaptive 

immune cells. CD4+ T cells recognise antigens presented in the context of MHC class 

II. There are several types of Th response which can elicited by an APC. The three 

commonest Th responses are the Th1, Th2 and Th17 responses. These responses 

are delivered by subsets of CD4+ T cells which differentiate from naïve CD4+ cells 

upon activation after polarising cytokines bind to their cell surface (Figure 1.1).  

 

The Th1 response is mediated through the production of interferon- (IFN-) This 

inflammatory cytokine activates macrophages, induces the production of 
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immunoglobulins by B cells and induces the expression of cell-intrinsic factors, such 

as the expression of genes involved in the anti-viral response (Figure 1.1). The Th2 

response results in the production of interleukin 4 (IL-4), interleukin 5 (IL-5), interleukin 

9 (IL-9) and interleukin 13 (IL-13) (Figure 1.1). These cytokines are important for the 

stimulation of immunoglobulin G (IgG) and immunoglobulin E (IgE) production as well 

as inducing the development and recruitment of eosinophils and mast cells. The Th17 

response results in production of interleukin-17 (IL-17). Il-17 is responsible for inducing 

and maintaining inflammatory responses such as those in chronic infections (Figure 

1.1).  An important subset of CD4+ T cells are T regulatory cells (Treg) which are 

discussed in more detail in the later section on immune tolerance. 

 

Figure 1.1 Schematic illustration of CD4+ T cell subset differentiation. Under 

the influence of polarising cytokines, CD4+ T cells undergo differentiation. Th cell 



 32 

subsets produce a specific cytokine prolife that mediates a specific Th response. 

Created with biorender.com. 

 

 

B cells similarly differentiate from HSCs in the bone marrow.  B cells express a unique 

receptor (B cell receptor (BCR)) before they leave the bone marrow.6 Unlike T cells, B 

cells can directly recognise antigens via their BCR. After leaving the bone marrow, B 

cells travel to the spleen where they differentiate further into follicular B cells or 

marginal zone B cells. Upon activation, B cells proliferate and differentiate into plasma 

cells or memory B cells. Plasma cells produce antibody (immunoglobulin) which is 

used to identify foreign pathogens and has neutralising capabilities which inhibit the 

infectivity of the pathogen. Memory B cells are long lived and remain quiescent until 

re-exposure to the same antigen. Upon re-exposure memory B cells are able to rapidly 

produce antibodies to elicit a robust immune response.1 

 

 

1.2. Immune tolerance 

 
In order to maintain homeostasis, the immune system needs to balance the 

surveillance and elimination of foreign material without overreacting to self or 

innocuous antigens resulting in autoimmunity and allergy respectively.7  Immune 

tolerance mechanisms can be broadly divided into central and peripheral tolerance, 

and both are discussed in this section.  

 

1.2.1. Central immune tolerance 

The TCR repertoire is incredibly diverse. This diversity results from the recombination 

of a variable (V), diversity (D) and joining (J) segments of the TCR genes under the 

influence of RAG1 and 2. Further diversity results from the process of inserting or 

removing nucleotides at the sites joining fragments of genes.8,9 This diverse TCR 

repertoire enables T cells to recognise a huge number of pathogens. Unfortunately, 

the process does not always result in a functional TCR that recognises a foreign 

peptide presented in the context of MHC. The process can also potentially produce a 

TCR that recognises self-antigen.  
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To mitigate these problems, positive and negative selection processes occur in the 

thymus, which in normal circumstances, lead to central immune tolerance. In the 

thymic cortex, positive selection occurs. During positive selection the ability of T cells 

to bind peptide-MHC complexes is assessed. T cells which can engage with peptide 

presented in the context of MHC survive. T cells unable to engage via their TCR on 

the other hand, undergo apoptosis (Figure 1.2).10,11 T cell lineage determination 

occurs during positive selection. Lineage (CD4+ or CD8+) commitment is increasingly 

thought to be due to a stochastic-selective model which involves a random lineage 

choice followed by selection of thymocytes whose coreceptor expression matches the 

specificity of their TCR.12,13  

 

Figure 1.2 Schematic diagram illustrating positive selection in the thymic 

cortex. Created with biorender.com 

In the thymic cortex the ability of T cells to bind peptide-MHC complexes is assessed. 

T cells which can engage peptide-MHC survive. If the T cell cannot bind the MHC 

class I or class II complex, it undergoes apoptosis due to a lack of survival signals. 

Created with biorender.com 
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A second process in the thymus, negative selection, assesses the affinity of TCR 

binding to self-peptide/MHC. Negative selection mitigates the risk of autoimmunity by 

testing the binding of T cells to tissue restricted self-antigens. This process occurs 

through interactions with thymic epithelial cells which express the autoimmune 

regulator protein (AIRE) enabling these cells to ectopically express tissue-restricted 

genes. As developing T cells pass through the thymic medulla, they are thus exposed 

to a wide range of tissue restricted self-antigens. T cells which bind strongly to these 

are instructed to undergo apoptosis thus preventing autoreactive T cells from entering 

the peripheral circulation.14,15 Autoreactive T cells which possess TCRs with very high 

affinity survive this negative selection process and are diverted to differentiate into 

Tregs expressing the FOXP3 transcription factor thus conferring these cells with the 

key characteristic feature of Tregs, the ability to recognise self-antigen.16 

 

1.2.2. Peripheral immune tolerance 

Despite the processes of positive and negative selection in the thymus, some 

autoreactive T cells avoid deletion and enter the circulation.17 Further reactivity to self-

antigens can occur from functionally normal T cells, as a single TCR may be able to 

recognise numerous peptides, thus some cross reactivity to self-peptides is possible.18 

Damaging immune responses can also occur to foreign but harmless antigens present 

in food or on commensal bacteria as these peptides are not present for the negative 

selection process in the thymus.19 However, this does not automatically result in 

autoimmunity due to mechanisms of peripheral tolerance which serve to reduce the 

activity of self-reactive and cross-reactive T cells.18  

 

Four main mechanisms of peripheral tolerance exist to mitigate the risks of 

autoreactive T cells which result from the processes described: suppression of T cell 

activation, differentiation to Tregs, ignorance to antigen and deletion of autoreactive T 

cells (Figure 1.3). The main mechanism of direct suppression of T cells is by Tregs 

and it has been demonstrated that deficiency of Tregs results in autoimmune 

disease.20 The best example of this causative relationship is in immune dysregulation, 

polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome. Defects in the 

transcription factor FOXP3 which is required for the normal development and function 

of Tregs results in IPEX syndrome and the clinical manifestations of enteropathy, type 

I diabetes mellitus and eczema.21 The profound autoimmune manifestation seen in 
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patients with IPEX syndrome highlights the critical role Tregs play in the suppression 

of autoreactive T cells.  

 

Tregs are present in the normal immune system and suppress both responses to self-

antigen and to innocuous antigens. It is thought that Tregs negatively control almost 

all physiological and pathological adaptive immune responses.22 Tregs suppress 

conventional T cells (Tcons) by several synergistic cell contact-dependent 

mechanisms including via CD73, LAG-3 and CD39. However, the most important 

mechanism is via CTLA4, of which Tregs constitutively express high amounts.22 

CTLA4 mediated suppression works by dampening down the co-stimulation signal 

required for T cell stimulation by competing with CD28 for their shared ligands, the 

costimulatory molecules, CD80 and CD86.23 CTLA4 biology will be discussed in more 

detail later in this chapter (section 1.3).   

 

 

Figure 1.3 Mechanisms of peripheral tolerance. Direct suppression of 

autoreactive T cells by Treg (top). Differentiation to Treg under the influence of IL-10, 

TGF- and vitamin D3 (right). Fas receptor engagement of autoreactive T cells that 

chronically engage self-peptide-MHC complexes resulting in apoptosis (bottom), 
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exclusion of naïve T cells from non-lymphoid tissue after failure to engage TCR with 

high affinity in the lymph node (left). Created with biorender.com. 

 

Whilst the majority of the Treg population are thymus-derived, naturally occurring 

Tregs, conventional CD4+ T cells can also be induced to express CD25 and acquire 

suppressor activity.24 These induced Tregs (iTregs) are generated under several 

stimulatory conditions such as antigen in the presence of IL-10, transforming growth 

factor 1 (TGF-1) or vitamin D3.24 A good example of where this occurs is in the gut 

where there is high exposure to innocuous exogenous antigens in food and the 

microbiome. Here, autoreactive naïve T cells interact with mucosal dendritic cells 

(DCs) and in the presence of TGF- convert to Tregs which are crucially important in 

suppressing immune responses to these non-pathogenic antigens.25 

 

Ignorance to self-peptide-MHC complexes is another mechanism of peripheral 

immune tolerance. The physical separation of autoreactive T cells from a tissue 

restricted antigen can prevent self-peptide-MHC recognition. As most T cells with high 

affinity autoreactive TCRs have been previously removed by negative selection, the 

remaining autoreactive T cells have low affinity TCRs.  Naïve T cells are excluded 

from peripheral nonlymphoid tissue if they fail to engage their TCR with high affinity in 

the lymph node, thus reducing the likelihood that they will come into contact with a 

tissue-resident cell expressing a tissue restricted antigen at high density.26 Thus, this 

restricted trafficking pattern of naïve autoreactive T cells preserves ignorance to tissue 

restricted antigens. Reduction of autoreactive T cells in the periphery is further 

achieved through anergy and deletion. The absence of sufficient co-stimulation in 

conventional T cells (Tcons) can induce an anergic state resulting in impaired 

proliferation and resistance to further stimulation by the same antigen.27 On the other 

hand autoreactive T cells that chronically engage self-peptide-MHC complexes 

undergo apoptosis due to Fas receptor engagement.28 

 

1.2.3. Autoimmunity 

Autoimmunity results from a loss of immune tolerance mechanisms and results in 

tissue damage at the site where the loss of tolerance is occurring. The breakdown of 

immune tolerance results from both genetic and environmental factors.29 Genetic 
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susceptibility to autoimmune disease has been demonstrated to contribute to several 

pathologies. There is considerable evidence that infection is a major environmental 

trigger of autoimmune disease, likely through the activation of cross-reactive T cells 

present in the normal peripheral T cell repertoire.29-31 Whilst cross-reactivity offers one 

potential mechanism for autoimmunity following infection, increasingly this mechanism 

alone is thought of as of being ‘over simplistic’ and not all autoimmunity is mediated 

through T cell defects.32 Other mechanisms that have been described include epitope 

spreading by release of sequestered autoantigens, superantigen mediated activation 

of a large portion of the T cell population and T cell stimulation by molecules released 

from pathogens.33-35 Whilst many autoimmune diseases such as diabetes have 

genetic associations, direct causation of autoimmunity from monogenic defects is 

observed in the many inborn errors of immunity (IEIs).29 Some notable examples of 

IEIs with a predominant autoimmune phenotype result from monogenic defects in 

FOXP3 (leading to loss of Tregs and IPEX syndrome), cytotoxic T lymphocyte antigen 

4 (CTLA4) (resulting in CTLA4 insufficiency due to reduced Treg function), AIRE (with 

resulting failure of negative selection and autoimmune polyendocrinopathy candidiasis 

ecto-dermal dystrophy (APECED) syndrome) and Fas (resulting in failure of apoptosis 

of autoreactive T cells and the autoimmune lymphoproliferative syndrome (ALPS).36 

The autoimmunity seen in these well characterised IEIs has improved understanding 

of the pathogenesis of autoimmunity in non-IEI or acquired autoimmune disorders and 

is leading to new therapeutic approaches. The immune dysregulatory IEIs are 

discussed in more detail later in this chapter.37,38 

 

In summary, immune homeostasis is maintained through central and peripheral 

tolerance mechanisms. Despite the presence of these diverse mechanisms which 

promote immune tolerance, breakdown of one or more of these can result in 

autoimmunity. Profound autoimmunity occurs in many IEIs where the presence of a 

well characterised monogenic defect provides a clear genetic cause. The concomitant 

treatment of autoimmunity and immunodeficiency is challenging and will be discussed 

in more depth in particular reference to CTLA4 insufficiency later in this chapter.  

 

 

1.3. CTLA4 
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CTLA4 (CD152) is a critical negative immune regulator constitutively expressed on 

Treg cells and on Tcons upon activation.  CTLA4 together with the costimulatory 

protein, CD28 are members of an immunoglobulin-related receptor family which 

includes programmed cell death protein 1 (PD-1) and T cell immunoreceptor with Ig 

and ITIM domains (TIGIT). This family of proteins include stimulatory and inhibitory 

receptors and together are responsible for many aspects of T lymphocyte regulation.39 

 

1.3.1. Structure of CTLA4 

CTLA4 is a four exon gene, 223 amino acids long,  located on chromosome 2 (band 

q33) along with CD28 and inducible T cell co-stimulator (ICOS).40 The four exons code 

for a signal peptide (exon 1), an extracellular domain that binds the ligands CD80 and 

CD86 and also dimerises the protein (exon 2), a transmembrane domain (exon 3) and 

a cytoplasmic tail (exon 4) (Figure 1.4).23,40 CTLA4 and CD28 share striking sequence 

homologies. Both genes are single-V domain members of the immunoglobulin 

superfamily and share the same intron/exon organisation.41 There are some notable 

sequence homologies between CTLA4 and CD28, most notably the MYPPPY 

hexamer.41 This ligand-binding motif is conserved between both molecules and also 

across species (e.g. human and mouse) and enables both proteins to bind to CD80 

and CD86. Although CTLA4 and CD28 share a similar genetic structure, the function 

of the proteins is diametrically opposed with CD28 critical to T cell costimulation and 

CTLA4 necessary for Treg-mediated suppression of T cell activation.23 CTLA4 forms 

homodimers in a similar way to CD28.42 
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Figure 1.4 Structure of the human CTLA4 gene showing the four exons 

 
1.3.2. CTLA4 expression 

CTLA4 is constitutively expressed on Tregs. CTLA4 is upregulated and expressed on 

conventional T cells (CD4+ and CD8+) with surface expression maximal around 24 

hours post activation.43 CTLA4 is also expressed on non-lymphoid immune cells and 

it has also been demonstrated that CTLA4 is up-regulated on NK cells on activation.44 

There have been conflicting reports as to whether CTLA4 is expressed on activated 

human B cells although transient CTLA4 expression has been demonstrated on 

murine B cells.45-47  

 

1.3.3. CTLA4 function 

CTLA4 and CD28 compete for the shared ligands CD80 and CD86 which are 

expressed on antigen presenting cells (APCs). CTLA4 has higher affinity and avidity 

than CD28 for CD80 and CD86 thus it suppresses CD28-mediated T cell 

costimulation.23,39,48 After CTLA4 binds to CD80 and CD86, they are removed from 

APCs  by a ‘ripping’ process (transendocytosis (TE)) thus reducing APC mediated 

activation of conventional T cells (Figure 1.5).23,48 Although a sufficient amount of 

CTLA4 is required at the Treg cell surface for the removal of CD80 and CD86 from 

APCs, the majority of CTLA4 is located in the intracellular compartment.49  
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Figure 1.5 Schematic of CTLA4 biology and transendocytosis. CTLA4 and 

CD28 share the ligands CD80 and CD86. CD80 is a high-affinity dimeric ligand 

whilst CD86 is a low-affinity monomeric ligand. In this schematic diagram the affinity 

of the different interactions move from high to low from left to right. CTLA4 can out 

compete CD28 for CD80 and CD86 as it binds the ligands with higher affinity and 

avidity. Once bound CTLA4 internalizes ligands by the process of transendocytosis. 

Created with biorender.com. 

 

CTLA4 undergoes cycling to the cell surface followed by internalisation. This cycling 

and internalisation is controlled by the clarthrin adapter protein-2 (AP2) via interactions 

with the cytoplasmic tail of the protein.40 After internalisation CTLA4 can either be 

trafficked to the lysosome for degradation or recycled back to the cell surface.49,50 

Recent, as yet unpublished data suggests that the fate of CTLA4 depends on whether 

it binds CD80 or CD86. In the presence of CD80, emerging data suggests that CTLA4 

is ubiquitylated and trafficked to lysosomes whereas in the presence of CD86 it is 

recycled back to the cell surface (Kennedy et al, Sansom lab, manuscript submitted 

on which I am a coauthor).  
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In summary, CTLA4 is a critical regulatory protein that modulates T cell responses by 

competing with CD28 for their shared ligands. The increased avidity and affinity of 

CTLA4 to CD80 and CD86 compared to CD28 means that it can outcompete the co-

stimulatory pathway thus exerting negative immune control.  

 

1.3.4. CTLA4 in immune tolerance and control of autoimmunity 

The critical role of CTLA4 in immune tolerance and the prevention of autoimmunity 

was widely accepted following the demonstration that CTLA4 deficient mice exhibited 

profound T cell dysregulation that resulted in tissue infiltration and death around 3 

weeks after birth.51,52 The T cells which underwent unregulated expansion in the 

CTLA4 deficient mice possessed a diverse TCR repertoire and the pathology seen in 

the mice resulted from both their proliferation and self-reactivity.52,53 Since then, 

multiple groups have demonstrated that CTLA4 is a critical mediator between the 

generation of immunity and tolerance with antibody-mediated blockade of CTLA4 

exacerbating disease in several mouse models of autoimmunity.52,54,55 Furthermore it 

has been demonstrated that CTLA4 blockade in normal mice can induce autoimmune 

phenomena such as gastritis.56 

 

Evidence of the critical role of CTLA4 for immune tolerance in humans comes from 

the autoimmunity and immune dysregulation seen from individuals with heterozygous 

germline mutations in CTLA4 (CTLA4 insufficiency, discussed later in this chapter) 

and individuals with deficiency of lipopolysaccharide-responsive and beige-like anchor 

protein (LRBA) which is important for normal trafficking of CTLA4.45,57 Clinical 

experience of anti-CTLA4 antibodies which are used in cancer immunotherapy as 

immune checkpoint inhibitors, provide further evidence in humans of the role of CTLA4 

in the maintenance of immune tolerance and control of autoimmunity as over 60% of 

patients treated with CTLA4 blocking antibodies develop autoimmune manifestations 

affecting many organ systems.23,58 

 

The importance of the relationship between CTLA4 and Tregs in the maintenance of 

immune tolerance was first suggested by the similarity between CTLA4 deficient mice 

and FOXP3 deficient mice.52 FOXP3 is a transcription factor, essential for the 

development and function of Tregs. The finding that FOXP3 deficient mice expressed 
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at least equal amounts of CTLA4 as wild type mice, and that CTLA4 deficient mice 

had an increased number of Tregs excluded the absence of the other gene as the 

cause of the similar phenotype between the two knock-out mice.59,60 This suggested 

that CTLA4 expression was independent of FOXP3 expression and vice versa.  

 

The phenotypes of both the FOXP3 deficient mice and CTLA4 knock-out mice can be 

corrected by the adoptive transfer of wildtype cells.60,61 In Rag-/- mice adoptively 

transferred with CTLA4-/- T cells, and then rescued with wildtype T cells (Rag-/- mice 

given CTLA4-/- cells alone died 10 weeks after adoptive transfer from 

lymphoproliferation), a remarkable finding was documented. The CTLA4-/- T cells in 

these mixed chimeric mice were not activated suggesting the cell extrinsic function of 

CTLA4 (i.e. T cells need not express CTLA4 to be negatively influenced by it).52,61 

 

CTLA4 is also expressed on conventional T cells (Tcon) upon activation, therefore 

further work focused on whether CTLA4-mediated suppression was Treg dependent 

or whether all T cells that express CTLA4 could suppress autoreactive CTLA4-/- T cells. 

Using the model whereby Rag-/- mice were adoptively transferred with CTLA4-/- T cells 

develop lymphoproliferative disease which can be rescued with the transfer of wild 

type T cells, it was demonstrated that the transfer of wild type Tcon alone were unable 

to control the disease phenotype.62 Thus, it is now widely accepted that a large 

proportion of CTLA4 mediated immune regulation is orchestrated through the 

expression of the protein on Tregs. Similarly, CTLA4 is important (although not 

exclusively responsible) for the normal suppressive functions of Tregs.52 

 

The immune system is highly complex and whilst in healthy individuals the 

maintenance of immunity with intact immune tolerance remarkably can balance the 

defence of the organism without erroneous recognition of self-antigen.  In disease this 

homeostasis is disrupted.  

 

 

1.4. Inborn errors of immunity (IEIs) 

 
The IEIs (also known as primary immunodeficiencies) are a group of disorders in which 

a component of the immune system, innate or adaptive is defective. Depending on 
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which component is defective, immune deficiency or immune dysregulation results. As 

the majority of IEIs result from monogenic defects the study of these diseases has 

deepened our understanding of normal and abnormal immune function. As our 

understanding of these diseases, particularly their genetic cause, increases, there is 

hope that new therapies will emerge able to improve the quality of life of those affected. 

In the next section, the IEIs will be discussed. 

 

IEIs  are a heterogeneous group of rare (1:10,000 births) inherited disorders of the 

innate or adaptive immune system.63,64 There are over 400 distinct IEIs, and new 

diseases are regularly described as our understanding of genetic defects and immune 

phenotypes increase.65 Whilst individually rare disorders, the prevalence of IEIs 

collectively, is estimated to be 50 patients per 100,000 population.66 As previously 

described the circulating cells involved in the innate and adaptive immune systems 

arise from the bone marrow. Defects in one or more particular immune cell types can 

result in an IEI (Figure 1.6). The genetic defect can give rise to absent or reduced 

numbers of a cell type, impaired or gain of function and/or defects in the signalling 

pathways within and between cell types (Figure 1.6). 
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Figure 1.6 Illustration of where IEI defects impact haematopoiesis. The location 

of genetic defects that affect the development or function of a particular cell type for 

some of the commoner IEIs are illustrated with red bars. For disorders with multiple 

genetic aetiologies that affect different stages of maturation the causative genes are 

shown in blue. Created with biorender.com 

 

 

The International Union of Immunological Societies (IUIS) classifies IEIs based on 

their phenotype into the following ten groups: immunodeficiencies affecting cellular 

and humoral immunity, combined immunodeficiencies with associated syndromic 

features, predominantly antibody deficiencies, diseases of immune dysregulation, 

congenital defects of phagocyte number or function, defects in intrinsic and innate 

immunity, autoinflammatory disorders, complement deficiencies, bone marrow failure 

and phenocopies of inborn errors of immunity (Table 1.1).67  
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IUIS 

group 

1. Combined 

cellular & humoral 

immunodeficiencies 

2. IEI associated with 

syndromal features 

 

3. Antibody 

deficiencies  

autoimmunity 

 

4. Diseases 

of immune 

dysregulation 

 

5. Defects of 

phagocyte 

number &/or 

function 

 

Example 

diseases 

58 genes 

e.g. SCID, CID, 

DOCK8, CD40L 

66 genes 

e.g. WAS, AT, CHH, 

Hyper IgE 

38 genes 

e.g, CVID, 

XLA, APDS 

46 genes 

e.g. HLH, 

Chediak 

Higashi, 

CD70, XIAP, 

ALPS, IPEX 

41 genes 

e.g. CGD, 

SCN, GATA2 

IUIS 

Group 

6. Defects of 

innate & 

intrinsic 

immunity 

 

7. Autoinflammatory 

diseases 

 

8. 

Complement 

defects 

 

9. Bone 

marrow 

failure 

syndromes 

 

10. 

Phenocopies 

of IEI 

Somatic 

variants and 

auto-Abs 

Example 

diseases 

63 genes 

e.g. CARD9, STAT1, 

IRAK4 

41 genes 

e.g. DADA2, FMF, 

TRAPS 

32 genes 

e.g. aHUS, 

PNH 

43 genes 

e.g. DKC, FA 

5 genes and 

12 conditions 

e.g. ALPS-

SFAS 

 

Table 1.1 IUIS classification of IEIs. Abbreviations in the table: SCID – Severe 

Combined Immune Deficiency, CID – combined immune deficiency, DOCK8 – 

Dedicator of Cytokinesis 8, CD40L – CD40 ligand, WAS – Wiskott Aldrich syndrome 

AT – ataxia-telangiectasia, CHH -cartilage hair hypoplasia, CVID – common variable 

immune deficiency, XLA – X-linked agammaglobulinemia, HLH – haemophagocytic 

lymphohistiocytosis, XIAP – X-linked inhibitor of apoptosis, ALPS – autoimmune 

lymphoproliferative syndrome, IPEX – Immune dysregulation polyendocrinopathy 

enteropathy X-linked syndrome, CGD - chronic granulomatous disease, SCN – severe 

congenital neutropenia, GATA2 – GATA-binding factor 2, CARD9 – Caspase 

recruitment domain-containing protein 9, STAT1 – signal transducer and activator of 

transcription 1, IRAK4 – interleukin-1 receptor associated kinase 4, DADA2 – 

Deficiency of adenosine deaminase 2, FMF – Familial Mediterranean fever, TRAPS – 

TNF-receptor associated periodic syndrome, aHUS – atypical hemolytic uremic 

syndrome, PNH – paroxysmal nocturnal haemoglobinuria, DKC – Dyskeratosis 

congenita, FA – Fanconi anaemia, ALPS-SFAS - autoimmune lymphoproliferative 

syndrome due to somatic FAS mutations  
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IEIs have heterogeneous clinical phenotypes within phenotypic groups and even 

within individual diagnoses. Recurrent infections (often severe, life-threatening 

infections) are the most common presenting complaint however an underlying IEI 

should be suspected in patients presenting with a wide variety of haematological and 

immunological symptoms at an earlier than expected age, which are refractory to 

conventional treatments or have a relevant family history.68 Cytopenias, autoimmunity 

such as idiopathic thrombocytopenic purpura (ITP), autoinflammation such as 

haemophagocytic lymphohistiocytosis (HLH) and malignancies (particularly lymphoid 

malignancies),  can all be the presentation of an IEI.69 Clinical severity is variable from 

the desperately sick infant with severe-combined immunodeficiency (SCID) who 

requires urgent allogeneic haematopoietic stem cell transplantation (alloHSCT) as a 

life-saving procedure, to the adult patient with common variable immunodeficiency 

(CVID) who may have a normal life expectancy on immunoglobulin replacement 

therapy.70 

 

In this section, I will briefly outline the main clinical and immunological phenotypes of 

the commonest IEIs from the phenotypic groups.  

 

1.4.1. Severe combined immunodeficiencies (SCID) 

Severe combined immunodeficiencies (SCIDs) result from defects in genes involved 

in T cell development and function. Some SCID defects also result in abnormal B cell 

and Natural Killer (NK) cell maturation and function.71 SCID patients appear normal at 

birth but typically present within the first month of life with life-threatening infections 

and/or failure to thrive.72 Babies are often desperately sick at presentation with lobar 

and/or interstitial pneumonia the most frequent infection at diagnosis. Severe/systemic 

viral infections with cytomegalovirus (CMV), Epstein-Barr virus (EBV) and herpes-

simplex virus (HSV), immune dysregulation, dermatological manifestations and HLH 

can further complicate the clinical picture at presentation.71  

 

Newborn screening using T cell receptor excision circles (TRECs) from dried blood 

spots is transforming the diagnosis of SCID. During T cell receptor development, 

receptor gene segments which are not needed are excised and stored as episomal 

DNA. TRECs are this episomal DNA and can thus be used a marker indicating the 
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presence of naïve T cells. TRECs are absent in SCID.73  Newborn screening using the 

TREC assay is being performed in an increasing number of countries around the world 

including the United States, Canada, Israel, New Zealand, Australia,  Norway, Taiwan, 

Switzerland, Germany, Iceland, Sweden, Italy and Spain.72 In the United Kingdom an 

evaluation of a screening programme using the TREC assay started in 2021.73 The 

benefit of newborn screening is that patients are diagnosed when they are 

asymptomatic thus often negating the need for prolonged antimicrobial or antiviral 

therapy. The identification of patients prior to presenting with infectious complications 

permits definitive treatment to be delivered before complications (e.g. CMV 

pneumonitis) develop. In addition it has been reported that following the introduction 

of newborn screening in other countries, a rise in the incidence of SCID has been 

noted suggesting that some infants are dying before a diagnosis is made.73 

 

Genetically, SCID patients can be grouped by the pathway that is defective. The 

pathways implicated are metabolic (e.g. adenosine deaminase (ADA) deficiency), 

cytokine signalling defects (e.g. X-linked SCID due to interleukin 2 receptor gamma 

gene defects), V(D)J recombination disorders (e.g. recombination activating gene 

(RAG) gene defects) and thymic disorders.71 SCID requires a definitive treatment 

(alloHSCT or gene therapy (GT)) to enable survival beyond infancy.74 AlloHSCT and 

GT for SCID will be discussed in more detail later in this chapter.  

 

1.4.2. Combined immunodeficiencies (CID) 

Combined immunodeficiencies are also associated with defects in T and B cells 

however, some residual T cell function results in a milder disease course and often 

presentation after infancy.75 Although not associated with the early dramatic 

presentation of SCID, CIDs still frequently present with life-threatening infections and 

profound refractory immune dysregulation that results in progressive morbidity and 

premature mortality without appropriate treatment.76 The European Society for 

Immunodeficiency (ESID) developed a set of diagnostic criteria for CIDs; one clinical 

criteria (severe infection, immune dysregulation, malignancy, affected family member) 

and two of the four laboratory criteria (low CD3, CD4 or CD8 cells (in the absence of 

human immunodeficiency virus (HIV)), low naïve CD4 and/or CD8 T cells, expansion 

of TCR  T cell, reduced proliferation to mitogens or TCR stimulation).77 In the latest 
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IUIS classification 40 distinct monogenic defects are described which result in an IEI 

with a CID phenotype.67 A subgroup of CID are those disorders with associated or 

syndromic features such as Wiskott-Aldrich syndrome (WAS) and ataxia 

telangiectasia.67 The majority of CID are inherited in an autosomal recessive manner, 

however there are some notable X-linked (CD40 ligand deficiency, WAS) and 

autosomal dominant (Ikaros family zinc finger protein 1 (IKZF1) deficiency and RelA 

haploinsufficiency) exceptions.76  

 

Recurrent infections with a variety of pathogens along with immune dysregulation are 

typical presenting features of CID.76 Although presentation in childhood is typical, 

delayed presentation in adolescence and adulthood can occur with CID.71,78 

Management of CIDs is highly individualised and can be challenging in disorders that 

are particularly rare and for which the natural disease course is not well established. 

Supportive care (immunoglobulin replacement, antiviral prophylaxis etc where 

indicated), prompt treatment of infections and regular surveillance for malignancies 

such as lymphoma and squamous cell carcinoma form the basis of conservative 

management for CID.75 AlloHSCT is frequently indicated when a patient develops 

severe manifestations of their CID (life threatening infection, malignancy, autoimmune 

or inflammatory phenomena) and will be discussed later in this thesis.78 

 

1.4.3. Disorders of phagocyte number and function 

Phagocytes (neutrophils, monocytes, dendritic cells, and macrophages) are essential 

to the first line defence against invading pathogens as well as playing a key role in 

wound healing after tissue injury. Several monogenic defects that result in defective 

function or reduced number of phagocytes have been described but by far the most 

common is chronic granulomatous disease (CGD).79 CGD causes progressive multi-

organ dysfunction, progressive morbidity and mortality. CGD results from mutations in 

genes encoding the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

complex resulting in defective neutrophil function. The most common, X-linked variant 

of the disease is caused by mutations in cytochrome b-245 beta chain (CYBB) which 

encodes the gp91phox subunit of NADPH-oxidase. Autosomal recessive CGD is rarer 

and accounts for around a third of CGD cases.79 The severely impaired ability of 

neutrophils to kill intracellular and extracellular pathogens results in recurrent 

infections particularly of catalase-positive bacteria and fungi.80,81 In addition to 
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recurrent infections, patients develop an immune dysregulation syndrome with 

hyperinflammatory reactions to infections and autoimmune phenomena, most notably 

colitis which can affect up to 30% of patients82.83 The colitis is often treatment-resistant 

and can severely impair quality of life.79 

 

95% of patients with CGD are diagnosed before age 5 after presenting with recurrent 

infections. Before oral antifungal drugs were available, a 2% annual mortality rate for 

patients with autosomal recessive CGD was observed, whilst annual mortality for 

those with X-linked CGD was over 5%.84 In patients with no NADPH-oxidase activity, 

prognosis is even worse.85 Improvements in supportive care have led to an overall 

survival to adulthood of 90% of patients, however, the majority of patients have 

significant and progressive morbidity due to their disease.79 Supportive care includes 

lifelong antibiotic and antifungal prophylaxis with or without supplementation of 

interferon gamma.81 CGD is diagnosed in adolescence and early adulthood in a small 

subset of patients, most notably those with the commonest autosomal recessive form 

of CGD, p47-phox deficiency.86 AlloHSCT is currently the only curative treatment 

option for CGD (although autologous GT is in the advanced stages of clinical 

development).87,88 Increasingly, definitive treatment (either alloHSCT or GT) is 

recommended to prevent the progressive morbidity associated with CGD and to 

improve quality of life.82,89 

 

Other disorders of phagocyte function are much rarer although after CGD, leucocyte 

adhesion deficiency (LAD) is the commonest. LAD caused by defects in the CD18-

integrin molecule resulting in poor migration and adhesion of leucocytes. The condition 

usually presents with deep tissue infections in infancy.90 Whilst the natural course of 

this disease is variable and treatment strategies have yet to be fully established, 

alloHSCT is the only curative therapeutic option.91 

 

1.4.4. Disorders of immune dysregulation 

Disorders of immune dysregulation can be characterized by severe autoimmunity 

alone or with an additional susceptibility to severe infections.92 This group of disorders 

have a variable but often severe clinical phenotype that results in progressive 

morbidity and risk of premature mortality. These disorders result from deficits in 
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immune regulatory elements resulting in overactive responses to foreign antigens, 

hyperinflammation and recognition of self-antigen.93 The most common disorders in 

this phenotypic group include immunodysregulation polyendocrinopathy enteropathy 

X-linked syndrome (IPEX),  X-linked lymphoproliferative disease (XLP), autoimmune 

lymphoproliferative syndrome (ALPS), cytotoxic T lymphocyte antigen 4 (CTLA4) 

insufficiency, and lipopolysaccharide-responsive and beige-like anchor protein 

(LRBA) deficiency and primary hemophagocytic lymphohistiocytosis (HLH) which has 

several monogenic causes. The immune dysregulatory disorders are summarised in 

Table 1.2. The disorders of immune dysregulation pose a particular management 

challenge. Balancing treatment of the autoimmune manifestations with immune 

suppression with management of the immune deficiency is a difficult balancing act.94 

 

 

 

 

 

 

 

 

 

 

 

 

Diseases Genetic 

Defects 

Inheritance Functional Defect Associated 

Features 

Familial haemophagocytic syndromes 

Perforin deficiency 

(FHL2) 

UNC13D/Munc13-4 deficiency 

(FHL3) 

Syntaxin 11 deficiency (FHL4) 

STXBP2/Munc 18-2 deficiency 

(FHL5) 

FAAP24 Deficiency 

SLC7A7 deficiency 

PRF1 

 

UNC13D 

 

STX11 

STXBP2 

FAAP24 

SLC7A7 

AR 

FHL5 can be 

AR or AD 

Decreased/absent NK cells 

and CTL. In FAAP24 def and 

SLC7A7 def NK cell function is 

normal but there is failure to 

kill autologous EBV 

transformed B cells and 

hyper-inflammatory response 

of macrophages 

Fever, HLH, 

cytopenias 

 

 

In FAAP24 def there 

is EBV driven 

lymphoproliferation 

FHL Syndromes with hypopigmentation 
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Chediak-Higashi syndrome 

Griscelli syndrome type 2 

Hermansky-Pudlak syndrome 

type 2 

Hermansky-Pudlak type 10 

LYST 

RAB27A 

AP3B1 

AP3D1 

AR Decreased NK and CTL 

activities 

Partial or 

oculocutaneous 

albinism, recurrent 

infections, HLH, 

cytopenias 

Regulatory T cell defects 

IPEX syndrome 

CD25 deficiency 

CD122 deficiency 

CTLA4 insufficiency 

LRBA deficiency 

DEF6 deficiency 

STAT3 GOF mutation 

BACH2 deficiency 

FERMT1 deficiency 

FOXP3 

IL2RA 

IL2RB 

CTLA4 

LRBA 

DEF6 

STAT3 

BACH2 

FERMT1 

IPEX – XL 

CTLA4 

Insufficiency 

– AD 

STAT3 GOF 

– AD 

BACH2 -AD 

All others AR 

Lack of CD4+CD25+ cells in 

IPEX and CD25 def 

Impaired Treg function in 

CTLA4 insufficiency, LRBA 

deficiency, DEF6 deficiency, 

STAT3 GOF. 

Intracellular accumulation of 

IgG, IgM, IgA and C3 in 

FERMT1 def. 

Recurrent infections, 

autoimmunity, 

lymphoproliferation 

Autoimmunity with or without lymphoproliferation 

APECED (APS-1) 

ITCH deficiency 

Tripeptidyl-peptidase II deficiency 

JAK1 GOF 

Prolidase deficiency 

AIRE 

ITCH 

TPP2 

 

JAK1 

PEPD 

APECED AR 

or AD 

JAK1 GOF 

AD 

Others AR 

APECED – lack of neg 

selection in thymus and 

generation of autoreactive T 

cells. ITCH def causes 

autoreactive effector T cells. 

Autoimmunity 

Recurrent infections 

Immune dysregulation with colitis 

IL-10 deficiency 

IL-10R deficiency 

NFAT5 haploinsufficiency 

TGFB1 deficiency 

RIPK1 

IL10 

IL10RA, 

IL10RB 

NFAT5 

TGFB1 

RIPK1 

NFAT5 – AD 

All others AR 

No functional IL-10 

Leucocytes unresponsive to 

IL-10. 

Decreased memory B cells. 

Decreased T cell prolif 

Autoimmunity 

particularly IBD, 

recurrent infections, 

lymphomas 

Autoimmune lymphoproliferative syndrome 

ALPS-FAS 

ALPS-FASLG 

ALPS-Caspase 10 

ALPS-Caspase 8 

FADD deficiency 

TNFRSF

6 

TNFSF6 

CASP10 

CASP8 

FADD 

ALPS-FAS 

AR and AD 

ALPS-

Caspase 10 

-AD 

Others-AR 

Apoptosis defect.  

Defective lymphocyte 

apoptosis and activation 

Splenomegaly, 

lymphomas, 

recurrent infections 

Susceptibility to EBV and lymphoproliferative conditions 

SAP Deficiency (XLP1) 

XIAP Deficiency (XLP2) 

CD27 Deficiency 

CD70 Deficiency 

CTPS1 Deficiency 

CD137 Deficiency 

RASGRP1 Deficiency 

RLTPR Deficiency 

XMEN 

PRKCD Deficiency 

SH2D1A 

XIAP 

CD27 

CD70 

CTPS1 

TNFRSF

9 

RASGR

P1 

XLP1, XLP2 

and XMEN 

are XL 

 

All others AR 

Variable defects including 

reduced NK cells and CTL 

cytotoxicity, poor ab 

responses, apoptotic defects. 

Recurrent infections 

EBV driven 

lymphomas 

Auotimmunity 

HLH 
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CARMIL

2 

MAGT1 

PRKCD 

 

Table 1.2 Summary of disorders of immune dysregulation. Abbreviations in the 

table: AR – autosomal recessive, AD – autosomal dominant, XL – X-linked, SLC7A7 

– Solute Carrier Family 7 Member 7, FAAP24 – FA Core complex associated protein 

24, UNC13D – Unc-13 Homolog D, IPEX – Immune dysregulation polyendocrinopathy 

X-linked, CD25 – Cluster of differentiation 25, CD122 – Cluster of differentiation 122, 

CTLA4 – Cytotoxic T lymphocyte antigen 4, LRBA – LPS responsive beige-like anchor 

protein, DEF6 – Differentially expressed in FDCP 6 , STAT3 – signal transducer and 

activator of transcription 3, BACH2 – BTB Domain and CNC homolog 2, FERMT1 – 

FERM domain containing Kindlin 1, APECED – autoimmune polyendocrinopathy 

candidiasis ecto-dermal dystrophy, JAK1 – Janus kinase 1, NFAT5 – nuclear factor of 

activated T cells, RIPK1 – receptor-interacting serine/threonine protein kinase 1, 

FADD- Fas associated protein with death domain, SAP – SLAM associated protein, 

XIAP – X-linked inhibitor of apoptosis, RASGRP1 – RAS guanyl releasing protein 1, 

XMEN – X-linked immunodeficiency with magnesium defect, PRKCD – protein kinase 

C delta IBD -inflammatory bowel disease.  

 

 

1.4.4.1. IPEX syndrome 

As described in the earlier section, Tregs are essential for immune tolerance. The 

transcription factor FOXP3 was found to have an essential role in Treg development, 

survival, and function when it was identified that a frameshift mutation in FOXP3 was 

responsible for the severe lymphoproliferation observed in the scurfy mouse.95 Indeed 

transgenic expression of FOXP3 in CD25- cells confers a degree of regulatory 

activity.96 Following the findings in FOXP3 deficient mice, it was not surprising 

therefore that defects in the transcription factor FOXP3 in humans result in a severe 

immune dysregulatory syndrome, IPEX syndrome with the clinical manifestations 

including enteropathy, type I diabetes mellitus and eczema. Long-term 

immunosuppression can be used for disease control and alloHSCT is potentially 

curative but can be affected by immune-mediated complications.97  



 53 

 

1.4.4.2. LRBA deficiency (with reference to CTLA4 insufficiency) 

As discussed in section 1.3.4, a large proportion of CTLA4 mediated immune 

regulated is orchestrated through the expression of the protein on Tregs. It is therefore 

not surprising that heterozygous mutations in the CTLA4 gene and biallelic mutations 

in the LRBA gene both result in an immune dysregulation syndrome. LRBA controls 

the intracellular trafficking and degradation of CTLA4 and as a result, the amount of 

total CTLA4 in intracellular vesicles in Tregs from LRBA deficiency patients is reduced 

compared to healthy controls.57 Due to the loss of normal Treg mediated direct 

suppression of Tcons, both CTLA4 insufficiency and LRBA deficiency result in a 

clinical syndrome of autoimmunity, lymphoproliferation and 

hypogammaglobulinemia.57 Prior to identification of the causative genetic defects, 

patients were classified as CVID with autoimmunity, however both diseases are now 

recognized as specific entities.45,46,57,98 Clinical responses have been observed to 

abatacept (a CTLA4 immunoglobulin fusion drug), suggesting that in both syndromes 

it is the loss of functional CTLA4 that causes the immune dysregulation. This further 

supports the critical role of CTLA4 in normal Treg-mediated immune regulation.38,57 

CTLA4 insufficiency is discussed in detail later in this thesis and is the target of our 

gene editing to correct the genetic defect. AlloHSCT has been used successfully in 

both LRBA deficiency and CTLA4 insufficiency.38,99 CTLA4 insufficiency is discussed 

in more detail in section 1.5 whilst alloHSCT for the disorder is discussed in section 

1.6.3. 

 

1.4.4.3. XLP 

X-linked lymphoproliferative disease types 1 and 2 are caused by mutations in the 

SH2D1A (XLP1) and XIAP (XLP2) genes, typically referred to as XLP1 and XIAP 

deficiency, respectively 100,101. Both disorders are characterized by severe immune 

dysregulation and complications often triggered by EBV infection, such as 

hemophagocytic lymphohistiocytosis (HLH), lymphoproliferation and colitis. Definitive 

treatment options for XLP and XIAP are discussed later in this chapter. Autoimmune 

Lymphoproliferative Syndrome (ALPS) is an immune dysregulatory disorder caused 

by mutations in the FAS-mediated apoptotic pathway (Fas-ligand, Caspase-10, 

Caspase-8).102 Clinically this syndrome presents with persistent malignant 

lymphadenopathy, hepatosplenomegaly, autoimmune phenomena and 
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hypergammaglobulinemia. The risk of Hodgkin lymphoma is estimated to be 50 times 

that of the general population whilst the risk of non-hodgkin lymphoma is estimated to 

be 14 times greater.103 ALPS usually presents in childhood, but late-onset cases have 

been reported.102,104 The disease can be managed with immunosuppression and 

autoimmune cytopenias often improve with age.105 AlloHSCT is generally considered 

inpatients who develop lymphoma, polyarteritis nodosa or have a severe phenotype 

with refractory cytopenias due to homozygous FAS mutations.103 

 

1.4.4.4. Primary Haemophagocytic Lymphohistiocytosis 

Primary Haemophagocytic Lymphohistiocytosis (HLH) is a rare, life-threatening 

disorder characterized by hyperinflammation and uncontrolled immune activation that 

classically presents with a triad of splenomegaly, fever and cytopenias 106. Primary 

HLH can be caused by genetic mutations primarily affecting Natural Killer (NK) and 

cytotoxic T cell function. These include familial HLH caused by autosomal recessive 

mutations in Perforin (PRF1), MUNC 13-4 (UNC13D), MUNC 19-2 (STXBP2), 

syntaxin 11 (STX11) as well as other IEIs such as Type II Hermansky-Pudlak 

syndrome (AP3B1), Chediak-Higashi syndrome (LYST) and Griscelli syndrome 

(RAB27A) 107. All of these are classified as immune dysregulation disorders. Primary 

HLH most commonly presents in childhood however, whilst the incidence in adults is 

not known, there are increasing reports in the literature describing patients aged over 

18 years at initial presentation.108 Presentation of primary HLH can be dramatic and 

life-threatening and combinations of chemotherapy, corticosteroids and anti- interferon 

gamma (IFN), anti-IL-1 or anti-CD52 monoclonal antibodies are required to bring the 

inflammation under control. Once initial disease control is achieved, patients with a 

detectable genetic mutation, or refractory or relapsed primary HLH in the absence of 

a genetic diagnosis, should undergo alloHSCT if they are able.108,109 

 

1.4.5. Defects in intrinsic and innate immunity 

Defects in intrinsic and innate immunity is a subgroup of IEI that have heterogeneous 

clinical phenotypes. They all commonly result in a predisposition to infections with 

subgroups of diseases predisposing to bacterial, parasitic, fungal, mycobacterial, and 

viral infections.67 This groups accounts for 1.5% of all IEIs and includes disorders 

where the cellular defect is in the innate immune compartment but is not a phagocytic 
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or complement defect. The group is further subdivided into four subgroups by the type 

of infection which the disorder results in susceptibility to. The four subgroups are 

predisposition to mycobacterial infections, predisposition to pyogenic diseases, 

predisposition to viral diseases and predisposition to fungal diseases.67 The site of the 

immune defect and the corresponding subgroup are summarised in Table 1.3.  

 

Subgroup Site of defect 

Predisposition to mycobacterial infections IFN circuit 

Predisposition to pyogenic diseases Toll-like receptors (TLRs) 

Congenital asplenia 

Predisposition to viral diseases TLR3 pathway 

Type I and III interferons 

WHIM syndrome (Warts, 

hypogammaglobulinaemia, infections, 

myelokathexis) 

Predisposition to fungal infections CARD9 deficiency 

STAT1 gain-of-function (GOF) mutations 

Table 1.3 Site of the immune defect in the four defects in intrinsic and innate 

immunity subgroups 

 

1.4.6. Autoinflammatory disorders 

This heterogeneous group of disorders made up of more than 40 monogenic 

conditions was established as a separate disease category in 1999. All disorders in 

this group are characterized by increased levels of inflammatory mediators such as 

interleukin-1 (IL-1), tumour necrosis factor (TNF), interleukin-18 (IL-18) or IFN. The 

commonest autoinflammatory disorders are familial Mediterranean fever and tumour 

necrosis factor periodic fever syndromes.110 Treatment of the autoinflammatory 

disorders focuses on blockade of the relevant pathway (e.g. IL-1-blockade with 

anakinra in NLRP3-autoinflammatory disease)  where available or non-specific 

immunomodulatory drugs (e.g. colchicine, corticosteroids, anti-IL-1 and anti-IL-6 

therapy) where a pathway specific agent is not available. AlloHSCT has been used in 

isolated cases of specific autoinflammatory disorders e.g. A20 haploinsufficiency.110 

 

1.4.7. Antibody deficiencies 
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The primary antibody deficiency subgroup represents the commonest IEIs. Indeed 

CVID is overall the most prevalent IEI in adulthood.111 Despite its prevalence, the 

genetic defects causing CVID have proved difficult to elucidate. Only 10-30% of CVID 

cases have one of the 12 defined monogenic defects and the majority of the rest of 

the cases likely have polygenic aetiology.112,113 The majority of CVID patients have a 

mild phenotype and can be successfully managed with immunoglobulin replacement 

therapy and appropriate antibiotics 114. One third of patients however have a ‘complex-

CVID’ phenotype with lymphoproliferation or immune dysregulation, often associated 

with impaired T cell immunity, resulting in significant morbidity and mortality.114 Due to 

the heterogeneous genetic landscape and lack of a genetic diagnosis in many 

patients, the natural course of disease can be difficult to predict. The heterogeneity of 

CVID makes decisions regarding more intensive but curative therapy with alloHSCT 

very difficult even in patients with a severe clinical phenotype. Patients with complex 

CVID often present with T cell deficiency and are sometimes classified as undefined 

or late-onset CID. The risk-benefit balance of alloHSCT in patients with complex CVID 

who remain well until late adolescence is not clear.  

 

Other common antibody deficiencies include X-linked agammaglobulinemia (XLA) and 

activated PI3K delta syndrome (APDS). XLA is a predominant antibody deficiency 

characterized by markedly decreased or absent B cells resulting in recurrent 

infections. It results from mutations in Bruton’s tyrosine kinase (BTK). Many patients 

survive with immunoglobulin replacement and prompt treatment of infections.115 

Clinical phenotype can be variable, and patients have been diagnosed in adulthood 

with minimal symptoms.116  

 

Activated PI3K delta syndrome (APDS) is another caused by gain-of-function mutation 

in PIK3CD or heterozygous splice site mutation in PIK3R1.117,118 PI3K inhibitors, such 

as rapamycin, can reduce the severity of some of the disease manifestations such as 

benign lymphoproliferative disease but are less efficient for gastrointestinal 

manifestations and cytopenias.118-120 Consequently, alloHSCT has been proposed for 

patients with APDS with overt lymphoma or who have developed other significant 

complications. In a recent cohort of APDS patients undergoing alloHSCT which 

included three adolescents aged 13, 16 and 18, one died from idiopathic pneumonia 

whilst the other two remain well at last follow up.121 A more recent larger study reported 
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the outcomes of 57 patients who underwent alloHSCT for APDS. Overall survival in 

this cohort was 86% however there was a particularly high incidence of graft failure 

(42%) in patients who received mammalian target of rapamycin inhibitors (mTORi) in 

the first year post-transplant (graft failure rate of 17% in those who didn’t receive 

mTORi). The study concluded that alloHSCT reverses the clinical phenotype but is 

associated with a high incidence of graft instability, made worse by post alloHSCT 

mTORi.122 

 

1.4.8. Complement deficiencies 

The complement system, made up of more than 50 soluble and membrane-bound 

proteins forms an essential component of the innate immune system. Complement 

deficiencies make up 5% of IEIs and result in infectious, inflammatory and thrombotic 

complications.123 Complement disorders usually present in childhood and the clinical 

manifestations vary according to what component of the pathway is defective.124 

Defects in the early components of the classical pathway result in an increased risk of 

developing autoimmunity whereas the defective or absent terminal pathway 

components results in increased risk of meningococcal infections.123 Thrombotic 

complications occur in some inherited complementopathies such as atypical 

haemolytic uraemic syndrome (aHUS). Heterozygous mutations in complement Factor 

H (CFH), cluster of differentiation 46 (CD46), complement component C3 and 

complement factor I (CFI) result in genetic aHUS, a thrombotic microangiopathy that 

results from complement activation at the vascular endothelium.125 Complete defects 

have been described in nearly all complement proteins, the only exception being 

carboxypeptidase N.123 Management is variable and dependent on the underlying 

disorder but vaccination and antibiotic chemoprophylaxis against infections form the 

cornerstone of management for many disorders. The complement inhibitor, 

eculizumab which blocks the cleavage of complement component C5, can be used in 

some disorders that result from overactive components.126 

 

1.4.9. Phenocopies of inborn errors of immunity 

Somatic mutations and disease related autoantibodies affecting the same pathway as 

a known IEI can result in a disease that resembles an established IEI diagnosis. These 

phenocopies of IEIs have a clinical picture that resembles a well-characterised 

disease without a demonstrable genetic aetiology.67,127 Phenocopies of IEIs which 
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have garnered particular attention due to the increasing use of immune checkpoint 

blockade in the management of cancer are the phenocopies of CTLA4 insufficiency 

and phenocopies of PDCD1 deficiency (with PD-1 blockade). Ipilimumab and 

tremelimumab both bind to CTLA4 and prevent it from binding to its ligands CD80 and 

CD86. Severe adverse events (grades 3-5) have been reported in 20-50% of 

melanoma patients treated with these agents, the most common being colitis, 

dermatitis, cytopenias and endocrinopathies.128 The nature and spectrum of the side 

effects of anti-CTLA4 drugs mirror the clinical manifestations of CTLA4 insufficiency. 

This provides further evidence in humans, of the critical role of CTLA4 in maintaining 

normal immune homeostasis. The main difference in terms of clinical manifestations 

between patients with CTLA4 insufficiency and patients receiving anti-CTLA4 agents 

is the susceptibility to infections which is common in patients with germline 

heterozygous CTLA4 mutations but uncommon in those on anti-CTLA4 therapy.127 

The reason for this discrepancy is not yet known but the magnitude of inhibition and 

age at which the defect begins are possible causes. CTLA4 insufficiency that results 

from heterozygous germline mutations is discussed in the next section.  

 

 

1.5. CTLA4 insufficiency 

 
CTLA4 insufficiency is an IEI with a severe clinical phenotype that results from 

heterozygous germline mutations in CTLA4 (illustrated earlier in Figure 1.6).45,46 

CTLA4 insufficiency is a relatively new diagnosis, first described in 2014.45,46,98 Many 

patients with CTLA4 gene mutations had previously been diagnosed with common 

variable immunodeficiency (CVID) and/or an autoimmune syndrome, however as 

availability of genetic diagnosis and awareness of the condition has improved the 

number of recognised cases has increased dramatically.38 It is inherited in an 

autosomal dominant fashion with incomplete penetrance.  

 

1.5.1. Genetics of CTLA4 insufficiency 

Heterozygous CTLA4 germline mutations in humans cause CTLA4 insufficiency. 

Multiple coding mutations in CTLA4 have now been reported, all of which reduce the 

level of functionally competent CTLA4 on T cells (haploinsufficiency), however disease 

severity is variable and there can be large disparities in clinical manifestations between 
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family members with the same mutations.46,98 Of the CTLA4 mutations described to 

date 82% are located in exons 2 and 3 (Figure 1.7).98 

 

 

 

Figure 1.7 Structure of CTLA4: Schematic representation of the mutational 

landscape of CTLA4 haploinsufficiency. The location of published mutations 

within the gene are shown. Mutations are colour coded by citation (key, top right). 

 

 

1.5.2. Clinical presentation and diagnosis 

Most CTLA4 insufficiency patients were previously diagnosed with CVID before the 

widespread availability of genetic diagnosis. CVID is the most common symptomatic 

primary immunodeficiency syndrome affecting 1 in 25,000 people and heterozygous 

CTLA4 mutations have been found to be present in 4% of CVID patients.129 In addition 

to CVID, many patients with CTLA4 insufficiency had previously received an 

alternative diagnosis with cytopenias, inflammatory bowel disease, granulomatous 

lymphoproliferative interstitial lung disease, bronchiectasis, asthma and lymphoma 

being the next most common.98  Common clinical manifestations include, 
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hypogammaglobulinaemia, lymphoproliferation, autoimmune cytopenia as well as 

respiratory, gastrointestinal and neurological presentations due to lymphoid 

infiltration.46,98,130 The median age of onset of symptoms in CTLA4 deficiency in the 

largest case series was 11 years old, however, this was highly variable and ranged 

from 1-59 years.  

 

The diagnosis of CTLA4 insufficiency is made by genomic sequencing, flow cytometric 

assessment of CTLA4 expression and in vitro studies of CTLA4 function.38 There is 

currently inter-centre variability in assay methodology for the diagnostic workup of 

CTLA4 insufficiency. There is broad consensus however that flow cytometric 

quantification of CTLA4 in Tregs along with a functional assay is required for a 

previously undescribed variant of uncertain significance (VUS) to be labelled 

pathogenic. For flow cytometric assessment of CTLA4 expression in Treg, intracellular 

staining for total CTLA4 in CD4+ T cells, 16-24 hours post activation and gating on the 

FOXP3+ cells has been demonstrated to detect differences between patients and 

healthy controls.38,98 The transendocytosis (TE) assay (or variations thereof) are used 

to assess CTLA4 function (see methods section). This assay assesses the ability of T 

cells to perform CTLA4-mediated transendocytosis. Cell lines stably expressing 

fluorescently labelled CD80 or CD86 are incubated with the activated T cells and 

ligand uptake assessed by quantifying uptake of the fluorochrome into the T 

cells.38,131,132 CTLA4 expression levels vary between mutations and not all pathogenic 

mutations result in reduced expression. However, there is broad agreement that at 

least one of reduced expression or reduced ligand uptake is required to classify a 

mutation in CTLA4 as pathogenic.38 

 

1.5.3. Prognosis and management 

Due to CTLA4 insufficiency only recently having been described, the natural course of 

the disease is not well established. There appears to be significant genotype-

phenotype variation even between individuals from the same family with the same 

mutation.38,98 What is clear is that the disorder results in progressive morbidity and 

premature mortality in many patients. In a large case series of 133 subjects, it was 

reported that 16% of patients had died of clinical manifestations or resulting 

complications at a median age of 23 years of age despite current best available 

therapy.98 Furthermore, of those patients who underwent alloHSCT (the only current 
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available curative therapy) several patients died from transplant-related 

complications.133  

 

Management of CTLA4 insufficiency is challenging and balancing treatment of the 

immunodeficiency with the autoimmunity is particularly difficult. Conservative 

treatment options include immunoglobin replacement therapy which is used in most 

patients (all those with hypogammaglobulinaemia). CTLA4 replacement with soluble 

CTLA4-Fc (abatacept) has been demonstrated to result in symptomatic improvement 

in a proportion of patients, however, concomitant/additional systemic 

immunosuppression is often required to control severe, refractory autoimmune 

manifestations. Not all patients respond to abatacept therapy, however, and some 

deteriorate despite optimal conservative management.38 Inhibition of CD28 signalling 

using mechanistic target of rapamycin (mTOR) inhibitors has also resulted in an 

improvement in symptoms in a number of patients, however systemic 

immunosuppression with agents such as corticosteroids, sirolimus and rituximab is 

also typically required.98 AlloHSCT offers a long term cure in terms of ameliorating the 

disease phenotype whilst permitting patients to come off medications including 

immunoglobulin replacement therapy. AlloHSCT for CTLA4 insufficiency is discussed 

in more depth in section 1.6.3.  

 

In summary, CTLA4 insufficiency is a recently identified IEI with a frequently severe 

autoimmune phenotype. Current treatment options are unsatisfactory and whilst 

alloHSCT is curative it carries risks of mortality and morbidity. The incomplete 

penetrance observed in the disorder may indicate that other factors such as 

epigenetics or environmental triggers may contribute to disease phenotype and are 

not yet fully understood.38 

 

 

1.6. Allogeneic hematopoietic stem cell transplantation (alloHSCT) 
for IEI 

 
AlloHSCT is the only curative therapy for most IEI and in many severe disorders such 

as SCID it is the standard of care. There is now over 50 years’ experience of alloHSCT 

for the treatment of IEI and survival rates of over 95% have been achieved in SCID 



 62 

cohorts, a remarkable achievement given that SCID was universally fatal prior to 

transplantation.134 However, despite significant advances in alloHSCT over the last 

few decades, the procedure still carries significant risks. During the immediate period 

of aplasia, patients can develop life threatening bacterial infections and during the 

longer period required for lymphoid reconstitution viral reactivation and/or infection are 

common. Longer term, chemo- and/or radiotherapy can result in an increased risk of 

secondary malignancy, organ dysfunction and infertility.135 Complications can also 

arise from the graft itself and graft-versus-host disease (GVHD), graft failure and poor 

graft function can all result in significant morbidity and even mortality.74  

 

The risks of alloHSCT are greatly outweighed by the potential benefits in severe IEI 

such as SCID. However, decisions around transplantation in disorders with a variable 

clinical phenotype or where experience is sparse are more difficult. In such cases, the 

development of a life-threatening complication such as a serious infection or a 

malignancy should prompt consideration of transplant.136 Whilst outcomes from 

alloHSCT have historically been better if the intervention is performed early this is not 

always possible.69,74,137,138 The heterogeneity of non-SCID IEI and an initial milder 

clinical phenotype, lack of suitable donor and/or absence of a known causative genetic 

defect has resulted in many patients surviving to adolescence and adulthood without 

transplantation.67,78 Many of these patients develop serious complications over time 

that can compromise life expectancy and reduce quality of life.97,139-143 The 

complications themselves and their treatment can lead to progressive end-organ 

damage, thus increasing the treatment-related mortality (TRM) of alloHSCT in older 

patients.  

 

1.6.1. AlloHSCT for SCID 

As described earlier, SCID results in near absence of T cells and survival beyond 

infancy requires a definitive therapy that results in immune reconstitution.138 SCID was 

universally fatal until the first alloHSCT was performed in 1968. AlloHSCT is now 

considered the standard of care for SCID.138 Until recently (and in some countries it is 

still the case), patients were diagnosed after developing infectious complications but 

the introduction of newborn screening as described previously has meant that in 

countries where screening is performed many patients are diagnosed when they are 

asymptomatic (although patients with a relevant family history are often diagnosed 
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whilst asymptomatic).73 This has an impact on alloHSCT as active infection 

pretransplant significantly negatively affects survival.138 

 

Overall survival (OS) rates for cohorts of patients who have undergone alloHSCT for 

SCID are now over 90% in experienced centres and over 95% in patients who were 

infection-free prior to transplant.74,138 It is now accepted that some form of conditioning 

is required for multilineage (particularly B cell) immune reconstitution.135,144,145 

Regimens vary by country and centres however, reduced intensity regimens that have 

less toxicity whilst still enabling multi-lineage engraftment have now become standard 

of care.144,146 There is evidence that treosulfan based regimens are effective but with 

a lower risk of toxicities compared to busulfan particularly in children aged less than 1 

year of age.144 Despite the excellent survival outcomes of patients transplanted for 

SCID, the long-term sequelae are as yet not well established, and is an area identified 

by experts in the field as a priority for further research.135 

 

1.6.2. AlloHSCT for non-SCID IEI 

Transplant decisions in non-SCID IEI are frequently more difficult. Given the rarity of 

some of the non-SCID IEI disorders and uncertainty about the natural clinical course, 

the decision to transplant can be complex. For SCID, the risk/benefit analysis for 

alloHSCT is straight forward as the disease would otherwise be fatal. However, in non-

SCID IEI the risk/benefit analysis is more nuanced. Due to advances in supportive 

care, survival of several decades is possible in many non-SCID IEI. The decision to 

transplant must consider not only the life expectancy of the patient but also their quality 

of life.147 

 

For some of the more common non-SCID IEIs such as WAS and CGD, alloHSCT is 

increasingly considered standard of care as transplant outcomes have improved and 

the natural history of the disease without transplant has been increasingly well 

defined.87,148-154  In other non-SCID IEIs variability in clinical phenotype even amongst 

family members means that a highly individualized approach to transplantation has to 

be taken. For the non-SCID IEIs for which alloHSCT is known to be curative but is not 

yet established as the standard of care, transplant is considered when the patient 

develops a severe complication of their IEI. Severe, life-threatening infection, 

malignancy, severe autoimmune or autoinflammatory phenomena such as HLH and 
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development of end-organ dysfunction due to IEI-related complications should all 

prompt consideration of alloHSCT.78,147The indications for alloHSCT along with 

conservative management options for the commonest IEIs are summarised in Table 

1.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IUIS Classification Disease Phenotype Genetic 
Defect/inheri
tance 

Conservative 
management options 

AlloHSCT indications 

Severe Combined 
Immunodeficienci
es 

Adenosine 
deaminase 
(ADA) 
deficiency 

Presents in. 
infancy 
T- B- low NK cells, 
low Ig 

ADA 
 
Autosomal 
recessive 

Nil AlloHSCT in infancy 
required 155,156. 
 
 

X-SCID Presents in. 
infancy 
T- B+ low NK 
cells, low Ig 

IL2RG 
 
X-linked 

Nil AlloHSCT in infancy 
required 69,74.  
 
 

Artemis 
deficiency 

Presents in. 
infancy 
T- B- normal NK 
cell number, Low 

DCLRE1C 
 
Autosomal 
recessive 

 
Poor outcome without 
alloHSCT 
 

Variable results to 
alloHSCT due to 
radiation sensitivity 157. 
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Ig, radiation 
sensitivity 

  
 

RAG Deficiency Presents in 
infancy 
T- B- normal NK 
cell number, Low 
Ig 

RAG1 
RAG2 
Autosomal 
recessive 

Poor outcome without 
alloHSCT 

AlloHSCT curative but 
increased risk of graft 
rejection due to 
activated NK cells 157. 
 
 

Combined 
Immunodeficienci
es 

Wiskott-Aldrich 
Syndrome 

Presents in 
childhood.  
Progressive 
decrease in T cell 
numbers, normal 
B cells, Low IgM, 
microthrombocyto
penia 

WAS 
 
X-linked 

X-linked 
thrombocytopenia 
usually managed 
conservatively but early 
correction with 
alloHSCT usually 
performed for WAS 

AlloHSCT curative. 
Outcomes inferior if 
aged >5150,158 .  
 
 

CD40 Ligand 
Deficiency 

Memory B cells 
absent. Normal to 
low T cells 

Cd40LG 
 
X-linked 

Immunoglobulin 
replacement therapy, 
GCSF administration, 
prophylactic antibiotics.  

AlloHSCT curative. 
Poor outcomes if liver 
and lung disease.159 
MAC associated with 
better outcomes. 

Screen and provide 
Cryptosporidium 
prophylaxis in all 
candidates. Consider 
liver transplant if liver 
involvement 

DOCK8 
Deficiency 

T cell 
lymphopenia, 
increased total B 
cells. Few Treg 
with poor function. 

DOCK8 
 
Autosomal 
recessive 

Screening and treatment 
of infections. 
Immunoglobulin 
replacement. 

AlloHSCT curative. 

Disorders of 
Phagocyte 
Number and 
Function 

X-linked 
Chronic 
Granulomatous 
Disease 

Defective 
neutrophils and 
monocytes, 
results in 
recurrent 
infections and 
autoinflammatory 
phenotype. Most 
commonly 
presents in 
childhood but can 
present later 

CYBB 
 
X-linked 

Prophylactic antibiotics, 
screening for infections, 
corticosteroids for 
granulomata, biologic 
agents for IBD. 
AlloHSCT increasingly 
recommended. 

AlloHSCT curative, 
increasingly performed 
once diagnosis 
established 87.  
 
 

AR Chronic 
Granulomatous 
Disease 

Similar to X-CGD CYBA, 
CYBC1, 
NCF1, NCF2, 
NCF4 
Autosomal 
recessive 

As for X-CGD AlloHSCT curative 87. 
 
 

Leukocyte 
adhesion 
deficiency type 
1 

Defective 
neutrophils, 
monocytes, 
lymphocytes and 
NK cells 

ITGB2 
 
Autosomal 
recessive 

Prophylactic antibiotics. 
AlloHSCT usually 
performed before age 2. 

AlloHSCT curative 
90and therapy of choice. 
 
 

Diseases of 
Immune 
Dysregulation 

Familial 
haemophagocy
tic 
lymphohistiocyt
osis 

Can present at 
any age 
(childhood more 
common). 
Increased 
activated T cells, 
decreased to 
absent NK cells 

PRF1, 
UNC13D, 
STX11, 
STXBP2, 
FAAP24, 
SLC7A7 
 
Autosomal 
recessive 

AlloHSCT 
recommended for 
patients with HLH with 
established genetic 
cause. 

AlloSCT curative 
although requires 
control of HLH prior to 
transplant 109.  
 
 

IPEX syndrome Lack of/impaired 
function of T 
regulatory cells 

FOXP3 
 
X-linked  

Immunosuppressive 
therapy and long term 
supportive care. 
AlloHSCT is therapy of 
choice. 

AlloHSCT curative 97 
and therapy of choice. 
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X-linked 
lymphoprolifera
tive disease 1 

Normal or 
increased 
activated T cells, 
reduced memory 
B cells, reduced 
NK cell activity.  

SH2D1A 
 
X-linked 

Immunoglobulin 
replacement therapy, 
rituximab for EBV 
infection. 
 
AlloHSCT 
recommended if 
develops lymphoma. 

AlloHSCT curative 160 
 
 

CTLA4 
insufficiency 

Decreased 
circulating t cells, 
reduced B cell 
numbers 

CTLA4 
 
Autosomal 
dominant 

Abatacept, 
immunosuppression for 
autoimmunity, 
Immunoglobulin 
replacement 

AlloHSCT curative.133 
Consider if severe 
phenotype. 

LRBA 
deficiency 

Normal or 
decreased CD4 
numbers T cell 
dysregulation 

LRBA 
 
Autosomal 
recessive 

Abatacept, 
immunosuppression for 
autoimmunity, 
Immunoglobulin 
replacement 

AlloHSCT curative. 
Considered if treatment 
refractory.99 

Defects in Intrinsic 
and Innate 
Immunity 

STAT1 defects Variable 
depending of 
whether LOF or 
GOF 

STAT1 
 
Autosomal 
dominant 
(GOF) and 
autosomal 
recessive 
forms 

Ruxolitinib for GOF. 
Antifungal agents. 
Screening and treatment 
of malignancy 

Transplant as soon as 
patient recognised to 
have severe phenotype  

CARD9 
deficiency 

Mononuclear 
phagocytes 

CARD9 
 
Autosomal 
recessive 

Antifungal agents. Long 
term supportive care 

Consider if severe life-
threatening infections.  

Predominant 
Antibody 
Deficiency 

CVID Low IgG and IgA 
and/or IgM 

Unknown 
Variable 
inheritance 

Immunoglobulin 
replacement. Antibiotic 
prophylaxis. 

AlloHSCT 
controversial. 
Outcomes poor. May 
be indicated in complex 
CVID.161  

Activated PI3K 
delta syndrome 
(APDS) 

Normal/increased 
IgM, reduced IgG 
and IgA 

PIK3CD GOF 
 
Autosomal 
dominant 

mTOR inhibitors, 
Corticosteroids, 
rituximab, 
immunoglobulin 
replacement. 

AlloHSCT potentially 
curative but high rates 
of graft rejection 
particularly with use of 
mTORi in first year.122 

X-linked 
agammaglobuli
nemia (XLA) 

All 
immunoglobulins 
decreased 

BTK 
X-linked 

Immunoglobulin 
replacement 

AlloHSCT usually only 
performed if develop 
additional 
complications e.g. 
malignancy. AlloHSCT 
restores humoral 
immunity. 

 

Table 1.4 Summary of conservative management options and indications for 

alloHSCT for the commonest IEIs 

 

 

 

1.6.3. AlloHSCT for adolescents and adults with IEI 

Whilst alloHSCT has been performed for children with IEI for many years, until recently 

adolescents and adults with IEI have not been routinely considered for alloHSCT.136  

This issue is particularly relevant to CTLA4 insufficiency. In the largest series to date 

documenting transplant outcomes for CTLA4 insufficiency the median age of onset 

was 7.5 years (18 patients, range 2-50 years of age). As it takes several years for the 

severe disease phenotype to be recognised (and therefore alloHSCT considered), the 
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median age of transplant was 15.5 years of age (range 9-51).38 Due to the small 

numbers of patients with CTLA4 insufficiency who have been transplanted, additional 

information on the optimal approach and risks particular to older patients can be 

garnered from the growing experience of alloHSCT for older patients with IEIs. 

 

Advances in transplant practice for older patients with IEIs, such as the use of 

reduced-intensity conditioning (RIC), improvements in supportive care and donor 

selection have reduced the risks associated with the procedure.78,162  The 

development of haploidentical alloHSCT protocols which permit the use of a donor 

that differs from the recipient by an entire haplotype, using T cell depletion techniques 

to prevent GvHD has reduced issues with donor availability significantly.163 Experience 

of alloHSCT for older patients has also increased. Historically, myeloablative 

conditioned transplants in these high-risk adult patients carried a prohibitive treatment 

related mortality (TRM).161 More recent data has demonstrated that RIC approaches 

in carefully selected patients, in experienced specialist centers can achieve excellent 

overall survival in older patients.78,149,162,164 The data for alloHSCT for adults in 

individual IEIs is summarized in Table 1.5. 

 

 

 

 

 

 

 

 

 Disease Evidence in Adults Outcomes Disease-specific 
considerations 

Combined 
Immunodeficiencies 

Wiskott-Aldrich 
Syndrome 

4 adults with MAC 
conditioning (aged 22, 22, 24 
and 39). 158 1 adult with RIC 
alloHSCT. 162 

Large EBMT study reported 
worse outcomes if aged >5 
150 

Of the 4 MAC 
alloHSCT patients: 2 
alive and well, 1 
graft-failure, 1 death. 

In the US RIC cohort 
the adult WAS patient 
is alive and well. 

Autologous GT should be 
considered for adults if 
available (may be lower 
risk) 

CD40 Ligand 
Deficiency 

16 adolescent/adult patients 
in EBMTcohort of 130 
patients.159 9 patients have 
been reported (all 
adolescents or adults) who 
have undergone liver 
transplant and alloHSCT. 165 

OS of 48% for older 
patients. In patients 
with liver disease 
combined 
transplantation offers 
superior outcomes to 
either transplant 
alone. 

MAC associated with 
better outcomes. 

Screen and provide 
Cryptosporidium 
prophylaxis in all 
candidates. Consider liver 
transplant if liver 
involvement 
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DOCK8 Deficiency 16 patients aged 16 in large 
cohort.166 Cohort of 7 
patients (median age 20) 
cured with haploidentical 
alloHSCT. 

14/16 patients 
survived.  

RIC superior to MAC. 
Haploidentical 
transplantation appears 
safe and effective in 
adults.  

Disorders of 
Immune Regulation 

XLP types 1 and 2 Outcomes of 3 adolescents 
with XLP1 (aged 15-19).160 
Outcomes of 2 adult patients 
(aged 21 and 24) with XLP2 
have been reported.167. 2 
adults (1 XLP1, 1 XLP2) in 
cohort of adults transplanted 
for IEI. Both cured with 
transplant. 78 Outcomes for 5 
adolescents/adults 
transplanted for XLP2 were 
recently reported in a large 
cohort. All 5 are reported to 
be alive and well post-
transplant.168  

Good results in 3 
adolescents with 
XLP1.  

The 2 adults with 
XLP2 were cured 
with alloHSCT.  

RIC appears safe and 
effective.  

CTLA4 and LRBA 
Deficiencies 

12 patients aged 10  with 
CTLA deficiency have been 
transplanted (oldest 51). 133 

12 patients with LRBA 
deficiency underwent 
alloHSCT before age 15.169  

Of the CLTA4 cohort, 
8 alive and well, 1 
graft failure.  

8 of the LRBA 
deficiency patients 
survived. 

Transplant indication 
mainly treatment resistant 
cytopenias or lymphoma 
but CTLA4 deficiency 
appears to have an 
aggressive clinical course. 
Transplant should be 
considered on an 
individualised basis. 

ALPS Outcomes of 2 adults (aged 
32 and 34 reported). 78 

Both patients 
transplanted with RIC 
conditioning alive and 
well. 

RIC regimen safe and 
effective. Successful 
haploidentical transplants 
performed in children.  

Primary HLH Cohort of 29 adults with 
primary HLH who underwent 
alloHSCT has been 
reported. 170  

Successful haploidentical 
alloHSCT has been reported 
in 4 adults with primary HLH. 
171,172  

OS 41% but included 
patients with 
secondary HLH (total 
67 patients). Survival 
better in patients with 
familial HLH.  

Related donors should be 
screened for HLH-
associated genes and 
heterozygous carriers 
should have functional 
tests such as those 
assessing NK cell 
degranulation.  

Disorders of 
phagocyte number 
and function.  

Chronic 
Granulomatous 
Disease 

45% of large cohort who 
underwent RIC alloHSCT for 
CGD were aged 14-39 years 
old). 149. 

11 patients with CGD in an 
adult cohort of alloHSCT 
recipients. 78 

Older patients 
traditionally had poor 
outcomes with MAC 
regimens. OS>80% 
with RIC approaches.  

RIC approach offers 
better OS than MAC.  

Successful autologous GT 
for adults with CGD has 
been reported and may 
be an option in the near 
future.  

Leucocyte adhesion 
deficiency 

Several adolescents/adults 
in the small cohorts of 
patients who have had 
alloHSCT.173 

OS for whole cohort 
(including children) 
was 75%. 

RIC appears safer than 
MAC but higher rate of 
mixed chimerism. Not 
known what level of 
chimerism needed to 
ameliorate phenotype.  

Defects in Intrinsic 
and Innate 
Immunity 

STAT1 Gain-of-
function Mutations 

Outcomes for 15 patients 
who underwent alloHSCT 
have been reported (6 aged 
>17). 

OS 40% for older 
patients 

Transplant as soon as 
patient recognised to 
have severe phenotype  

CARD9 deficiency One adult (aged 44) who 
had haploidentical alloHSCT 
has been reported. 174  

Clinical remission 
after transplant in 1 
case reported.  

Consider if severe life-
threatening infections.  

Predominant 
Antibody Deficiency 

CVID Outcomes of 14 patients 
aged 18–50 have been 
reported (mix of RIC and 
MAC regimens). 161 

OS of 57% but 
mortality higher in 
those transplanted 
with MAC regimens 
and prior to 2010. 

Consider RIC regimens 
over MAC.  

Clinical trial needed to 
assess safety. 

Activated PI3K delta 
syndrome (APDS) 

AlloHSCT for APDS reported 
in three adolescents.121 One 
50 year old patient reported 
in adult IEI cohort.782 adult 
patients in recent US cohort 
162 11 adults reported in 
recent large retrospective 
study.122 

2/3 adolescents alive 
and well. 50 year old 
cured and clinically 
well. 

RIC appears safe and 
effective.  
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X-linked 
agammaglobulinemia 
(XLA) 

Outcomes of 2 adults (aged 
25 and 28) who have 
undergone alloHSCT have 
been reported.175,176. One 
MAC and one RIC. 

Both patients 
survived with 
restored humoral 
immunity. 

RIC able to restore 
humoral immunity. MAC 
may be preferable in 
context of malignancy. 

 

Table 1.5 Summary of adult alloHSCT data for IEI 

 

These encouraging results are transforming the treatment landscape for adults with 

IEI, and patients for whom transplantation would have been deemed too high a risk 

are now being considered for this curative therapy. The timing and indications for 

alloHSCT in adults with IEI remain controversial and it is not yet clear if the occurrence 

of complications, the genetic diagnosis or immune function are all equally good 

predictors of disease evolution and/or the need for alloHSCT. 

 

1.6.4. AlloHSCT for CTLA4 insufficiency 

As described in section 1.5, CTLA4 insufficiency is a frequently severe disease of 

immune dysregulation.  AlloHSCT is curative in CTLA4 insufficiency with resolution of 

enteropathy and cytopenias observed in many patients. However, despite improved 

outcomes, morbidity and mortality remains high.  The elevated levels of inflammation 

in CTLA4 insufficient patients before they enter the transplant process may promote 

an alloreactive response following engraftment, potentially increasing the risk of graft 

failure or rejection.133. In addition, the older age at presentation of many patients with 

CTLA4 deficiency and potential end-organ damage from disease-related 

complications make alloHSCT a high-risk therapeutic option.78,136  

 

A recent cohort study reported the outcomes of 18 patients who had undergone 

alloHSCT for CTLA4 insufficiency. Of these patients, 13 are alive and well and are off 

all medications (apart from 1 who is still on immunoglobulin replacement therapy) 

(median follow up 634 days). Of the 5 patients who died, in 2 the cause of death was 

GvHD, 1 died of acute respiratory distress syndrome, 1 of multiple organ failure and 

one died due to diabetic ketoacidosis unrelated to the alloHSCT.38 This data indicates 

that alloHSCT is curative in terms of resolving the clinical phenotype and enabling the 

cessation of therapy including immunoglobulin replacement. However, due to the 

morbidity and mortality risks associated with the procedure the timing and patients 
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should be referred for alloHSCT remains undefined. A recent large cohort study 

suggested that treatment-refractory CNS involvement, cytopenias, enteropathy or lung 

involvement should be considered ‘red flags’ and prompt consideration and referral for 

alloHSCT. In paediatric patients, the study suggested that alloHSCT should be 

considered in any patients with severe manifestations of their disease before the 

development of end-organ dysfunction.38  

 

1.6.5. Recent and future developments in alloHSCT for IEI 

 
1.6.5.1. Haploidentical transplantation 

One of the limitations of alloHSCT for the treatment of IEI is donor availability. Fewer 

than 25% of patients will have a matched sibling donor available whilst less than 70% 

of those remaining will have a suitably HLA-matched unrelated donor available.177 

Donor availability is more troublesome in alloHSCT for IEIs due affected family 

members and increased prevalence of IEIs in some ethnic groups.147 

 

The development of HLA-haploidentical stem cell transplantation protocols using 

posttransplant cyclophosphamide (PTCy) or graft manipulation with / T cell and B 

cell depletion has benefitted many patients requiring alloHSCT by reducing problems 

with donor availability. Survival outcomes are now comparable to HLA-matched 

alloHSCT.178-182 Both the techniques of in vivo depletion of alloreactive haploidentical 

T cells using cyclophosphamide after infusion, or removal of T cells from the graft prior 

to infusion have resulted in excellent overall survival and low rates of GVHD and graft 

rejection.180,183 The use of haploidentical donors has increased dramatically over the 

last decade.182,184 Fully HLA matched related donors should still be the first-choice 

donor due to lower all-cause mortality rates although prospective comparisons are 

lacking.185 Outcomes from haploidentical transplants appear to be equivalent to HLA-

matched unrelated donors and superior to mis-matched unrelated donors.185 

Experience of haploidentical transplantation for IEI is increasing and excellent 

outcomes have been reported in pediatric cohorts.180,182,183,186,187 There is less 

experience of haploidentical transplantation for adults with IEI however, there are 

several successful reports that demonstrate the procedure is safe and effective in this 

cohort.78,162,174,188  
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1.6.5.2. Non-genotoxic conditioning 

The requirement for conditioning therapy with chemo and/or radiotherapy to enable 

engraftment of allogeneic hematopoietic stem cells HSCs is one of the disadvantages 

of alloHSCT.189 The use of alkylating agents or total body irradiation (TBI), even at a 

reduced intensity, non-myeloablative doses has significant short and long-term 

toxicity.190 In malignant disorders these strategies may offer the additional advantage 

of depleting any residual malignant cells however, for non-malignant disorders the 

ability to avoid these agents would be a significant therapeutic advance.189 Non-

genotoxic, antibody-based conditioning agents are being developed which have the 

potential to greatly reduce the risks of alloHSCT for adults with IEI and thus broaden 

the application of the procedure. An approach using a hematopoietic-cell-specific 

immunotoxin, saporin (SAP) conjugated to an antibody targeting CD45 has been 

shown to result in >90% engraftment of donor cells after a single dose in an in vivo 

model using immunocompetent mice.191 In contrast to other conditioning regimens 

such as radiation this CD45-SAP immunotoxin did not result in cytopenias, thus 

preserving immune function and potentially significantly reducing the infectious 

complications that can occur as part of the transplant procedure.191 

 

Another approach targets c-kit (CD117), a dimeric transmembrane receptor tyrosine 

kinase expressed by HSCs.192  It has been shown that anti-mouse c-kit monoclonal 

antibodies can deplete HSCs and permit engraftment of exogenous HSCs.193-195 

Targeting the transmembrane receptor, CD47, a myeloid specific immune checkpoint 

enhances effector activity and, when used in combination with an anti-c-kit antibody 

can result in effective elimination of host HSCs in immunocompetent mice.196 CD45 is 

present on lymphocytes as well as HSCs thus, using a combined CD45-c-kit targeted 

approach would result in lymphodepletion in a similar way to alkylating agents. In order 

to circumvent this, c-kit (CD117) antibody drug conjugates have been developed e.g. 

streptavidin-saporin-anti-CD117. This agent appears as effective as the CD45-

targeting approach, leading to >99% depletion of host-HSCs without causing clinically 

significant side effects.194 Phase I trials of non-genotoxic conditioning agents are now 

in progress for children with SCID (NCT02963064). Early results are promising with 

evidence of sustained engraftment of multipotent HSCs however, it remains to be seen 

if these agents will permit stem cell engraftment in a non-SCID setting.197 Should these 

new agents prove to be successful in the non-SCID adult setting, the ability to perform 
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alloHSCT without alkylating agents or irradiation will increase the advantages of this 

therapeutic strategy whilst reducing the risks. 

 

 

1.7. Gene therapy for IEIs 

 
1.7.1. Ex vivo gene therapy 

Ex vivo autologous gene therapy (GT) uses cells taken from the patient which then 

undergo genetic manipulation ex vivo to correct the genetic defect (Figure 1.8).70 The 

use of autologous cells abrogates the immunological complications of alloHSCT 

(alloreactivity) and avoids the need to find a suitable donor.70 The cells that are to 

undergo genetic manipulation are harvested from the patient. Most ex vivo GT 

approaches utilise HSCs as engrafted genetically engineered stem cells can then 

produce cell progeny for the lifetime of the recipient offering a long-term cure.198 

However, for conditions primarily affecting the lymphoid compartment such as CD40 

ligand deficiency, XLP and CTLA4 insufficiency, T cell GT may offer a cure with less 

toxicity.98,199-201 T cell GT has the advantages of enabling engraftment with less toxic 

conditioning regimes (non-myeloablative, lymphodepleting regimens such as those 

used prior to infusion of chimeric-antigen receptor (CAR) T cells) and of higher editing 

efficiencies in T cells compared to HSCs.199  

 

Genetic engineering ex vivo is performed on the harvested cells either by transduction 

with a viral vector or gene editing.  The patient receives conditioning chemotherapy 

before the genetically modified stem cells are re-infused.202 To enable engraftment of 

modified HSCs, sufficient myeloablation is required for example using alkylating 

agents such as busulfan. For T cell gene therapy lymphodepletion is sufficient with 

regimens such as fludarabine and cyclophosphamide.70,199 An overview of how ex vivo 

GT is performed is illustrated in Figure 1.9. 
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Figure 1.8 Overview of autologous ex vivo GT. HSCs or T cells are harvested 

from the patient by apheresis. The harvested cells are cultured under sterile 

conditions and undergo genetic manipulation to correct the genetic defect. The 

patient undergoes myeloablative or lymphodepleting conditioning prior to infusion of 

the genetically modified cells. Created with biorender.com.70 

 
1.7.2. The history of gene therapy for IEIs 

The development of GT for IEIs has not been straightforward. Development of ex vivo 

gene therapy began with the discovery that viral vectors could be used to insert a 

functional gene into cellular chromosomal DNA (Figure 1.9).203  
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Figure 1.9 Mechanism of nucleic acid delivery with lentiviral vectors. Viral 

particles fuse to the cell membrane and then release the lentiviral (LV) RNA 

contained within them into the cell. Reverse transcription (by nucleoside reverse 

transcriptase (NRT) enzymes) converts lentiviral RNA to DNA. This DNA integrates 

into the genome of the infected cell and is then expressed. Integration of lentiviral 

vectors is semi-random thus conferring a risk of insertional mutagenesis although the 

integration profile of lentiviral vectors is much safer than with older retroviral vectors. 

Created with biorender.com. 

 

 

 

GT was initially attempted for ADA-SCID, an ideal candidate, given the requirement 

for a definitive therapy in infancy and that the disease results from absence of a 

ubiquitously expressed protein due to a monogenic defect. In 1995, early clinical trials 

used gammaretroviral (RV) vectors to introduce the ADA gene into T cells and then 

later into HSCs.204-207 Low intensity conditioning was used in most patients prior to 
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infusion of gene-corrected HSCs. Results of these early trials were very promising with 

evidence of metabolic correction and immune reconstitution. Several years following 

gene therapy, progressive increases in lymphocyte numbers were observed, 

thymopoiesis had been reinitiated and systemic detoxification of ADA metabolites was 

documented.207  Reassuringly, persistence of gene-corrected cells was 

demonstrated.207 A summary of the different viral vectors used for gene therapy 

applications is summarised in Table 1.6. 

 

  Retrovirus Lentivirus AAV 

Size ~80-100nm ~80-100nm ~25nm 

Genome ssRNA ssRNA ssDNA 

Packaging 

capacity 

10kb 8kb 4.7kb 

Transduction Dividing cells Dividing and non-

dividing cells 

Dividing and non-

dividing cells 

Integration Integrating Integrating Non-integrating 

Expression Stable Stable Transient or stable 

Immunogenicity Moderate/high Moderate/high Low 

Gene Therapy 

Strategy 

Ex vivo Ex vivo In vivo and ex vivo 

gene editing 

 

Table 1.6 Summary of viral vectors for gene therapy applications. 

 

The encouraging results in ADA-SCID prompted researchers to explore applying RV 

mediated correction to other forms of SCID. RV vectors were developed to correct X-

SCID which results from mutations in the common cytokine receptor gamma chain (IL-

2 receptor gene (IL2RG)). Successful immune reconstitution and persistence of 

genetically modified cells was observed.  Unfortunately, five of the twenty patients on 

the trial developed leukaemia which was later shown to be due to vector integration 

close to proto-oncogenes.208,209 Leukaemogenesis was also observed in a different 

GT trial for WAS. Although correction of WAS protein (WASP) was seen in nine of the 

ten patients treated, seven patients developed leukaemia, again due to vector 

integration close to proto-oncogenes (LMO2, CCND2 and MDS1/EVI1).210,211 
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Insertional mutagenesis was observed in a third GT trial using RV vectors for CGD, 

this time due to activation of ectopic viral integration site 1 (EVI1), leading to 

oligoclonal haematopoiesis and myelodysplasia with monosomy 7 in patients 

treated.212 Further investigation demonstrated that the transgene was being silenced 

by methylation of promoter elements in the long-terminal repeats whereas the 

enhancer elements were unaffected, resulting in mutagenesis.213 The adverse events 

in these trials led to significant concerns about the safety of RV platforms for GT even 

though it was shown that leukaemogenesis required secondary genetic lesions and, 

for reasons which remain unclear, no adverse events were seen patients treated with 

RV vectors for ADA-SCID, despite similar vector integration patterns.204,209 

 

In response to the adverse events seen in RV GT trials, the field focused on 

developing new vectors with an improved safety profile. RV vectors use powerful viral 

promoters in the long terminal repeat (LTR) sequences to drive transgene expression 

and have a preference for integration in transcriptionally active genomic regions.70,214 

The development of self-inactivating (SIN)-RV-vectors incorporated mutations in the 

LTRs and less powerful mammalian promoters.215,216 At the same time a novel vector 

based on the human immunodeficiency virus (HIV), a lentivirus (LV) was developed 

that has removed the pathogenic potential of the virus with an integration pattern 

associated with a lower risk of oncogene activating insertions.217,218 Additional 

advantages of LV vectors over RV vectors are improved efficiency of gene transfer 

and the ability to transduce both proliferating and non-proliferating cells, reducing the 

amount of ex vivo manipulation required to produce a HSC-GT product.217,219-221 

 

Due to the lack of genotoxicity observed with RV vectors in ADA-SCID, development 

of the gamma retroviral approach for this condition continued.  In 2016, the first HSC 

GT product, Strimvelis, a RV vector containing the adenine deaminase (ADA) coding 

DNA (cDNA) received marketing approval in the European Union.222 Although 16 

patients have been successfully treated with Strimvelis, at the time of writing, a 

possible case of insertional mutagenesis following administration of the product is 

under investigation after a patient developed T cell leukaemia. It is worth noting that 

Strimvelis is a traditional RV vector that does not include the SIN modifications that 

have an improved safety profile.223 
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Although a theoretical risk of insertional mutagenesis exists with SIN-RV and SIN-LV 

vectors, 29 phase I/II HSC GT clinical trials using these vectors for the most common 

IEIs (SCID, WAS and CGD) have been completed, are in follow-up or are recruiting to 

date, without any vector-related adverse events reported.69,70 Proof-of-concept SIN-

RV and SIN-LV GT preclinical studies for an increasing number of IEIs exist. Several 

promising novel SIN-LV approaches are expected to enter clinical trials in humans in 

the near future.70  Each individual IEI poses its own unique challenges in terms of the 

lineage affected and level of expression/correction required. Researchers in the field 

have had to optimise promoters, viral constructs and conditioning for each condition. 

The development of GT approaches for individual IEIs are discussed in depth in the 

review and book chapter I have recently authored however I will provide an overview 

of the current status of GT for the commonest IEIs in this section. The status of gene 

therapy development for the commonest IEIs is detailed in Table 1.7.  

 

1.7.3. Gene therapy for older patients 

In addition to the development of new GT approaches with SIN-RV and SIN-LV 

vectors for different IEIs, the demographics of the patients recruited onto HSC GT 

clinical trials has expanded. Given the severity of the different forms of SCID, the first 

GT trials exclusively recruited infants and young children without donors for alloHSCT. 

However, as described, in non-SCID IEIs patients often present later in childhood or 

can survive to adolescence and adulthood without having undergone a definitive 

treatment.78 It was not known whether an older patient would be able to generate a 

full T cell repertoire following autologous HSC GT due to thymic involution. In 2017, 

the first successful HSC GT was performed in an adult (30 years old) with WAS, and 

fears regarding immune reconstitution in older patients appeared to be unfounded.224 

The patient, who had a severe clinical phenotype, but lacked a suitable donor for 

alloHSCT had rapid engraftment and expansion of a polyclonal pool of gene-corrected 

T cells following infusion of the autologous GT product. Sustained gene marking in B 

cell and myeloid lineages was also observed which is critical to improve the disease 

phenotype as WAS results in a mixed lineage functional defect.224  
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Since then, adolescents and adults have been recruited onto other HSC GT trials most 

notably a phase I trial of lentivirus-based gene therapy for X-linked CGD in which six 

of the nine patients enrolled were aged over 18 years old and the oldest was 27. All of 

these older patients had successful engraftment of gene-modified HSCs and seven of 

the nine patients on the trial remained free of new infections at last follow-up.88 

However, unpublished data shows that a number of patients treated have ongoing 

inflammatory complications not completely corrected by GT (Emma Morris, personal 

communication). Older patients with IEIs often have significant end-organ dysfunction 

as a result of living with their disease for many years and this increases the risks 

associated with alloHSCT.78 Impaired renal function in particular makes it difficult to 

deliver the prolonged immunosuppression with calcineurin inhibitors that is required 

as part of alloHSCT. It may be that older patients with IEI stand to benefit most from 

the development of autologous GT approaches.70 

 

1.7.4. Current status of gene therapy for SCID 

 
Clinical trials of GT for many IEIs have been conducted, are in progress or are 

planned to open imminently. The IEIs for which GT is in the advanced stages of 

clinical development are summarised in Table 1.7. 

 

 

PID Classification Disease Treatment  

Severe Combined 
Immunodeficiencies 

Adenosine 
deaminase (ADA) 
deficiency 

SIN-RV based gene therapy available (strimvelis). 
SIN-LV HSC GT phase I trial reported 225. 

X-SCID SIN-LV phase I clinical trial reported. HSC GT not 
yet licensed. Proof of concept gene editing 
approach 226,227.  

Artemis deficiency Phase I clinical trial of SIN-LV HSC GT 
(NCT03538899).  
 
 

RAG Deficiency Phase I clinical trial of SIN-LV HSC GT in RAG1 
deficiency expected to open soon 228.  

Combined 
Immunodeficiencies 

Wiskott-Aldrich 
Syndrome 

SIN-LV phase I clinical trial reported successful 
results although variable platelet correction 229. 
Proof-of-principle gene editing approach 230.  

Disorders of 
Phagocyte Number 
and Function 

X-linked Chronic 
Granulomatous 
Disease 

Phase I clinical trial of SIN-LV HSC GT has been 
reported and clinical efficacy demonstrated 88. 
Gene editing strategy demonstrated in pre-clinical 
study 227.  

AR Chronic 
Granulomatous 
Disease 

SIN-LV HSC GT approach for CGD caused by 
NCF1 mutations in clinical development 231,232.  
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Leukocyte 
adhesion deficiency 
type 1 

Phase I trials of SIN-LV HSC GT open in Spain and 
USA (NCT03825783, NCT03812263) 233. 

Diseases of Immune 
Dysregulation 

Familial 
haemophagocytic 
lymphohistiocytosis 

Proof-of-principle SIN-LV approach published. Not 
yet entered clinical trials 234.  

IPEX syndrome Proof of principle SIN-LV approach published. Not 
yet in clinical trials 235.  
Gene-editing pre-clinical work successful 236.  

X-linked 
lymphoproliferative 
disease 1 

Pre-clinical work with SIN-LV approach in T cells 
results in correction. Clinical trial planned 200.  

 

Table 1.7 Summary of the presentation, genetic defect and treatment options 

including HSC GT for the most common PIDs70 

 
 
1.7.4.1. ADA-SCID 

As described, ADA-SCID was the first IEI for which HSC GT was attempted and as a 

result, is the disease for which GT is at the most advanced stage of clinical 

development. The first trials using RV vectors, infused the cellular product without 

conditioning but as has been seen in alloHSCT, improved multi-lineage engraftment 

has been observed with prior busulfan containing reduced intensity conditioning and 

this has been used in subsequent trials.237 Interestingly, in contrast to other IEIs,  no 

insertional mutagenesis was seen in patients with ADA-SCID using RV vectors and 

as previously mentioned, Strimvelis, a fresh RV product has received marketing 

approval in the European Union.204,222,238,239 Following the recent development of T 

cell-leukaemia in a patient who had received Strimvelis, further administration of this 

product is on hold pending further investigations.223 Investigations determined that the 

leukaemia did not result from vector integration and administration of Strimvelis has 

resumed.  

 

However, the newer SIN-LV vectors that have been developed have also been applied 

to treat ADA-SCID and have been shown to be highly effective in clinical trials.239 

Results from the cohort of 30 patients treated demonstrated 100% survival with a 

single patient needing to restart enzyme replacement therapy and receive a rescue 

alloHSCT.238 One of the challenges for the GT field is demonstrating that an 

autologous approach offers advantages over alloHSCT to justify the additional costs. 
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This cohort of patients was compared to a historical cohort who received alloHSCT. 

42% of patients in the alloHSCT cohort required rescue transplantation, restarted 

enzyme replacement or died.238 Although this comparison is not a prospective 

randomised clinical trial, these promising  results suggest HSC GT may offer at least 

equivalent if not improved efficacy to alloHSCT.  

 

In addition to the recent concerns surrounding possible insertional mutagenesis, 

Strimvelis has the disadvantage of being a fresh product which necessitates patients 

travelling to the only treatment centre in Milan, Italy. The development of 

cryopreservation techniques will undoubtedly improve accessibility of HSC GT 

products and a clinical trial using a SIN-LV vector in cryopreserved transduced cells 

for ADA-SCID will evaluate outcomes for a product which could potentially be shipped 

to patients rather than the patient having to travel to the product (NCT03765632, 

NCT02999984).156 Cryopreserved products are being evaluated in other IEIs to 

improve the accessibility of the treatment. 

 

The administration of  Strimvelis has resumed although due to it being a fresh cell 

product patients still need to travel to the only treatment centre in Milan, Italy. HSC-

GT is considered alongside alloHSCT as a first-line treatment for ADA-SCID in Europe 

and was recommended in EBMT treatment guidelines in preference to alloHSCT from 

a matched unrelated donor.146,156 The only way for patients with ADA-SCID to access 

a cryopreserved HSC GT product is through a clinical trial. It is expected that a 

cryopreserved SIN-LV product will move towards market in the near future but it’s 

place in treatment algorithms will depend on costs and data on safety and efficacy 

compared to alloHSCT.70 

 

1.7.4.2. X-SCID 

X-SCID results from mutations in the common cytokine receptor gamma chain (IL-2 

receptor gene (IL2RG)). Following the development of leukaemia in patients on the 

trial of HSC GT for X-SCID using RV vectors described above, SIN vectors were 

developed to treat the disease. One SIN-RV clinical trial and several clinical trials of 

SIN-LV based HSC GT for X-SCID utilising nonmyeloablative busulfan-based 

conditioning have been reported with promising safety and efficacy.215,226,240 Several 
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clinical trials of HSC GT for X-SCID are currently recruiting in the Europe, the US and 

China (NCT01306019, NCT03601286, NCT04286815). As with ADA-SCID, clinical 

trials are currently the only way in which patients with X-SCID who lack a suitable 

donor for alloHSCT can access HSC GT although marketing approval of a product is 

expected in the next few years. Similarly, to ADA-SCID, the efficacy and costs of HSC 

GT will need to be compared to alloHSCT to determine its place in treatment protocols.  

 

1.7.4.3. Artemis SCID and RAG1 deficiency 

Mutations in the Artemis or recombinase-activating gene 1 (RAG1) genes result in 

profound B and T cell dysfunction. In addition, Artemis SCID patients have cellular 

radiosensitivity and a predisposition to malignancy and this makes alloHSCT for the 

condition challenging as preparative regimens need to avoid alkylating chemotherapy 

or radiotherapy to prevent excess toxicity.241 A SIN-LV vector that incorporates the 

endogenous promoter with the Artemis cDNA has demonstrated correction of defects 

in preclinical models and is now being evaluated in a phase I trial in humans in the 

United States (NCT03538899).242,243 A SIN-LV vector has demonstrated its ability to 

restore RAG1 expression in preclinical models and a phase I trial of this GT approach 

in humans is expected to open in the near future in Europe.228 

 

1.7.5. Current status of gene therapy for non-SCID IEI 

As described in the section on alloHSCT, presentation of non-IEIs can occur later, and 

survival past infancy and into adulthood is possible with conservative management. 

However, the natural disease course in some of the commoner non-SCID IEIs such 

as WAS and CGD is increasingly recognised to be life limiting and definitive treatment 

with alloHSCT is becoming standard of care for several disorders. HSC GT has the 

potential to offer curative treatment without the immunological complications of 

alloHSCT.  

 

1.7.5.1. Wiskott-Aldrich Syndrome (WAS) 

WAS is an X-linked IEI characterised by recurrent infections, thrombocytopenia and 

eczema and frequently complicated by autoimmunity and lymphoid malignancy. It 

results from mutations in the WAS gene which encodes WASP.68 WASP regulates the 

polymerisation of actin and is critical for immunological synapse formation, cell 

migration and cytotoxicity.244 The clinical phenotype of WAS includes recurrent 
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infections, severe eczema, microthrombocytopenia, autoimmunity and predisposition 

to develop lymphoid malignancy. WAS results in progressive morbidity and early 

mortality and definitive treatment is increasingly offered to all patients following 

diagnosis.68,245,246  

 

As described, WAS was one of the IEIs for which early attempts to develop RV GT 

resulted in insertional mutagenesis.211 After this early setback however, a SIN-LV 

vector was developed, that used a fragment of the endogenous WAS gene promoter 

to drive gene expression. In clinical trials (using fludarabine and targeted busulfan 

conditioning), immune reconstitution, multilineage WASp expression and 

maintenance of gene-marked cells has been observed with at least 2 years follow 

up.247,248 This trial also included the 30 year old adult previously described who 

successfully received HSC GT, demonstrating for the first time that an older patient 

could still regenerate a full T cell repertoire after infusion of gene corrected HSCs.224 

A similar SIN-LV vector has been simultaneously developed by an Italian group and 

has also demonstrated encouraging results.229 In the clinical trials of both vectors, 

HSC GT increased platelet counts from pre-treatment levels but complete restoration 

to normal levels was not seen, possibly due to the lack of selective advantage in gene-

corrected platelet precursors.249,250 All patients treated with SIN-LV HSC GT survived 

the procedure (one adult patient died four years post gene therapy due to infectious 

complications related to previous splenectomy). Although the numbers of patients 

treated remain small, this indicates that HSC GT may have a lower TRM than 

alloHSCT, particularly in older patients for whom transplant survival rates are 

inferior.150,246 Following commercialisation of a HSC GT product, current data 

suggests that it would be a particularly attractive option in younger patients who lack 

a suitable donor and older patients who are deemed to be high risk alloHSCT 

candidates but require a definitive therapy.  

 

1.7.5.2. Chronic Granulomatous Disease (CGD) 

Mutations in genes coding for the nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase complex are responsible for CGD, a multisystem IEI characterised 

by hyperinflammation and severe, recurrent bacterial and fungal infections. The most 

common, X-linked variant of the disease is caused by mutations in CYBB which 
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encodes the gp91phox subunit of NADPH-oxidase. The three autosomal recessive 

forms of CGD are rarer and account for a third of CGD cases.  AlloHSCT has been 

shown to be curative in CGD across all age groups.87 

 

As described, definitive curative therapy is increasingly recommended for CGD to 

prevent premature mortality and progressive morbidity.89 CGD was one of the IEIs for 

which GT was attempted with RV vectors but resulted in clonal expansion and 

monosomy 7 derived myelodysplasia.212 Initial vectors designed to correct the CYBB 

gene (X-CGD) had poor myeloid marking which is essential to reverse the clinical 

phenotype. A SIN-LV vector was developed that employed a novel chimeric myeloid 

promoter to drive expression of codon optimised CYBB cDNA.251 Clinical trials of this 

vector in humans are in progress in the United States and Europe and recently 

published data demonstrated that 16-46% of patient neutrophils displayed oxidase-

positivity at six months.88 Interestingly most patients in this cohort (6/9) were aged 

over 18 years.88 A parallel SIN-LV approach for autosomal recessive CGD (p47 

deficiency) is also in clinical development. If efficacy data is equivalent or superior to 

alloHSCT, the additional costs of HSC GT may be justified, particularly in older 

patients due to the potential improved safety profile of an autologous approach.  

 

1.7.5.3. Other non-SCID IEIs 

Several promising HSC GT approaches using SIN-LV vectors have been devised for 

other non-SCID IEIs. Leukocyte adhesion defect type 1 (LAD-1) is a disorder of  

phagocyte function for which a phase I clinical trial of a SIN-LV vector is in progress 

(NCT03825783, NCT03812263).233 Promising preclinical data exists for a SIN-LV 

HSC GT approach for IPEX syndrome.235 For perforin deficiency (a form of familial 

hemophagocytic lymphohistiocytosis) and X-linked lymphoproliferative disease 1 

(XLP1) which are both disorders in which the defect is predominantly in the lymphoid 

compartment, there are preclinical proof-of-concept SIN-LV T cell gene therapy 

approaches.200,234  

 

1.7.5.4. T cell gene therapy 

Adoptive transfer of gene-modified T cells has been used for over 20 years as an 

experimental treatment strategy for a variety of disorders most notably in 
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haematological malignancies, with chimeric antigen receptor T (CAR-T) cell therapy. 

T cell adoptive cellular therapy has a strong safety profile with over 500 years of patient 

follow-up.252 Several IEIs arise predominantly due to defects within the T cell 

compartment, thus correction of T cell populations alone may ameliorate clinical 

manifestations in conditions such as CD40 ligand deficiency, IPEX syndrome, XLP, 

CTLA4 insufficiency and STAT1 loss of function/gain of function mutations.  

 

T cell GT is proposed as a novel approach to correct genetic disorders that has several 

advantages over HSC modification. Firstly, large numbers of T lymphocytes can be 

obtained with non-mobilised apheresis. The lymphodepletion required prior to infusion 

of a T cell product is significantly less toxic than the myeloablative regimens required 

for HSC engraftment. As T cells are terminally differentiated, the risk of insertional 

mutagenesis is avoided. In vitro proof of concept studies have  now been published 

for T cell GT using lentivirus gene addition for XLP, CD40 ligand deficiency, IPEX, 

perforin deficiency and MUNC13-4 deficiency (the latter two are forms of familial 

HLH).234,239,253-255   The disadvantages of T cell GT compared to HSC GT are the lack 

of correction across all haematopoietic lineages (limiting the application to disorders 

predominantly mediated through the lymphoid compartment and concerns about 

persistence of gene-corrected T cells.  

 

The use of genetically modified T cells for therapeutic purposes began in the 1980s 

with clinical trials of virus-specific T cells and tumour infiltrating lymphocytes.199 

However, it wasn’t until the dramatic clinical results seen with CAR-T cell therapy in B 

cell haematological malignancies that genetically modified T cell immunotherapy 

entered mainstream clinical practice.256-258  

 

T cell gene therapy in IEIs predates CAR-T therapy. In the 1990s, several groups 

modified T cells from patients with adenosine deaminase deficient (ADA) SCID using 

gammaretroviral vectors.205,206 In most of the patients treated on these early clinical 

trials of T cell GT for ADA-SCID, T cell function was restored following infusion of the 

gene corrected T cells.205,206 Much was learnt about the therapeutic potential of T cell 

GT from these early trials. Gene modified T cells were demonstrated to have a similar 

cytokine release profile following stimulation. Patients developed a polyclonal T cell 

receptor repertoire after infusion of the modified T cells.205,206,237,259  
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Remarkably, the genetically modified T cells were still detectable in patients >10 years 

post GT. Although genetically corrected T cells in ADA-SCID have a survival 

advantage over uncorrected cells, central memory CD8+ T cells (CD8+ CD45RA+ 

CD62L+) and T stem cell memory cells (CD45RA+ CD62L- CD95+) were found to be 

enriched relative to other T cell subsets in patients with prolonged persistence of 

genetically modified T cells.205,206,259 It is now well established that these populations 

of cells are necessary for T cell persistence, and the detection of these cells in patients 

post T cell GT suggests that T cell GT may provide long-term therapeutic benefits in 

patients with certain conditions.199,260  

 

Despite the T cell correction and persistence, ADA-SCID results in absence of B and 

NK cells (in addition to T cells) thus, ultimately HSC-GT has been developed for the 

condition in order to achieve multi-lineage immune reconstitution.204,225,239 Apart from 

these early trials in ADA-SCID, there is no human clinical trial data to support a T cell 

approach in IEIs or other inherited conditions. There have been several promising pre-

clinical proof-of-concept studies using viral gene addition and gene edited T cell GT 

approaches published and several of these are expected to enter clinical trials in the 

near future. These studies along with data on T cell gene editing for adoptive cellular 

therapy will be discussed subsequently as they provide a strong rationale for the 

development of T cell GT, particularly using gene editing to correct the cellular defect.  

 

 

1.8. Gene editing 

 

Whilst several SIN-RV and SIN-LV HSC GT approaches are in the advanced stages 

of development and gene addition using SIN vectors has a growing body of safety and 

efficacy data, many challenges to this approach remain.202,261 Replacing genes by 

semi-random integration frequently does not result in physiological expression in all 

transduced cells, whilst its application to some disorders is constrained by size 

limitations of expression cassettes.262 Further, in disorders where tightly regulated 

gene expression is required, as is the case in gain-of-function disorders and 

haploinsufficiency such as CTLA4 insufficiency, a specific gene editing approach may 

be more appropriate with the potential to facilitate physiological, dynamic, cell-specific 
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protein expression. There are concerns over the safety of GT approaches where the 

transgene is involved in cell proliferation and whilst there have been no reported cases 

of malignancy in clinical trials since the development of SIN vectors, the theoretical 

risk of insertional mutagenesis remains.262  

 

Gene editing technologies allow the precise modification of an organisms’ DNA at a 

base-pair level. In the context of genetic disease, this enables correction of genetic 

defects whilst preserving the endogenous gene control machinery.262 The first 

essential step for editing DNA is the creation of a double-strand (ds) break.263 Once a 

double strand break is created, DNA will preferentially repair by the process of non-

homologous end joining (NHEJ). This error prone mechanism, results in insertions and 

deletions (indels) at the site of the dsDNA break. NHEJ can occur during all phases of 

the cell cycle and be exploited to knock-out a gene.198 NHEJ is used in all cells to 

repair DNA breaks that occur as part of normal cellular aging or by DNA-damaging 

insults as well as in normal T cell development to create diversity in T cell receptor 

(TCR) and immunoglobulin genes.264 

 

In contrast, if an exogeneous DNA repair template is provided, that is framed by 

sufficient sequence homology 5’ and 3’ of dsDNA break, repair can occur by the 

process of homology directed repair (HDR). This process is restricted to cells in S/G2 

phases of the cell cycle but is highly precise and permits the insertion of large amounts 

of new genetic material.198,265 Several designer DNA endonucleases are available that 

can introduce a double-stranded DNA break at a specific target sequence. 

Transcription activator-like effector nuclease (TALENs), zinc-finger nucleases (ZFNs) 

and meganucleases can all perform a similar function, however in 2012 the 

development of the CRISPR-Cas9 (clustered regularly interspaced short palindromic 

repeats associated with Cas9 endonuclease) RNA-based system has spurred the 

development of gene editing strategies.266 

 

1.8.1. Non-CRISPR endonucleases 

Meganucleases have large DNA recognition sites of 14-40bp and have been shown 

to have low cytotoxicity in mammalian cells. Although these are attractive qualities, 

their wider use in genetic engineering has been constrained by the limited number of 

target sites, complexity of engineering and low editing efficiencies.267 ZFNs contain a 
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protein region that contains several Cys2-His2 fingers, the so called ‘zinc fingers’ 

which recognise a triplet nucleotide code and bind oppositive strands of the DNA 

(Figure 1.10). These zinc fingers are fused to the cleavage domain of FokI 

endonuclease that produces a dimer which cleaves DNA at a specific target.267 

Transcription activator-like effectors (TALE) are DNA binding proteins made up of 

tandem repeats 33-35 amino acids in length. TALEs were isolated from the 

Xanthomas proteobacteria which exports these sequences into the genome of 

infected cells to regulate gene expression and facilitate infection.268 TALE domains 

are fused with the cleavage domain FokI to produce a TALEN (Figure 1.10).269 

Engineering of the DNA-binding specificity of TALENs is easier than ZFNs however 

they require more expertise than the CRISPR system.  

 

 

Figure 1.10 Schematic diagram of Zinc Finger Nucleases and Transcription 

activator-like effector nucleases. Created with biorender.com. 

 

1.8.2. CRISPR/Cas 

TALENs, ZFNs and meganucleases can all perform a similar function, however in 

2012 the discovery of the CRISPR-Cas (clustered regularly interspaced short 
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palindromic repeats associated with Cas endonuclease) RNA-based system has 

spurred the development of gene editing strategies.266 The CRISPR-Cas system 

enables the same high specificity of sequence targeting of the other endonuclease 

systems yet is much easier to use due to the guidance of the Cas endonuclease to its 

target site being governed by Watson-Crick base pairing.262  

 

CRISPR sequences were initially discovered in E.Coli in 1987 but their function as an 

essential component in the bacterial defence against bacteriophages was not 

elucidated until 2007.270 The mechanism by which bacteria use CRISPR/Cas systems 

as part of their adaptive immune system has now been well characterised (Figure 

1.11). The system allows the bacteria to record the unique signature of a specific 

invading phage and then destroy that phage if it is re-exposed to it. In brief, it does this 

by using Cas proteins to cut foreign DNA into small fragments (~20bp long) and then 

pastes them into CRISPR arrays (contiguous stretches of DNA). These fragments are 

processed by separate Cas proteins to generate CRISPR RNAs (crRNAs). These 

crRNAs can guide a Cas nuclease to the specified foreign DNA, which sits adjacent 

to a species-specific protospacer adjacent motif (PAM). The Cas nuclease then 

cleaves the foreign DNA at the site where it binds (Figure 1.11).270 
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Figure 1.11 Schematic diagram of the CRISPR/Cas9 system in Streptococcus 

demonstrating how foreign genetic material is removed from the bacteria’s 

genome. Created with biorender.com. 

 

5 types of Cas protein and 16 subtypes have been described which are grouped into 

two classes based on cleaving effector complex structure.271 In 2012, it was 

demonstrated that CRISPR could be programmed to target specific sites of DNA for 

cleavage.266 The Cas9 nuclease from Streptococcus Pyogenes (spCas9) is the most 

widely used nuclease for gene editing applications. A major advance was the synthetic 

fusion of two critical components of the CRISPR/Cas9 system, the crRNA with the 

trans-activating RNA tracrRNA to create a single guide RNA (sgRNA).272Thus, for 

gene editing applications, the CRISPR-Cas9 system requires two components, the 

Cas nuclease (of which there are several) and a guide RNA (gRNA).262,273 These 

components result in a dsDNA break at the desired location in the genome. The DNA 
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then undergoes repair by either NHEJ or HDR if a homology directed repair template 

is present, as described earlier (Figure 1.12).  

 

The CRISPR/Cas9 system permits a degree of allelic specificity if the gRNA crossed 

the mutation site, and the target sequence is that of the mutant rather than the wild-

type sequence. The degree of allelic specificity conferred is gRNA specific but is 

related to the proximity of the mutant base pair to the dsDNA break created.274,275 

 

 

 

Figure 1.12 Schematic diagram demonstrating the gRNA/Cas9 complex 

performing a dsDNA break. Once the dsDNA break is created, the DNA repairs 

itself by NHEJ creating insertions and deletions, or in the presence of a donor DNA 

template HDR can occur with insertion of new genetic material. Created with 

biorender.com. 
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1.8.3. Advances and developments in CRISPR/Cas technology 

Since the demonstration that the CRISPR/Cas9 system could be applied to precisely 

edit cellular DNA, the gene editing field has developed rapidly. The CRISPR toolbox 

has been expanded significantly and several important developments have improved 

on-target specificity and decreased off-target effects.  

 

1.8.3.1. High fidelity Cas9 variants 

One of the main concerns of using CRISPR/Ca9 editing, especially in cellular or gene 

therapy products is the potential for off-target DNA breaks. DNA cleavage occurs with 

high efficiency at a site with complete complementarity to the protospacer domain of 

the gRNA, however, there are potentially several other sites in the genome which may 

differ by one or two bases where cleavage could also occur.276 Several groups have 

identified Cas9 mutants which have reduced off-target effects with preserved on-target 

activity. Several Cas9 mutants, eSpCas9, SpCas9-HF1 and HypaCas9 have reduced 

off-target activity but unfortunately also show reduced on-target editing when delivered 

by an ribonucleoprotein (RNP) complex.277-279 Whilst other methods exist for delivering 

the Cas9 nuclease and gRNA, RNP delivery avoids an intracellular innate immune 

response and rapidly provides a high concentration of gene editing apparatus which 

is then also quickly degraded, making the editing process highly efficient.280 Recently 

a Cas9 with a single point mutation (p.R691A), so called High Fidelity (HiFi) Cas9, has 

been identified which has 20-fold reduction in off-target activity compared to WT Cas9 

with equivalent on-target activity when delivered as an RNP.276 This Cas9 became 

commercially available during the course of my PhD and was used for all experiments 

subsequently.  

 

1.8.3.2. Cpf1 (Cas12a) 

The characterisation of Cpf1 (also known as Cas12a) in 2015 added another enzyme 

to the CRISPR editing toolbox.281 Compared to Cas9, Cpf1 only requires a single RNA 

(Cas9 requires trans-activating crispr RNA and crispr RNA), cleaves DNA in a 

staggered manner (in a similar way to some restriction enzymes) and has a preferred 

PAM sequence of 5’-TTN-3’ thus enabling different genomic locations to be 

targeted.281 Cpf1 is theorised to have several advantages that may improve HDR. The 

staggered break, like traditional restriction enzymes may enable sticky-end mediated 

gene transfer which could be particular useful for inducing HDR in non-dividing cells. 



 92 

The Cpf1 PAM site is further from the cleavage site compared to Cas9 and thus is less 

likely to get disrupted in the editing process. The continued presence of the PAM may 

enable the continued action of Cpf1 in cells that did not undergo HDR initially 

improving editing efficiency although this is still theoretical.282 

 

1.8.3.3. Nickase induced HDR 

Concerns about off-target effects, result from potential dsDNA breaks at locations 

distant from the desired cleavage site. Whilst base editing enables genome 

modification without the creation of dsDNA only a limited number of changes can be 

made using this technique. HDR clearly has the broadest applications in terms of 

genomic modification of mammalian cells but the requirement for a dsDNA break to 

enable HDR to occur has the undesired side effect of indel formation which can be 

potentially deleterious. Cas9 nickase mutants cause single strand breaks at the gRNA 

target site.283 Double nicks can be created by the utilisation of two gRNAs targeting 

opposing strands of DNA.284  DNA nicks are the commonest form of DNA damage and 

it has been previously assumed that single strand nicks repair by simple ligation. 

However, in 2014 it was shown that HDR can occur at nicks thus realising the 

possibility of producing large edits without dsDNA breaks.285 It has since been 

demonstrated that Cas9 nickases can be used to induce HDR with higher efficiencies 

than Cas9 nuclease although the amount of HDR appears to be site and cell type 

dependent.284 The risks of off target effects using Cas9 nuclease can be mitigated by 

careful gRNA design and selection and robust methods for evaluating off-target effects 

thus until efficiencies are improved and application to a wide variety of cell types 

achieved, nickase induced HDR remains experimental. However, it is reassuring that 

nickase technology appears to be able to induce HDR without dsDNA breaks. 

Nickases could be particularly useful for edits in transcriptionally active genomic areas 

or within/close to proto-oncogenes.  

 

 

1.8.3.4. Base editing and prime editing 

Whilst HDR offers almost limitless potential in terms of possible edits, it occurs at low 

frequencies and can be very difficult to induce in non-dividing cells, in which HDR 

pathways are typically downregulated. Several techniques have been developed that 

enable bases to be altered without creating a dsDNA break. Whilst these edits would 
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not allow large amounts of new genetic material to be inserted they would permit 

correction of a point mutation or introduction of a novel premature stop codon for 

example, with high efficiency and potentially less risk of deleterious indels than HDR-

mediated strategies.286 Base editing occurs by using a Cas nickase that is fused to a 

deaminase enzyme which alters a specific target dictated by a gRNA. Cytosine base 

editors were first devised and enable a C>T change (or on the opposite strand a G>A 

change).287 This was followed by the demonstration of adenine base editors which 

mediate an A>G change (T>C on the opposing strand).288  

 

Whilst cytosine and adenine base editors enable four different edits to be made without 

a dsDNA break, the development of prime editing has enabled all 12 possible base-

to-base changes to be made.289 Prime editing works by using a prime editor protein 

which consists of a reverse transcriptase enzyme fused to a Cas9 nickase (Figure 

1.13). The prime editing gRNA (pegRNA) which contains the target sequence and the 

sequence for the desired edit, guides the prime editor protein to the desired location 

of the genome where a nick is performed. Following the nick, the reverse transcriptase 

domain utilises the pegRNA to polymerise DNA directly onto the nicked strand. This 

creates a heteroduplex with one edited strand and one unedited strand. To create a 

condition where the new edit is favoured in DNA repair, a second nick is created by 

an addition gRNA in the prime editor complex just away from the original nick on the 

unedited strand. The unedited strand then repairs itself using the edited strand as a 

template, resolving the heteroduplex and completing the edit (Figure 1.13).289 Given 

the number of potential edits that prime editing permits, the potential for this 

technology to be applied for therapeutic purposes is enormous. Indeed, the authors of 

the original paper describing the technique state that in principle, prime editing could 

correct 89% of known genetic variants associated with human diseases.289 

 

Despite base editing and prime editing having only been recently described, the 

techniques are already being applied with a view to correct human diseases and 

several pre-clinical proof-of concept studies have been published.290,291 Perhaps one 

of the most obvious candidates for base and prime editing is sickle cell disease, one 

of the commonest genetic disorders worldwide. The disease results from single amino 

acid substitution from Val (GTG) to Glu (GAG) in the gene encoding for the -globin 
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chain of haemoglobin. Adenine base editors have been used to convert the pathogenic 

Val amino acid to Ala, producing the naturally occurring, non-pathogenic variant Hb-

Makassar (HBBG). Using this technique in HSCs isolated from sickle cell patients, 80% 

of sickle cell disease alleles were converted to HBBG, a much higher proportion than 

has been achieved with HDR techniques.290 In a humanised mouse model, following 

base editing Makassar -globin represented 79% of  -globin in the blood and rescued 

the disease phenotype.290 Another strategy has been to use base editing to disrupt 

the BCLAA1 erythroid enhancer (which suppresses foetal haemoglobin (HbF) 

production). This technique has been shown to be as effective at inducing HbF 

production as nuclease-mediated disruption.292 The clinical applications of base and 

prime editing are not limited to genetic disease. The techniques are also being applied 

to cellular therapies for malignancies for example to remove surface proteins to create 

allogeneic CAR-T products or modify CAR-T cells to prevent T cell versus T cell 

fratricide.293,294 

 

 

Figure 1.13 Schematic diagram demonstrating the mechanism of prime editing. 

Created with biorender.com. 
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1.8.3.5. Advances in non-viral templates 

The application of gene editing to clinical practice is currently limited by the high cost 

of manufacturing clinical grade gene editing products and limited editing efficiencies 

in HSCs. AAV manufacture is difficult, time consuming and expensive.295-297  Several 

recent developments, offer an opportunity to mitigate some of these issues to enable 

the wider application of gene editing for IEIs. Firstly, recent data has shown that similar 

rates of HDR can be achieved with non-viral single stranded DNA templates which are 

much cheaper and easier to manufacture.298 Previously ssDNA templates were greatly 

inferior to AAV6 templates for HDR however recent data has shown that knock-in 

percentages can be improved significantly by incorporating Cas9 target sequences 

(CTS) into the template.299 Secondly, the use of small molecule ‘HDR enhancers’ has 

improved editing efficiencies to clinically relevant levels.299 Editing with ssDNA 

templates incorporating CTS has been used for proof-of-concept universal gene 

editing strategies for IL2RA and CTLA4 mutations in a recent pre-print highlighting the 

potential of this technology for therapeutic gene editing for IEIs.299 

 

1.8.3.6. In vivo delivery of CRISPR editing machinery 

Whilst ex vivo gene therapy has great potential, it is limited to cells which can be easily 

accessed and manipulated ex vivo. The procedure requires a sophisticated 

infrastructure, only available in advanced health care systems and the need for pre-

conditioning with alkylating chemotherapy has both short- and long-term side effects. 

The ability to correct genetic defects in vivo using gene editing would be a huge 

advance. The difficulty of in vivo editing is targeting a specific tissue and avoiding off-

target unwanted edits.  

 

Successful in vivo gene editing has recently been achieved in humans for transthyretin 

amyloidosis.300 This innovative strategy delivered a single gRNA targeting the 

transthyretin gene (TTR) and the Cas9 protein using a lipid nanoparticle (LNP). The 

LNP was optimised for delivery to hepatocytes (the site of TTR manufacture) as 

plasma apolipoprotein E opsonises the LNP surface so that it is actively endocytosed 

by hepatocytes.301 The gene editing results in indels in the TTR gene preventing 

production of functional TTR protein. Clinical results were dramatic, with durable 
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knock-down demonstrated after a single dose and significant decreases in serum TTR 

protein concentrations.300 

 

Emerging data suggests that lentivirus-based virus like particles (VLPs) may be able 

to perform in vivo gene editing of specific T cell populations.302 The authors of a 

recently published study developed a one-step strategy that uses VLPs to introduce 

Cas9 RNPs and a HDR template into primary human T cells without electroporation.302 

The authors used this approach to introduce a CAR construct whilst simultaneously 

knocking out genetic targets relevant to allogeneic CAR-T cell production. Clinically 

relevant editing frequencies were obtained with this approach and the authors 

demonstrated that the CD4 fraction could be targeted alone by modifying the viral 

envelope.302 Whilst in vivo validation of this approach has yet to be demonstrated, in 

vitro data appears promising.  

 

1.8.4. Clinical applications of gene editing 

The potential clinical applications of gene editing are vast, and a detailed review is 

beyond the scope of this thesis. I will, however, summarise some of the main, and 

most developed applications in adoptive cellular therapy for cancer and for the 

treatment of mendelian disorders. Both NHEJ- and HDR-mediated edits have been 

used for novel therapeutic strategies in both malignant and genetic disorders and will 

be discussed in this section. NHEJ can be used to knock-out a gene, for example to 

enhance immune cell function or correct a genetic disease. HDR can be used for more 

eloquent edits that fall into three broad categories outlined in Table 1.8. All three HDR 

strategies are being employed for clinical applications and are discussed in this 

section.  

 

 

 

 

 

 

 

 HDR Strategy Clinical application 
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1 Direct repair of disease-causing genetic 

mutation.  

Correction of NOX2 mutations in 

chronic granulomatous disease 303. 

Correction of the sickle cell disease 

mutation 304. 

2 Insertion of a complementary DNA 

(cDNA) cassette into the endogenous 

locus of that particular gene. 

Knock in of cDNA to treat hyper IgM 

syndrome 253,305. 

Knock in of CDNA to treat SCIDX1 306. 

3 Insertion of a cDNA cassette into the 

locus of a different gene so that 

expression of the inserted cDNA is 

under the control of the regulatory 

elements of the target gene locus 

Insertion of DNA coding for a chimeric 

antigen receptor into the endogenous 

TCR locus 307. 

 

Table 1.8 Summary of HDR strategies for clinical applications 

 

1.8.4.1. Gene editing in adoptive cellular therapy for the treatment of cancer 

Genetically modified adoptive cellular therapy has had dramatic results in certain 

cancers, particularly B cell malignancies. Efforts to apply the technology to other 

haematological and solid cancers are proceeding in earnest.  Genetically modified 

adoptive cellular therapy refers to the genetic modification of immune cells to target 

tumour antigens. It includes genetically modified T cells, chimeric antigen receptor T 

cells (CAR-T) and T cell receptor (TCR) transduced T cells.  

 

Following the success of immune checkpoint inhibitors such as anti-PD-1 agents for 

the treatment of certain solid tumours,308 researchers hypothesised that disruption of 

immune checkpoint genes using CRISPR/Cas9 ex vivo genetic engineering in T cells, 

followed by reinfusion of the genetically modified cells could be therapeutic. Immune 

checkpoint therapy works to increase the anti-tumour immune response by reducing 

negative immune regulation thus bypassing the immune suppressive 

microenvironment produced by many tumours.309 Knockout of several immune 

checkpoint genes including PD-1 and CTLA4 have been shown to enhance the anti-

tumour activity of cytotoxic T lymphocytes in vitro.310,311 Indeed, these techniques are 
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now being assessed in human clinical trials which have demonstrated that the 

approach is feasible and safe with signs of biological activity in patients refractory to 

conventional therapy. Clinical efficacy has been limited in part by low editing rates and 

this will need to be improved before the full potential of these approaches can be 

assessed and realised.312  

 

CAR-T cells have generated much excitement since early human clinical trials in B 

cell acute lymphoblastic leukaemia demonstrated high rates of complete remission in 

patients who were refractory to all other available therapies.313,314 CAR-Ts are 

generated by transducing T cells with retroviral or lentiviral vectors expressing the 

CAR construct. However, it has been shown that editing a T cell with CRISPR/Cas9 

and AAV HDR template to the T cell receptor  constant (TRAC) locus enhanced CAR-

T cell potency and edited cells outperformed CAR-T cells generated using viral 

transduction methods.307  

 

Most CAR-T cells to date use autologous T cells, however in heavily pre-treated 

patients, particularly infants, it can be difficult to obtain enough lymphocytes to 

manufacture an effective therapeutic product. In addition, allogeneic ‘third party’ 

products could be manufactured so that they are ‘ready-to-use’ thus avoiding the 

treatment delay associated with autologous products due to the manufacturing time. 

Allogeneic products could be potentially less expensive to manufacture due to 

scalability and the avoidance of a personalised manufacturing process that is needed 

for an autologous product. Gene editing is thus being used to generate ‘off-the-shelf’ 

allogenic CAR-T cells and the first-in-human application of this strategy was performed 

using TALENS to edit the TCR alpha constant (TRAC) region and CD52 gene loci with 

successful results.315 Several trials of allogeneic CAR-T cells that have undergone 

gene editing to disrupt endogenous T cell receptor expression or other pathways are 

underway. Although allogeneic CAR-T cells appear to be as effective as autologous 

cells at tumour killing, autologous cells have the advantage of potential long-term 

persistence which may be needed for durable remissions.316 Examples of work aimed 

at improving the persistence of allogeneic CAR-T cells includes using gene editing to 

delete MHC class I molecules by disrupting 2-microglobulin (to prevent immune 

rejection) and/or make them resistant to alemtuzumab by disrupting CD52.315,317 



 99 

 

One of the limitations of CAR-T therapy is the paucity of cancer-restricted surface 

markers. This has been particularly problematic in acute myeloid leukaemia (AML) 

where most surface antigens are shared with normal myeloid progenitors. An 

innovative strategy that was recently published, used CRISPR/Cas9 to knock-out 

CD33 on HSCs.318 The authors demonstrated that CD33 knock-out HSCs 

demonstrated normal engraftment and differentiation in rhesus macaques. Mature 

neutrophils differentiated from the CD33 knock-out HSCs exhibited normal function.  

This promising data suggests that a strategy combining allogenic HSCT of CD33 KO 

HSCs followed by anti-CD33 CAR-T therapy could be used to treat patients with 

AML.318 

 

T cell receptor (TCR) transduced T cells comprise an engineered alpha (α) beta (β) 

TCR heterodimer with endogenous signalling molecules.319 TCR transduced cells 

recognise peptide in the context of MHC and have the ability to be stimulated by single 

antigen molecules, which is achieved by serial low affinity TCR: peptide-MHC 

interactions.320 Although the efficacy seen with CD19 CAR-T cells has not been 

demonstrated in humans with TCR-engineered T cells, the TCR approach has a 

significant advantage over CAR-T technology in that intracellular antigens can be 

targeted.320 Recent data has shown that TCR transduced T cells targeting the Wilms’ 

Tumour antigen 1, are able to prevent AML relapse post-transplant.319 One of the 

potential disadvantages of TCR-engineered T cells is the risk of mispairing between 

the  and  chains of the introduced TCR and endogenous TCRs, potentially creating 

a new TCR with unknown off-target specificity. Gene editing has been used to mitigate 

this risk by disrupting the endogenous TCR  and  chains.321 

 

1.8.4.2. Gene editing for genetic diseases 

Whilst lentiviral gene therapy has been demonstrated to be safe and effective for 

several Mendelian disorders, gene editing vastly expands the scope of diseases for 

which a corrective therapeutic strategy could be devised. For example, in the case of 

the haemoglobinopathies, the large size of the -globin gene has presented a 

challenge to viral gene addition strategies. Although lentiviral strategies have entered 
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clinical trials, early results suggest low levels of expression and it may be that gene 

editing is a more successful approach.322,323 

 

In addition, although insertional mutagenesis does not appear to be a significant risk 

following lentiviral transduction of stem cells (as described in the early gene therapy 

section), a theoretical risk remains. There was concern recently that a patient treated 

with the LentiGlobin product (BB305 LV vector encoding -globin A-T87Q) may have 

suffered an insertional oncogenesis event 36 months post GT when they developed 

MDS.324 Multiple assays demonstrated the absence of vector integration in CD34+ 

blasts excluding lentiviral mediated oncogenesis as a cause of the MDS however 

insertional mutagenesis does remain a possible risk of GT using viral vectors.324 

 

When considering gene editing for Mendelian disorders, the haemoglobinopathies 

should be considered first as they represent some of the commonest genetic diseases 

worldwide and initial data from gene editing clinical trials in these disorders suggest 

the approach may be highly successful.325 Several different gene editing strategies 

are under evaluation for the haemoglobinopathies both utilising NHEJ (to knock-out 

the BCL11A erythroid specific enhancer) and HDR (to repair the disease causing 

mutation).325-327 Of these, the NHEJ strategy is at the most advanced stage of clinical 

development. The initial report detailing the first two patients (one with sickle cell 

disease (SCD), one with transfusion-dependent thalassaemia) treated showed that a 

year after receiving the HSCs there was pan cellular increases in foetal haemoglobin, 

transfusion independence and in the SCD patient, elimination of vaso-occlusive 

episodes.325 

 

Gene editing has been successfully applied in human clinical trials to other genetic 

diseases including transthyretin amyloidosis (as described earlier) and inherited retinal 

dystrophies such as Leber congenital amaurosis and promising pre-clinical data exists 

for many other diseases such as IEIs and metabolic diseases.300,328-330 Over the next 

few years, as clinical trials of these novel therapies begin to report, we will begin to 

see whether the clinical efficacy of gene editing matches the hyperbole.  

 

1.8.5. Gene editing for IEIs – special considerations 
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As IEIs are excellent candidates for gene therapy being monogenic diseases, gene 

editing further expands the application of autologous approaches. Gene editing 

enables correction of disorders where a viral gene addition strategy may result in 

adverse effects. An excellent example of this hyper-IgM syndrome (that results from 

mutations in the CD40LG gene), where it has been demonstrated in mouse models of 

the disorder, that whilst retroviral vectors can correct the immune defect, unregulated 

gene expression results in abnormal lymphoproliferation.331 In-frame targeted gene 

addition, that utilises the endogenous promoter and gene control machinery has been 

demonstrated to successfully correct the immune defect in hyper-IgM in human T cells 

and HSCs.201,253 Gene editing strategies are also in development for other disorders 

where gene-addition and unregulated gene expression could be problematic such as 

XLP, STAT1 gain-of-function mutations (Booth/Morris, personal communication) and 

of course CTLA4 insufficiency which is described in this thesis.  

 

There are no clinical trials of gene edited therapeutic approaches for IEIs recruiting 

currently, although there are several diseases for which promising proof-of-principle 

studies are expected to lead to human clinical trials in the near future. A biotechnology 

company called Graphite bio lists X-SCID as one of the diseases for which gene 

editing is being developed in their pipeline based on earlier pre-clinical proof-of-

principle work.332 In addition other pre-clinical studies have been published which 

demonstrate promising gene editing approaches for WAS, X-CGD, hyper IgM 

syndrome, IPEX syndrome and X-linked agammaglobulinaemia.201,227,230,236,333 An 

overview of which IEIs have gene editing pre-clinical studies is given in Table 1.7 in 

the earlier section on GT. It is expected that many of these will enter human clinical 

trials in the next few years.  

 

The pre-clinical data in WAS is an excellent example of the potential benefits of gene 

editing over viral gene addition. As previously outlined, HSC GT using stem cells 

transduced with a SIN-LV vector has resulted in substantial clinical improvement in 

WAS.68,229 However, correction varied across different lineages, with excellent T 

lymphocyte expression but less robust expression in platelets with resulting variable 

correction of thrombocytopenia. A promising proof-of-concept study recently reported 

the successful application of a CRISPR/Cas9/AAV6 gene editing approach which 

inserted the WAS cDNA into the endogenous gene locus. Following HSC editing with 
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this approach, correction of WAS and physiological levels of WASp were observed in 

mature haematopoietic cells including T cells, B cells, platelets, and macrophages.   

 

Clearly long-term safety data of gene edited therapeutics is required before gene 

editing supplants existing therapies as standard of care in IEIs. However, as methods 

to detect off-target effects become ever more sophisticated and experience with gene 

edited therapies increase, should the promising pre-clinical data show clinical efficacy 

in clinical trials, then gene editing could become a key pillar in the treatment of IEIs.  

 

1.8.6. Rationale for a gene editing approach for CTLA4 insufficiency 

Autologous gene therapy (GT) approaches are thought to be safer than alloHSCT and 

GT has now been performed successfully in adults with monogenic PID.224 In addition, 

the development of non-genotoxic conditioning agents such as the CD117-antibody-

drug-conjugate will reduce the morbidity and mortality associated with the chemo or 

radiotherapy needed to enable engraftment of gene-modified stem cells or T cells in 

GT procedures. Together these developments make GT for CTLA4 deficiency an even 

more attractive option 194.   

 

As severe clinical symptoms result from haploinsufficiency, it can be deduced that 

regulated expression of CTLA4 is critical to normal T cell function thus making CTLA4 

insufficiency a challenging disease to treat with a GT approach compared to 

monogenic PID. A traditional GT approach using lentiviral gene addition could result 

in supra-therapeutic levels of CTLA4 and it is not known what effect (if any) this will 

have on transendocytosis and T cell function. Clinical trials of abatacept have 

demonstrated a slightly higher risk of infections as well as potential increased risk of 

autoimmunity and malignancy suggesting that excess CTLA4 may result in toxicity 

due to its negative effect on T cell costimulation and role in Treg function.334,335 The 

effect of lentiviral addition of CTLA4 with expression driven by a non-physiological 

promoter is unknown but could theoretically have an adverse effect.  

 

Gene editing using CRISPR/Cas9 is a more attractive strategy as there is the potential 

to repair the disease-causing mutation or insert the CTLA4 cDNA into the CTLA4 locus 

to enable gene expression to be driven by the endogenous CTLA4 promoter.   
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1.9. Aims and objectives 

The overall aims of this project were: 

1. Develop gene editing approaches for CTLA4 deficiency by comparing mutation 

specific with universal editing of human T cells.  

2. To assess the ability of these gene editing approaches to restore CTLA4 

function in human T cells. 

3. To validate the gene editing approach in an in vivo murine model of CTLA4 

insufficiency. 

 

Hypotheses: 

1. Mutation specific gene-editing restores CTLA4 expression and function in CTLA4 

haploinsufficient T cells.  

2. A universal gene editing approach can also restore CTLA4 expression and function 

in CTLA4 haploinsufficient patient derived T cells with a variety of different mutations 

3. Adoptive transfer of CTLA4 corrected T cells corrects the disease phenotype 

including autoimmunity and lymphoproliferation and persist in vivo. 
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Chapter 2: Materials and Methods 

 

2.1. Healthy subjects and patient samples 

 
Blood samples from healthy control subjects were obtained by venepuncture from 

volunteers who had given informed consent and collected in tubes containing 

ethylenediaminetetraacetic acid (EDTA) or from fresh human leukocyte cones (NHS 

Blood and Transplant, UK). Blood samples from patients with CTLA4 insufficiency 

were collected in outpatient clinics or at the bedside in referring hospitals, again in 

EDTA-containing tubes. Samples were shipped at room temperature and processed 

within 24 hours. Samples shipped from hospitals other than the Royal Free London 

Hospital NHS Foundation Trust (Royal Free) also has an accompanying travel 

control sample from a healthy volunteer. The treating clinical team provided 

anonymised clinical and genetic data on the patients and secured local ethics 

approvals.  

 
 
2.1.1. Ethical approval 

Blood samples from patients with CTLA4 insufficiency were obtained with ethical 

approval (National Research ethics numbers 08/H0720/46, 99/095 and 02/208) and 

informed consent from all subjects in accordance with the Declaration of Helsinki. 

Ethical approval for the use of blood samples from healthy control subjects was given 

by the London Hampstead Research Ethics Committee, NHS Health Research 

Authority (project title: The use of healthy control blood samples within the Royal Free 

Hampstead NHS Trust and UCL medical school and collaborating sites for assisting 

with research projects. REC reference 08/H0720/46).  

 
 

2.2. Isolation and culture of cell lines and primary cells 

 
2.2.1. Culture conditions  

Sterile tissue culture was conducted at 37C with 5% CO2 in Biohit Biological Safety 

Cabinet Class 2 hoods. When quantification of cells was required, cells were diluted 

at an appropriate ratio in Trypan Blue 0.4% (Life Technologies, 15250-061) and a 

haemocytometer used to count the live cells (those that did not take up dye) under a 
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light microscope. All lines had been tested to ensure they were negative for 

Mycoplasma. 

 
2.2.2. Jurkat and DG75 cells 

Jurkat cells lacking endogenous CTLA4 expression and DG75 cells stably expressing 

CD80-mCherry, CD86-mCherry or no ligand were obtained from Professor David 

Sansom’s lab (University College London).336 Both Jurkat and DG75 cells were 

cultured in RPMI medium (Lonza BE12-702F) supplemented with 10% foetal calf 

serum (FCS)(Biosera), 1% penicillin/streptomycin (100 U/ml GIBCO, 25030) and 1% 

L-glutamine (2mM, GIBCO, 25030).  

 

2.2.3. Ph ampho and HEK293T cells 

Phoenix ampho cells (the packaging cell line used for retrovirus production) were 

cultured in 75cm2 tissue culture flasks (TPP, 90076) and 293Ts (the packaging cell 

line used for lentivirus and AAV production) were cultured in 175cm2 culture flasks in 

Dulbecco’s Modified Eagle Medium (DMEM) media (Life Tech, USA) supplemented 

with 10% FCS and 1% penicillin/streptomycin.  

 

2.2.4. Isolation of peripheral blood mononuclear cells (PBMCs) 

PBMCs were isolated from patients with CTLA4 insufficiency and healthy controls 

using the same technique as follows. Blood was collected in 10ml tubes containing 

EDTA and transferred to 50ml falcon tubes and diluted 1:2 with phosphate buffered 

saline (PBS). Diluted blood was layered over Ficoll (Sigma Aldrich) and centrifuged 

(1060 x g for 22 minutes with the brake off). Pasteur pipettes were then used to collect 

the PBMC layer which was then washed three times in PBS (centrifugation 1060 x g 

for 10 minutes, 260 x g for 5 minutes and 490 x g for 5 minutes). Cells were frozen at 

a concentration of 8x106/ml in a solution containing FBS and 20% DMSO and stored 

in liquid nitrogen until use.  

 

 

 

2.2.5. Cell thawing, isolation, and activation of CD3+ or CD4+ T cells 
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PBMC aliquots were thawed in a water bath at 37C and transferred to 9ml/aliquot 

warmed complete TexMACS media (Miltenyi Biotec, 130-097-196) supplemented with 

1% Penicillin/Streptomycin (100 U/ml; GIBCO, 15070), IL-2 human (100 U/ml; Roche 

11147528001), IL-7 human (BD, 554608) 5ng/ml and IL-15 human (BD, G243-886) 

5ng/ml. Cells were washed in warmed TM media (centrifugation 490 x g for 5 minutes) 

and resuspended in 10ml warmed TM media for counting. After thawing, T cells were 

isolated by magnetic-activated cell sorting (MACS) using the Pan T Cell Isolation Kit 

(Miltenyi Biotec 130-096-535) or CD4+ T Cell Isolation Kit (Miltenyi Biotec 130-096-

533). T cells were activated using Transact CD3/CD28 beads (Miltenyi Biotec 130-

111-160) at a titre of 1:100. CD3 or CD4 negatively selected cells were cultured in 

TexMACS media (Miltenyi Biotec, 130-097-196) supplemented with 1% 

Penicillin/Streptomycin (100 U/ml; GIBCO, 15070), IL-2 human (100 U/ml; Roche 

11147528001), IL-7 human (BD, 554608) 5ng/ml and IL-15 human (BD, G243-886) 

5ng/ml. IL-2 was replenished every 48 hours.  

 

2.2.6. Isolation and expansion of regulatory T cells 

Due to the Treg fraction being a relatively small proportion of total T cells, Tregs were 

enriched from human leucocyte cones. Cells were first diluted 1:2 with PBS before 

RosetteSep™ Human CD4+ T Cell Enrichment Cocktail (Stemcell Technologies - 

15022) was added as per manufacturer’s instructions. Diluted blood was layered over 

Ficoll (Sigma Aldrich) and then centrifuged at 1200g for 25 minutes no brake. The CD4 

enriched layer underwent two rounds of washing in PBS before being centrifuged at 

300g for 10 minutes. CD4+ CD25+ cells were isolated by immunomagnetic positive 

selection using CD25 MicroBeads II (Miltenyi Biotec). CD4+CD25+ cells were stained 

using  the following antibodies: Anti-CD4 (RPA-T4), anti-CD25 (3G10) and anti-CD127 

(A019D5) sorted using the FACSAria gated on CD4+CD25+CD127lo Tregs. Sorted 

Tregs were expanded by plating at a 1:1 ratio with DG75 cell line cells that stably 

express CD86 and were irradiated at 7500rads. Cells were plated in complete 

OpTimizer Medium (Life Technologies, Gibco, A1048503) (T Cell Expansion 

Supplement, 10% FBS, 2mM L-Glutamine, 100 U/ml penicillin, and 100 mg/ml 

streptomycin (all from Life Technologies, Gibco)) supplemented with 100ng/mL of anti-

human-CD3 (OKT3, Biolegend) and 1000 U/ml IL2 (PeproTech). Tregs were 
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restimulated by plating onto fresh irradiated DG75 cells every 7 days and IL-2 was 

replenished every 48 hours.  

 
2.2.7. Isolation of murine CD4+ T cells 

For optimisation experiments cells were isolated from lymph nodes of healthy mice 

and the same protocol followed as for CTLA4-/- mice. For in vivo experiments cells 

were isolated from lymph nodes (LN) of 16-20 day old male or female CTLA4-/- mice 

and a negative CD4+ selection performed (MACS) (Miltenyi Biotech 130-104-454). 

Cells were re-suspended in Roswell Park Memorial Institute (RPMI) (Gibco 31870-

025) medium supplemented with 10% fetal calf serum, 1% penicillin/streptomycin and 

1% L-glutamine (Gibco) and IL-2 (Roche 11147528001) 30U/ml. Cells were stimulated 

for 24 hours with CD3/CD28 beads (Dynabeadstm Gibco, 11452D). Beads were 

removed using a magnet prior to editing.  

 

 

2.3. Generation of Jurkat cell lines expressing CTLA4 mutants 

 

Jurkat cell lines expressing either WT CTLA4 or CTLA4 mutants were created in order 

to test and validate mutant-specific gRNAs in a living cell without using precious 

patient samples.  

 

2.3.1. Generation CTLA4 of and CTLA4 mutant retroviral constructs 

CTLA4 WT, T>P mutant, C35* mutant cDNA fragments were amplified by polymerase 

chain reaction (PCR) from plasmids gifted by Professor Sansom’s lab using primers 

designed to add NotI and SalI restriction sites to the 5’ and 3’ end of the amplified DNA 

fragment respectively to enable cloning into a pMP71 backbone (Primer 1: 

TCGTTCTGTGTTGTCTCTGTCTGACTGTGT, Primer 2: 

CTGTACAGTCGACTCAATTGATGGGAATAAAATAAGGG) (Thermo Fisher). 

Primers were diluted in nuclease free water to a concentration of 25M and DNA was 

diluted in nuclease free water to a concentration of 30ng/l. Reagents were mixed in 

PCR tubes to make 50l total volume solution (25l Phusion master mix (Thermo 

Fisher, F548S), 1l template DNA, 2l primer 1, 2l primer 2 and 20l nuclease free 

water). Solution was mixed by pipetting and placed into a thermocycler which was run 
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on the following programme: 98°C 30 seconds, 65°C 30 seconds, 72° 5 seconds per 

kb (CTLA4 sequence is 798 bp) for 30 cycles. The DNA product was purified using a 

MonarchR PCR & DNA clean-up kit (New England Biolabs, T1030S) and 1l of purified 

DNA run in a 1% agarose gel to ensure purified DNA fragments were of the correct 

length (798bp). 20l of each purified DNA sample was mixed with 1l of NotI and SalI 

restriction enzymes with 2l of buffer 3.1 (New England Biolabs) made up to 20l total 

volume with nuclease free water and incubated at 37C for 1 hour. Separately 1l of 

DNA (at a concentration of 500ng/l) of a pMP71 retroviral vector (supplied by 

Professor Hans Stauss’ lab, University College London) containing a cytomegalovirus-

specific TCR-IRES-GFP and ampicillin-resistance gene, was mixed with the same 

restriction enzymes and incubated under the same conditions (the NotI and SalI 

restriction sites were either end of the CMV-TCR enabling the CTLA4 or mutant 

CTLA4 to be cloned into the pMp71 IRES-murineCD19 plasmid). Following the 

incubation, the DNA products were loaded onto a 1% agarose gel and a 100W current 

applied for one hour. The bands were examined under UV light using hyperladder 

(Thermo Fisher) to identify band size and a scalpel used to extract the gel containing 

the bands of DNA. The gel was purified using a MonarchR gel clean-up kit. The DNA 

concentrations for each product were measured using a nanodrop and the 

NEBiocalculator used to calculate the respective amounts of vector and insert in order 

to ligate the products. The vector and inserts were ligated in 3 separate reactions using 

Quick Ligase enzyme (New England Biolabs) so that 3 different plasmid products were 

created: CTLA4 WT-IRES-mCD19, CTLA4 T>P mutant-IRES-mCD19 and CTLA4 

c35*-IRES-mCD19. Transformation of high-efficiency E.Coli (New England Biolabs) 

was performed under sterile conditions and bacteria were then allowed to grow 

overnight at 37C on agar plates containing ampicillin. The next morning colonies were 

isolated, DNA amplified using Qiagen mini-prep kits (Qiagen) and sent for sequencing 

to confirm the final product.  

 

 

2.3.2. Generation of a Jurkat cell line expressing CTLA4 and CTLA4 mutants 

for in vitro validation of gRNAs 

To produce retroviral particles, 2x106 phoenix amphotropic packaging cells were 

placed in 10cm tissue culture plates and cultured in complete IMDM media. 24 hours 
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later a full media change was performed and the transfection reagent, Fugene HD 

(Promega) was used to transfect the packaging cells with the retroviral vectors (2.6g) 

and an amphotropic envelope (1.5g). 48 hours after transfection, viral supernatant 

was collected. Jurkat cells were passaged 24 hours prior to transduction. Transduction 

of 1x106 cells with 500l virus supernatant was performed in 24-well plates coated with 

retronectin (Takara) and centrifuged (32C, 2000 rpm, 2 hours). Virus supernatant was 

removed following centrifugation and replaced with complete IMDM. Expression of 

CTLA4 or CTLA4 mutants as well as CD19 expression (used as a marker of 

transduction) was determined 72 hours after transduction by flow cytometry. 

 

 

2.4. Design, validation, and production of gRNAs and HDR donors 

 

2.4.1. gRNA design  

CRISPR guide RNAs (gRNAs) were designed using the Benchling online tool 

(https://www.benchling.com/crispr/). NGG PAM sequences were identified within 

different target loci (in the first exon, towards the 3’ end of the first intron or near a 

particular mutation) of CTLA4 and assessed in silico for on-target and off-target activity 

using the Benchling online tool. The top three scoring gRNAs for each approach were 

ordered as synthetic gRNAs from Synthego (Synthego, USA) and assessed in vitro in 

primary human T cells.  

 

2.4.2. In vitro assessment of gRNAs 

For all gRNAs primers were designed that would amplify approximately 500bp of 

genomic DNA. Both forward and reverse primers for all gRNAs are at least 150 bp 

from the gRNA cut-site in order to allow optimal sequencing quality across the edit. 

Primers were designed to have a melting temperature of 55-65C and 45-60% GC 

content. At least 48 hours following electroporation +/- transduction DNA was 

extracted from both an edited and a control sample. To do this, media was removed 

and 50l of QuickExtractTM (Cambio, QE0905T) was added to cells. Lysate was mixed 

and pooled and 50l was transferred to a PCR tube. Tubes were then placed in a 

thermocycler which was then run at 68C for 15 minutes, 95C for 10 minutes and 

then held at 4C. The target region was then amplified using the previously designed 

https://www.benchling.com/crispr/
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primers. PCR mixtures were made containing 22l of PCR grade water, 25l 2X 

Amplitaq Gold 360 mastermix (ThermoFisher, 4390937), 0.5l 10M target gene 

forward primer, 0.5l 10M target gene reverse primer and 2l of genomic DNA (total 

volume 50l). The samples were placed in a thermocycler which was run using the 

programme outlined in Table 2.1.  

 

Stage Temperature Time Cycles 

Enzyme 

activation 

95C 10 minutes 1X 

Denature  95C 30 seconds  

40X Anneal 55C 30 seconds 

Extend 72C 1 minute 

Final Extension 72C 7 minutes 1X 

Hold 4C HOLD 1X 

 

Table 2.1 PCR conditions used for DNA amplification prior to sequencing 

 

Following amplification, the PCR product was run on a 1% agarose gel to verify that 

the amplification generates a PCR product of the correct size. The PCR product was 

then purified using MonarchR PCR & DNA clean-up kit (New England Biolabs, 

T1030S) and both control and edited samples were sent for sanger Sequencing. 

Sequencing results were then analysed using the Synthego ICE software 

(ice.synthego.com) 337,338.  The ICE analysis is a modification of the Tracking of Indels 

by Decomposition (TIDE) analysis but has the benefit of enabling batch processing of 

samples and does not require users to manually tune algorithm parameters.337 The 

other methods of analysing indels created by CRISPR are compressed sensing and 

next-generation sequencing (NGS) but these approaches are time consuming and 

expensive.338,339 TIDE and ICE analyses in contrast only require sanger trace data to 

analyse a mixed population of cells. The ICE algorithm generates different editing 

outcomes based on the control sample and gRNA sequence and regression used to 

compute the expected quantity of each editing outcome in the mixed Sanger read.337  
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The gRNA that caused the highest percentage of indels (>85%) was selected for the 

editing approach. The gRNA selected for each approach is detailed in Table 2.2. 

 

gRNA 

name 

gRNA sequence gRNA target in 

CTLA4 

Donor 

name 

Donor 

summary 

Donor use 

gRNA 1 GAUGUAGAGUCCCGUGUCCA Mid exon 2 

p.T124P 

c.371A>C locus 

Donor 1 HA-P2A-GFP-

WPRE-HA 

Demonstrate editing at exon 2 

p.T124P c.371A>C locus 

gRNA 2 GATGTAGAGTCCCGGGTCCA Mid exon 2 

p.T124P 

c.371A>C locus 

Donor 2 HA-codon 

divergent 

exon 2- HA 

Repair of p.T124P c.371A>C 

mutation 

gRNA 3 UGGCUUGCCUUGGAUUUCAG Early exon 1 Donor 3 HA-CTLA4-

P2A-GFP-

WPRE-HA 

Universal editing strategy with 

insertion of replacement 

sequence in early exon 1. 

gRNA 4 AGCUCCGGAACUAUAAUGAG 3’ end of intron 1 Donor 4A HA- SA- Exons 

2, 3, 4 -P2A – 

GFP-WPRE-

HA 

Universal editing strategy with 

insertion of replacement 

sequence in intron 1 to avoid 

indels in coding DNA. 

Donor 4B HA- SA- Exons 

2, 3, 4 -P2A – 

GFP-3’UTR-

HA 

Universal editing strategy with 

insertion of replacement 

sequence in intron 1 to avoid 

indels in coding DNA. 

gRNA 5 GGUCUUGGAAACUAAGCCUG 

 

3’ end of intron 1 

in murine CTLA4 

Donor 5 HA- SA- Exons 

2, 3, 4 

(murine) -P2A 

– GFP-WPRE-

HA 

Intronic editing to restore CTLA4 

in murine CTLA4-/- cells.  

Table 2.2 Summary of gRNAs used for each approach and the corresponding 

rAAV6 HDR donor 

 
 
2.4.3. Assessment of nuclease specificity 

Predicted on-target and off-target activities of gRNAs were assessed using in silico 

design tools detailed above. Following demonstration of the superiority of the intronic 

editing strategy with gRNA 4A (see results), genome wide, off-target cleavage 
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activities were assessed using capture of a short double-stranded oligonucleotide at 

double strand breaks (DSBs) through GUIDE-seq (genome wide, unbiased 

identification of DSBs enabled by sequencing). Only gRNA 4 was assessed using 

GUIDE-seq due to cost constraints and this was the gRNA which was taken forward 

for functional experiments and correction of patient cells.  

 

GUIDE seq was performed for gRNA4 as follows. Small double-stranded 

oligonucleotides (dsODN) were obtained from Creative Biogene (NY, USA). Healthy 

CD4+ cells were isolated, activated and cultured as per described protocols. GUIDE-

seq was performed on cells nucleofected with gRNA 4 

(AGCUCCGGAACUAUAAUGAG) only. Editing was performed as per the described 

editing protocol except that 2l 100nM per reaction of dsODN was added to the RNP 

solution at the end of the 30-minute incubation. 72 hours post editing genomic DNA 

was extracted using a QIAGEN Blood & Cell Culture DNA MiniKit (Qiagen, 13323) as 

per manufacturer’s instructions. DNA was suspended in 1ml/condition of 1xTris-EDTA 

(TE) buffer, frozen at -20C and then shipped on dry ice to Creative Biogene (NY, 

USA). Creative Biogene then sheared the DNA to an average length of 500bp using a 

Covaris S220 Focussed ultrasonicator and performed end-repair, A-tailed, ligation 

with adaptors containing 8 nucleotide random molecular index. The DNA library 

created by this process was sequenced using the Illumina Miseq platform and the data 

analysed by Creative Biogene using guideseq Python software package.340 

 

2.4.4. ssDNA HDR donor oligo design  

When optimising HDR protocols ssDNA donors were assessed in addition to AAV6 

HDR donors. A ssDNA HDR template (HDRT) was designed and ordered from 

Dharmacon (https://horizondiscovery.com/products/tools/Edit-R-HDR-Donor-

Designer-oligo). The oligo contained a 3xFLAG sequence flanked by two homology 

arms of 35bp each either side of the gRNA cut site located 2bp 5’ from the T>P 

mutation (c.371A>C) position (sequence: 

TGAACCTCACTATCCAAGGACTGAGGGCCATGGACGACTACAAAGACGATGAC

GACAAGGACTACAAAGACGATGACGACAAGGACTACAAAGACGATGACGACAA

GGGACTCTACATCTGCAAGGTGGAGCTCATGTACCC). 
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2.4.5. AAV6 donor design and production 

Donor templates were designed using snapgene (Snapgene, USA) software. For all 

donors the PAM and gRNA binding sequence had silent mutations incorporated to 

prevent continued Cas9/gRNA activity on the repaired DNA. Sequences for the insert 

were manufactured by GeneartTM (Thermofisher, USA) with restriction sites PacI and 

AvRII at the 5’ and 3’ ends respectively. This insert was then cloned into a AAV6 

vector. The correct sequence was then confirmed with sanger sequencing. AAV 

vectors were produced with a standard double transfection method that introduces an 

ITR-containing transfer plasmid and a single helper plasmid, pDGM6 (obtained from 

the Russell laboratory at the University of Washington with permission) which contains 

the AAV2 rep and AAV6 cap proteins and the adenoviral proteins and RNA required 

for helper functions. Vector production took place in HEK293T cells seeded at 15x106 

in 15x15cm dish per construct. 24g of pDGM6 (per plate) and 12g of ITR-containing 

plasmid were transfected IN each 15cm dish and branched polyethylenimine added at 

a 4:1 ratio to DNA. Complete DMEM media (Life Tech, USA) was changed 4 hours 

after transfection. 24 hours after transfection the media was changed again but 

replaced this time by DMEM with 2% FCS and 1% penicillin/streptomycin. A further 48 

hours later, supernatant was harvested and treated with ammonium sulphate (Sigma 

Aldrich, UK) (31.3g per 100ml supernatant), pelleted (centrifuge at 8300xg for 30 

minutes) and re-suspended in 10ml total volume of 1xTD buffer (diluted from 5xTD: 

5xPBS, 5mM MgCl2, 12.5mM KCl). This solution was then treated with 50U/ml 

Benzonase (Sigma Aldrich, UK) and incubated at 37C for 30 minutes and stored at 

4C for no more than 24 hours before purification. Simultaneously, cells were 

harvested using cell scrapers, pelleted (centrifuge 1400xg for 10 minutes), washed in 

PBS and resuspended in 10ml 1xTD buffer. Three freeze-thaw cycles were performed 

to harvest AAV6 from the cell pellet, 0.5% deoxycholic acid sodium salt (VWR, USA) 

and benzonase 50U/ml added and the solution incubated for 30 minutes at 37C. The 

lysate was pelleted (4000xg for 30minutes at 18C) and supernatant removed and 

stored at 4C prior to purification. The two solutions were combined and AAV6 vectors 

purified by Iodixanol density gradient and ultra-centrifugation at 40,000rpm 

(273,799xg) with no brake for 2 hours at 18C. AAV6 particles were extracted using a 

needle and syringe between the 40% and 60% gradient interface and dialysed 3 times 

in 1 x PBS (ThermoFisher, USA) with 5% sorbitol (sigma-Aldrich, UK) in the third step 
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using 10K MWCO Slide-a-Lyzer dialysis cassettes (ThermoFisher, USA).  Titration 

was performed using Quick Titre AAV Quantification Kit (Cell Biolabs, USA) prior to 

aliquoting and storage at -80C before use.  

 

 

2.5. Lentivirus construct design and production 

 

In order to compare gene editing approaches to a ‘traditional GT’ approach using 

lentiviral gene addition a lentiviral vector encoding CLTA4 cDNA followed by a P2A-

GFP reporter sequence was cloned into a third-generation lentiviral vector on a pCCL 

backbone.  

 

2.5.1. Lentivirus production 

The day before transfection 293T cells were seeded at 20-25x106 in 20ml complete 

DMEM in 15cm diameter dishes. 12-20 plates per construct were seeded. On day of 

transfection a solution of (per plate) 5ml of Optimem containing 50g vector plasmid, 

17.5g pMD2.G plasmid (VSV-G envelope) and 32.5g pCMV-dR8.74 (Gag/pol 

packaging) plasmid was prepared and filtered with a 0.22m filter to sterilise. 

Simultaneously, a second solution of (per plate) 5ml Optimem with 1l of 10mM PEI 

was mixed and filter sterilised. DNA and PEI solutions were combined at a 1:1 volume 

ratio and incubated at room temperature for 20 minutes. 10ml of this transfection 

solution was then added to each flask containing 293T cells and incubated at 37C at 

5% CO2 for 4 hours after which media was removed and replaced with 18ml complete 

DMEM. 18 hours later the media was replaced again with 15ml complete DMEM and 

incubated for a further 48 hours. Media was harvested at 48 hours and 72 hours post-

transfection and filter sterilised (0.45m filter). The lentiviral supernatant was then 

concentrated using ultracentrifugation (50,000g at 4C for 2 hours). Following 

centrifugation, supernatant was removed and replaced with 50-100l optimem and 

incubated on ice for 2 hours. Lentiviral particles were resuspended in optimem by 

pipetting, aliquoted and stored at -80C until transduction.  

 

2.5.2. Determining lentivirus titre 
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Lentivirus was titered by determining GFP expression by FACS. To do this 1x105 293T 

cells/1ml/well were seeded into a 24 well plate. Lentivirus was serially diluted in 

optimem and the serial dilutions were added to the 293T cells. Cells were incubated 

at 37C at 5% CO2 for 48 hours before GFP expression was determined by FACS. 

Vector copy number was calculated (TU/ml=(number of cells transduced x %GFP x 

dilution factor)/1000). 

 

 

2.6. Nucleofection and transduction of cells 

 

Nucleofection and transduction protocols were optimised for different cell types. 

Protocols for the different cell types are detailed below.  

 

2.6.1. Jurkat cells 

Jurkat cells were passaged twice a week at a density of 5x105 cells/ml. Jurkat cells 

were subcultured 2 days prior to electroporation to a density of 3x105 cells/ml. T cells 

were electroporated 72 hours after activation. Cas9 protein was purchased from New 

England Biolabs (M0646T) and synthetic gRNAs were custom-made by Synthego 

(Redwood City, CA, USA). Cas9 and gRNA were mixed at a 1:3 molar ratio and 

incubated at 25C for 30 minutes to form RNPs. A Lonza Nucleofector 4D was used 

for electroporation (programmes CL-120 or CN-114) with an SE Cell Line 4D 

Nucleofector Kit (Lonza, V4XC-1032). 1x106 cells per reaction were washed twice in 

PBS and resuspended in 15l/per reaction of nucleofector solution (SE buffer). Cells 

were mixed 1:1 with their respective RNP solution (30l total volume) and transferred 

to the nucleofector strip. Immediately following electroporation, 80l of warmed media 

(cytokine rich for T cells) was added to the cells and then 80l was transferred from 

the nucleofector strip to a 24 well plate that contained 920l of warmed TexMACS 

Media (Miltenyi Biotec, 130-097-196) supplemented with 1% Penicillin/Streptomycin 

(100 U/ml; GIBCO, 15070). 

 

2.6.2. Human T cells 

HiFi Cas9 (Integrated DNA technologies (IDT, USA)) and gRNA were mixed at a 1:3 

molar ratio and incubated at 25C for 30 minutes to form RNPs. A Lonza Nucleofector 
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4D was used for nucleofection (programme EO-115) with a P3 Primary Cell 4D-

Nucleofector Kit (Lonza, V4XP-3032). 1x106 CD4+ or Treg cells per reaction were 

washed in PBS and resuspended in 15l/per reaction of P3 nucleofector solution. 

Cells were mixed 1:1 with RNP solution (30l total volume) and transferred to the 

nucleofector strip. Immediately following nucleofection, 80l of warmed TexMACs 

media was added and cells transferred to a 24 well plate containing 920l of warmed 

TexMACS Media (Miltenyi Biotec, 130-097-196) supplemented with 1% 

Penicillin/Streptomycin (100 U/ml; GIBCO, 15070), human IL-2 (Roche 11147528001) 

10U/ml (100U/ml for Tregs), human IL-7 (BD, 554608) 5ng/ml and human IL-15 (BD, 

G243-886) 5ng/ml for CD4+ cells. For isolated Tregs IL-2 (100units/ml) and aCD3 

(100ng/ml) were used. AAV6 was added at 13,000 MOI (vector genomes/cell). After 

24 hours cell density was adjusted to 0.5x106/ml. Cells were phenotyped >48 hours 

post editing by flow cytometry.  

 

 

Figure 2.1 Timeline for editing primary human T cells 

 

2.6.3. Murine T cells  

As previously outlined, cells were cultured in Roswell Park Memorial Institute (RPMI) 

(Gibco 31870-025) medium supplemented with 10% fetal calf serum, 1% 

penicillin/streptomycin and 1% L-glutamine (Gibco) and IL-2 (Roche 11147528001) 

30U/ml. Cells were stimulated for 24 hours with CD3/CD28 beads (DynabeadsTM 

Gibco, 11452D). Beads were removed using a magnet and cells were washed twice 

in PBS. Cells were resuspended in P3 buffer (Lonza, V4XP-3032). 1.2X106 

cells/condition were edited using gRNA GGUCUUGGAAACUAAGCCUG Cas9 RNPs 
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with a Lonza Nucleofector 4D (programme DN100) and P3 Primary Cell 4D-

Nucleofector Kit (Lonza, V4XP-3032) before being immediately transduced with AAV 

HDR donor 5. Cells were rested for 48 hours and then analysed by FACS for GFP 

expression.  

 

Figure 2.2 Timeline for editing murine T cells 

 

2.6.4. Nucleofection of ssDNA HDR donors 

The protocol for editing with ssDNA HDR donors differed slightly from AAV 

transductions. ssDNA HDR donor (4g per condition) were added to the RNPs just 

prior to mixing with cells and allowed to incubate for at least 30 seconds. RNP/ssDNA 

solutions were then added to the single cell suspension and transferred to the 

electroporation cuvettes. A Lonza Nucleofector 4D was used to electroporate cells 

using programme EH111. Cells were rested for 10 minutes at room temperature 

following electroporation before 80l of pre-warmed media (without cytokines) was 

added to the cuvette. Cells were transferred to a 96 well plate containing 120 pre-

warmed TM media containing IL-2, IL-7 and IL-15.  

 

 

2.7. Transendocytosis assays 

 

Prior to incubation, T cells were labelled with CellTrace Violet labelling kit 

(ThermoFisher Scientific C34571). In brief, the desired number of T cells were washed 
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in PBS before being suspended in PBS containing 1l CellTrace Violet /ml PBS. Cells 

were incubated at 37ºC for 20 minutes before being washed twice in TexMACS media.  

 

CellTrace Violet labelled control or edited CD4+ T cells (or Tregs) were then incubated 

with ligand donor cells (DG-75 B cells) expressing CD80 or CD86 molecules C-

terminally tagged with mCherry overnight at 37ºC. 2x105 T cells and 4x104 DG-75 cells 

were incubated in 240l (total volume) TexMACS media containing 1000 U/ml IL2 

(PeproTech 200-02) and anti-CD3 (Clone OKT3: BioXCell BE0001-2) in a 96-well 

round bottom plates. Cells were stained as detailed below and analysed by flow 

cytometry.  

 

 

Figure 2.3 Schematic representation of transendocytosis assay. Cells (edited or 

unedited controls) are incubated in a 5:1 ratio with DG75 cells expressing either 

fluorescent labelled (mCherry) CD80 or CD86. Uptake of ligand can then be assessed 

by flow cytometry (mCherry uptake into T cells). 

 

2.8. In vivo experiments 
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In vivo experiments were performed with the help of Professor Lucy Walker’s group 

(UCL, London). Dr Lina Petersone performed the animal handling (including 

intravenous tail vein injections and tail bleeds) and the harvesting. Flow cytometry and 

flow assisted cell sorting were performed with the assistance of Lina Petersone and 

Natalie Edner.  

 

 

 

2.8.1. Mice 

Rag2-/- mice were purchased from Taconic Biosciences. CTLA4-/- mice were a gift from 

A. Sharpe (Harvard, Boston, MA).51 Mice were housed in individually ventilated cages 

with environmental enrichment in a humidity and temperature-controlled environment 

with a 14-hour light, 10-hour dark cycle at the University College London Biological 

Services Unit. Experiments were performed in accordance with Home Office project 

and personal licenses with approval from University College London Animal Welfare 

Ethical Review Body. All injections were carried out in the afternoon, in the absence 

of anaesthesia and analgesia, and mice were returned immediately to the home cage 

following the procedures. The welfare of adoptively transferred animals was monitored 

at least every 2 to 3 days. There was no blinding. Co-housed littermates were 

randomised to treatment groups such that treatment groups were spread across 

cages. 
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Figure 2.4 In vivo experiment set up. (A) Schematic diagram of experiment set up. 

(B) Timeline of experiment. 

 

2.8.2. In vivo experiments 

Cells were isolated from lymph nodes (LN) of 16-20 day old male or female CTLA4-/- 

mice and a negative CD4+ selection performed (MACS) (Miltenyi Biotech 130-104-

454). Cells were re-suspended in Roswell Park Memorial Institute (RPMI) (Gibco 

31870-025) medium supplemented with 10% fetal calf serum, 1% 

penicillin/streptomycin and 1% L-glutamine (Gibco) and IL-2 (Roche 11147528001) 

30U/ml. Cells were stimulated for 24 hours with CD3/CD28 beads (DynabeadsTM 

Gibco, 11452D). Beads were removed and cells edited using gRNA 

GGUCUUGGAAACUAAGCCUG Cas9 RNPs with a Lonza Nucleofector 4D 

(programme DN100) and P3 Primary Cell 4D-Nucleofector Kit (Lonza, V4XP-3032) 

before being immediately transduced with AAV HDR donor 5. Cells were rested for 48 

hours and then sorted for GFP expression using a FACSAria Fusion (BD Biosciences). 
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6x105 cells (GFP+, GFP- or mock edited) were then injected intravenously into 6- to 

10-week-old male or female Rag2-/- mice. Tail vein bleeds were performed at 1, 3 and 

4 weeks post adoptive transfer and analysed by flow cytometry (see section below). 

At take-down, lymph nodes, spleen and hearts were harvested. Lymph nodes and 

spleen were weighed. Cells were extracted from both lymph node, spleen and heart 

and analysed by flow cytometry.  

 

 

2.9. Flow cytometry 

 
Flow cytometric analysis was performed on an LSRFortessa (BD Biosciences) and 

data analysed using FlowJo Version 9.9.4 (Treestar). In experiments that required 

longitudinal comparison of MFI, application settings were used to enable comparison 

of raw MFI data between experiments. 

 
2.9.1. Surface staining  

The desired number of cells for analysis were removed from culture, washed in FACS 

buffer (2% fetal calf serum in PBS) and stained in 50l of fluorophore conjugated 

monoclonal antibody mixture in FACS buffer. Cells were incubated with antibodies at 

4ºC for 30 minutes before being washed twice in FACS buffer. Cells were 

resuspended in 350l FACS buffer for analysis on the cytometer.  

 

For experiments when surface CTLA4 expression was being examined, cycling 

CTLA4 staining was performed. Prior to the surface staining protocol detailed, cells 

were resuspended in 100l/per condition, fresh, warmed TexMACs media (Miltenyi 

Biotec, 130-097-196) supplemented with 1% Penicillin/Streptomycin (100 U/ml; 

GIBCO, 15070) and IL-2 human (100 U/ml; Roche 11147528001) containing 

fluorophore conjugated anti-CTLA4 staining antibody (at the same concentration as 

the surface stains) and incubated at 37ºC for 30 minutes. This was to ensure all CTLA4 

that was present or trafficked to and from the cell surface was stained. Following the 

incubation at 37ºC, the cells were washed twice in FACS buffer and subsequent 

surface staining protocol performed as detailed above. 

 

2.9.2. Intracellular staining  
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Intracellular staining was performed using the eBioscienceTM Foxp3/Transcription 

factor staining buffer set (ThermoFisher 00-5523-00) according to the manufacturer’s 

instructions. Intracellular staining was performed in 96 well, U-bottomed plates.  In 

brief, cells were first stained using surface antibodies (+/- CTLA4 cycling stain). After 

incubation with the surface stains, cells were washed once in FACS buffer and then 

100l/condition of FOXP3 fixation/permeabilization buffer added. Cells were 

incubated at 4ºC for 30 minutes and then washed once in 150l/condition of 

permeabilization buffer. Intracellular staining fluorophore conjugated monoclonal 

antibodies were added at appropriate dilutions (see Table 2.3) to the permeabilisation 

buffer and then 50 l/condition of this buffer/antibody mixture added to each well. Cells 

were then incubated at 4ºC for 60 minutes, washed twice in 200 l/condition of fresh 

premeabilisation buffer and then resuspended in 350l/condition of FACS buffer for 

analysis.  

 

2.9.3. Antibodies 

The following anti-human surface antibodies were used in flow cytometry experiments: 

anti-CD3-PE-Cy7, 1:40 dilution (BD Biosciences, clone HIT3a), anti-CD4-V500, 1:50 

dilution (BD biosciences, clone RPA-T4), anti-CD25-APC, 1:40 dilution (Biolegend, 

clone BC96), anti-CD152-PE (CTLA4), 1:50 dilution (BD biosciences, clone BNI3). A 

viability stain was used on both jurkat and primary T cells using LIVE/DEADTM Fixable 

Near-IR dead cell stain kit (ThermoFisher L10119), 1 in 400 dilution. 

 

The following intracellular antibodies were used; eBioscienceTM Foxp3/Transcription 

factor staining buffer set (ThermoFisher 00-5523-00) and anti-FOXP3-APC, 1 in 30 

dilution (ThermoFisher, clone 236A/E7) and anti-GFP-FITC, 1 in 100 dilution 

(Rockland, 600-402-215).  

 

The following anti-mouse antibodies were used: anti-CD3-BV421 (BD Biosciences, 

clone 17A2), anti-CD4-BUV737 (BD Biosciences, clone GK1.5), anti-CD4-PerCP-

Cy5.5 (BD Biosciences, clone RM4-5), anti-CD152-PE (CTLA-4) (BD Biosciences, 

clone UC10-4F10-11), anti-FOXP3-APC (ThermoFisher, FJK-16s), Fixable Viability 

Dye eFluor™ 780 (ThermoFisher). Anti-murine CD19 (clone ID3; eBioscience) was 
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used for flow cytometry experiments that required identification of the truncated murine 

CD19 which was used as a marker or transduction in the Jurkat cell line experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antigen Target 

Species 

Fluorophore Dilution  Clone Supplier 

CD3 Human PE-Cy7 1:40 HIT3a BD Biosciences 
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CD4 Human V500 1:50 RPA-T4 BD Biosciences 

CD25  Human APC 1:40 BC96 Biolegend 

CD152 (CTLA4) 

Extracellular domain 

Human PE 1:50 BNI3 BD Biosciences 

CD152 (CTLA4) 

Intracellular domain  

Human AF647    

FOXP3 Human APC 1:30 236A/E7 ThermoFisher 

GFP Non-

specific 

FITC 1:100  Rockland 

Viability Human LIVE/DEADTM 

Fixable Near-IR 

dead cell stain 

kit 

1:400  ThermoFisher 

CD3 Mouse BV421 1:50 17A2 BD Biosciences 

CD4 Mouse BUV737 1:50 GK1.5 BD Biosciences 

CD4 Mouse PerCP-Cy5.5 1:50 RM4-5 BD Biosciences 

CD152 (CTLA4) Mouse PE 1:50 UC10-

4F10-11 

BD Biosciences 

CD19 Mouse PerCP-Cy5.5 1:30 ID3 eBioscience 

FOXP3 Mouse APC 1:50 FJK-16s ThermoFisher 

Viability Mouse Fixable Viability 

Dye eFluor™ 

780 

1:400  ThermoFisher 

Table 2.3 List of antibodies used  

 
 
2.9.4. Gating strategy 

Unless otherwise stated, subsequent figures in this thesis showing representative flow 

cytometry plots were gated in the following way: Lymphocytes>single cells>live 

cells>CD3+CD4+ cells (Figure 2.5). In some experiments flow cytometry plots were 

also gated on GFP+ cells (to identify the edited population) and/or FOXP3+ cells to 
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identify the Treg population but in these cases these additional gates are stated in the 

figure legend. The same gating strategy was used for human and mouse cells with the 

relevant antibodies for each species (detailed in Table 2.3).  

 

Figure 2.5 Gating strategy. The gating used in representative flow cytometry plots 

in the results chapters (A) Gating on human T cells. (B) Gating on mouse T cells.  

 

2.10. Statistical analysis 

 
All statistical analyses were performed in Prism (v.6, Graphpad software). Paired and 

unpaired t tests were used to compare two groups of categorical variables. A p value 

of ≤ 0.05 was considered significant in an analysis. For experiments with multiple 

replicates under the same conditions the mean and standard deviation were 

calculated unless otherwise stated. One-way ANOVAs were performed to compare 

experimental groups in the in vivo experiments.  
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Chapter 3: Editing the CTLA4 Locus and Devising a 

Mutation-Specific Approach for Correction of 
CTLA4 Insufficiency 

 

In this first results chapter, the design of gRNAs which target the CTLA4 genomic 

locus, is described. Initial in vitro validation of gRNAs was performed in Jurkat cells. 

To assess mutation specific gRNAs, Jurkat cell lines that express WT CTLA4 or 

CTLA4 mutants were generated. Emerging, recent data suggests that jurkat cells may 
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be difficult to genetically engineer with CRISPR/Cas9, thus further reducing their utility 

for optimising editing protocols.341 Following assessment of mutation-specific gRNAs, 

further validation work took place using primary human T cells.  

 

After identifying appropriate gRNAs using Jurkat cells, an editing protocol in primary 

human T cells was then optimised. A HDR AAV6 donor was designed that would 

introduce a GFP sequence into the CTLA4 open reading frame (ORF) as this would 

provide an easily identifiable read-out of editing efficiency (by flow cytometry) and 

could be used for HDR protocol optimisation. Once the HDR protocol using this GFP 

donor had been optimised, correction of one of the heterozygous point mutations that 

causes CTLA4 insufficiency was corrected using a CRISPR/Cas9/AAV6 approach. 

 

Aims: 

1. To generate Jurkat cell lines expressing wild type or mutant CTLA4 for in vitro 

validation of gRNAs 

2. To design and assess gRNAs using the Jurkat cells generated in (1) to validate 

an allele-specific gRNA  

3. To optimise CRISPR/Cas9 editing protocols in primary human T cells 

4. To demonstrate successful gene editing (NHEJ and HDR) of the CTLA4 locus 

in primary human T cells using viral and non-viral templates 

5. To attempt allele specific editing of heterozygous CTLA4 mutations to correct 

a single point mutation using a CRISPR/Cas9/AAV6 approach 

 

3.1. Generation of Jurkat cell lines to assess mutant-specific 
gRNAs 

 
Jurkat cells are an immortalised line of human T lymphocytes. They have been used 

widely to study T cell biology due to the relative ease at which they can be cultured in 

vitro and their intact T cell receptor (TCR).342 The Jurkat cells provided by the Sansom 

lab, lack endogenous CTLA4 thus, retroviral vectors expressing CTLA4 or CTLA4 

mutants can be used to introduce the gene of interest. The cell lines generated would 

be used to test gRNAs that target WT or mutant CTLA4 sequences. The CTLA4 T>P 

and CTLA4 C35* mutants were chosen as they represented two different types of 

mutations, the former interferes with ligand binding, whilst the latter is a stop codon 
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mutation that results in loss of protein expression. Of note heterozygous patient cells 

with the CTLA4 T>P mutation are available for this project enabling us to attempt 

correction of this point mutation. The purpose of generating these mutant Jurkat cells 

is to enable testing of a mutant-specific gRNA (without using patient cells) which would 

enable allele-specific gene editing.  

 

3.1.1. Generation of a Jurkat Cell Line expressing CTLA4 and CTLA4 mutants 

for validation of gRNAs 

Molecular cloning techniques were used to produce pMP71 retroviral vectors (Long 

terminal repeat – CTLA4 cDNA-IRES-murine CD19-long terminal repeat) encoding the 

CTLA4 cDNA and CTLA4 T>P and CTLA4 C35* mutants (Figure 3.1A). Successful 

cloning was confirmed by Sanger sequencing. Jurkat cells not expressing endogenous 

CTLA4 were transduced with the retroviral vectors achieving transduction efficiencies 

of over 90% per construct (see Figure 3.1B). Flow cytometric analysis of CTLA4 

(extracellular and intracellular domains (Figure 3.1C)) was performed. As expected, 

cells transduced with the WT CTLA4 vector expressed both extracellular and 

intracellular CTLA4. The T>P mutant is known to affect the ligand binding domain 

which is the same region the extracellular domain antibody binds to (Figure 3.1C). As 

expected, cells transduced with the T>P mutant CTLA4 cDNA had reduced 

extracellular CTLA4 due to the presence of the mutation interfering with the binding of 

the extracellular antibody. This explains how the T>P mutation results in impaired 

function of CTLA4, as it reduces the ability of the protein to bind to its ligands, CD80 

and CD86. Cells transduced with the C35* mutant cDNA did not exhibit any CTLA4 

staining as the premature stop codon produced by this mutation results in an absence 

of CTLA4 protein synthesis. The C35* mutant cells all expressed high levels of CD19 

(Figure 3.1A right plot) thus confirming that they had been transduced with the vector. 

As C35* mutant cells do not synthesise CTLA4 due to the premature stop codon, 

CTLA4 is absent (Figure 3.1D right plot).  
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Figure 3.1 Generation of a Jurkat cell line expressing WT CTLA4 or CTLA4 

mutants. (A) pMP71 retroviral vectors encoding the CTLA4 cDNA and CTLA4 T>P 

and C35* mutants. (B) Representative flow cytometry plots (n=3) showing transduction 

efficiencies of retroviral vectors in Jurkat cells which do not express CTLA4. Gating 

strategy is detailed in methods (section 2.9.4) and gating on Jurkat cells used the 
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same gating strategy as primary human T cells.  (C) Schematic diagram demonstrating 

where the two different CTLA4 antibodies bind. (D) Staining for the extracellular and 

intracellular domains of CTLA4 in Jurkat cells transduced with the different retroviral 

constructs.  

3.1.2. Validation of mutant-specific gRNAs in Jurkat cell lines 

Due to the scarcity of patient samples and the heterozygous nature of mutations in 

patients, the homozygous mutant Jurkat cell lines generated were used to assess 

mutant-specific gRNAs. To begin with, several NGG protospacer adjacent motif (PAM) 

sequences were identified in exon 2 close to the T>P mutation. Previous work has 

shown that the CRISPR cut site (which occurs between base pairs 17 and 18 of the 

20-nucleotide complementary sequence of the gRNA) should be located as close as 

possible to the intended genomic change.265,343 As discussed in the introduction a 

gRNA designed to target a mutant allele can confer a high degree of allelic specificity 

if the mutant base pair is close to the dsDNA break. 

 

One candidate 20 nucleotide guide RNA sequence directly crossed with T>P mutation 

(c.371A>C) locus with the cut site located 2bp from the single bp mutation (see Figure 

3.2A) (gRNA 1; GAUGUAGAGUCCCGUGUCCA which binds the target sequence 5’ 

GATGTAGAGTCCCGTGTCCA 3’). This gRNA was then altered by one base – 

gRNA2; GAUGUAGAGUCCCGGGUCCA to bind the T>P mutant sequence 

5’GATGTAGAGTCCCGGGTCCA 3’. Jurkat cells expressing either WT CTLA4 or T>P 

mutant CTLA4 were edited using the WT-specific or mutant-specific gRNAs 

respectively. DNA was extracted from all cell pools. Following DNA extraction an 

amplicon (500bp long) was created using PCR and primers that bind 250bp 5’ and 

250bp 3’ to the cut site. The PCR product was sequenced and an Inference of CRISPR 

edits (ICE) analysis performed (see methods). The ICE analysis confirmed that both 

the wild-type (gRNA1) and mutant gRNA (gRNA2) induced a similar indel spectrum 

and caused indels in the majority of edited cells (>65%) (Figure 3.2B). This indicated 

that the CTLA4 T>P mutation could potentially be targeted with this gRNA resulting in 

a dsDNA break close to the mutation which could then be repaired using an AAV6 

HDR donor template. 
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Figure 3.2 gRNA validation in Jurkat and WT human T cells. (A) Schematic 

diagram of gRNA1 (left) and gRNA2 (right) highlighting the single base change 

designed to confer allelic specificity. (B) Flow cytometry plot demonstrating surface 

CTLA4 expression in cells from a healthy individual edited with a gRNA specific for 

the wild type CTLA4 sequence (gRNA 1) with resulting knock-down of CTLA4 protein 
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(left) and a population edited with a gRNA specific for the p.T124P c.371A>C (gRNA 

2) (right) demonstrating minimal activity on the wild-type sequence. (C) ICE analysis 

plots from DNA extracted from Jurkat cells expressing either WT CTLA4 (top) or T>P 

mutant CTLA4 (bottom). The indel spectrum generated by gRNA1 in WT cells is similar 

to that produced by gRNA2 in T>P mutant cells (87% and 94% respectively). (C)  

3.2. gRNA validation and editing the CTLA4 locus by HDR in 
primary human T cells 

 

After initial validation in Jurkat cell lines, further validation of gRNAs and optimisation 

of editing protocols was performed in primary T cells either human or mouse. Our first 

aim was to correct a single point mutation. Several techniques to induce HDR were 

attempted, the first used ssDNA oligos and the second using AAV6.  

 
3.2.1. Validation of T>P locus gRNAs in primary T cells 

Following on from the work in Jurkat cells, the T>P locus gRNAs (both the wild-type 

and the mutant sequence specific gRNAs) were assessed in wild-type primary T cells. 

The WT guide was used to optimise editing protocols in healthy human T cells, whilst 

the mutant guide for the same locus was eventually used to perform allele-specific 

gene editing in heterozygous patient cells. The WT-specific gRNA (gRNA1) resulted 

in efficient knock-down of CLTA4 (Figure 3.3A). The gRNA 1 was modified by one 

base to confer allelic specificity for the c.371A>C mutation (gRNA 2: 

GATGTAGAGTCCCGGGTCCA).  As shown in Figure 3.3A, this guide RNA did not 

cut WT CTLA4 demonstrating its specificity for the mutant allele. This demonstrates 

that allele-specific gene editing could be achieved using this gRNA. 

 

3.2.2. Targeting the human CTLA4 locus and modifying it using HDR templates 

delivered by ssDNA oligos 

Recent reports have suggested that HDR can be achieved using non-viral donors such 

as single stranded DNA oligos.298 Whilst this appears to be less efficient than using 

AAV6, ssDNA oligos are much easier to produce and can be relatively effective for 

small insertions.298 To assess the feasibility of using ssDNA oligos to correct mutations 

in CTLA4 editing of this gene locus was attempted in WT T cells using the technique 

to insert a FLAG reporter into the ORF. To do this, a ssDNA oligo was designed 

containing a promoterless FLAG reporter flanked by 50bp homology arms (Figure 
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3.3B). This ssDNA oligo contained a promoterless FLAG sequence flanked by 35bp 

homology arms either side of the T>P locus gRNA cut site. The ssDNA oligo was 

electroporated into the cells at the same time as the gRNA and the cells assessed for 

FLAG expression by flow cytometry 48 hours post-electroporation. Electroporation of 

the ssDNA oligo achieved 3-7% FLAG expression but whilst higher levels of FLAG 

expression were observed with higher concentrations of DNA this was inversely 

proportional to cell viability (Figure 3.3C and 3.3D). DNA was extracted and an ICE 

analysis was performed on the Sanger trace data which confirmed HDR levels of 5% 

(Figure 3.3D). Although it was reassuring that successful HDR could be achieved with 

ssDNA oligos, efficiencies above 5% were not achieved despite attempts with different 

experimental conditions (different concentrations of ssDNA oligo, different 

nucleofector programmes) and thus this approach was not pursued further.  
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Figure 3.3 gRNA validation HDR with ssDNA oligos in primary human T cells. 

(A) Representative plots demonstrating surface CTLA4 expression in cells from a 

healthy individual  in an unedited control (left), edited with a gRNA specific for the wild 

type CTLA4 sequence (gRNA 1) with resulting knock down of CTLA4 protein (centre) 

and a population edited with a gRNA specific for the p.T124P c.371A>C (gRNA 2) 

(right) demonstrating minimal activity on the wild-type sequence. (B) Schematic 

demonstrating the editing strategy using a ssDNA HDR donor oligo designed to insert 

a FLAG sequence into the CTLA4 ORF. (C) Representative plots (n=3) showing 

reduced viability with increasing concentrations of ssDNA donor. (D) Representative 

plots showing 3-8% FLAG positivity with addition of the FLAG HDR donor and gRNA 

following electroporation. (D) ICE analysis of DNA extracted from cells from the middle 

FACS plot showing that 3% of cells had undergone HDR and had incorporated the 

FLAG sequence into the CTLA4 ORF after the gRNA cut-site.  

 

3.2.3. Optimisation of HDR at the human CTLA4 locus and modifying it using 

AAV6 HDR templates 

To validate CRISPR/Cas9-mediated genetic modification of CTLA4 at the T>P 

mutation locus in wild-type primary T cells, a promoterless, GFP reporter AAV6 donor 

was designed with asymmetrical homology arms extending 400bp 5’ and 420 bp 3’ 

from the mutant locus gRNA cut-site (Schematic Figure 3.4A).  

 

 

This CRISPR/Cas9/AAV6 approach inserts a green fluorescent protein (GFP) 

sequence into the open reading frame (ORF) of CTLA4 thus enabling editing 

frequencies to be easily assessed by flow cytometry and providing a platform for 

optimisation of HDR protocols. GFP expression would be driven exclusively by the 

endogenous CTLA4 promoter. The length and asymmetry of the homology arms were 

designed to reflect previously published results which demonstrated that this 

configuration results in the highest levels of HDR and cell viability.332  The donor 

incorporated a 2A self-cleaving peptide prior to the GFP sequence to prevent a fusion 

protein. A Woodchuck Hepatitis Virus Post Transcriptional Regulatory Element 

(WPRE) was used after the GFP sequence. A WPRE sequence creates a tertiary 
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structure when transcribed, enhancing expression. Finally, a poly A tail was used 

before the right homology arm to enhance nuclear export, translation, and stability of 

the mRNA. The AAV6 donor incorporated silent mutations in the PAM and gRNA 

binding sequences in order to prevent the continued action of the Cas9/gRNA RNP 

complex on the repaired DNA (Figure 3.4A).  

 

Cells were assessed 48 hours post-transduction for GFP expression by flow cytometry 

(Figure 3.4B). Electroporation of gRNA1 followed by transduction of the AAV6-GFP-

reporter donor achieved over 55% GFP expression with concomitant knock-down of 

CTLA4 (Figure 3.4B). In subsequent repeat optimisation experiments AAV6 was 

titrated and different nucleofection programmes assessed for their impact on cell 

viability and rates of HDR (GFP expression).  It was found that an MOI of 3.6x103 

vg/cell resulted in over 55% GFP expression with almost 70% viability (Figure 3.4C). 

Different nucleofection programmes were tested to assess the influence of these of 

rates of HDR. The Lonza nucleofector does not disclose the voltage and frequency of 

the different named programmes. Two programmes recommended by the 

manufacturer (EH111 and EO115) for use in primary human T cells were assessed 

during optimisation experiments. These results demonstrated that high rates of 

genetic modification could be achieved in the CTLA4 gene with excellent cell viability 

using a CRISPR/Cas9-AAV6 approach (Figure 3.4C). Further repeat experiments 

using the optimised protocol (Nucleofection programme EO115, AAV MOI 3.6x103 

vg/cell) were performed to demonstrate replicability of the editing protocol. Rates of 

HDR (GFP+) in wild-type CD4+ cells using this protocol were 55.8 +/-1.6% (mean +/- 

SD n=3) (Figure 3.4D). Given the high rates of HDR using AAV6 and my optimised 

protocol, this was chosen as the editing approach for subsequent experiments.  
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Figure 3.4 Optimisation of HDR at the human CTLA4 locus and modifying it 

using AAV6 HDR templates. (A) Schematic representation of HDR donor 1 (P2A-

GFP-WPRE-PolyA). (B) Example flow cytometry plots (gated on 

lymphs>live>singlets>CD3+>CD4+) demonstrating mock nucleofection (Cas9 only) 

(far left), gRNA +Cas9 (no AAV6) (centre left), AA6 HDR donor only (centre right) and 

GFP transgene expression in the far-right plot following nucleofection with RNP 

followed by AAV6 transduction. (C) Graph of %edited cells and % live cells. Higher 

quantities of AAV6 result in lower cell viability with little increase in % edited cells. (D) 
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Average HDR rate (n=3, percentage GFP+ in cells from separate healthy donors) 

(Mean 55.8 SD 1.6).  

 
3.2.4. Restoration of CTLA4 expression following correction of a point 

mutation 

To demonstrate that we could use CRISPR/Cas9/AAV6 gene editing to correct CTLA4 

insufficiency we first set out to repair the disease-causing c.371A>C (p.T124P) point 

mutation. gRNA1 crosses the site of this mutation, so modification by one base 

retargeted the guide to the c.371A>C sequence (gRNA2: 

GATGTAGAGTCCCGGGTCCA). As described earlier, this gRNA demonstrated a 

degree of allelic specificity and produced a similar indel spectrum in T>P mutant Jurkat 

cells to gRNA1 (wild type sequence in wild type cells) (shown previously in Figure 

3.2B). A second AAV6 HDR donor was then designed with a codon divergent CTLA4 

exon 2 sequence (donor 2) to allow identification of correction from the AAV6 donor 

by sequencing (Figure 3.5A). This donor utilised the same homology arms as donor 1 

(promoterless GFP) but incorporated amino acid neutral codon divergent sequences.  

 

Gene editing and HDR were first assessed using this donor in WT healthy control T 

cells (using WT sequence specific gRNA 1). Editing with this gRNA alone resulted in 

knock-down of CTLA4 (mean 61% reduction in %CTLA4+ n=3) (Figure 3.5B, second 

plot from right). When editing was performed using the gRNA followed by transduction 

of AAV6 HDR donor 2, CTLA4 expression was restored (from 22.5% to 50.7% in 

representative plots shown, Figure 3.5B, far right plot).  

 

Patient cells carrying the c.371A>C mutation were edited using gRNA2 (mutant 

specific gRNA) and HDR donor 2. Total CTLA4 median fluorescent intensity (MFI) 

increased following editing (from 149 +/- 1 (mean+/-SD) in unedited patient cells to 

167.7 +/- 3.8 following editing compared to 198.7 +/- 25 in healthy donor T cells (n=3)) 

(Figure 3.5C). Correction of the heterozygous mutation was confirmed following DNA 

extraction using in-out PCR and sequencing of the edited locus (Figure 3.5D). These 

data demonstrate the feasibility of targeting specific patient mutations using a 

CRISPR/ AAV6 directed HDR approach. 



 139 

 

Figure 3.5 Restoration of CTLA4 expression following correction of a point 

mutation. (A) Schematic of editing strategy and expected outcomes of WT primary T 

cells with a codon divergent CTLA4 repair donor (HDR donor 2). (B) Representative 

flow cytometry plots showing gRNA1 resulting in knock-down of CTLA4 (second plot) 

whereas addition of the HDR donor 2, CTLA4 levels to near-normal levels (far right 

plot). (C) Median fluorescent intensity (MFI) of CTLA4 from 3 separate healthy controls 

and 3 separate samples from a single patient with p.T124P c.371A>C unedited or 

edited with the codon divergent cDNA HDR donor. (D) Sanger sequence traces from 
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unedited p.T124P c.371A>C cells (top) with the black arrow highlighting the 

heterozygous mutation. Following editing (bottom trace) the wild-type sequence has 

been restored and the codon divergent repair template has introduced new mutations 

in the population (black arrows with dashed line). 

 
 

3.3. Discussion 

 
In this chapter, the necessary steps (design and in vitro validation) required to assess 

gRNAs have been demonstrated. Protocols for gene editing in primary human T cells 

have been optimised. It has been demonstrated that HDR can be performed using 

ssDNA oligos or an AAV6 HDR template but that AAV6 HDR templates result in both 

superior rates of HDR and better cell viability.  

 

3.3.1. Use of Jurkat cells to assess gRNAs 

Jurkat cells were an attractive platform for the testing of mutant-specific gRNAs as this 

avoids having to use precious patient samples. The Jurkat cell line possessed by the 

Sansom laboratory which were used in this project do not express CTLA4. Jurkat cells 

are a pseudodiploid human cell line with an abnormal karyotype, The cell line was 

originally established from a patient with acute lymphoblastic leukaemia. Although the 

Jurkat cell line used has not been sequenced, there are several possible reasons why 

CTLA4 may not be expressed. The most likely explanation is that the cell line is 

derived from immature T cells. CTLA4 is not abundant in the thymus and is not 

expressed in naïve T cells thus the lack of CTLA4 expression results from 

transcriptional repression. Another, less likely reasons for the lack of expression are 

the presence of mutations in the gene (e.g. premature stop codon). Either way the lack 

of CTLA4 expression makes this cell line ideal for exploring CTLA4 biology as cells 

can be transduced (with retroviral vectors) to express CTLA4 or CTLA4 mutants.336,344 

Due to the ease at which they can be cultured in vitro, and by which they can be 

transduced using retroviral vectors they provide a versatile and readily available 

platform to investigate protein-protein interactions. However, due to their immortal 

qualities, cell replication of cell lines clearly differs from that of a primary (non-

malignant) cell.345  
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However, whilst Jurkat cells provided a versatile platform on which homozygous 

CTLA4 mutants could be easily generated, experimental conditions for gene editing 

(reagents, nucleofection programme, protocol) differed significantly from primary cells. 

Thus, despite their many advantages, they were not an ideal platform to use for 

optimising gene editing protocols that would ultimately need to be used in primary 

cells. When designing HDR templates, the homology arms often need to include part 

of the intronic sequences to be of sufficient length. As the Jurkat cells lack endogenous 

CTLA4 and only contain the CTLA4 cDNA (without intronic sequences), HDR donors 

that include intronic sequences would not be appropriate for use in Jurkat cells thus 

further limiting their use when validating and optimising protocols.  

 

3.3.2. gRNA validation in primary cells 

Choosing a well-designed gRNA is critical to any gene editing strategy. Several gRNA 

design tools exist which enable the researcher to identify target sites in the genome 

(e.g. 5’-NGG-3’ sequences for Cas9) and assess on-target specificity and likelihood 

of potential off-target activity.346,347 For my gRNA design, I used the Benchling and 

Synthego gRNA design tools as well as the CHOPCHOP website (see methods). By 

using several different tools, I ensured that gRNAs selection wasn’t biased by a 

particular platform. Assessment of gRNAs in the desired target cell is then 

recommended to ensure the efficacy in vitro validates the in silico assessment.265  

 

In the case of the CTLA4 exon 2 gRNAs discussed in this chapter, the in silico 

predictions closely mirrored the in vitro activity. However, later work in my PhD 

analysing a new set of gRNAs showed that this isn’t always the case, highlighting the 

importance of in vitro assessment prior to selection for an editing strategy. After 

nucleofection of the gRNA/Cas9 RNP complexes to the desired cell, DNA was 

extracted and sent for sanger sequencing (see methods). Indels were then assessed 

using the Synthego ICE analysis tool, a new iteration of the widely used TIDE analysis. 

The ICE and TIDE analyses have been shown to correlate closely with next generation 

sequencing.337,338,348 In my PhD, these analyses proved to be a straight-forward cost-

effective means by which to assess gRNAs.  

 

3.3.3. Performing HDR in primary T cells using ssDNA oligos and AAV6 

templates 
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In this chapter, I describe how I used two different approaches, ssDNA oligos and 

AAV6 donors, to perform HDR in primary human T cells. Since the demonstration that 

non-viral ssDNA templates could be used to induce HDR they have created much 

excitement due to their ease of manufacture compared to AAV.298 Given their clear 

advantage over AAV6 there was an obvious need to assess the utility for my editing 

approach. I devised an editing strategy that would easily enable me to quantify HDR 

by flow cytometry by inserting a 24bp FLAG tag into exon 2 of CTLA4 at the site of a 

dsDNA break created by gRNA1. As described earlier I was successful in doing this, 

but efficacy was low at only 5-10%. Electroporation of the ssDNA templates resulted 

in significant toxicity. The toxicity could have resulted from the FLAG sequence itself 

or from the ssDNA however the latter reason is the more likely explanation. Using the 

AAV template we were able to successfully insert a GFP sequence into the CTLA4 

ORF without toxicity. This suggests that disrupting this particular genomic locus is not 

toxic to cells. The FLAG sequence is widely used as a gene reporter without disrupting 

normal physiology. As a result of the poor efficacy, toxicity and superior results 

achieved with AAV templates, I abandoned the use of ssDNA oligos however, it may 

have been that the 24bp FLAG sequence was too large an insertion for a ssDNA oligo 

template. Higher editing efficiencies may have been achieved if I had used ssDNA 

oligos to change a single base, i.e. repair a single point mutation. However, as my 

long-term goal was to devise a universal editing strategy that would require large 

insertion, I did not pursue the use of non-viral templates further. Had the goal been to 

correct point mutations then further optimisation of the non-viral HDR approach would 

have been warranted. Assessment of a ssDNA oligo to repair the T>P mutation could 

have been an interesting and valuable extension of this work had time permitted. 

 

3.3.4. Chapter summary 

In this chapter I have demonstrated that AAV6 HDR templates can achieve high rates 

of HDR with large inserts. The use of a promoterless GFP donor (donor 1) enabled 

me to optimise my editing protocol with experiments that had a quantitative readout of 

HDR that was easily assessed by flow cytometry. The high rates of HDR achieved 

with donor 1 were comparable to rates reported in the literature in T cells and 

confirmed the work of other authors that asymmetrical homology arms ~400bp in 

length are appropriate. I used similar sized homology arms in AAV6 HDR donors 

designed later in the project.236,265  The donor template used to repair the T>P point 
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mutation (donor 2) was similar in design to donor 1 (with 400bp homology arms), 

however this design of construct risked concatemer packaging and it may have been 

preferable to have designed this donor with long (~1200bp homology arms) to mitigate 

this risk.265,349  

 

Although I demonstrated successful repair of a point mutation that causes CTLA4 

insufficiency with restoration of CTLA4 expression this approach is unattractive for 

clinical translation due to the heterogeneous mutational landscape of the disease. 

Subsequent chapters will focus on the design and validation of a universal editing 

approach.  

Chapter 4: Design and Comparison of Different Universal 
Editing Approaches for CTLA4 Insufficiency 

 

Whilst in the first chapter I demonstrated that a mutation-specific approach is feasible, 

such an approach for CTLA4 insufficiency would not be feasible for clinical translation 

as over 50 distinct mutations have been described, and new variants are being 

regularly discovered.38 Whilst mutation specific gene correction is attractive in that it 

offers truly personalised medicine, this would require an individual gRNA, HDR 

template and editing approach to be designed for each patient and is reliant on the 

availability of a PAM sequence in proximity to the mutation. I therefore set out to devise 

a universal editing strategy that could correct most disease-causing mutations, a 

CRISPR/Cas9/AAV6 HDR approach that would edit the CTLA4 locus and insert a 

mini-gene 5’ of most disease-causing mutations.  

 

Similar strategies have been performed for other IEIs with heterogenous genetic 

landscapes such as CD40 ligand deficiency and Wiskott-Aldrich syndrome as outlined 

in the introduction.201,230 Whilst HDR-mediated insertion of a ‘minigene’ is a relatively 

well-established universal approach to correct several mutations, the most effective 

site of insertion and optimal construct design for gene expression appears to be locus 

specific.350 CTLA4 insufficiency presents an additional challenge for a gene editing 

approach in that heterozygous mutations result in disease. Therefore, a strategy which 

was able to preserve the wild-type allele should result in improved protein expression.  

 



 144 

In this chapter the design and validation of several universal gene editing strategies is 

described. Although it was hypothesised that gene editing would have advantages 

over a gene-addition approach in CTLA4 insufficiency, primarily due to the 

preservation of the endogenous gene control machinery, a lentiviral gene addition-

based strategy has not yet been attempted for CTLA4 insufficiency so offered a useful 

point of comparison. In this chapter the design and assessment of a lentivirus gene-

addition strategy is also described. Lentiviral vector gene addition is then compared to 

gene editing in terms of protein expression kinetics.  

 

Aims: 

1. To devise a universal editing strategy targeting exon 1 of CTLA4. 

2. To devise a universal editing strategy targeting intron 1 of CTLA4 and to 

compare the editing frequencies achieved with this to the strategy in (1). 

3. To design and manufacture a lentiviral vector containing the CTLA4 cDNA and 

use this to transduce primary human T cells.  

4. To assess the off-target effects of the preferred gene editing approach. 

 

 

4.1. Exon 1 gene insertion 

 
4.1.1. Exon 1 gRNA design and validation 

Insertion of the CTLA4 cDNA into early exon 1 could potentially be used for all 

mutations. It has been demonstrated in other IEIs, that by targeting the 5’ un-translated 

region (UTR) or start codon of the first exon of a gene, a cDNA template can be 

inserted successfully and stable transgene expression obtained under the regulatory 

elements and promoter of the endogenous gene.201,227 This has the advantage of 

providing a ‘one-size-fits-all mutations’ gene editing strategy whilst avoiding the 

problem of unregulated gene expression that is observed following lentiviral gene 

addition.  

 

To evaluate the feasibility of this approach for CTLA4 insufficiency, gRNAs targeting 

the 5’UTR and/or early 1st exon of CTLA4 were assessed. Candidate gRNAs 

underwent in silico assessment of on-target and off-target activity and the top 3 scoring 

gRNAs were ordered and tested in vitro (see methods). The gRNA, targeting 
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TGGCTTGCCTTGGATTTCAG (gRNA 3: UGGCUUGCCUUGGAUUUCAG) resulted 

in the highest knock-down of CTLA4 on assessment by flow cytometry (mean 75% 

reduction in %CTLA4+ n=3) (Figure 4.1A) with the most on-target "indels" when 

analysed by inference of CRISPR edits (ICE) analysis (Figure 4.1B). For the ICE 

analysis primers were designed to amplify approximately 500bp of genomic DNA 

(each primer was at least 150 bases from the gRNA cut-site) (see methods). This 

gRNA was selected for the early-exon knock-in approach. Interestingly one of the 

gRNA trialled (target 1) resulted in a large number of indels (>50%) but very little 

knock-down of CTLA4 when assessed by flow cytometry (Figure 4.1A and B). This 

could be due to the indel spectrum which differs between the different gRNAs (Figure 

4.1 C shows the indel spectrum for target 1 whilst Figure 4.1D show the indel spectrum 

for target 2). 
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Figure 4.1 Exon 1 gRNA design and validation. (A) Representative flow cytometry 

plots demonstrating varying degrees of CTLA4 knock-down using different gRNAs 

targeting early exon 1. (B) %indels from the ICE analysis of the gRNAs assessed. The 

blue bars represent the ICE Score - The editing efficiency (percentage of the pool with 

non-wild type sequence) as determined by comparing the edited trace to the control 

trace. In the ICE algorithm, potential editing outcomes are proposed and fitted to the 
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observed data using linear regression. The green bars represent the knockout (KO) 

score - the proportion of cells that have either a frameshift or 21+ bp indel. This score 

is a useful measure for those who are interested in understanding how many of the 

contributing indels are likely to result in a functional Knockout (KO) of the targeted 

gene. (C) Indel spectrum from the ICE analysis for the gRNA target 1. (D) Indel 

spectrum from the ICE analysis for the gRNA target 2). As target 2 resulted in the 

highest percentage of indels and the greatest degree of knock-down of CTLA4 this 

was taken forward for the exon 1 approach and is henceforth referred to as gRNA3.  

 

4.1.2. Exon 1 AAV6 HDR donor design and validation 

An AAV6 HDR template was designed to insert a wild-type cDNA template followed 

by a P2A sequence, GFP reporter cassette and WPRE sequence flanked by two 

asymmetrical homology arms. The design of the HDR donor was based on donor 1 

(promoterless GFP) described in chapter 3. Successful HDR had been achieved with 

this donor and it was used to optimise the protocol, thus several of the characteristics 

(homology arm length and asymmetry, WPRE sequence) were incorporated into the 

design of this exon 1 knock-in donor (donor 3) (Figure 4.2A). The DNA for this donor 

was synthesised and cloned into the AAV plasmid and AAV was manufactured as 

described (see methods). This gRNA/AAV6 editing strategy was tested in wild-type 

human T cells. After editing, HDR was assessed by the evaluation of GFP positivity 

by flow cytometry. Editing efficiencies of >40%, were reproducibly achieved using this 

approach in CD3+ T cells isolated from healthy donors (Figure 4.2B). It is evident from 

the representative flow cytometry plot in figure 4.2B (right plot) that this approach 

results in several editing outcomes. The lower left quadrant represents cells which are 

unedited and don’t express CTLA4 or have undergone knock down of CTLA4 (NHEJ) 

without repair (HDR). Cells in the upper left quadrant are those cells which express 

CTLA4 but not GFP and have therefore not undergone editing. Cells in the upper right 

quadrant are cells which have undergone HDR and express CTLA4 and GFP. Finally, 

cells in the lower right quadrant are cells which express GFP but not CTLA4. These 

are cells which have most likely undergone HDR but are not expressing CTLA4 on the 

cell surface (CTLA4 is contained in intracellular vesicles and for this analysis a surface 

stain was performed so that the GFP signal was not bleached).  
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Figure 4.2 Exon 1 AAV6 HDR donor design and validation. (A) Schematic 

representation of the editing strategy using gRNA 3 (exon 1) and donor 3 (HA-CTLA4-

P2A-GFP-WPRE-HA).(B) FACS plots of the editing strategy shown in (A) 

demonstrating a non-edited control (left), gRNA only control with resulting knock-down 

of CTLA4 (centre) and HDR  mediated by the CTLA4 cDNA-P2A-GFP-WPRE AAV6 

donor (48.8% GFP positive cells).  

 

4.2. Intron 1 gene insertion 

 
4.2.1. Intron 1 gRNA design and validation 

Whilst the exon 1 approach was promising in terms of the applicability of the approach 

to all patients with the disease, such a strategy would disrupt the ORF of both the 

normal and mutant alleles of CTLA4. The introduction of indels in the coding region of 

the remaining healthy allele which could potentially worsen disease in heterozygous 

disease settings. In addition, previous work in X-linked CGD has suggested that 

preservation of the first intron sequence may be necessary for optimal transgene 

expression.350,351 Targeting the 3’ end of the first intron may permit transgene insertion 

whilst preserving the majority of the first intron. In addition, editing the intronic 
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sequences does not affect the ORF so any un-edited cells will still express both the 

wild-type and mutant alleles which may result in overall higher levels of CTLA4. The 

difficulty with intronic knock-in approach is that the splice machinery needs to remain 

intact, and this approach has not previously been used for therapeutic purposes.  A 

strategy targeting the first intron of CTLA4 would still enable correction of most but not 

all disease-causing mutations (as >80% of known disease-causing mutations are 

found in exons 2 and 3). 

 

To assess the feasibility of an intronic targeted approach, gRNAs were designed by 

scanning the first intron for NGG PAM sequences and then performing in silico 

assessment of the candidate gRNAs to assess potential off-target and on-target 

activity. The three top-scoring gRNAs were synthesised by Synthego (see methods): 

 

1. Target 1: AGCTCCGGAACTATAATGAG (gRNA: AGCUCCGGAACUAUAAUGAG) 

2. Target 2: GAGAAATAGATTCTTCAAGA (gRNA: GAGAAAUAGAUUCUUCAAGA) 

3. Target 3: GATATGACAAACAGAAGACC (gRNA: GAUAUGACAAACAGAAGACC) 

 

These three gRNAs were then tested in vitro and CTLA4 protein expression was 

assessed by FACS. Reassuringly all three gRNAs resulted in no disruption to CTLA4 

expression thus indicating that the ORF had been preserved (Figure 4.3A).  

 

DNA was extracted from all samples and an amplicon 250bp either side of the cut 

sites using primers: 5' - CTAACAACATCTTCCACTCTACAAC - 3' and 5' - 

CCCACGGCCTTTTCTCCC - 3' was generated by PCR. The PCR product was 

purified and sent for Sanger sequencing. The sequencing results from the edited and 

an un-edited control were then used to perform an ICE analysis. ICE analysis of this 

showed that the first target (AGCTCCGGAACTATAATGAG) had an editing efficiency 

of over 80% (Figure 4.3B). This gRNA was chosen as the best candidate for an intron 

knock-in strategy and HDR templates were designed around the cut-site of this gRNA 

(it is henceforth referred to as gRNA4).  
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Figure 4.3 Intron 1 gRNA design and validation. (A) Representative FACs plots 

demonstrating normal CTLA4 surface expression following nucleofection of 3 different 

gRNAs targeting intron 1 and the results of the ICE analysis (B) demonstrating the 

presence of indels in these same population of cells. The blue bars represent the ICE 

Score - The editing efficiency (percentage of the pool with non-wild type sequence) as 

determined by comparing the edited trace to the control trace. In the ICE algorithm, 

potential editing outcomes are proposed and fitted to the observed data using linear 

regression. The green bars represent the knockout (KO) score - the proportion of cells 

that have either a frameshift or 21+ bp indel. This score is a useful measure for those 

who are interested in understanding how many of the contributing indels are likely to 

result in a functional Knockout (KO) of the targeted gene. (C) The indel spectrum for 

gRNA4 generated by the ICE analysis tool.  
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4.2.2. Intron 1 AAV6 HDR donor design and validation 

Three HDR templates were designed (Figure 4.4A). All had the same 400bp 5’ 

homology arm and 440bp 3’ homology arm. A synthetic splice acceptor (SA) site 

sequence that has previously been tested and published by Dr Pietro Genovese 

(Harvard, USA) was used following the homology arm and as this is divergent from 

the PAM sequence preventing ongoing Cas9/gRNA activity on the repaired DNA (the 

three templates are illustrated in Figure 4.4A).352 The SA sequence is required as the 

gRNA results in a dsDNA break prior to the endogenous splice acceptor thus an 

artificial SA sequence allows the HDR donor to exploit normal splicing of exon 1 to the 

repaired exon 2 following HDR. 

 

The three templates enable comparisons of WPRE vs 3’UTR on gene expression and 

a truncated NGFR sequence is contained in one of the templates which can be used 

as a reporter gene in clinical-grade products (Figure 4.4A). The DNA for these donors 

was synthesised and cloned into the AAV plasmid (see methods). However, when 

AAV manufacture of these three intronic donors was attempted, a viral titre sufficient 

to perform gene editing experiments could not be obtained for the NGFR containing 

donor. The most likely reason for this was a loss of integrity (contains mutations that 

interfere with function) in the internal tandem repeats (ITRs) in this plasmid.265 To 

investigate this I performed a diagnostic digest using the SmaI enzyme which should 

cut the DNA into two similar sized bands. For the NGFR plasmid this did not cut as 

predicted indicating a loss of integrity of the ITRs. It also appeared that this was a 

problem with the parent plasmid as the same pattern was observed following a 

diagnostic digest with SmaI (Figure 4.5A and B). It is not clear why it was possible to 

make AAV6 titre with the WPRE and 3’UTR donors but the most likely reason is that 

the ITRs in this plasmid were less compromised than those in the NGFR containing 

plasmid. Due to time constraints on the PhD, I continued experiments with donor 4A 

(WPRE) and donor 4B (3’UTR), both of which incorporate a GFP reporter whilst a new 

parent AAV6 plasmid was sourced.  

 

The intronic donor templates were assessed in WT CD4+ T cells using gRNA4. When 

comparing the two intronic HDR donors which differ by having a synthetic 3’UTR 

sequence (WPRE – donor 4A) or the CTLA4 3’UTR (donor 4B), the WPRE donor 
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(donor 4A) reproducibly mediated higher editing efficiencies (Figure 4.4B). Expression 

of the GFP reporter gene was used as a surrogate marker for editing efficiency in 

experiments as it was assumed that cells expressing GFP have successfully 

undergone HDR (AAV6 is non-integrating and the HDR donors are promoterless thus 

GFP expression can only occur if HDR has taken place with expression driven by the 

endogenous CTLA4 promoter). The correlation of editing efficiency with GFP 

expression was confirmed by digital droplet PCR (ddPCR) which demonstrated that 

GFP% correlates with ddPCR results (within 10%). Encouragingly, higher editing 

efficiencies (64.6% GFP+ +/- 3.1% (mean +/- SD) (n=3)), were achieved using the 

intronic editing approach compared to targeting within exon 1 (Figure 4.4C). Due to 

the replicable superiority of the intronic gRNA with donor 4A (WPRE) as an editing 

strategy, this approach was chosen for further assessment and validation.   
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Figure 4.4 Intron 1 AAV6 HDR donor design and validation. (A) Schematic 

representation of the intronic editing HDR donors. Three donors were designed (donor 

4A HA-splice acceptor-CTLA4 exons 2, 3, 4-P2A-GFP-WPRE-HA, donor 4B HA-splice 

acceptor-CTLA4 exons 2, 3, 4-P2A-GFP-3’UTR-HA and a third donor which could not 

be manufactured incorporating an IRES NGFR 3’UTR sequence). (B) FACS plots 

showing CTLA4 expression and GFP expression (HDR) in cells edited with the gRNA 

3/Cas9 RNP alone (intron 1) (centre left), and then with transduction of donor 4A 

(WPRE) and donor 4B (3’UTR) (far right). (C) Average HDR rate (n=3, percentage 

GFP+ in cells from separate healthy donors). Exon 1 approach (gRNA 3 + donor 3) 

mean=42.47% GFP+, SD 8.13, intronic WPRE donor (gRNA 4 + donor 4A) 

mean=64.63% GFP+, SD 3.06, Intron 3’UTR donor (gRNA 4, donor 4B) 

mean=38.13% GFP+, SD 2.70.  
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Figure 4.5 Diagnostic digest to check integrity of ITRs. (A) Simulated digest using 

the Snapgene digest prediction tool showing the digest with SmaI (lane 1) which cuts 

in the ITRs and the digest with SacII and PshAI (Lane 2) which would cut in the insert. 

(B) Actual digest results showing the NGFR plasmid (lanes 1 and 3) cut with SmaI 

(lane 1) and SacII and PshAI (lane 3) and the parent plasmid (lanes 7 and 8) cut with 

SmaI (lane 7) and SacII and PshAI (lane 8). 

 

4.2.3. Assessment of nuclease specificity 

Predicted on-target and off-target activities of all gRNAs tested were assessed using 

in silico design tools (see methods). Following demonstration of the superiority of the 

intronic editing strategy with intronic targeting gRNA 4 further evaluation of this gRNA 

for off-target effects was performed. Before this editing approach was developed 

further, I wanted to ensure that this candidate gRNA would be safe to use in a clinical 

setting. Whilst the long-term effects of gene editing in humans is not known, several 

unbiased, genome wide assays exist which are able to demonstrate the likely off-target 

dsDNA breaks of a given gRNA.  

 

For this project I used the genome wide, unbiased identification of DSBs enabled by 

sequencing (GUIDE-seq) assay. This assay captures short double-stranded 
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oligonucleotides at double strand breaks (DSBs) by next generation sequencing (see 

methods) thus, demonstrating where in the genome DSBs occur with a given gRNA 

The assay works by performing electroporation with a particular gRNA and double-

stranded oligonucleotides provided  by Creative Biogene (see methods section 2.4.3 

for further explanation). The premise of the assay is that the oligonucleotides are 

incorporated into genomic DNA at any point where a dsDNA break occurs. The dsDNA 

breaks are then identified through next generation sequencing targeting the 

oligonucleotide sequence. Whilst this is a useful tool for assessing a given gRNA, it is 

also expensive and thus for this project, I was limited to assessing the most promising 

gRNA. The GUIDE-seq assay demonstrated that gRNA 4 had no detectable off-target 

activity (Figure 4.6A and B).  

 

 

Figure 4.6 Assessment of nuclease specificity of intronic-targeting gRNA4. (A) 

GUIDE-seq analysis data showing on-target nuclease specificity of gRNA 4. The blue 

and red bars show the insertions and deletions respectively at the target locus. (B) 

GUIDE seq analysis demonstrating the report generated by Creative Biogene showing 

no detectable off target specificity.  
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4.3. Lentiviral gene addition 

 
Although it was hypothesised that gene editing would have advantages over a gene-

addition approach in CTLA4 deficiency, primarily due to the preservation of the 

endogenous gene control machinery and thus physiological protein expression, a 

lentiviral gene addition-based strategy has not yet been attempted for CTLA4 

insufficiency so offered a useful point of comparison. 

 

4.3.1. Design and manufacture of a CTLA4 lentiviral vector 

A lentiviral vector encoding CLTA4 cDNA driven by an elongation factor alpha-1 short 

(EFS) promoter, followed by an internal ribosome entry site (IRES) GFP reporter 

sequence was designed (Figure 4.7A). The DNA for the vector was synthesised and 

cloned into a second-generation lentivirus plasmid gifted by the lab of Dr Claire Booth 

(University College London) using restriction cloning techniques (see methods). 

Recombinant lentivirus was produced using 293T cells and tittered using GFP 

expression by flow cytometry. Low titres of around only 5x105 TU/ml were obtained 

with this construct (Figure 4.7B).  

 

To assess whether poor vector titre was a problem with GFP expression following the 

IRES sequence, Jurkat cells which do not express endogenous CTLA4 were 

transduced with the lentivirus vector. High levels of CTLA4 were seen in cells 

transduced with the lentivirus vector, whilst CTLA4 expressing cells expressed 

relatively low levels of GFP (Figures 4.7B and C). This finding suggested that using 

GFP expression to titre the lentivirus may be unreliable. The purpose of including a 

GFP reporter, was to accurately determine transduction efficacies using this vector. 

Due to the apparent discrepancy between GFP and CTLA4 expression the use of the 

IRES sequence to separate the two transgenes was not appropriate. 

 

 

 

 

 

4.3.2. Second lentiviral vector design, manufacture, and transduction of CD4+ 

T cells 
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To overcome this, a second lentiviral vector was designed this time with a 

phosphoglycerate kinase (PGK) promoter (to make the lentivirus approach more 

comparable to clinical studies) and a CTLA4-P2A-GFP sequence to mitigate the 

problems with expression of genes downstream of the IRES sequence (Figure 4.7D). 

An IRES sequence causes the ribosome to re-start translation of the preceding 

transgene.  In comparison, a P2A sequence is a self-cleaving peptide that enables 

several transgenes to be translated in single open reading frame thus the two 

transgenes (in this case CTLA4 and GFP) should have very similar levels of 

expression. CD4+ T cells transduced with this vector demonstrated robust CTLA4 and 

GFP positivity (Figure 4.7E). Vector copy number (VCN) was determined by qPCR on 

DNA extracted from the transduced cells. A VCN of 3.4 was obtained on cells 

transduced at an MOI of 2.  
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Figure 4.7 Lentiviral vector comparison. (A) Schematic diagram of the original 

IRES-GFP vector. (B) Titration of the vector shown in A by flow cytometry (GFP 

expression) after transduction of HEK293Tcells. A poor titre of 5x105 transduction 

units/ml was obtained with this vector. (C ) Transduction of Jurkat cells at different 

multiplicities of infection (MOI) which do not express endogenous CTLA4 

demonstrated the disconnect between CTLA4 expression (y-axis) and GFP 

expression (x-axis) . (D) Schematic representation of the second lentivirus vector that 

used a P2A sequence instead of an IRES. (E) Transduction of primary human T cells 

at an MOI of 2 with the vector illustrated in (D) shows close correction between CTLA4 

and GFP expression in the transduced population. 

 
 

4.4. Discussion 

 
Data in this chapter reports results from the evaluation of several different universal 

editing strategies for correction of CTLA4 insufficiency. Targeting early exon 1 offered 

a useful strategy that had the potential to correct all mutations however, this approach 

would also introduce unwanted indels in a proportion of cells in the edited population 

(i.e. those which underwent NHEJ rather than HDR). A second strategy targeting the 

3’ end of the first intron of CTLA4 was devised, which would enable correction of most 

disease-causing mutations. This has the additional advantage of avoiding the 

introduction of indels in the coding region of the remaining healthy allele which could 

worsen disease in heterozygous disease settings. The intronic strategy had an 

improved gene expression profile (in addition to avoiding indels in the ORF) and this 

strategy will be further evaluated in terms of functional restoration in subsequent 

chapters.  

 

4.4.1. Exon 1 approach 

The exon 1 targeting strategy resulted in editing efficiencies of >40% (as determined 

by GFP expression). Whilst promising, this also resulted in knock-down of CTLA4 in 

the cells which underwent NHEJ rather than HDR. When selecting a gRNA for the 

exon 1 approach the gRNA with the best predicted on-target activity and the least 

predicted off-target activity using in silico prediction tools was selected. The four top-

scoring gRNAs were assessed in vitro and including cutting efficiency by flow 
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cytometry (CTLA4 knock-down) and ICE analysis. The primers for the ICE analysis 

are designed to amplify 500bp of genomic DNA. Whilst this provides information about 

the effects of a gRNA at a particular genomic locus due to the small size of the 

amplicon generate, this analysis could potentially miss larger deletions and does not 

generate information on any off-target dsDNA breaks. The selected gRNA resulted in 

the highest proportion of indels, which would likely to result in the highest knock-in 

efficiencies but also the most disruption to the ORF.  

 

Due to time-constraints on the project, following selection of the gRNA for the exonic 

approach no further exonic gRNAs were assessed. Had more time been available it 

would have been useful to assess gRNAs which caused a dsDNA break in the 5’ un-

translated (5’UTR) region of CTLA4 and incorporated an ATG start codon into the 

AAV6 HDR donor template. This may have resulted in equivalent or higher gene 

expression with minimal knock-down of CTLA4.  

 

4.4.2. Intron 1 gene insertion 

The Intronic editing strategy resulted in higher editing efficiencies, no disruption to the 

CTLA4 ORF and no detectable off-target effects. As a result, this strategy using 

gRNA4 and donor 4A (WPRE containing donor) was be taken forward for further 

development and is discussed in subsequent chapters in this thesis. The AAV6 HDR 

donor containing the synthetic WPRE sequence resulted in superior gene expression 

than the donor containing the endogenous CTLA4 3’UTR. Although the disparity in 

editing rates may be in-part have been due to differences in the size of the editing 

cassette (3028bp for the WPRE-containing construct versus 3500bp for the 3’UTR-

containing construct), this small difference in donor size is unlikely to account for the 

significant difference in editing efficiency.  

 

Despite a similar design, the AAV6 for the HDR donor containing the IRES-NGFR 

sequence could not be manufactured. This was due to a loss of integrity in the ITRs 

as described. The ITRs were also damaged in the parent plasmid and higher titres of 

all donors could likely have been achieved had the integrity of the ITRs not been 

compromised. A new parent AAV6 plasmid was sourced, however due to the COVID-

19 pandemic, this was not available until the project. Had more time been available it 

would have been useful to have re-cloned the nerve growth factor receptor (NGFR) 
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donor into an AAV6 plasmid with intact ITRs, and for viral manufacture of this construct 

to be re-attempted. NGFR is a reporter gene which unlike GFP can be used in clinical 

products enabling cell selection. Similarly, it may have been useful to re-clone the 

WPRE and 3’UTR containing donors into an AAV6 plasmid with fully intact ITRs to 

ensure that it wasn’t a problem with viral titre which accounted for the difference in 

editing efficiency between the two plasmids. Indeed, in order to develop a vector which 

could be used clinically it would be necessary to re-make the NGFR containing 

plasmid as GFP is not a suitable reporter in a clinical grade product.  

 

4.4.3. Assessment of nuclease specificity 

One of the major safety concerns as genome edited cellular and gene therapies move 

towards the clinic, is potential off-target dsDNA breaks. Nuclease cleavage detection 

is a rapidly expanding field that has been the subject of several recent reviews.353-355 

Off-target cleavage not only results in mutations at a site, but can also lead to 

chromosomal rearrangements disrupting normal gene expression or activating proto-

oncogenes.356 It has been reported that CRISPR/Css9 can introduce large deletions, 

insertions or intricate genomic rearrangements at or within a short distance of the 

gRNA target site.357,358 Off-target events are either gRNA-dependent due to similarity 

with the target sequence, or gRNA-independent whereby base alteration occurs at 

sites that differ from the gRNA target sequence.355 Assessing gRNA-dependent off-

target events are relatively straight forward as gRNA design tools are able to provide 

information on any similar genomic sequences where off-target cleavage may occur. 

Targeted Sanger sequencing of predicted sites can then be performed to assess if any 

off-target cleavage has occurred. Detection of gRNA-independent off-target events 

are more difficult as they cannot be easily predicted from the gRNA sequence. This 

has led to the development of several unbiased assays which survey the genome for 

any cleavage events that have taken place after gene editing.355  

 

An increasing number of unbiased assays are available for detection of off-target 

events including whole genome sequencing (WGS), genome-wide, unbiased 

identification of DSBs enabled by sequencing (GUIDE-seq), digested genome 

sequencing (Digenome-seq), circularization for in vitro reporting of cleavage effects 

by sequencing (CIRCLE-seq), selective enrichment and identification of tagged 

genomic DNA ends by sequencing (SITE-seq), and discovery of in situ Cas off-targets 
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and verification by sequencing (DISCOVER-seq).355 WGS is the gold standard to 

detect off-target effects but is expensive and requires expertise in order to assess the 

whole genome for novel mutations. Assays such as GUIDE-seq and CIRCLE-seq 

have a good evidence base demonstrating that they can robustly detect off-target 

events.359,360  

 

When choosing a suitable unbiased assay for assessing nuclease specificity, 

availability, technical considerations, and experience of collaborators were 

considered. A group in the UCL Institute of Child Health had recent experience using 

GUIDE-seq for their recent work on gene editing for WAS.230 Due to the ease of the 

protocol, price, and availability of this assay, this was chosen. As described in the 

results section, GUIDE-seq did not detect any off-target cleavage from the intronic 

gRNA which is encouraging for clinical translation of this approach. Had more financial 

resources been available, assessment of off-target cleavage with a second unbiased 

assay to confirm this finding would have been performed. Assessment with a second 

unbiased assay may be needed prior to a human trial to ensure that detection of off-

target cleavage was not limited by a particular assay.  

 

 

 

4.4.4. Lentivirus gene addition 

It was demonstrated that a lentiviral vector could successfully transduce T cells to 

express CTLA4. Whilst viral gene addition has been demonstrated with remarkable 

clinical efficacy in some other IEIs (where the genetic defect results in low or absent 

protein expression, or where the protein is ubiquitously expressed), in a disorder such 

as CTLA4 insufficiency where the gene product is tightly regulated, gene addition is 

unlikely to restore physiological protein expression.88,239 Indeed gene addition 

strategies can have adverse consequences as was observed for CD40 ligand 

deficiency. In this setting, unregulated gene expression resulted in abnormal 

lymphoproliferation.331 Even in IEIs where gene addition has been shown to be 

successful such as WAS, gene editing has potential advantages such as improved 

gene marking across different lineages.230  
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Whilst we hypothesised that gene addition would not be successful in CTLA4 

insufficiency, had more time been available for the project it would have been 

interesting to explore this further. Potential experiments could have been to perform 

Treg suppression assays with cells transduced with the lentivirus vector to see 

whether they were more suppressive (if they possess additional CTLA4) and to have 

compared this to gene edited Tregs. A more elaborate experiment would be to explore 

transducing murine T cells with a retrovirus construct (similar to the lentivirus one 

described here but using retrovirus to optimise transduction of murine cells) and 

exploring whether adoptive transfer of T cells with additional CTLA4 resulted in 

immunosuppression. The hypothesis being tested in this experiment would be that 

unregulated CTLA4 results in immunosuppression from excess negative regulation 

potentially resulting in infectious complications.  

 

Further optimisation of the lentivirus approach could be performed by assessing the 

effect of different promoters (such as the use of endogenous CTLA4 promoter) on 

gene expression and to see whether this could result in an expression profile closer to 

the normal physiological state. However, if with the use of different promoters and a 

modified lentiviral construct, a gene addition approach is unlikely to be able match the 

level of gene expression control achieved by gene editing in which epigenetic 

regulators and local gene control machinery are left intact. Thus, although further 

development of the lentivirus approach could have been potentially valuable, there is 

a clear rationale for gene editing in CTLA4 insufficiency. In addition, gene editing does 

not carry the risk of insertional mutagenesis which continues to be a concern with gene 

addition gene therapies.223,324 

 

4.4.5. Chapter summary 

In this chapter, two different universal editing strategies have been developed. The 

first targeted the first exon of CTLA4 whilst the second targeted the first intron. As a 

point of comparison, a lentiviral vector containing the CTLA4 cDNA was designed and 

synthesised. Whilst successful HDR was achieved with both universal editing 

strategies, the intronic strategy resulted in higher editing efficiencies without disruption 

to the CTLA4 ORF. Further assessment of the gRNA used for this approach 

demonstrated no detectable off-target effects. 
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Chapter 5: In Vitro Validation of CTLA4 Functional 
Correction Following Universal Editing 
Approaches in Human T Cells 

 

The universal editing approaches and the lentiviral gene addition strategy were 

assessed in wild-type healthy T cells. As the intronic strategy with gRNA4 and HDR 

donor 4A was not only superior in terms of gene expression profile but also functional 

restoration, this approach alone was selected for further validation in limited patient 

samples.  

 

Aims: 

1. To assess the function of CTLA4 in T cells edited with the universal editing 

approaches using transendocytosis assays. 

2. To assess the intronic editing strategy in patient derived T cells with 

heterozygous mutations in CTLA4 to see whether function (assessed by 

transendocytosis assay) can be restored.  

3. To assess whether CTLA4 in edited T cells has the same expression profile in 

the resting and activated state and to compare this to cells transduced with the 

lentiviral vector.  

 

 

5.1. Functional assays for assessing impairments in CTLA4 
function 

 

The main assays to evaluate a CTLA4 VUS in an individual with clinical manifestations 

suggestive of a diagnosis of CTLA4 insufficiency, are assessment of CTLA4 

expression in Tregs and TE assays.38,132 As described earlier, in the TE assay, CTLA4 

drives the capture of labelled ligands (CD80 and CD86) from donor B cells (Figure 

5.1A and methods).11,34 The TE assay measures the ability of CD4+ T cells to perform 

CTLA4-mediated TE by monitoring their internalisation of mCherry-labelled CD80 and 

CD86 ligands expressed on the surface of co-cultured DG75 B cells, by flow cytometry 

(Figure 5.1A).  
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An Italian immunologist approached the Sansom lab to investigate a patient with a 

newly described mutation in CTLA4. The patient was a 23-year-old male with a history 

of autoimmune enteropathy, autoimmune thyroid disease, lymphopenia and 

hypogammaglobulinaemia. His mother had a diagnosis of genetically undefined CVID 

with poorly defined encephalopathy and had died of gastric carcinoma. The patient 

was found to have a new mutation in CTLA4 c.314G>A; p.Gly105Asp (heterozygous). 

This mutation is located in exon 2 of CTLA4, the ligand binding domain so could 

potentially affect the ability of the protein to bind to CD80 and CD86. 

 

To assess the significance of this mutation on CTLA4 function, flow cytometric analysis 

of patient T cells were performed. Compared to a healthy travel control, the c.314G>A 

mutant resulted in reduced total CTLA4 in Tregs (Figure 5.1B). TE assay was 

performed with a 5:1 ratio of Tregs to DG75 cells and the c.314G>A het mutant cells 

demonstrated reduced uptake of ligand (CD80 and CD86) compared to the healthy 

travel control (Figure 5.1C). Together with the genetic mutation and clinical phenotype 

these results support a diagnosis of CTLA4 insufficiency in this patient.  

 

The work up of this novel mutation in CTLA4 demonstrates how these assays can be 

used to show abnormal CTLA4 function. It provides a strong rationale for the use of 

these assays to explore whether gene editing approaches can restore CTLA4 function.  
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Figure 5.1 Functional assays for assessing impairments in CTLA4 function. (A) 

Schematic representation of transendocytosis assay. Tregs (patient or unedited 

controls) are incubated in a 5:1 ratio with DG75 cells expressing either fluorescent 

labelled (mCherry) CD80 or CD86. Uptake of ligand can then be assessed by flow 

cytometry (mCherry uptake into T cells). (B) Median fluorescent intensity of CTLA4 

(PE) in Tregs for heterozygous c.341G>A Tregs (blue) and healthy control Tregs (red). 

(C) Representative FACS plots demonstrating TE of mCherry-bound CD80 and CD86 
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(top right quadrant each plot) in Tregs from a healthy travel control (top row) and 

heterozygous c.341G>A het patient cells (bottom row). 

 
 

5.2. Assessment of editing/gene addition approaches on functional 
characteristics of CTLA4 in wild-type T cells 

 
5.2.1. Edited CTLA4 retains normal functional characteristics in wild-type CD4+ 

T cells 

The same TE assay was used to assess the functional characteristics of edited T cells. 

Unedited healthy donor CD4+ cells were compared to cells that were edited with the 

universal editing approaches (donors 3 and 4A). TE uptake was determined by 

dividing the median fluorescent intensity (MFI) of mCherry (Q1 and Q2, upper 

quadrants on representative flow cytometry plots) in the experimental condition cells 

against the same MFI of the healthy control for that particular experiment, Knock down 

of CTLA4 (91% using gRNA3 (exon 1)) without a donor repair template almost entirely 

abolished TE (92% and 93% reduction in CD80-mCherry and CD86-mCherry uptake 

respectively (Upper right quadrant, second line, Figure 5.2B)). TE was restored in cells 

edited with the intronic approach (gRNA 4). Donor 4A (WPRE) restored ligand uptake 

equivalent to wild-type unedited cells (gating on edited GFP+ cells) (Figures 5.2B and 

5.2C). Together these data demonstrated that the intronic editing approach produced 

functional CTLA4 that retained a similar ability to transendocytose CD80 and CD86 as 

observed in unedited CD4+ T cells. 
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Figure 5.2 Functional characteristics of edited T cells. (A) Representative flow 

cytometry plots demonstrating TE of mCherry-bound CD80 and CD86 (top right 

quadrant each plot) in healthy control CD4+ T cells (top row), CD4+ cells that have 

undergone knock-out of CTLA4 (upper middle row) and CD4+ cells that have 

undergone repair using the different editing strategies (gated on edited CD4+ GFP+ 

cells). DG75 cells that do not express either ligand were used as a negative control 

(left column). (B) mCherry uptake relative to the unedited control with the different 

universal editing strategies in healthy CD4+ cells (n=3) (TE uptake was determined 

by dividing the MFI of mCherry in the upper two quadrants in the experimental 

condition cells against the same MFI of the healthy control for that particular 

experiment), 

 

5.2.2. T cells transduced with the wild type CTLA4 lentiviral vector display 

supraphysiological transendocytosis of ligands  
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As a point of comparison, wild-type T cells were transduced at an MOI of 2 (VCN 3.4) 

with the PGK-CTLA4-P2A-GFP lentiviral vector. Following successful transduction 

(see section 4.4), overnight TE assay was performed. Untransduced T cells were 

compared to transduced T cells. Contrary to the gene editing approaches, uptake of 

CD80 and CD86 was increased compared to untransduced healthy donor T cells 

demonstrating that the lentiviral-mediated gene addition approach could confer 

supraphysiological function (Figure 5.3A). Although this may be less pronounced in 

haploinsufficient patient cells, gene addition could also increase the amount of wild-

type CTLA4 which could theoretically dimerise with mutant CTLA4, potentially 

worsening the clinical phenotype. 

 

 

 

Figure 5.3 T cells transduced with the wild type CTLA4 lentiviral vector. (A) 

mCherry uptake relative to the unedited control in CD4+ GFP+ cells edited with the 

universal editing approaches or transduced with the lentiviral vector (n=3) (TE uptake 

was determined by dividing the MFI of mCherry in the upper two quadrants of the 

experimental condition cells against the same MFI of the healthy control for that 

particular experiment), 
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5.2.3. Editing the first intron of CTLA4 can be performed in expanded Treg 

cells which may have useful clinical applications 

Patients with CTLA4 insufficiency can develop catastrophic, rapidly progressive 

autoimmunity and a cell product with a high percentage of corrected Treg cells could 

therefore result in rapid clinical improvement. I assessed the feasibility of editing Tregs 

alone as a Treg supplemented T cell GT product or a purified Treg GT product could 

be developed to ‘rescue’ patients with serious refractory autoimmunity.  

 

Experiments were performed on healthy donor Tregs due to limited numbers of 

available cells from patients. The experimental protocol was modified to facilitate 

expansion of Tregs (see Figure 5.4A and methods). Given the success of the intronic 

editing strategy (gRNA 4, donor 4A) this approach was attempted in purified Tregs. 

 

Using this strategy, HDR levels (determined by %GFP positivity) of up to 35% were 

achieved (Figure 5.4B). TE of CD80 and CD86 in the edited Tregs was equivalent to 

that observed in unedited Tregs. Confocal microscopy of the cells following 6-hour TE, 

demonstrated correct intracellular localisation of CTLA4 itself as well as co-localization 

of CTLA4, CD80 and CD86 (as observed in unedited cells) in GFP positive edited cells 

(Figure 5.4C). Together, these data demonstrated that the Treg fraction can be edited 

in isolation to produce functional CTLA4 expressing cells capable of TE. 
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Figure 5.4 Efficacy of CTLA4 editing in purified Tregs fraction. (A) Schematic of 

experimental protocol for expansion and editing of Tregs. (B) HDR rates in healthy 

donor Tregs across three separate experiments from three healthy donors. (C) 

Confocal microscopy images of edited Treg (green and centre) following 6-hour TE. 

Co-localisation of CTLA4 with ligands CD80 and CD86 is observed. Imaging was 

performed by Claudia Hinze of the Sansom lab. 
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5.3. Functional assessment of universal intronic gene editing 
strategy in CD4+ patient T cells 

 

5.3.1. Editing efficiencies and restoration of CTLA4 expression in patient T 

cells 

Cells were obtained from three patients with CTLA4 insufficiency resulting from three 

different heterozygous mutations (Figure 5.5A). Gene editing of CTLA4 insufficient 

CD4+ T cells was performed using the universal intronic approach (HDR donor 

template 4A – WPRE) and were assessed by flow cytometry for editing efficiency and 

restoration of CTLA4 expression. For comparison, healthy control samples underwent 

mock-editing (electroporation without RNP) to control for the electroporation 

procedure as a source of variability.  Reassuringly, similar editing efficiencies to those 

achieved with healthy donor T cells were obtained in patient samples. HDR rates 

determined by %GFP+ by flow cytometric assessment were >60% in all patient CD4+ 

T cells tested (Figure 5.5B) and editing restored surface CTLA4 expression levels in 

CD4+ T cells to levels similar to healthy controls (Figure 5.5C). Due to small numbers 

of patient samples one replicate was performed for each mutation.  
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Figure 5.5 Editing T cells from patients with CTLA4 Insufficiency. (A) Schematic 

diagram showing the positions of the three different heterozygous mutations used in 

the experiments to correct T cells from patients with CTLA4 haploinsufficiency. (B) 

HDR rates (% cells GFP+) in edited CD4+ cells from patients with CTLA4 

haploinsufficiency resulting from three different mutations. Editing frequencies were 

76.2% for c.193_203del., 61.2 for c.371A>C and 67.9% for c.223C>T. (C) Graph 

showing restoration of surface CTLA4 in heterozygote mutant CD4+ cells following 

editing with gRNA 4 and HDR donor 4A. %CTLA4 positive relative to a healthy control 

assessed at the same time are shown. 

 

5.3.2. TE assays in patient cells before and after editing 

Differences in TE are best visualized in Tregs due to the constitutive expression of 

CTLA4 and higher efficiency of TE in this T cell subset. Following overnight TE assay, 

cells were fixed and permeabilised and stained for total CTLA4 and the transcription 

factor FOXP3, allowing TE to be examined in the Treg fraction. When this was first 
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attempted in edited cells the GFP signal was bleached during the 

fixation/permeabilization process. To mitigate this and to enable to edited (GFP+) cells 

to be identified, an anti-GFP (FITC) antibody was used during intracellular staining 

(see methods).  

 

In all three patient samples a reduction in TE compared to the healthy control was 

noted prior to gene editing (Figures 5.6 A, B and C second rows) however, there was 

not a complete absence of TE due to the remaining functional allele. In addition, TE 

assays in heterozygous patient cells have to be analysed relative to a healthy control 

analysed under the same conditions. For samples that were shipped on dry ice from 

other centres a travel control was used that was thawed at the same time as the patient 

cells. It is worth noting that not all heterozygous mutations result in defective TE and 

due to broad variability amongst the healthy control the full effect of a particular 

mutation can be difficult to determine in heterozygous cells. Nonetheless, following 

intronic editing (gRNA 4, donor 4A), TE was restored to healthy donor levels (Figures 

5.6 A, B, C and D), demonstrating that our universal gene editing approach restored 

CTLA4 function in patient-derived T cells with three different heterozygous mutations 

in CTLA4. 

 



 175 

 

 

Figure 5.6 TE assays on T cells from patients with CTLA4 insufficiency before 

and after gene editing. (A, B and C) Representative flow cytometry plots gated on 

CD4+ FOXP3+ (+/-) GFP+ cells in healthy control (top rows), patient cells with three 

different mutations (middle rows) and patient cells corrected with the intronic editing 

strategy (bottom rows). The lower row in each set of flow cytometry plots is gated on 

GFP positive cells so that the increase in uptake of ligand in the edited cell population 

alone can be visualised. (D) Graph showing the increase in ligand acquisition (TE 

uptake was determined by dividing the MFI of mCherry in the upper two quadrants of 
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the experimental condition cells against the same MFI of the healthy control for that 

particular experiment) in patient cells after editing relative to healthy control, 

 

5.3.3. Edited CD4+ cells retain normal physiological kinetics of CTLA4 surface 

expression in the resting and activated states 

Given that CTLA4 expression is normally tightly controlled, it was important to 

demonstrate that CTLA4 expression post editing had the same profile as healthy 

unedited cells. The surface expression of CTLA4 (staining performed at 37ºC to 

maximise cycling) on unedited and intronic edited (donor 4A) T cells was therefore 

monitored over a 7-day period.  4 days post editing, cells were re-activated with 

CD3/CD28 beads and surface expression of CTLA4 was analysed by flow cytometry 

at 18-, 24-, 48-, 96- and 168-hours. CTLA4 expression in healthy control T cells 

peaked at 18-24 hours and then gradually returned to baseline by 168 hours (Figures 

5.7A). Importantly, the expression kinetics of CTLA4 insufficient cells edited with 

gRNA 4 and donor 4 (WPRE) mimicked those of healthy unedited cells and exhibited 

consistently higher median fluorescent intensity (MFI) than unedited patient cells 

(Figures 5.7B and 5.7C). This demonstrated the ability to preserve the physiological 

kinetics of CTLA4, which is one of the key advantages of gene editing over simple 

lentiviral gene addition approaches for CTLA4 insufficiency.  
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Figure 5.7 Kinetics of CTLA4 surface expression in resting and activated CD4+ 

T cells. (A) Representative time course of CTLA4 expression (MFI histogram) on 

healthy control CD4+ cells (top), c.371A>C heterozygous mutant cells (middle) and 

c.371A>C heterozygous mutant cells edited with gRNA 4/Cas9 RNP and donor 4 

(gated on GFP+ edited cells). (B) Percentage and MFI (C) of CTLA4 surface 

expression over time (n=3 for all conditions). 

 

For a point of comparison, the same experiment was performed using WT and patient 

T cells transduced with the lentiviral vector (at 80-90% efficiency, vector copy number 

3.4). Overnight TE assay demonstrated increased TE of ligand compared to wild type 

CD4+ T cells and edited CD4+ T cells (Figure 5.8A).  The kinetics of CTLA4 surface 

expression in healthy and patient cells transduced with this vector were assessed and 

lentivirally transduced cells were observed to have higher expression of CTLA4 in both 

the resting and activated state (Figure 5.8 B, C and D). Together, the above data 

demonstrate that our intronic editing approach with gRNA 4 and HDR donor 4 

produces CTLA4 that faithfully retains the expression kinetics of healthy T cells, 
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providing evidence that the endogenous gene control machinery remains intact 

following gene editing. 

 

 

 

Figure 5.8 Kinetics of CTLA4 surface expression in lentivirally transduced CD4+ 

T cells. (A) Results of overnight TE assay with DG 75 cells expressing CD80-mCherry 

and CD86-mCherry demonstrated increased TE of ligand in the lentivirally transduced 

cells compared to wild type CD4+ T cells and edited CD4+ T cells. (B) Percentage 

CTLA4 and (C) MFI of CTLA4 over time following stimulation demonstrating the 

difference in CTLA4 expression kinetics between lentivirus transduced cells and 

untransduced healthy control CD4+ cells. (D) Summary of the difference in percentage 

of CTLA4+ cells in the resting and activated state between healthy control cells, cells 

edited with gRNA 4 and donor 4 and lentivirus transduced cells. 

 
 

5.4. Use of intronic editing strategy for the creation of homozygous 
CTLA4 mutants 
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The characterisation of CTLA4 insufficiency has enabled us to learn about the impact 

of CTLA4 mutations on the adaptive immune response.40 Whilst the study of T cells 

with heterozygous mutations in CTLA4 have yielded much important information, due 

to the presence of a normal functional allele, the full effect of a mutation can be difficult 

to assess in primary T cells isolated from patients. Homozygous CTLA4 mutant cell 

lines can be used to assess the effect of a particular mutation on CTLA4 biology, but 

this has the caveat that the physiology of an immortalised cell may differ from a primary 

cell. Given our intronic editing strategy resulted in high percentage of edited cells this 

was used to create a homozygous primary human T cell line to investigate the effect 

of the R70Q mutation. Previous data using cell lines has suggested that the R70Q 

mutation selectively binds CD80 but not CD86. Given that this mutation results in an 

autoimmune phenotype it suggests a critical role for CD86 in the control of 

autoimmunity (Sansom lab, personal communication).  

 

To demonstrate this in primary human Tregs, I performed site-directed mutagenesis 

on the intronic HDR donor (donor 4A) to create an R70Q mutant donor (Figure 5.9A). 

The Treg edited protocol was optimised as described earlier (section 5.1.3). This set 

of experiments was performed in collaboration with the Sansom lab with assistance 

from Erin Waters and Cayman Williams. Tregs were edited using either the WT CTLA4 

intronic HDR donor (donor 4A) or the R70Q mutant donor. Editing frequencies were 

similar using the two different donors (Figure 5.9B). TE assay was performed using 

DG75s expressing CD80 or CD86 at a 5:1 ratio of Tregs to DG75 cells. Tregs 

expressing the R70Q mutant were able to transendocytose CD80 but not CD86 

(Figures 5.9C and 5.9D). In contrast, control targeting of the CTLA4 locus with a WT 

CTLA4 cDNA template (donor 4A) continued to allow robust transendocytosis of both 

CD80 and CD86 by the GFP+ population, confirming the knock-in strategy itself did 

not affect the function of CTLA4. Moreover, the levels of CD80 uptake in both edited 

(R70Q GFP+ve) and unedited (WT GFP-ve) Treg cells in the same assay were 

remarkably similar, showing the functional capability of R70Q despite its reduced 

CD80 affinity. These results indicated that, a clinically significant mutation at R70 

expressed from its endogenous locus in human Treg resulted in a specific defect in 

CD86 transendocytosis.   
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Figure 5.9 Creation of R70Q homozygous CTLA4 mutant Tregs. (A) Schematic 

diagram of the HDR donors with the mutagenized exon 2 containing the R70Q mutant. 

(B) Editing efficiencies (%HDR – GFP) in Tregs edited with the WT construct and the 

R70Q mutant HDR donor (n=3). Editing efficiencies were (n=5); WT CTLA4 mean = 

23.7, SD=11.2 and R70Q CTLA4 mean=20.4, SD=7.6. (C) TE assay demonstrating 

the CD86 selective defect in the R70Q homozygous mutant Tregs (bottom row). (D) 

Relative uptake of ligand (CD80 and CD86) between the R70Q mutant compared to 

WT CTLA4.  

 
 
 

5.5. Discussion 

 
5.5.1. Edited CTLA4 retains normal functional characteristics in wild-type CD4+ 

T cells 
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When performing TE assays with WT edited T cells, gating on GFP+ cells enabled the 

function of the edited cells to be interrogated. It was clear from this experiment that 

the poor gene expression seen in the cells edited with the exonic approach resulted 

in reduced CTLA4-mediated transendocytosis compared to WT cells. Studies in other 

IEIs have demonstrated that improved gene expression can be achieved with 

preservation of the first intron.350 This could explain the differences in gene expression 

observed between the approach targeting exon 1 and the one targeting, but preserving 

the majority of intron 1. The difference in gene expression observed between the 

exonic and intronic approaches highlighted that the optimal editing strategy is locus 

dependent, and that careful assessment of the optimal strategy is required for each 

individual IEI for which an editing strategy is being explored.  

 

5.5.2. Editing efficiencies and TE in T cells from patients with CTLA4 

insufficiency 

Similar editing efficiencies to those seen in WT T cells were obtained in patient cells. 

Sufficient numbers of cells were available for editing and functional assessment for all 

the mutations tested. However, to see subtle differences in transendocytosis of ligand 

between WT T cells and heterozygous mutant cells, gating on Tregs is required (N 

Halliday, Sansom lab, personal communication). As Tregs form approximately 5% of 

total peripheral T cells, this requires a large number of patient cells in order to perform 

the assay, which is challenging when dealing with patient samples from individuals 

who are frequently lymphopenic.361 This limited the number of replicates which could 

be performed in the heterozygote cells and prevented additional functional assays 

from being carried out with patient samples. Reassuringly the functional assays in 

patient cells confirmed our findings from edited WT T cells, that our editing approach 

resulted in normal CTLA4-mediated TE.  In heterozygous patient T cells in which TE 

was defective, editing was able to restore function.  

 

The TE assay and CTLA4 expression levels were chosen as the main functional read 

out following gene editing as these assays are the gold standard used to identify 

defective CTLA4 for the diagnosis of CTLA4 insufficiency. Thus, restoration of these 

parameters provided powerful proof-of-concept of the success of our editing 

approach.38,46 However, although the TE assay is arguably the best assay by which to 

interrogate the function of CTLA4 itself, additional assays could be used to 
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demonstrate the function of edited T cells with regards to their proliferative capacity 

and cytokine secretion profile. In addition it could be explored whether edited Tregs 

maintain their normal suppressive capacities.38,39,132 Although there is no reason as to 

why gene editing the CTLA4 locus would affect normal T cell function, had more time 

been available, a simple assay could have been to activate T cells after editing and 

perform flow cytometric assessment of their cytokine profiles (e.g. IFN, IL-17 and IL-

2 in Tregs).362,363  

 

The suppressive capacity of edited Tregs could have been further assessed using in 

vitro assessments of how well these cells suppress CD4+ T effector cell proliferation. 

Although such assays may have yielded additional data in support of our gene editing 

strategy, it was considered that in vivo demonstration of Treg function in suppressing 

lymphoproliferation would be a more useful read out and time was focused on the in 

vivo model which is discussed later.364 In addition, due to the large numbers of Tregs 

needed for Treg suppression assays, these could not have been performed on patient 

samples (due to insufficient numbers of Tregs). Thus, restoration of reduced Treg 

suppressive function following gene editing of CTLA4 insufficient Tregs could not have 

been demonstrated but rather only edited WT Tregs could have been assessed, 

limiting the utility of these assays.  

 

5.5.3. Kinetics of CTLA4 surface expression in edited human T cells 

One of the hypothesised benefits of gene editing over lentivirus gene addition is the 

preservation of the endogenous gene control machinery and physiological protein 

expression. To demonstrate this and to compare edited cells to lentivirally-transduced 

cells I serially analysed CTLA4 at several time points post activation. Reassuringly 

CTLA4 expression was similar in unedited cells compared to edited cells. Some 

differential expression of CTLA4 was observed in the transduced cells, which was 

considered likely to be the endogenous CTLA4 (rather than the additional CTLA4 

transduced by the viral vector under the control of the PGK promoter). This experiment 

provided strong evidence of the physiological expression obtained by gene editing, 

however further work could explore mRNA expression over time and markers of 

activation as a second read out of differential gene control between the activated and 

resting state.  
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As mentioned earlier, additional information about the proliferative capacity of edited 

cells could be obtained to demonstrate that gene editing does not affect normal T cell 

function. Whilst exploring the kinetics of CTLA4, staining for CD25 (a marker of 

activation) was performed (data not shown) and no differences were observed 

between edited and unedited cells in terms of expression. However, it may also have 

been useful to have assessed cell numbers over time, other markers of proliferation 

such as Ki67 and CD71 and markers of exhaustion such at PD1 and LAG3.365,366 

 

5.5.4. Use of the intronic editing strategy to generate homozygous CTLA4 

mutants in primary T cells 

The use of the intronic editing strategy to create homozygous CTLA4 mutants in 

human Tregs is a useful approach to interrogate the effects of mutations in CTLA4 on 

CTLA4 biology. In the experiments with the R70Q mutant Tregs, the important 

negative controls (GFP-ve unedited cells) were seen in the same flow cytometry plots 

which demonstrated the selective defect in CD86 transendocytosis in the edited cells 

and comparatively normal uptake of ligand in the unedited (GFP-ve) cells. Generation 

of homozygote mutant primary cells using the intronic editing strategy could be used 

in the diagnostic work up of new CTLA4 VUS in exons 2-4. However, whilst site-

directed mutagenesis is straight forward and quick to perform, the AAV manufacture 

required to knock-in the mutant is time consuming and expensive thus, primary cell 

mutant modelling is unlikely to supplant cell line models for modelling new mutations 

as they emerge.  

 

 
 
5.5.5. Chapter summary 

Functional assessment using the transendocytosis assay demonstrated that T cells 

edited with the intronic approach were able to perform CTLA4-mediated 

transendocytosis equivalent to wild type healthy T cells. T cells from patients with 

CTLA4 insufficiency have reduced transendocytosis of CD80 and CD86. Gene editing 

of heterozygous mutant T cells with the intronic approach was able to restore CTLA4-

mediated transendocytosis to levels similar to healthy controls. In addition, CD4+ T 

cells edited with the intronic strategy demonstrated normal physiological kinetics of 
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CTLA4 in the resting and activated states. In contrast CD4+ T cells transduced with a 

lentiviral vector encoding CTLA4 cDNA demonstrated persistently higher levels of 

CTLA4 compared to healthy controls. Finally, the intronic editing approach was used 

to successful produce homozygous CTLA4 mutant primary T cells which were used to 

demonstrate a selective CD86-binding defect.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6: Validation of Gene Therapy for CTLA4 

Insufficiency in an In Vivo Murine Model of the 
Disease  

 

In previous chapters, the design and demonstration of several successful gene editing 

strategies to correct CTLA4 insufficiency in human T cells has been described. It has 

been demonstrated that high editing efficiencies and functional restoration can be 

achieved with no detectable off-target effects using a strategy targeting the first intron 

of CTLA4. Whilst the in vitro data in WT and CTLA4 insufficient T cells was 

encouraging, to validate the approach further before moving to a clinical trial in 
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humans, the gene-edited cells were tested for evidence of functional correction in a 

well characterised in vivo mouse model.  

 

Aims: 

1. To design a similar gene editing approach targeting the first intron of murine 

CTLA4. 

2. To optimise a gene editing protocol in murine T cells. 

3. To edit CTLA4-/- T cells and assess restoration of CTLA4 expression. 

4. To adoptively transfer edited CTLA4-/- T cells into Rag2-/- mice to assess the 

persistence of edited cells and their ability to ameliorate the disease phenotype 

in a mouse model of CTLA4 insufficiency.  

 

6.1. Choice of in vivo model 

 
Several in vivo models were considered for the purposes of validating the editing 

approach developed during this PhD project, including a humanised mouse model. 

This model would require editing WT human T cells and then performing adoptive 

transfer experiments into an immunodeficient (e.g. NOD-scid IL2RgNULL (NSG)) 

mouse capable of supporting the engraftment and persistence of human T cells. This 

approach has been used by others for proof-of-concept studies of gene editing for 

other IEIs such as hyper-IgM syndrome.253 Such a model would provide some useful 

information regarding the stability and persistence of the edited cells. However,  there 

is already ample data that genetically modified T cells are able to persist long-term in 

humans from early clinical trials of genetically corrected T cells in ADA-SCID and the 

rapidly expanding CAR-T field.367,368 The advantage of this model would be that the 

existing intronic editing approach could be used along with established experimental 

protocols for editing human T cells. However, a humanised model would not provide 

any information on the ability of the edited cells to reverse disease phenotype, an 

important issue considering T cell gene therapy for IEIs is a relatively new concept 

and as yet untested in humans.  

 

The second model considered was a fully murinised model. The critical regulatory role 

of CTLA4 was first identified in CTLA4 knockout mice (CTLA4-/-) which exhibit a lethal 

lymphoproliferative syndrome with multi-organ lymphocytic infiltration.51,369 Since 
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CTLA4 can regulate T cell responses in a cell-extrinsic manner (consistent with its role 

on regulatory T cells), the presence of CTLA4-sufficient T cells, in mixed bone-marrow 

chimeric mice or in adoptive co-transfer systems, have been shown to correct the 

disease phenotype.370 CTLA4-/- mice die from catastrophic autoimmunity and 

lymphoproliferation at around 4 weeks of age, thus preventing the use of these mice 

in adoptive transfer experiments. CTLA4+/- heterozygous mice are phenotypically 

normal limiting their utility for assessment of our editing approach. CTLA4-/- T cells 

(from CTLA4-/- mice) can be adoptively transferred to adult Rag2-/- which then also 

develop lymphoproliferation and autoimmunity, a similar phenotype to CTLA4 

insufficiency in humans. This model facilitates the assessment of in vivo stability and 

persistence of adoptively transferred edited cells as well as the ability of edited T cells 

to reverse the disease phenotype. The disadvantage of this model is that editing 

protocols would need to be optimised for murine T cells.  In addition, new gRNAs and 

AAV6 HDR templates have to be designed and synthesised as the murine CTLA4 

sequence is significantly different from the human sequence (there is sequence 

homology of exon 4 only). Due to ability to assess the efficacy of the edited cells, this 

murinised model was chosen to validate our approach.  

 

 

 

6.2. Editing murine T Cells with CRISPR/Cas9/AAV6 

 
There is an abundance of literature on CRISPR/Cas9 mediated gene knock-out in 

murine cells.371 There is much less data published on the use of CRISPR/Cas9/AAV6 

mediated gene knock-in using HDR in murine T cells and there were no published 

protocols for this. From the published data available, it appeared that HDR using AAV6 

HDR templates was feasible in murine T cells and HSCs, but that efficiencies were 

lower than have been demonstrated in human T cells.372,373 For mouse HSCs one 

group demonstrated that higher rates of HDR could be achieved using AAV-DJ 

templates compared to AAV6, although the differences observed were small. Due to 

the availability of AAV6 plasmids and negligible differences between AAV6 and AAV-

DJ, a CRISPR/Cas9/AAV6 knock-in strategy was attempted.  
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6.2.1. Design and validation of gRNAs targeting the first intron of murine 

CTLA4 

Since the CTLA4 gene is disrupted in CTLA4-/- mice by mutations introduced in exon 

2,51 a similar editing strategy to the human T cell approach targeting the first intron (of 

murine CTLA4) was used. This increased the applicability of the in vivo data to the 

validation of our editing approach. The 3’ end of the first intron of murine CTLA4 was 

screened for NGG PAM sequences (see methods) and the four gRNAs with the 

highest predicted on-target specificity and lowest predicted off-target activity were 

ordered for assessment in vitro. These four gRNAs were electroporated into wild-type 

murine T cells which were then assessed by flow cytometry for viability and CTLA4 

expression (Figure 6.1 A and B). DNA from the cells for each condition were extracted 

and assessed by ICE analysis to look for the percentage of indels created by each 

gRNA.  

 

Reassuringly (and replicating the findings in human T cells), gRNAs targeting intronic 

sequences did not affect CTLA4 expression despite the creation of a high percentage 

of indels (Figure 6.1C). The murine gRNA 4 (GGUCUUGGAAACUAAGCCUG) 

resulted in the highest percentage of indels at the desired target and was selected for 

the murine gene editing approach, it is henceforth referred to as gRNA 5 (Figure 6.1C 

and methods).  
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Figure 6.1 Assessment of murine gRNAs. (A) Representative flow cytometry plots 

(n=2) demonstrating viability of murine T cells following electroporation of Cas9/gRNA 

RNPs. (B) CTLA4 expression (y-axis) in T cells electroporated with different gRNAs 

targeting the first intron of murine CTLA4. (C) ICE analysis of the intronic murine 

gRNAs (n=1). One gRNA had no detectable activity in vitro. 
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6.2.2. Design and manufacture of a murine AAV6 HDR template 

Following the selection of a gRNA targeting the 3’ end of the first intron of murine 

CTLA4, an AAV6 HDR repair donor was designed. The murine donor mirrored donor 

4 used in human cells, except that it contained the murine sequences. So that the 

murine model would resemble the human editing strategy as closely as possible, the 

same length asymmetrical homology arms were used, and the same SA sequence 

incorporated. As with the human construct, exons 2, 3 and 4 of CTLA4 were followed 

by a P2A-GFP-WPRE sequence so that edited cells could be easily identified by the 

GFP reporter (Figure 6.2A). Whilst a reporter gene was less important for the aim of 

editing CTLA4-/- T cells (as the presence of CTLA4 would indicate successful HDR), 

the presence of a GFP reporter enabled edited cells to be easily identified in 

optimisation experiments using WT murine T cells. A GFP reporter would also 

permitted cell sorting on an easily identifiable surface marker, should editing 

efficiencies be too low to infuse a mixed cell product. Following the design of the AAV6 

HDR donor, the dsDNA was synthesised and cloned in an AAV6 plasmid (see 

methods). To avoid the problems associated with some of the human donors designed 

whereby AAV6 titre could not be obtained, the murine donor was cloned into a newly 

obtained AAV6 plasmid in which the integrity of the ITRs had been verified. AAV6 was 

then manufactured as described using the same technique as that used for the other 

AAV6 HDR donors (see methods, section 2.4.5). 

 

6.2.3. Optimisation of HDR editing protocol in WT murine T cells 

Editing murine T cells was first attempted using a protocol similar to that used in 

human T cells (see methods). The impact of length of activation and nucleofection 

programme on both editing efficiency and cell viability was then examined. WT murine 

CD4+ T cells were activated with CD3/CD28 beads and then edited with gRNA 5 and 

HDR donor 5, 24 or 48 hours post-activation. Whilst editing frequency was similar 

when editing on day +1 or day +2, cell viability was vastly superior when editing was 

performed on day+1 (Figure 6.2A).  

 

The effect of nucleofection programme on cell viability and editing frequency was then 

assessed. Three programmes were assessed, DN100 which is recommended by 

Lonza for gene knock-out in murine cells and EO1115 and EH115 which were 

programmes used with good results in human T cells. The programme pertains to the 



 190 

frequency and voltage of the electrical pulse and Lonza does not disclose what 

frequency and voltage a named nucleofection programme refers to. The best cell 

viability was obtained when the DN100 programme was used (Figure 6.2C). Whilst 

editing frequencies were slightly higher with the E0115 and EH115 programmes 

(Mean GFP% 11.55 and 11.93 respectively, n=3), reasonable editing efficiencies were 

obtained with the DN100 programme (mean GFP% 7.7, n=3) (Figure 6.2D) but with 

vastly superior cell viability (DN100 77.5% live cells post nucleofection and AAV6 

transduction versus 10.8% live cells post nucleofection and AAV6 transduction).  

 

The protocol, editing cells on day+1 post activation using the DN100 programme with 

an AAV6 MOI of 2.4x104 was selected as the optimal experimental design based on 

the reasonable editing efficiency and excellent cell viability. This protocol was used in 

the subsequent experiments editing murine T cells described in this chapter. Despite 

my attempts at optimising the editing protocol, editing frequencies above 15% were 

not obtained. Time constraints on the project meant that to conduct the in vivo 

experiments, rather than trying to improve HDR rates further, I opted to sort the cells 

by flow cytometry on GFP expression to enrich for edited cells prior to adoptive transfer 

to Rag-/- mice.  
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Figure 6.2 Optimisation of murine T cell editing protocols. (A) Schematic diagram 

of the murine AAV6 HDR donor (donor 5), demonstrating the gRNA dsDNA break site 

at the 3’end of the first intron of CTLA4. In the CTLA4-/- mice exon 2 is mutated 

resulting in knock-out of the protein. (B) Representative flow cytometry plots 

demonstrating cell viability following editing. Viability was superior when cells were 

edited on day+1 following activation. (C) Flow cytometry plots showing variation in cell 

viability with different nucleofection programmes. (D) Summary of %GFP+ (HDR) in 

WT murine T cells after editing with different nucleofections programmes and with 

different MOI of AAV6. Editing frequencies were (n=3): Day 1 Programme DN100 + 

AAV 1.3x104 mean = 5.37, Day 1 Programme DN100 + AAV 2.4X104 mean=7.7, Day 

2 Programme DN100 + AAV 2.4x104, Day 1 Programme EO115 + AAV 2.4 x 104, Day 

1 Programme EH115 + AAV 2.4x104. 

 
6.2.4. Editing CTLA4-/- T cells 

Prior to proceeding to a full in vivo experiment, CD4+ cells were isolated from a CTLA4-

/- mouse and edited attempted using gRNA 5, donor 5 and the now optimised murine 

T cell editing protocol (Figure 6.3A). 72 hours post-editing, cells were assessed by 

flow cytometry for GFP expression and CTLA4 expression. To assess whether GFP 

expression correlated with restoration of CTLA4 expression, two separate flow 

cytometry panels were performed on edited cells. The first surface stain assessed 

GFP expression (Figure 6.3B) whilst the second panel included fixation and 

permeabilization to stain for total CTLA4 and FOXP3 (to identify whether Tregs had 

been edited), which would have the unavoidable effect of bleaching the GFP signal 

(Figure 6.3C). These two panels on the same cells demonstrated 7.24% GFP 

expression (Figure 6.3B) whilst 10.19% cells expressed CTLA4 (Figure 6.3C). The 

differences between GFP and CTLA4 expression could be explained by the fact that 

GFP was under the influence of the CTLA4 promoter and surface GFP expression 

may be related to activation state whereas the total CTLA4 stain represents both 

surface and intracellular CTLA4.  
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Figure 6.3 Editing CTLA4-/- cells. (A) Schematic diagram of the protocol used for 

editing murine T cells following the optimisation experiments described earlier. (B) 

Surface panel on CTLA4-/- CD4 cells showing GFP expression in 7.24% of cells (n=1). 

(C) Flow cytometry plots on cells taken from the same populations in B but stained 

with CTLA4 and FOXP3 antibodies following fixation and permeabilisation (n=1). 

CTLA4 expression was restored in 10.19% of CD4+ cells and 19% of FOXP3+ cells. 

 

6.3. In vivo validation of a T cell gene therapy approach 
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6.3.1. Editing and sorting cells prior to adoptive transfer 

Using the protocols previously described, when a suitable litter was available, murine 

CTLA4-/- T cells were edited (gRNA 5, HDR donor 5) or mock edited and then 

adoptively transferred into adult Rag2-/- mice without conditioning. The experimental 

conditions were described previously (see methods and Figure 2.4) but in brief cells 

were edited and then sorted by flow cytometry. The sorted GFP negative cells were 

used as a control population that were perfectly matched for activation/editing 

conditions having derived from the same wells as the GFP+ cells.  Thus, three different 

populations of cells were then adoptively transferred to differed Rag2-/- mice: 

1. Edited GFP +ve cells (the treatment group) 

2. Edited GFP -ve cells (a control group – these cells had undergone the same 

experimental conditions) 

3. Mock edited GFP -ve cells (a second control group). 

 

The Sansom and Walker labs have previously demonstrated that co-transfer of 

CTLA4-sufficient Treg can control the disease induced by CTLA4-deficient T cells in 

this system.62 Thus, sufficient restoration of CTLA4 expression by gene editing was 

predicted to confer protection from lymphoproliferative disease. Cells were assessed 

by flow cytometry post sorting, immediately prior to adoptive transfer (Figure 6.3A).  

 

6.3.2. Adoptive transfer and monitoring cell populations  

6x105 edited or control cells were injected intravenously into Rag2-/- mice. Tail vein 

bleeds were performed 1, 3 and 4 weeks post adoptive transfer. In the mice which 

received the GFP+ edited cells a stable population of GFP+ cells were detectable at 

all timepoints demonstrating in vivo persistence as well as genetic stability (Figure 

6.4B). Injection of mice and tail vein bleeds were performed by Lina Petersone of the 

Walker lab. 
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Figure 6.4 Adoptive transfer and monitoring cell populations. (A) FACS sorting of 

edited populations demonstrating CTLA4 expression in the GFP+ fraction. (B) Serial 

tail vein bleeds demonstrating persistence and stability of the GFP+ population after 

adoptive transfer. 

 
6.3.3. Take down and analysis at day 28 post adoptive transfer 

All mice were sacrificed 4 weeks after cell transfer. To assess lymphoproliferation, the 

cellularity of peripheral lymph nodes and spleen weight was analysed. Spleen and 

lymph node size, lymph node cell counts, and spleen weight were all lower in mice 

which received the edited cells (n=2) compared to non-edited controls (n=4) (Figures 

6.5A, 6.5B). To assess lymphocytic organ infiltration, cardiac tissue was analysed: the 

number of Tcon in the hearts of the mice that received the edited cells was lower than 

in the recipients of mock edited or GFP- cells (Figure 6.5C). It has been previously 

shown that CTLA4 sufficient Treg, but not CTLA4 sufficient Tcon, can correct disease 

in this model.62 Analysis of lymph node and spleen cells confirmed persistence of 

CTLA4 expression in the edited (GFP+) cells and also revealed that a higher 

proportion of Treg than Tcon had been successfully edited (Figure 6.5D, 6.5E).   
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Figure 6.5 Take down and analysis at day 28 post adoptive transfer. (A) Lymph 

node size and cell count between controls and mice who received the edited cells. (B) 

Spleen size, weight and cell count between controls and mice who received the edited 

cells. (C) Number of Tcon per µg of heart tissue between control mice and those who 

received the edited cells.  (D) Typical FACS plots (left) and summary data (right) 

showing persistence of edited cells in the lymph nodes with a higher proportion of Treg 

compared to Tcon. (E) Typical FACS plots (left) and summary data (right) showing 

persistence of edited cells in the spleen with a higher proportion of Treg compared to 

Tcon. 

 

6.3.4. Second in vivo experiment 

To demonstrate that the above results were replicable and to increase the number of 

mice in each experimental group to permit statistical analysis a second in vivo 

experiment (again assisted by the Walker lab) was performed. In order to obtain 

enough edited cells for at least 3 mice to be in the experimental group, 2.5x107 CTLA4-

/- cells were edited. Editing was successful at similar efficiency to previous experiments 
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(8% GFP+). Flow cytometric sorting was performed on these edited cells and 2x106 

GFP+ edited cells were obtained. In this second experiment an additional control 

group was added using wild type murine T cells to compare the function of the edited 

CTLA4-/- T cells to healthy T cells (Figure 6.6).  

 

 

Figure 6.6 Schematic diagram of second in vivo experiment. For the second in 

vivo experiment, the set up was the same as the first experiment except for the 

addition of a healthy T cell control (bottom line) which would enable the edited T cell 

function to be compared to healthy control T cell.  

 
Again, tail vein bleeds were performed 1, 3 and 4 weeks post adoptive transfer and 

the results seen in the first experiment were replicated in the second experiment 

(Figure 6.7A). Mice were sacrificed at 4 weeks post adoptive transfer and again the 

cellularity of peripheral lymph nodes and spleen weight was analysed (Figure 6.7B). 

Results of the first and second experiment were pooled, and statistics (one-way 

ANOVA) performed to identify bio-statistical differences between study groups. 

Comparing lymph node cellularity there was a significant difference between mice 

which received the edited vs unedited or mock edited cells (GFP+ vs GFP- p=0.0027, 

GFP+ vs mock p=0.0034) whereas no difference was detected between GFP+ and 

WT T cells (p=0.941) (Figure 6.7C). With respect to spleen cellularity a significant 

difference between mice which received the edited vs unedited or mock edited cells 

(GFP+ vs GFP- p=0.0037, GFP+ vs mock p=0.0041) was observed, whereas no 

difference was detected between GFP+ and WT T cells (p=0.940) (Figure 6.7D). When 
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comparing the % of CTLA4+ Treg in the lymph node there was a significant difference 

between GFP+ and GFP- or mock edited cells (GFP+ vs GFP- p=<0.0001, GFP+ vs 

mock p=<0.0001) (Figure 6.7F). Similarly in the spleen a similar difference in 

%CTLA4+ Treg was seen between GFP+ and GFP- or mock edited cells (Figure 

6.7G). Together this data demonstrated the replicability of the in vivo data and that 

CTLA4 edited T cells survived in vivo, expressed CTLA4 and were able to control the 

clinical phenotype of CTLA4 insufficiency, providing a powerful proof-of-principle of 

our T cell GT approach. 
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Figure 6.7 Pooled results of first and second in vivo experiments. (A) Serial tail 

vein bleeds demonstrated persistence and stability of the GFP+ population after 

adoptive transfer. (B) Lymph node and spleen size between controls and mice who 

received wild type T cells (left) mock edited and GFP- cells (middle) GFP+ enriched 

edited cells (right). (C) Lymph node and spleen (D)) cell counts between mice 

receiving wild-type T cells, mock edited, GFP- and GFP+ cells. (E) Number of Tconv 

per µg of heart tissue between control mice and those who received the GFP+ 

enriched edited cells. (F) Representative FACS plots (left) and collated data (right) 
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showing CTLA4 expression in lymph node Treg and Tconv cells. (G) Representative 

FACS plots (left) and collated data (right) showing CTLA4 expression in spleen Treg 

and Tconv cells. All statistics were using a one-way ANOVA test (significance in the 

figure is referred to as ****, < 0.0001; ***, < 0.001; **, < 0.01; *, < 0.05; ns). 

 

6.4. Discussion 

 
Data presented in this chapter has demonstrated that CTLA4 edited murine T cells 

survived in vivo, expressed CTLA4 and were able to control the clinical phenotype of 

CTLA4 insufficiency, providing a powerful proof-of-principle of our T cell GT approach.  

 

6.4.1. Choice of in vivo model 

The data obtained from the fully murinised model used surpassed expectations. The 

adoptive transfer of murine T cells to an adult Rag2-/- mouse enabled the 

demonstration of in vivo persistence with a much lower risk of graft-versus-host 

disease compared to a humanised immunodeficient mouse model. However, the main 

advantage of this model was that it enabled assessment of the efficacy of edited T 

cells in improving the disease phenotype. The critical regulatory role of CTLA4 was 

first identified in CTLA4 knockout mice (CTLA4-/-) which exhibit a lethal 

lymphoproliferative syndrome with multi-organ lymphocytic infiltration.51 369 As 

described, edited, mock edited or WT T cells were adoptively transferred to Rag2-/- 

mice so the mature T cell population was made up of the transferred cells. The Walker 

lab has used this model previously as following adoptive transfer of CTLA4 insufficient 

cells to Rag2-/- mice, lymphoproliferation occurs but at a slower rate than in the CTLA4-

/- mice thus enabling persistence of the edited cells to be assessed alongside efficacy 

at ameliorating disease phenotype.  

 

The main disadvantage of this model was the need to design a fully murinised editing 

strategy (new gRNA, new HDR template, modified editing protocol). Although the 

murine editing strategy was similar to that used in the human, similar editing 

efficiencies to those achieved in human T cells were not achieved. However, the low 

rates of HDR were mitigated by flow cytometry assisted sorting of the edited cells 

which enabled the infusion of a cell population enriched for edited cells.  
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6.4.2. Editing murine T cells 

Editing murine T cells posed a problem for the in vivo approach due to difficulties in 

achieving robust levels of HDR. HDR was not limited by the percentage of indels 

created by the gRNA as in the gRNA validation experiments, high proportions of indels 

were created (similar levels to those seen in human T cells). In addition, cell viability 

of edited murine T cells was excellent when the Lonza-recommended murine 

nucleofection programme was used. Attempts to use the programmes used in human 

T cells (which resulted in high levels of HDR) resulted in poor cell viability so were not 

a feasible option for the murine approach.  

 

Together, these observations suggests that the difficulties inducing HDR in murine 

cells were due to either the AAV6 delivery or the conditions for HDR in the cell. It has 

been demonstrated that gene delivery into murine lymphocytes is hampered by poor 

activity of both lentiviral and AAV vectors and this is one possible reason why HDR 

efficiencies were poor using an AAV6 repair template.374,375Had more time been 

available further optimisation then it would have been interesting to assess the use of 

non-viral templates with CTS +/- HDR enhancers in murine T cells.302 

 

6.4.3. Adoptive transfer and monitoring cell populations 

Following adoptive transfer mice were observed for 1 month and underwent tail vein 

bleeds at 1, 3 and 4 weeks. The time points were chosen to minimise the risk of 

infection or trauma from repeated tail vein venepuncture whilst enabling serial data on 

the stability and persistence of the edited population to be obtained. The 4-week time 

point was chosen for sacrifice as previous experience in the Walker lab suggested that 

mice who received the CTLA4 insufficient cells were at risk of death or deterioration 

requiring euthanasia. To compare lymphocytic infiltration between experimental 

groups all mice were sacrificed at the same time. 

 

Although additional data on the persistence of the edited population may have been 

obtained by leaving the mice who received the edited cells for a longer time period, 

the comparative data of organ infiltration was considered more important. In addition, 

a longer time observing the mice would not provide data on in-human persistence of 

edited cells, which always requires a phase I/II human clinical trial. Other proof-of-
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concept editing approaches for IEIs have used humanised models to assess in vivo 

persistence. In these reports, mice were similarly sacrificed around 1 month prior to 

the development of GvHD.253 These reports suggested that human edited cells could 

persist in vivo and whilst these data together with that presented in this thesis are 

encouraging,  a human clinical trial is required to assess the relevance of this data in 

humans. 

 

6.4.4. Sacrifice and analysis at day 28 post adoptive transfer  

At sacrifice, spleen and lymph node size were significantly smaller in the mice who 

had received the edited cells compared to those who received CTLA4 -/- cells. The 

addition of the WT T cell controls to the second in vivo experiment demonstrated that 

CTLA4 expression in the edited cells was similar to that observed in healthy T cells. 

These additional controls allowed us to demonstrate that the edited T cells controlled 

lymphoproliferation with equivalent efficacy as a healthy Tregs. Higher frequencies of 

Tregs compared to Tcons were observed in the spleen and lymph nodes of the mice 

which received either edited or healthy T cells. This provided further evidence of the 

normal function of the edited cells as they appropriately migrated to local tissues and 

controlled lymphoproliferation.376,377 

 

6.4.5. Chapter summary 

The data presented in this chapter demonstrated successful gene editing in WT and 

CTLA4-/- murine T cells using a similar CRISPR/Cas9/AAV6 approach targeting the 

first intron of murine CTLA4.  Although HDR rates were relatively low compared to 

those achieved in human T cells, this was mitigated by flow cytometric cell sorting 

using the GFP reporter. The edited T cell population (along with relevant controls) 

were adoptively transferred in vivo providing validation of this gene editing approach. 

A stable population of edited cells was identifiable across all time points assessed in 

the experiments. The data demonstrating that edited cells performed equally well as 

healthy T cells at preventing lymphoproliferation provided a powerful proof-of-principle 

that our editing strategy generates functional Tregs with restored CTLA4.  
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Chapter 7: General Discussion and Summary 

 
This thesis has demonstrated that gene editing approaches for CTLA4 insufficiency 

can result in functional correction of the immunological defects. The universal editing 

strategy targeting the first intron of CTLA4 is attractive for clinical translation. An 

autologous T cell GT is an attractive therapeutic strategy as it may improve the clinical 

phenotype whilst abrogating many of the immunological complications of alloHSCT. 

Targeting the first intron was superior in terms of editing efficiency with the key 

advantage of avoiding the introduction of new indels which could potentially worsen 

disease, by targeting the remaining healthy allele.  Several studies have demonstrated 

that gene expression can be enhanced in mammalian cells by the inclusion of an 

intron, such as when correcting CYBB gene mutations in chronic granulomatous 

disease (CGD) and when editing the CD40 ligand gene.350,352,378-380 However, our 

intronic editing approach targeted the 3’ end of the first intron of CTLA4 thus 

preserving the majority of the first intronic sequence. 

 

Most gene therapy approaches for IEIs modify hematopoietic stem cells (HSCs), 

however for disorders mediated primarily through a dysfunctional lymphoid 

compartment there are clear advantages of  a T cell GT approach most notably the 

potential for less intensive conditioning and higher editing efficiencies.199 T cell GT for 

IEIs could benefit from the rapidly expanding infrastructure to manufacture genetically 

engineered T cell products.381  Correction of HSCs enables long term correction due 

to modification of a self-renewing population of cells382, however, increasing data 

suggests that genetically engineered CAR-T cells can also persist long term if 

sufficient numbers of central and effector memory  T cells are modified and 

transferred.383,384 Clinical proof-of-principle of T cell gene therapy for IEIs already 

exists from the early retroviral T cell gene therapy trials for ADA-SCID which 

demonstrated persistence of gene marking 10 years after patients received gene-

modified T cells.367 Although it is worth noting that in ADA-SCID, gene-corrected T 

cells had a significant survival advantage and the question of whether gene-corrected 

T cells for other IEIs are able to persist in vivo needs to be assessed in a human 

clinical trials.  

Although a T cell GT is attractive, CTLA4 insufficiency is a complex disorder, and the 

pathology may not be strictly confined to the CD4 T cell compartment. Abnormalities 
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in other immune cell lineages such as NK and B cells have been observed in CTLA4 

insufficiency.44,45,98 Although CTLA4 works cell-extrinsically thus, can mediate it’s 

action on other immune cells via its expression on T cells alone.132 It is therefore 

important to extend this work to the correction of autologous HSCs and to compare an 

HSC GT approach to T cell GT. The success of a T cell approach compared to an 

HSC GT approach would depend on the persistence of the edited cell population. 

There are several advantages however to a T cell approach and we would position 

this ahead of a HSC based strategy for CTLA4 insufficiency. Firstly, large numbers of 

T-lymphocytes can be obtained with non-mobilised apheresis. The lymphodepletion 

required prior to infusion of a T-cell product is significantly less toxic than the 

myeloablative regimens required for HSC engraftment (lymphodepletion regimens 

used for cellular therapies such as fludarabine and cyclophosphamide could be used). 

As T-cells are terminally differentiated, the risk of insertional mutagenesis is reduced. 

 

Edited Tregs will naturally receive TCR stimulation in vivo as their interaction with self-

antigens controls their homeostasis thus, theoretically, they should be able to persist 

in the absence of a constant antigenic stimulus.385,386 In addition research is actively 

exploring ways to improve in vivo T cell persistence, as this is one of the current 

limitations of adoptive T cell therapies. As cell-intrinsic factors which regulate clonal 

proliferation of T cells are identified, gene editing could be potentially applied to modify 

these factors to increase persistence. An example of this, is the recently identified 

suppressor of cytokine signalling 1 (SOCS1) which has been shown to be a critical 

negative regulator of adoptive T cell responses.387 Inactivation of SOCS1 by gene 

editing has been shown to improve survival and persistence of both CD4+ and CD8+ 

T cells.387  

 

Due to the critical role of Tregs in the clinical phenotype of CTLA4 insufficiency, to 

maximize the clinical effects of a T cell GT approach for the disorder, a significant 

number of Tregs would need to be edited. Our in vivo data showed that edited Tregs 

persisted in vivo following adoptive transfer and suppressed the expansion of CTLA4-

/- cells. The proportion of edited Tregs would need to be assessed during preclinical 

scale up experiments, however we also demonstrate that Tregs can be successfully 

edited in isolation and used to supplement a mixed T cell GT product. As described, 

the ability to edit Tregs alone could also provide a platform that would enable gene 
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variant modelling for new mutations. Whilst most mutations result in reduced CTLA4 

mediated TE (Sansom lab unpublished observations), the differences between 

heterozygous patient cells and healthy donor cells can be subtle. The ability to create 

homozygote mutant human Tregs would permit the full effect of potential pathogenetic 

variants to be assessed in primary cells.  

 

It is currently not known what degree of correction is required to ameliorate the clinical 

phenotype in CTLA4 insufficiency. In humans, allogeneic hematopoietic stem cell 

transplantation is curative although in the cases reported, the majority have 100% 

donor chimerism.38,133 In mice it has been demonstrated that 50:50 chimeras or less 

can correct disease in CTLA4-/- mice 61,370 and that in adoptive transfer models, a 

single injection of CTLA4-sufficient Treg can prevent disease caused by CTLA4-

deficient bone marrow. 62,51,61,369 The limitation of incomplete correction could be 

mitigated in a clinical product by selecting cells using a reporter gene as shown in our 

in vivo experiments. The editing construct described here included a GFP tag which 

could be easily substituted for a clinically appropriate reporter such as truncated nerve 

growth factor receptor (NGFR) or RQR8 to enable a cell product that contained close 

to 100% edited cells.388  

 

Our data provide proof-of-concept that gene editing can restore CTLA4 function in 

human T cells demonstrating the potential of this approach to treat CTLA4 

insufficiency. Targeting the first intron of CTLA4 was the most effective and widely 

applicable strategy and the absence of detectable off-target edits from the gRNA used, 

suggests that the safety of this approach is promising. Further work should assess this 

editing approach in HSCs. A similar approach could be used in other IEIs that are 

caused by multiple heterozygous mutations. 

 

 

7.1. Future perspectives 

 
Whilst the work contained in this thesis demonstrates proof-of-concept of T cell GT 

there is much work to do to assess the optimal approach to take forward to a human 

clinical trial. The first and most obvious is to use the intronic strategy to edit HSCs and 

assess CTLA4 gene expression across different haematopoietic lineages following 
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differentiation. Although T cell GT has several advantages as described, it is important 

to assess an HSC editing approach. Further work is also needed to better understand 

the role of CTLA4 in non-lymphoid cell function and the contribution of non-lymphoid 

CTLA4 to the disease phenotype in CTLA4 insufficient patients.  

 

Future work could also assess other methods of achieving HDR to generate a T cell 

GT product. The application of gene edited GT to clinical practice is currently limited 

by the high cost of manufacturing clinical grade GT products and limited editing 

efficiencies in HSCs. AAV manufacture is difficult, time consuming and expensive.295-

297  Several recent developments described in the introductory chapter, offer an 

opportunity to mitigate some of these issues to enable the wider application of GT for 

IEIs. Firstly, recent data has shown that similar rates of HDR can be achieved with 

non-viral single stranded DNA templates, which are much cheaper and easier to 

manufacture.298 Previously ssDNA templates were greatly inferior to AAV6 templates 

for HDR however recent data has shown that knock-in percentages can be improved 

significantly by incorporating Cas9 target sequences (CTS) into the template.299 

Secondly, the use of small molecule ‘HDR enhancers’ has improved editing 

efficiencies to clinically relevant levels.299 Finally, emerging data suggests that 

lentivirus-based virus like particles (VLPs) may be able to perform in vivo gene editing 

of specific T cell subsets (e.g. CD4+ or CD8+ T cells).302 These techniques could be 

used to assess non-viral HDR for our intronic editing strategy for ex vivo T cell GT. In 

vivo T cell GT for CTLA4 insufficiency could be explored using the same editing 

approach but with the nuclease and repair template delivered by VLPs. Should such 

an in vivo approach be successful this could be applied to other lymphoid mediated 

IEIs. 

 

Finally, before the T cell GT approach developed during this PhD could enter a clinical 

trial, pre-clinical scale up work and optimisation of manufacturing techniques would be 

required. For electroporation the GMP-compatible Maxcyte GTx Platform could be 

used. GMP-grade gRNAs are available from Synthego and GMP-grade high fidelity 

Cas9 from Aldevron. It has already been demonstrated that large scale non-viral T cell 

therapy manufacture can be performed and a similar protocol could be adopted for our 

approach for T cell GT.302 As mentioned it would be important to assess the 

composition of a product produced using a scaled up manufacturing platform to ensure 
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that adequate numbers of Tregs and Tscm cells are present both for clinical efficacy 

and persistence.383 

  

7.2. Summary 

 
This data has provided proof-of-concept that gene editing can restore CTLA4 function 

in human T cells demonstrating the potential of this approach to treat CTLA4 

insufficiency. Several editing strategies have been assessed, of which, targeting the 

first intron of CTLA4 was demonstrated to be the most effective. This strategy could 

be widely applicable, correcting >80% of described disease-causing mutations. The 

absence of detectable off-target edits from the gRNA used, suggests that the safety 

of this approach may be promising. Gene editing results in physiological expression 

of functional CTLA4 in T cells and corrects the functional deficit in T cells isolated from 

patients with CTLA4 insufficiency. We have demonstrated that gene edited T cells are 

able to correct the disease phenotype in an in vivo murine model of the disease. 

Further work should assess this editing approach in HSCs. A similar approach could 

be used in other IEIs that are caused by multiple heterozygous mutations. 
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