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Abstract 

Despite improvements in treatment of childhood cancer, many childhood solid 

tumours, including high risk neuroblastoma, continue to have poor outcomes 

with high levels of mortality and morbidity associated with current treatment 

regimens. B7-H3 is a protein highly expressed in most types of cancer but with 

a restricted expression on healthy cells. It’s mechanism of action is poorly 

understood but it is believed have a role in T cell inhibition and to have some 

non-immunological effects on tumorigenesis. The expression pattern and 

potential for checkpoint inhibition make B7-H3 an exciting novel target for 

immunotherapy.  

Seventeen unique anti-B7-H3 single chain variable fragments (scFvs) were 

identified from an existing phage display library. These were tested against 

recombinant and cell-bound B7-H3. Five scFv were taken forward into 

Chimeric Antigen Receptor (CAR) T cell format and of these, the scFv TE9 

showed superior cytokine production and was selected as the lead. TE9 was 

compared with two other anti-B7-H3 scFvs recently described in the literature 

and showed equivalent anti-cancer activity in vitro. TE9 was tested in vivo in 

a neuroblastoma xenograft model where it brought about prolonged survival 

compared with an anti-GD2 CAR recently in clinical trial.  

B7-H3 has been successfully targeted with TE9 CAR T cells and this 

antigen/treatment combination was superior to targeting GD2 with an anti-GD2 

CAR. TE9 CAR T cells represent a promising novel therapeutic for paediatric 

solid tumours including neuroblastoma. 
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Impact Statement 

This thesis aimed to identify a novel binder against the protein B7-H3 with the 

long-term view of developing Chimeric Antigen Receptor (CAR) T cell therapy 

for neuroblastoma. Neuroblastoma is the most common extracranial solid 

tumour of childhood and although outcomes are improving, children with high-

risk disease continue to have high levels of mortality and morbidity. 

The work in this study describes the identification of a lead anti-B7-H3 single 

chain variable fragment (scFv) as well as development and testing of TE9 CAR 

T cells. TE9 CAR T cells show equivalent in vitro activity to competing anti-B7-

H3 scFv already described in the literature. Further work comparing these 

scFv in longer term and in vivo studies may help to better our understanding 

of the properties of scFvs necessary for optimal CAR function. This will help 

select the best therapy for neuroblastoma and, in an era where next generation 

sequencing and in silico modelling mean antibody discovery is no longer a 

shot in the dark, could help inform choices of scFv for future CAR therapy.  

During the testing of TE9 CAR T cells, several in vitro assays and one in vivo 

model were developed. In a neuroblastoma xenograft model in NSG mice, 

TE9 CAR T cells showed superiority over an anti-GD2 CAR recently in clinical 

trial for neuroblastoma. Mice treated with TE9 CAR T cells showed retardation 

in tumour growth, prolonged survival, increased T cell penetrance into tumours 

and no antigen loss. This model provides a simple, reproducible platform for 

screening CAR T cells and has the potential to shed light on why some CARs 

are more effective than others. It can be used to test modifications to CAR 



 5 

design which could lead to improved survival time and cure rates. In turn, this 

will further the understanding of the key challenges of developing a successful 

CAR for childhood solid tumours and of how to overcome them and may help 

guide which treatments should be taken forward into the clinical setting.  

The work in this study will be used as supporting evidence for a patent and, 

once in the public domain, will form the basis of a publication. It will also be 

used as preliminary work on further applications for funding, either from the 

academic or commercial sector, with the ultimate aim of developing a clinical 

trial.  

For children and families with high risk and relapsed neuroblastoma, there is 

an urgent for new treatments. Moreover, as most childhood solid tumours and 

many haematological tumours express B7-H3, patients with neuroblastoma 

are not the only ones who may benefit. Patients with childhood cancer are 

individually rare but taken as a group cancer is the most common cause of 

childhood death from disease in the developed world and these children 

seldomly benefit from novel therapeutics. With further testing and 

development, with a particular emphasis on safety and CAR T cell longevity, 

TE9 CAR T cells have the potential be developed into an immunotherapy that 

could improve the outcomes in children with a huge range of cancer types.  
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Chapter 1: Introduction 

1.1 Childhood Cancer 

Malignancy in the paediatric population is rare although the incidence has 

increased by 15% in the last 30 years. Advances in treatment and supportive 

care have greatly improved survival; the 5-year survival for children diagnosed 

with cancer was 78% between 2001-2005 and 84% between 2011-2015 [1]. 

Taken as a group however, malignancy remains the leading cause of death 

from disease in the developed world and while great improvements have been 

seen in haematological and low risk cancers, few interventions have made a 

difference in high-risk solid tumours. Additionally, many treatment regimens 

convey significant morbidity; an estimated 40% of childhood cancer survivors 

will have late effects that adversely impact their adult lives [2].  

There are several reasons for the discrepancy in outcome between childhood 

solid tumours, adult solid tumours and haematological cancers. Although 

relatively common as a group, many childhood cancers are individually rare, 

reducing the opportunities for studying the disease and responses to treatment 

protocols. Researchers face additional ethical and practical considerations 

recruiting children to clinical trials and new drugs are not always available to 

the paediatric population [2, 3]. Adult tumours are commonly carcinomas 

which arise from endothelial cells as a consequence of a lifetime of ionising 

radiation and subsequent DNA damage but childhood tumours typically arise 

from embryonal or mesenchymal tissue and usually result from genetic or 
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developmental abnormalities [4]. Consequently, childhood tumours have a 

relatively low mutation burden reducing the number of potential targets for new 

therapies [5, 6]. This is particularly limiting for immunotherapy which frequently 

relies on targets present on malignant cells but absent from healthy tissue. 

Additionally, paediatric tumours are generally “cold tumours” and may not 

respond well to immunotherapy, a concept discussed in more detail below [7].  

1.1.1 Neuroblastoma 

Neuroblastoma is the most common extra-cranial solid tumour of childhood, 

accounting for around 6% of childhood cancer registrations in the UK. It is 

usually diagnosed in children under 10 years with a median age of diagnosis 

of 18 months and occurs slightly more commonly in boys than girls [1]. 

Neuroblastoma is a highly heterogeneous, neuroendocrine tumour that arises 

from developing sympathetic nerves, usually in the adrenal glands or the 

sympathetic ganglia. Children in low-risk groups have a five-year survival of 

over 90% and may require little or no treatment while those in high-risk groups 

have a 5-year survival of less than 50% despite aggressive multimodal therapy 

[8]. 

The majority of neuroblastomas arise spontaneously although several 

common genetic abnormalities have been described, most notable of which is 

the amplification of the transcription factor MYCN. MYCN amplification is 

found in around 20% of tumours and is associated with more malignant, 

aggressive disease irrespective of spread at time of diagnosis [9]. Around 1-

2% of neuroblastomas are familial. These are most commonly associated with 
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a germline gain of function mutation in the anaplastic lymphoma kinase (ALK), 

a tyrosine kinase which is also mutated in around 14% of high-risk non-familial 

neuroblastomas [10].  

Following diagnosis, neuroblastoma is staged according to the spread of 

disease and patients are risk stratified into one of four groups – very low risk, 

low risk, intermediate risk or high risk according to the stage, and other 

prognostic factors such as the age at diagnosis, pathology and genomic 

characterisation [8]. Almost 50% of new neuroblastoma diagnoses are very 

low risk or low risk. This includes patients with local, resectable disease, 

favourable genetic profiles and infants with stage 4S disease (metastatic 

disease confined to the skin, liver and bone marrow) which are known to 

spontaneously resolve. These patients are usually offered minimal treatment 

or observation only [11, 12].  

Patients in the intermediate risk group are generally <18 months of age with 

metastatic disease with distant metastatic spread but without MYCN 

amplification. Some other unfavourable genomic features such as segmental 

chromosome alterations may be present. These children undergo 2-8 rounds 

of chemotherapy and surgery where possible, although complete resection is 

not always essential [13]. The outcome in this group ranges between 70% and 

>90% and is dependent on a variety of factors including genomic profile and 

age at diagnosis [13]. 

Patients in the high-risk group are normally older patients (>18 months) with 

metastatic disease and all those with unfavourable biological or pathological 
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features including MYCN amplification. The 5-year overall survival in this 

group has improved from 29% for those diagnosed 1990-1994 to 50% for 

those diagnosed 2005-2010 [14]. Currently, most patients with high risk 

neuroblastoma receive induction chemotherapy, then surgical resection of the 

primary tumour followed by myeloablative chemotherapy supported by 

autologous haematological stem cell transplantation (AHSCT) and finally 

maintenance therapy which usually includes anti-GD2 monoclonal antibody 

immunotherapy [15]. Myeloablative chemotherapy and immunotherapy are 

thought to be responsible for most of the increase in survival over the last 30 

years [14]. Despite this regimen, some children fail to respond and many 

others relapse. The side effects from therapy are severe and late effects 

common in survivors including infertility, neurological impairment and 

secondary malignancy [8].  As in other forms of childhood cancer, there is a 

real need for new, less toxic therapies for treatment of neuroblastoma. 

1.2  T cell biology 

1.2.1 The T cell receptor 

T cells are a diverse group of haematopoietic cells which arise in the bone 

marrow and mature in the thymus. They are part of the adaptive immune 

system and have a key role in elimination of malignant cells [16]. By far the 

most common type of T cell is the ab-T cell, named after the subunits of their 

T cell Receptor (TCR). Most ab-TCRs recognise antigens in a Major 

Histocompatibility Complex (MHC) restricted manner and these cells are 

present predominantly in the blood and lymphoid tissue of adult humans. 
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Certain rare subtypes of ab-T cells have different activation pathways. These 

include Invariant Natural Killer T cells (iNKT cells) which directly recognise lipid 

antigens presented by CD1d [17]. A second distinct population, the gd-T cell, 

also matures in the thymus but thereafter predominates on epithelial surfaces. 

The gdTCR recognises antigens in an MHC-unrestricted manner and the cells 

play an important role in the maintenance of epithelial barriers [18]. As gd-T 

cells are a small subset of T cells whose function is not fully understood, the 

discussion hereafter focuses on ab-T cells. 

The TCR is expressed on the surface of all T cells and confers T cell 

specificity. It is a membrane-anchored protein composed of one a and one b 

chain linked by disulphide bonds. Each chain contains 2 immunoglobulin (Ig) 

like domains; one constant domain (C) and one variable domain (V) [19]. The 

groove between the 2 variable domains forms the antigen binding site which 

is capable of recognising short peptide antigens when presented in an MHC 

complex. During the formation of the variable domain, pools of genes are 

brought together and randomly combined in a site-specific manner from 

different variable (V), diversity (D) and joining (J) genes to form the a locus 

and V and J genes to form the b locus [20]. This process, known as V(D)J 

recombination, is very similar to the formation of antibodies in B cells and 

results a potential T cell repertoire of approximately 1018 [21]. Unlike during 

antibody formation, antigen-driven somatic hypermutation does not occur in 

the development of the TCR and the affinity of the receptors is correspondingly 

lower than that seen in antibodies [16]. For effective binding, T cells are reliant 
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on a number of co-stimulatory signals which are discussed in more detail 

below.  

1.2.2 MHC proteins, CD4+ and CD8+ T cells 

The majority of cels present short lengths of intracellular proteins as antigens 

on MHC-I complexes. Professional antigen presenting cells (APCs), such as 

dendritic cells (DCs), also produce MHC-II complexes which display 

extracellular proteins. Additionally, professional APCs can display 

extracellular proteins on MHC-I complexes through a process known as cross-

presentation [22, 23]. During the maturation process in the thymus, T cell 

precursors are selected on the strength of their binding to self-peptides 

displayed on MHC molecules. Cells that recognise MHC presented proteins 

with a low affinity are positively selected and develop into naïve T cells. Cells 

that have a high affinity for the MHC-self peptide complex undergo apoptosis, 

as do cells that fail to bind at all. In this way, functional T cells are selected but 

strong anti-self T cell activation is prevented [24].  

Expression of CD4 and CD8 co-receptors allows for further subdivision of ab 

T cells [25]. CD8+ T cells or cytotoxic T cells recognise antigens presented on 

MHC-I receptors [26]. These cells are particularly important for the direct killing 

of transformed cells, such as malignant or virally infected cells. Antigens 

presented on MHC-I receptors are predominantly short fragments of degraded 

intracellular proteins. All cells express MHC-I and so circulating CD8+ T cells 

are provided with a constant display of intracellular processes. Should a 

disruption in normal cellular processes occur, such as in the case of viral 
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infection or malignancy, a neoantigen or viral peptide is displayed on MHC-I 

receptors, rather than a normal self-antigen. This will be recognised by the 

TCR, triggering T cell activation and, in the presence of other stimulatory 

signals, result in lysis of the abnormal cell [27]. The CD8 co-receptor stabilises 

the TCR:MHC interaction, particularly in the case of low affinity antigens [28]. 

CD4+ T cells recognise antigens displayed in MHC-II complexes. These 

receptors are present predominantly on professional APCs which internalise 

proteins from the extracellular environment for MHC display [29]. CD4+ T cells 

are predominantly involved in the regulation of other immune cells. They can 

be further subdivided into different groups including Helper T cells (Th cells) 

and Regulatory T cells (Tregs). The CD4 co-receptor does not appear to have 

a stabilising effect on the TCR:MHC interaction but both it and CD8 receptor 

enhance signalling and enable T cell expansion by recruiting the enzyme 

Lymphocyte Specific Protein Tyrosine Kinase (Lck) to the TCR complex [30].  

1.2.3 T cell signalling 

As mentioned, successful T cell activation relies on engagement of the TCR 

and various co-stimulatory signals. The TCR itself does not contain any 

signalling domains and is dependent on its association with CD3 proteins for 

stabilisation in the membrane and signal transduction upon antigen 

engagement [31]. Each TCR associates with 3 distinct CD3 dimers; CD3de, 

CD3ge and CD3zz. Signal transduction from CD3 depends on immunoreceptor 

tyrosine-based activation motifs (ITAMs). Each of the d, g and e subunits 

contain 1 ITAM and each of the z subunits contains 3 ITAMs [30]. 
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Upon engagement of an MHC-bound antigen, the CD4/CD8 associated 

tyrosine kinase Lck phosphorylates the tyrosine residues in the CD3z ITAMs. 

This leads to recruitment of a second tyrosine kinase, ZAP70, which is also 

phosphorylated and activated by Lck [32]. This sets up a subsequent signalling 

cascade resulting in the eventual disinhibition of transcription factors including 

nuclear factor k-light-chain enhancer of activated B cells (NFkB), transcription 

factor activator protein 1 (AP-1) and transcription factor nuclear factor of 

activated T cells (NFAT) [33]. These translocate to the T cell nucleus and 

induce transcription of genes associated with T cell effector functions, 

proliferation and differentiation. A simplified example of T cell signalling is 

shown in figure 1.1. 

For effective activation, T cells require 3 signals; signal 1 is provided by CD3z 

as described above, signal 2 by costimulatory molecules and signal 3 by 

secreted cytokines. In the absence of co-stimulatory signals, signalling 

through the TCR alone results in an unresponsive state known as T cell anergy 

[34]. A number of different co-stimulatory molecules exist, the most well-known 

of which is CD28 which interacts with CD80 and CD86 on antigen presenting 

cells. CD28 forms clusters with the TCR and activates the Phosphatidylinositol 

3-Kinase (P13K) pathway which, among other things, enhances nuclear 

translocation of NFkB [35]. A second notable co-stimulatory molecule is 4-

1BB. 4-1BB interacts with the 4-1BB ligand to enhance TCR signalling through 

tyrosine phosphorylation of SLP-76, CD3e, CD3z and Lck [36]. Numerous 

different cytokines are believed to be involved in providing signal 3 including 
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Interleukin-12 (IL-12) and Interferon (IFN) a/b for CD8+ T cells and IL-1 for 

CD4+ T cells [37].  

Within minutes of recognising a target antigen, the MHC:TCR interaction forms 

a stable junction known as the immunological synapse (IS). The IS displays a 

“bull’s eye” architecture made up of concentric rings of supramolecular 

activation clusters (SMAC) [38].  The central SMAC contains the TCR and 

associated co-stimulatory molecules such as CD28 and CD4/CD8. The 

peripheral SMAC is rich in adhesion molecules such as Leukocyte Function 

Associated Antigen (LFA-1) on the surface of the T cell which binds the 

intercellular adhesion molecule 1 (ICAM-1) on the APC [39]. A distal SMAC 

composed of dense filamentous actin and CD45 (which is excluded from 

central and peripheral SMACs) forms the outer boundary of the IS. The IS 

serves number of purposes including the concentration of cytokines on the 

target cell and the eventual termination of signalling through ubiquitination and 

degradation of the TCR [38].   
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Figure 1.1 A simplified version of signaling through an ⍺βTCR. A CD8+ T cell 
and a CD28 co-stimulation are used in this example. The ⍺βTCR recognizes 
an antigen presented in an MHCI complex. The ⍺βTCR does not contain any 
signaling domains but associates with 3 CD3 dimers, CD3ε", CD3ẟε, and 
CD3## which contain ITAMs. The CD8 co-receptor stabilises the interaction 
and recruits Lck to the complex and this phosphorylates the CD3 ITAMs and 
recruits and phosphorylates ZAP70. This in turn sets up a signaling cascade 
not all of which is depicted in this diagram. The overall result of this signaling, 
assisted by other mechanisms including Ca2+ influx, results in the eventual 
disinhibition of transcription factors including NFAT, NFϰB and AP-1 and their 
translocation to the nucleus. The combined action of these transcription 
factors results in T cell proliferation, cytokine production and effector function. 
Co-stimulatory receptors such as CD28 interact with their ligands to increase 
this activation signal. CD28 binding results in activation of PI3K and the 
eventual activation of NFϰB.  

Figure 1.1 A simplified version of signaling through an ⍺βTCR. A CD8+ T

cell and a CD28 co-stimulation are used in this example. The ⍺βTCR
recognizes an antigen presented in an MHCI complex. The ⍺βTCR does

not contain any signaling domains but associates with 3 CD3 dimers,

CD3ε", CD3ẟε, and CD3## which contain ITAMs. The CD8 co-receptor
stabilises the interaction and recruits Lck to the complex and this

phosphorylates the CD3 ITAMs and recruits and phosphorylates ZAP70.
This in turn sets up a signaling cascade not all of which is depicted in this

diagram. The overall result of this signaling, assisted by other mechanisms

including Ca2+ influx, results in the eventual disinhibition of transcription
factors including NFAT, NFϰB and AP-1 and their translocation to the

nucleus. The combined action of these transcription factors results in T cell
proliferation, cytokine production and effector function. Co-stimulatory

receptors such as CD28 interact with their ligands to increase this

activation signal. CD28 binding results in activation of PI3K and the
eventual activation of NFϰB.
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1.2.4 Termination of T cell response 

T cell response is tightly regulated to produce highly specific, co-ordinated 

effector functions in response to threats such as malignancy and infection, and 

to protect healthy cells from inappropriate T cell action. Naïve T cells continue 

to be produced from the thymus into old age [40]. They rely on low affinity 

signalling from the MHC:TCR interactions with self-antigens and anti-apoptotic 

cytokines such as IL-7  to persist [41, 42]. T cells, in the presence of an 

abnormal antigen, assisted by co-stimulatory molecules and pro-inflammatory 

cytokines, will rapidly expand and acquire effector functions. Upon cessation 

of an antigen stimulus and in the absence of ongoing inflammation, for 

example during the recovery from acute infection, the majority of effector T 

cells will become exhausted and undergo apoptosis but some T cells will 

persist as memory cells, retaining the ability to expand and return to the 

effector state in the event of future antigen exposure [43].  

Several different types of memory cells exist by they can broadly be split into 

three groups: Central Memory (TCM), Effector Memory (TEM) and Effector 

Memory re-expressing CD45RA (TEMRA). Although some cross over exists, 

TCM occur in higher proportions in the lymphoid organs such as the tonsils. 

Upon antigen engagement, they rapidly proliferate and secrete cytokines but 

have less effector function. TEM generally persist in organs such as the gut, 

liver and lung. They have the ability to rapidly home to inflamed tissues and 

initiate effector functions but have less proliferative potential. In the blood of 

healthy donors, TEM are predominant in the CD8+ compartment and TCM are 
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predominant in the CD4+ compartment [44]. A third type of memory cell, TEMRA, 

has less well described characteristics. Like naïve T cells, these cells continue 

to express CD45RA and are thought to be important for rapid responses and 

sustained immunity to certain viruses [45, 46]. 

The exact mechanisms governing the production of memory cells remain 

unclear. One suggestion is that they arise from effector T cells at the end of 

the inflammation process, possibly from T cells with the greatest effector 

functions [47]. An alternative model proposes that memory T cells arise 

directly from naïve T cells that never achieve full levels of activation. In this 

model, effector cells are terminally differentiated cells fated to either divide into 

a greater clonal population or die by apoptosis [43]. 

T cell activity is modulated through a number of pathways to avoid unregulated 

response. T cell activation itself sets up negative feedback loops preventing 

uncontrolled inflammation. For example, activation results in upregulation of 

Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4), an inhibitory co-

receptor which competes with CD28 for the ligands CD80 and CD86 [48]. 

Other negative receptors like Programmed Death 1 (PD-1) and inhibitory 

cytokines like IL-10 are involved in regulating T cell responses. Many of these 

pathways are co-ordinated by inhibitory cell types including regulatory T cells. 

T cell exhaustion describes a state of hyporesponsiveness defined by reduced 

effector function, sustained expression of inhibitory receptors and a failure to 

acquire antigen-independent memory T cell responses [49, 50]. Much of our 

understanding of this state comes from investigations into chronic infection 
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where levels of T cell activation, such as high viral loads and an absence of 

helper T cell support are more likely to result in T cell exhaustion [51, 52]. T 

cell hypo-responsiveness in this context is important as unregulated T cell 

activity may result in immune pathology and autoimmunity. Modulation of 

pathways overexpressed in exhaustion, such as control of inhibitory receptors 

by anti-PD-1 and anti-CTLA-4 antibodies, can reverse some aspects of T cell 

exhaustion, suggesting that exhaustion is not always a terminally differentiated 

state [53]. 

1.3  The immune response to cancer 

1.3.1 Immune elimination, equilibrium and escape 

The term immunoediting describes the process by which the immune system 

constrains and paradoxically promotes tumour development [54]. As 

described, T cells, along with innate immune cells, constantly survey the body 

for transformed cells that have escaped cell-intrinsic apoptotic triggers. 

Proteins of transformed cells are presented on MHC-I molecules resulting in 

T cell activation and target cell elimination. These proteins can be viral proteins 

in cancers triggered by oncoviruses, neoantigens that result from genetic 

mutations, or temporally or anatomically restricted antigens aberrantly 

displayed on tumours (tumour associated antigens). This third category 

include germ cell antigens such as Melanoma Antigen Gene (MAGE) proteins 

or antigens involved in differentiation such as Melanoma Antigen Recognised 

by T cells (MART1) [55].  
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Rarely, cells will avoid this elimination allowing them to progress and persist. 

The activity of the immune system exerts a constant pressure on transformed 

cells resulting in a period of equilibrium. Although net tumour growth is limited 

during this period, clones are selected that can successfully avoid immune 

processes increasing their malignant potential. Strategies of immune 

avoidance include antigen downregulation, alterations in Programmed Death 

Ligand 1 (PD-L1) expression and loss of sensitivity to IFN-g [56, 57]. These 

clones can eventually escape immune control and develop into clinically 

apparent malignancies, as demonstrated in figure 1.2. 

1.3.2 Tumour microenvironment 

Following initial immune escape, a hostile tumour microenvironment 

contributes to the failure of an effective anti-cancer immune response. The 

type, context and location of immune cells in the tumour microenvironment are 

recognised as being prognostic of a patient’s overall survival [58]. There are 

several ways of classifying the tumour microenvironment but in general, 

tumours can be thought of as inflamed (immunologically “hot”), non-inflamed 

(immunologically “cold”) and “excluded” where inflammatory infiltrate is 

present in the periphery but physically or biochemically excluded from 

infiltrating the bulk of the tumour. These descriptions can only ever be 

generalisations and precise definitions may not be possible due to marked 

heterogeneity between tumour types and within individual tumours 

themselves. The main mechanisms of immune escape by these tumour types 

are shown in figure 1.2. 
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Figure 1.2 T cells constantly survey and eliminate abnormal cells and in doing 
so, they exert a constant selective pressure resulting in the emergence of 
resistant clones. Mechanisms of immune resistance include IFN" resistance, 

antigen downregulation and upregulation of inhibitory ligands such as PD-L1. 
Initially tumour cells exist in equilibrium with the immune system but gradually 
escape regulatory control. Tumours can be divided into a number of subtypes 
according to their microenvironment. Immunologically “hot” tumours typically 
have high numbers of neoantigens and high numbers of infiltrating immune 
cells whose action is impaired through resistance to IFN", upregulation of 
inhibitory ligands and receptors and metabolic disturbances. “Cold” tumours 
typically have low numbers of neoantigens and low numbers of penetrating 
immune cells with an increased proportion of inhibitory macrophages, 
increased levels of inhibitory cytokines, downregulation of adhesion molecules 
and the presence of suppressive stromal cells that act as a barrier to 
inflammatory cell migration. “Excluded” tumours typically have high numbers 
of neoantigens and but numerous barriers to immune cell penetration. 

Figure 1.2 T cells constantly survey and eliminate abnormal cells and in doing so,

they exert a constant selective pressure resulting in the emergence of resistant
clones. Mechanisms of immune resistance include IFN! resistance, antigen

downregulation and upregulation of inhibitory ligands such as PD-L1. Initially

these cells exist in equilibrium with the immune system but gradually escape
regulatory control. Tumours can be divided into a number of subtypes according

to their microenvironment. Although some overlap exists, immunologically “hot”
tumours typically have high numbers of neoantigens and high numbers of

infiltrating immune cells whose action is impaired through resistance to IFN!, the
upregulation of inhibitory ligands and receptors (such as PD-L1 and PD-1) and
metabolic disturbances including high levels of adenosine in the

microenvironment. “Cold” tumours on the other hand typically have low numbers
of neoantigens and low numbers of penetrating immune cells with an increased

proportion of inhibitory macrophages. Inhibitory cytokines, downregulation of

adhesion molecules and presence of suppressive stromal cells act as barriers to
inflammatory cell migration. “Excluded” tumours typically may have high numbers

of neoantigens and but numbers barriers to immune cell penetration.
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Although these different tumour types all exhibit a range of immune escape 

mechanisms overall, the immunologically cold and excluded tumours are less 

responsive to anti-cancer therapy and associated with a worse prognosis. 

Thorsson et al performed extensive immunogenomic analysis of over 10,000 

tumours from 33 cancer types. They categorised the tumours into six immune 

subtypes. Subtypes C4 (lymphocyte deplete) and C6 (Transforming Growth 

Factor b (TGF-b) dominant) conferred the worst clinical prognosis and were 

remarkable for being high in M2 immunoinhibitory macrophages and low in 

overall lymphocyte infiltrate. The more “inflamed” subtypes C2 (IFN-g 

dominant) and C3 (inflammatory) were associated with better a prognosis [59]. 

Immunologically “hot” tumours typically have high levels of neoantigens and 

have high levels of lymphocyte infiltration. Strategies for immune avoidance in 

these tumours include the expression of PD-L1 which is upregulated in part 

due IFN-g and Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) 

production by Tumour Infiltrating Lymphocytes (TILs) [60, 61]. Tumour cells 

can also secrete immunosuppressive signalling proteins such as Vascular 

Endothelial Growth Factor (VEGF) which promote upregulation of inhibitory 

receptors PD-1, CTLA-4 and T cell Immunoglobulin Mucin 3 (TIM3) [62]. 

Malignant cells may downregulate antigen expression, either through 

mutations in their antigen presenting machinery or modifications in their 

Human Leukocyte Antigen (HLA) expression [63]. Non-classical HLA 

molecules, usually expressed on immune privileged sites, are upregulated on 

tumour cells. They signal through a variety of inhibitory receptors on immune 

cells including T cells, B cells and Natural Killer Cells (NK Cells) [64]. 
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Additionally, “hot” tumours lose their sensitivity to IFN-g production by cytotoxic 

tumour infiltrating lymphocytes [56, 65]. During the immunoediting process, 

mutations in IFN-g receptor kinases such as Janus Kinase 1 (JAK1) and JAK2 

and some of the Signal Transducer and Activator of Transcription (STAT) 

family molecules can promote tumour escape [66-68]. Finally, alterations in 

the metabolism of the tumour microenvironment can impair T cell function. 

Such alterations include high levels of Adenosine Triphosphate (ATP) 

secretion, leading to increased extracellular adenosine, and increased 

tryptophan catabolism as a result of enzymes like indoleamine 2,3-

dioxygenase (IDO1) [69, 70]. 

The majority of paediatric solid tumours are immunologically “cold” tumours. 

These tumours usually have a low mutational burden and low levels of TILs 

[5, 6]. “Excluded” tumours, such a pancreatic and ovarian cancer, typically 

have high mutational burdens but little inflammation or inflammatory cell 

infiltrate [71, 72]. Of note, pancreatic cancers which do have high numbers of 

infiltrating T cells generally have a better prognosis and metastatic pancreatic 

cancers often have reduced TIL numbers, suggestive of a dynamic 

immunoediting process [73]. 

T cells and other inflammatory cells are excluded from the Tumour 

Microenvironment (TME) of cold tumours by a number of mechanisms. The 

cytokine receptor CXCR3 is present on TILs in a number of different 

malignancies. This receptor is thought to be important for T cell trafficking, and 

the level of CXCR3 ligands CXCL9 and CXCL10 correlates with the level of 
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TIL infiltration in melanoma [74]. Many tumours express insufficient amounts 

of these ligands and silencing of expression of CXCR3 prevents T cell 

trafficking in ovarian cells [75]. Supportive cells of cold tumours provide 

additional barriers to T cell migration into the tumour. Aberrant angiogenesis 

results in hypoxia and reduced nutrients, impeding T cell infiltration, function 

and survival [76]. Cell adhesion molecules such as ICAM-1 and endothelin 

may be downregulated on vascular endothelial cells restricting T cell trafficking 

[77, 78]. Furthermore, stromal cells such as cancer associated fibroblasts can 

produce additional barriers to T cell infiltration in the form of collagen secretion 

and expression of immunosuppressive cytokines such as TGFb [79, 80]. T cell 

inhibition in the tumour microenvironment is further compounded by the 

presence of immunosuppressive immune cells, particularly in cold tumours. 

These cells include myeloid derived suppressor cells (MDSCs), tumour 

associated macrophages (TAMs) and regulatory T cells. M2-type TAMs in 

particular secrete IL-10 and TGF-b which inhibit T cell function [81].  

A good understanding of the type of tumour microenvironment is paramount 

when selecting appropriate therapy. Good outcomes are often seen when 

checkpoint inhibitors are used for immunologically “hot” tumours where the 

therapy removes some of the restriction on T cells already within the TME. 

Such therapy is not always effective in “cold” tumours lacking effective 

inflammatory responses and T cell infiltrates [54]. Additionally, cell-based 

therapies which rely on T cell trafficking may face additional barriers in cold 

and excluded tumour types. These treatments are discussed in more detail 

below. 
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1.4  Immunotherapy for cancer 

For over a hundred years, researchers have been trying to harness the power 

of the body’s own immune system to treat cancer but it is only in the last 2 

decades there has been an acceleration in this area with noticeable successes 

including check point inhibitors and Chimeric Antigen Receptor (CAR) T cell 

therapy [82].  Most commonly, immunotherapy acts to activate and engage 

the immune system using a variety of approaches including vaccination, 

antibodies and adoptive cell transfer. More recently, immunotherapy also 

includes the use of check point inhibitors which interfere with inhibitory 

signalling leading to unopposed activation of the body’s own anti-cancer 

immune response. A summary of the different types of immunotherapy is 

shown in figure 1.3. 
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Figure 1.3 Immunotherapy can broadly be divided into 2 different categories: 
antibody-based therapy and adoptive cell therapy. Antibody based therapy 
can help eliminate malignant cells through ADCC or CDC. Antibodies can be 
armed to deliver payloads such as drugs or radioisotopes or their structure 
modified for example into bispecific T cell engagers. Antibodies also take the 
form of checkpoint inhibitors, such as anti-PD-1 antibodies, which remove 
inhibitory signals resulting in unopposed T cell activation. Adoptive cell therapy 
involves TIL therapy (the extraction, expansion and reinfusion of TILs), 
dendritic cell therapy (extracting DCs and loading them with tumour associated 
antigens to stimulate an immune response) and modified T cell therapy. 
Modified T cell therapy involves harvesting T cells and equipping them with 
modified TCRs to cancer specific antigens, such as the MART1 TCR, or 
artificial CARs to boost their anti-cancer potential.   
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example into bispecific T cell engagers. Antibodies also take the form of
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signals resulting in unopposed T cell activation. Adoptive cell therapy involves
TIL therapy (the extraction, expansion and reinfusion of TILs), dendritic cell

therapy (extracting DCs and loading them with tumour associated antigens to

stimulate an immune response) and modified T cell therapy. Modified T cell
therapy involves harvesting T cells and equipping them with modified TCRs to

cancer specific antigens, such as the MART1 TCR, or artificial CARs to boost
their anti-cancer potential.

Figure 1.3 Immunotherapy can broadly be divided into 2 different categories:

antibody-based therapy and adoptive cell therapy. Antibody based therapy
can help eliminate malignant cells through ADCC or CDC. Antibodies can be

armed to deliver a payloads such as drugs or radioisotopes or their structure

modified for example into bispecific T cell engagers. Antibodies can also take
the form of checkpoint inhibitors, such as anti-PD-1 antibodies, which remove

inhibitory signals resulting in unposed activation. Adoptive cell therapy
involves TIL therapy (the extraction, expansion and reinfusion of TILs),

dendritic cell therapy (extracting DCs and loading them with tumour

associated antigens to stimulate an immune response) and modified T cell
therapy. Modified T cell therapy involved harvesting T cells and equipping

them with modified TCRs to cancer specific antigens, such as the MART1
TCR, or artificial CARs to boost their anti-cancer potential.
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1.4.1 Antibody therapy 

Antibodies have ability to combine specific targeting through precise antigen-

antibody interactions with an array of effector functions. Antibodies can confer 

such functions either through direct antibody-antigen interactions, by 

neutralising or activating targets or through effector mechanisms mediated 

through the Crystallisable Fraction (Fc) group. The commonest Fc class used 

clinically is an IgG. When the antibody engages its antigen target, the IgG 

portion of the antibody engages immune effector cells to eliminate malignant 

cells through Antibody Dependant Cell-Mediated Cytotoxicity (ADCC), 

Complement Dependant Cytotoxicity (CDC) and target opsonisation. The 

paradigmatic example of this is Rituximab, the first U.S Food and Drug 

Administration (FDA) approved monoclonal antibody for use in cancer [83]. 

Rituximab is an anti-CD20 antibody which binds to immature B cells and 

targets them for ADCC by innate effectors such as macrophages and NK Cells 

[84]. Two challenges of this therapeutic approach are the identification of a 

tumour-specific antigen, and tumour escape through antigen down-regulation 

[85].  

Clinical trials of antibody therapy in paediatric solid tumours have taken place 

against a host of targets including growth factors and growth factor receptors 

such as Insulin-Like Growth Factor 1 Receptor (IGF-1R), Human Epidermal 

Growth Factor 2 (Her2) and VEGF and cell death receptors such as the 

Tumour Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) [86-90]. 

Although most antibodies were well tolerated, limited clinical response has 
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been seen with antibody therapy alone [91]. The greatest achievement in 

targeting tumour antigens in paediatric solid tumours comes from anti-GD2 

therapy. This has been used in a number of types of cancer including 

neuroblastoma, melanoma and sarcoma [92, 93]. Anti-GD2 therapy has been 

most successful in the treatment of neuroblastoma and this is discussed in 

more detail below. 

1.4.2 Checkpoint inhibition 

Antibodies can be used to interrupt or augment cellular processes, the best 

example of which is checkpoint inhibition. Checkpoint inhibitors have been 

used to great effect in immunologically hot adult tumours such as melanoma 

[94-96]. Monoclonal antibodies targeting ligands and receptors involved in T 

cell inhibition such as CTLA4, PD-1 and PD-L1 and interrupt these signalling 

pathways bringing about unopposed T cell activation. Some individuals fail to 

respond to checkpoint inhibitors, and factors that govern response include the 

levels of PD-1 and PD-L1 expression, the type and location of tumour cells 

within the tumour microenvironment and the pre-existing neoantigen T cell 

repertoire [58, 97, 98]. Some tumours which may not have been favourable to 

immune checkpoint therapy from the outset, may become susceptible after 

other proinflammatory therapy and timing checkpoint inhibitors accordingly 

may increase success of this treatment [54]. The process of immunoediting 

continues during treatment and tumour progression on treatment may be seen 

due to acquired resistance. Mechanisms of resistance are complex but involve 

loss of T cell function, downregulation of antigen presentation and resistance 
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to IFN-g, highlighting the importance of a multi-target approach to cancer 

treatment [99].  

Compared with the adult population, there are fewer clinical trials involving 

checkpoint inhibitors in paediatric patients and fewer still specifically designed 

for paediatric disease [7]. Where they have been used, a similar safety profile 

has been observed although an increase in end organ toxicity (which in some 

cases was irreversible) was noted [100]. Checkpoint inhibitors in the paediatric 

population have not brought about the remarkable clinical responses seen in 

adult cancer, probably because the tumour microenvironment is unfavourable 

to checkpoint blockade. [7]. As described, paediatric cancers are generally 

cold cancers, associated with low numbers of neoantigens, low numbers of 

tumour infiltrating lymphocytes and hostile tumour microenvironments that 

restrict entry to T cells [6, 101]. Many paediatric tumours also downregulate 

MHC expression, reducing access to antigen targets with the potential to 

initiate T cell activation [102]. 

1.4.3 Antibody fragments and “armed antibodies” 

The majority of antibody therapy uses whole antibodies with either a naturally 

derived or modified Fc group to confer different properties or effector functions. 

It is also possible to alter the antibodies either by “arming” them with drugs, 

cytokines or radioisotopes or by incorporating the binding domain into a 

synthetic structure to change or combine effector functions, such as in 

bispecific T cell engagers.  
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Armed antibodies take advantage of the specificity of antigen-antibody 

responses to deliver cytotoxic therapy directly to the tumour avoiding damage 

to other tissues. Antibody drug conjugates (ADCs) link an antibody to a drug 

or “payload”. The linkers are designed to be stable in the blood stream but 

disassemble upon internalisation [103]. Several ADCs are currently licenced 

for clinical use including Gemtuzumab-Ozogamicin, also known as Mylotarg, 

which significantly improves event free survival in combination with 

chemotherapy in adults with AML although toxicity in the form of prolonged 

thrombocytopenia and veno-occlusive disease has been noted [104]. Other 

examples include Trastuzumab-Emtansine (also known as Kadcyla) which is 

used in the treatment of breast cancer and Brentuximab-Vedotin (also known 

as Adcetris) used to treat lymphoma [105]. Three ADCs have been or are 

currently being tested in clinical trials in paediatric solid tumours 

Depatuxizumab-Mafodotin which targets Epidermal Growth Factor Receptor 

(EGFR), Lorvotuzumab-Mertansine which targets CD56 (Neural Cell 

Adhesion Molecule, NCAM) and Glembatumumab-Vedotin which targets 

Neuomedin-B precursor (NMB) (NCT02343406, NCT02452554 and 

NCT02487979). No significant improvements in survival have been reported 

to date [106].  

Radioisotopes can be linked to antibodies for the targeted delivery of 

radiotherapy. Trials involving intrathecal administration of radiolabelled anti-

GD2, anti-B7-H3 and anti-tenascin antibodies for the treatment of primary 

central nervous system (CNS) solid tumours and CNS metastases of 

extracranial tumours have demonstrated the safety of this approach [107, 
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108]. Kramer et al reported combined intrathecal radiolabelled anti-GD2 or 

anti-B7-H3 with multimodal therapy for the treatment of CNS relapse of 

neuroblastoma and demonstrated meaningful clinical responses with 17 of the 

21 patients treated alive and disease free at the end of the study (7-74 months, 

mean 33) [108]. A recent clinical trial of convection enhanced delivery of a 

radiolabelled anti-B7-H3 antibody, 8H9, in the treatment of brainstem tumours 

showed no adverse effects but no substantial clinical improvements [109]. 

Antibodies can also be armed with cytokines like IL-2. These are frequently 

given peripherally alongside antibody therapy, but systemic effects can be 

dose limiting. A trial of a GD2-IL2 conjugate showed complete response in 

about 20% of patients with limited disease but no response in bulky disease 

[110]. Although it is difficult to extrapolate between different clinical trials, 

response and toxicity appear comparable between the GD2-IL2 conjugate and 

GD2 and IL2 used separately [92]. 

Bispecific antibodies combine the binding domains of 2 different antibodies. 

There are several different structural options for bispecific antibodies but one 

common design is 2 scFvs against different targets joined by a linker. 

Commonly, one of the scFvs is an anti-CD3 binder which is combined with an 

scFv against another tumour associated antigen to produce a bispecific T cell 

engager or BiTE. The BiTE binds CD3 and the tumour associated antigen, 

generating an immune synapse between the T cell and the malignant cell 

[111]. An anti-GD2-CD3 bispecific is currently the subject of a clinical trial in 

children and young adults with neuroblastoma and osteosarcoma 

(NCT02173093). 
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1.4.4 Cancer vaccines 

There are two main types of cancer vaccine. The first is a true, preventative 

vaccine usually against an oncovirus, the best-known examples of which are 

the use of an anti-Human Papilloma Virus (HPV) vaccine to prevent cancers 

like cervical cancer and the use of an anti-Hepatitis B vaccine to prevent 

hepatocellular carcinoma. The second kind involves the administration of 

cancer-associated or cancer-specific antigens, with chemical or biological 

adjuvants, to elicit an immune response to a pre-existing malignancy. This 

may involve the administration of whole tumour cells, professional APCs such 

as dendritic cells, purified self-antigens or non-self and neoantigens [112]. 

Cancer vaccines are predicted to be most successful in adult cancers with 

high levels of immunogenic antigens such as melanoma. Small but significant 

responses to cancer vaccines have been see in clinical trials and better 

outcomes are correlated with better immune response [113]. There is hope 

that combination therapy with other forms of immunotherapy like checkpoint 

inhibitors could improve their efficacy [114]. As there has been little focus on 

cancer vaccines in paediatric cancer, they will not be further discussed here. 

Increasingly, the term “cancer vaccine” is used to describe dendritic cell 

vaccines which fall in between the classification of more typical vaccinations 

and adoptive cell transfer. They take advantage of the role of DCs as a 

professional APCs to initiate an immune response against a tumour specific 

antigen or antigens. Dendritic cell precursors are harvested, artificially 

matured and loaded with tumour antigens ex vivo then infused back into the 
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patient [115]. Clinical trials in diseases like renal cancer and prostate cancer 

have demonstrated the safety of this approach, and reports indicate an 

increase in the T cell repertoire and some objective responses [116].  

1.4.5 Adoptive T cell therapy 

Adoptive cell therapy involves harvesting immune cells, expanding them ex 

vivo then redirecting them to target cancer cells. Adoptive T cell therapy has 

the potential to replicate many of the natural responses to pathogens and 

transformed cells including CD8+ T cell mediated cell lysis, upregulation of the 

immune response via helper T cell activation and the production of memory T 

cells for sustained anti-tumour response. Several types of adoptive cell 

therapy have been tested clinically. These include TILs, endogenous T cell 

therapy, and TCR and CAR based therapy. As described above, cancer 

development involves stimulation of an immune response leading to infiltration 

of anti-cancer TILs. TILs are found most abundantly in immunogenic cancer 

types with high neoantigen burdens like melanoma. These TILs can be 

harvested and expanded ex vivo with high dose IL-2 and infused back into the 

patient. Although clinical response can be seen using TILs, with some 

improvement in survival and progression free survival compared with historical 

controls, the therapy is restricted to tumour types and patients with high 

numbers of TILs [117, 118].   

Endogenous T cell therapy on the other hand involves harvesting peripheral 

blood T cells and stimulating them with peptides presented either on 

autologous or artificial antigen presenting cells displaying a peptide of interest. 
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A population of T cells will expand in response to antigen stimulation and these 

can be infused back into the patient [119]. Endogenous T cell therapy has the 

potential advantage of selecting from a wider range of T cells compared with 

TIL harvesting, being applicable even where there is a paucity of TILs and 

having a greater capacity of generating long lasting T cell responses as 

peripheral T cells are usually of a more naïve subtype. This approach has 

been used in small clinical trials for diseases like melanoma using ex-vivo 

expanded MART1-specific T cells and showed in vivo persistence, homing of 

T cells to the tumour and some clinical response [120, 121].  

Engineered T cell receptor (TCR) therapy involves the artificial introduction of 

a TCR against a specific cancer-associated antigen. A patient’s T cells are 

harvested, the TCR is introduced ex vivo, usually by retroviral transduction, 

and the transduced cells expanded and infused back into the patient. As these 

cells interact with peptides displayed on MHC molecules, they have the 

advantage of generating an immune response against intracellular as well as 

extracellular antigens. Engineered TCR T cells have been tried in a number of 

small clinical trials in the adult populations with TCRs directed against several 

proteins including MART-1, Cancer/Testis Antigen 1B (NY-ESO-1) and 

MAGE-A3. While there has been some promising clinical response, some 

toxicity has been noted due in part to on-target, off-tumour responses [122]. 

Challenges to successful engineered TCR therapy include the MHC 

downregulation in the TME and increasing the affinity of the TCR without 

producing undesired cross-reactivity [123]. 
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The most successful form of adoptive cell therapy is CAR T cell therapy. 

Similar to the production of engineered TCR T cells, patient-derived T cells are 

transduced with a CAR and then transfused back into the patient [124]. CARs 

are artificial receptors which combine the specificity of an antibody binding 

domain with the intracellular activation domains of TCRs and their co-

receptors to produce powerful, specific anti-tumour responses. CAR T cells 

targeting CD19 have produced complete remissions in over 90% of patients 

with relapsed, refractory B cell malignancies [125, 126]. CAR T cell therapy, 

and the challenges associated with it, are discussed in more detail below. 

1.5  CAR T-Cell therapy 

1.5.1 CAR structure 

CARs are made up of four components: an antigen binding domain (usually a 

single chain variable fragment or scFv), a linker or hinge (sometimes referred 

to as the stalk), co-stimulatory domains if any and the presence or absence of 

a CD3z subunit. In its simplest form, the chimeric antigen receptor comprises 

of an antibody binding domain joined to the CD3z intracellular domain of the 

TCR complex. Upon engagement of the scFv with its target antigen, the T cell 

is signalled through CD3z activation signal 1. These first-generation CARs 

showed evidence of signalling, but T cells became rapidly anergic and failed 

to persist in vivo [127]. CAR T cells only demonstrated in vivo persistence and 

clinical success as second-generation CARs in which a co-stimulatory domain 

(mostly commonly a CD28 or 4-1BB) was incorporated into the receptor 
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providing both signal 1 and signal 2 [36]. Examples of 1st, 2nd and 3rd 

generation CARs are shown in figure 1.4 A. 
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Figure 1.4 A The structure of 1st, 2nd and 3rd Generation CARs. B Examples 
of AND gated CARs which require 2 antigens each signalling through a 
different CAR for activation (Bi) and OR gated CARs where tandem scFvs 
allow one of 2 different scFvs can activate the same CAR (Bii). Ci Example of 
a Syn/Notch inducible CAR. When one tumour associated ligand is bound, a 
transcription factor is cleaved which transcribes a CAR that recognises a 

second antigen. Cii Example of a CAR transcribed with an inhibitory receptor 
that recognises an antigen present on healthy cells and brings about T cell 
inhibition. In the TME when this antigen is absent, activation is unopposed. D 
Examples of strategies to increase CAR persistence including the 
incorporation of cytokine signals such as the ILR2 receptor (Di) of an anti-PD-
L1 scFv which competes with endogenous PD-1 for binding to its ligand and 
provides signal 2 via a costimulatory domain (Dii).  

Figure 1.4 A The structure of 1st, 2nd and 3rd Generation CARs. B Examples of

AND gated CARs which require 2 antigen each signaling through a different
CAR for activation (Bi) and OR gated CARs where tandem scFvs allow one of 2

different scFvs can activate the same CAR (Bii). Ci Example of a Syn/Notch

inducible CAR. When one tumour associated ligand is bound, a transcription
factor is cleaved which transcribes a CAR that recognises a second antigen. Cii

Example of a CAR transcribed with an inhibitory receptor that recognises an
antigen present on healthy cells and brings about T cell inhibition. In the TME

when this antigen is absent, activation is unopposed. D Examples of strategies

to increase CAR persistence including the incorporation of cytokine signals
such as the ILR2 receptor (Di) of an anti-PD-L1 scFv which competes with

endogenous PD-1 for binding to its ligand and provides signal 2 via a
costimulatory domain (Dii).
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Each of the components in a CAR can be optimised for improved function. 

Given a particular antigen target, different antigen binding domains may have 

markedly different properties because of their affinity or binding site. There has 

been some debate over whether high affinity or low affinity binding is optimal 

for CAR function [124]. Some reports suggest low affinity interactions result in 

a less exhausted T cell phenotype and a recent clinical trial of a low affinity 

anti-CD19-CAR showed prolonged survival of CAR T cells [128]. Several 

different linkers have been used including CH2-CH3. CD8, CD28 and hinge. 

The combination of the antigen binding site and linker will determine the 

distance between the tumour cell and the T cell and in turn whether a 

functional immune synapse can form. For example, small antigens like GD2, 

may benefit from larger linkers [129]. Some linkers may themselves have 

signalling properties; the CH2-CH3 linker for example derives from an 

immunoglobulin Fc and is the natural ligand for FcgR1 receptors on 

macrophages. This can result in off-target toxicity of myeloid cells and antigen-

independent CAR signalling, phenomena that can be mitigated by point 

mutations of key amino acids [130]. Linker properties can also confer 

additional advantages to CARs, as with the CD28 linker which improves the 

efficacy of CARs targeting low density antigens [131].  

The endodomain of the CAR is also important for optimal function. As 

mentioned, most conventional CARs contain a CD3z endodomain, 

responsible for T cell activation and in the absence of a co-stimulatory 

receptor, T cells only receive signal 1 and quickly become anergic [127, 132]. 

Several co-stimulatory receptors have been used, including CD28 and 4-1BB 
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both of which have been tested in clinical trials [133-135]. CD28 CARs have a 

rapid response but show higher levels of exhaustion and reduced persistence 

compared with 4-1BB containing CARs [136]. Finally, although most CARs 

contain a CD3z endodomain, co-stimulatory CARs have been developed 

which contain a co-stimulatory domain only. In these CARs, signal 1 is 

provided by a second CAR (figure 1.4 Bi), or by alternative signalling pathways 

[137, 138]. It is likely that there is not one optimal CAR design that is suitable 

to all cancer types, or even one for the same type of cancer suitable for all 

patients at all stages of disease.  

1.6 Challenges to CAR T cell therapy in solid tumours  

To date, CAR therapy has not shown the same success targeting solid 

tumours as it does in haematological malignancies. Some of the challenges of 

translating the success into solid tumours are discussed in more detail below. 

These include identification of appropriate antigens, avoidance of toxicity, 

prevention of T cell exhaustion, and overcoming the immunosuppressive 

tumour microenvironment. 

1.6.1 Antigen selection for CAR T cell therapy 

As with antibody therapy, success of CAR T cell therapy relies on identification 

of an antigen highly expressed on tumour cells but with low or minimal 

expression on healthy tissue. CAR T cell therapy against CD19 and CD22 

relies on the fact that these antigens are highly expressed on B cells and 

absent from other cell types. Anti-CD19 and anti-CD22 CARs eliminate 
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healthy B cells along with tumour cells resulting in a lifelong dependency on 

antibody replacement. Most cell lineage antigens in solid tumours are 

expressed on healthy cells and as such, targeting could result in intolerable 

toxicity [139]. Solid tumours can exhibit a high degree of tumour heterogeneity 

and success of CAR T cell therapy relies on identification of antigens highly 

expressed across most, if not all, tumour cells. As described, paediatric 

tumours generally have a low mutation burden, again restricting available 

antigen targets [5, 6]. 

Evidence suggests that effective CAR therapy relies on density of antigen 

expression. CAR T cells exposed to low antigen density cells produce less IL-

2, IFN-g and demonstrate less anti-tumour response in vivo  [140-142]. 

Additionally, antigen escape has been documented in pre-clinical and clinical 

studies. While anti-CD19 CAR therapy showed complete clinical response in 

many patients with B cell ALL, the emergence of CD19 negative clones can 

result in disease recurrence  [133, 143]. Antigen loss has also been described 

in solid tumours for example during a trial of an anti-EGFRvIII CAR for 

glioblastoma when the target was downregulated in 5/7 patients after a single 

dose [144].  

A number of strategies have been proposed to enhance CAR therapy against 

low-density antigens. These include optimisation of binder affinity and the use 

of the CD28 linker which has inherent T cell signalling properties [131, 140, 

145]. To improve CAR function in heterogeneous tumours, and to avoid 

resistance to CARs by antigen downregulation and escape, systems have 
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been developed in which 2 or more antigens can be simultaneously targeted. 

These involve either the co-expression of different CARs or the use of tandem 

receptors in which 2 or more scFv are expressed on the same CAR, each 

recognising a different tumour antigen. Engagement of either scFv results in 

CAR signalling (figure 1.4 Bii) [146-148].  

1.6.2 Avoidance of toxicity 

Two main factors contribute to toxicity from CAR T cell therapy: the risk of on-

target, off-tumour effects and the overwhelming inflammatory response seen 

in cytokine release syndrome (CRS). On-target, off tumour effects occur when 

the CAR engages antigens expressed on healthy cells. This can be mitigated 

through the selection of a target with restricted expression. As discussed, most 

CAR only function in the presence of high antigen density so low levels of 

expression on healthy tissue may not pose significant risk. GD2 for example, 

is expressed on neuroblastoma and on normal peripheral neurons however no 

significant peripheral neuropathy has been reported in several anti-GD2-CAR 

trials [149-151]. The death of a patient treated with a third generation anti-

ERBB2 CAR based on the monoclonal antibody Herceptin was attributed to 

an on-target off-tumour reaction against small amounts of ERBB2 on lung 

epithelial cells. Subsequent post-mortem analysis revealed high levels of pro-

inflammatory cytokines consistent with cytokine release syndrome. One 

precipitating factor in this death was thought to be a relatively high starting 

dose of CAR T cells (1x1010) and toxicity may have been avoided with a more 

restricted dose escalation trial [152]. A clinical trial of a second generation anti-
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ERBB2 CAR in patients with sarcoma with lower total numbers of CAR T cells 

(1x104 – 1x108) showed tolerable side effects and some clinical response 

[153]. 

As highlighted, aberrant immune responses are another cause of toxicity in 

CAR T cell therapy. Severe CRS has been reported in a significant number of 

patients receiving CAR therapies including 25-58% of patients receiving anti-

CD19 CAR T cells for Acute Lymphoblastic Leukaemia (ALL) [154]. 

Neurotoxicity related to CRS has also been reported in a significant number of 

patients receiving CD19 CAR T cells. Symptoms range from headache and 

delirium to seizures and encephalopathy and are not always reversible [155]. 

Although the exact cause of neurotoxicity is not known, it is thought to be due 

to compromise of the blood-brain barrier secondary to high levels of cytokines 

and endothelial activation [156]. A recent paediatric anti-CD19 CAR T cell trial 

of 14 patients with relapsed, refractory ALL demonstrated clinical efficacy but 

low toxicity (including no severe CRS) with a low affinity scFv [128]. 

Several different strategies have been employed to reduce adverse effects 

and increase safety of CAR T cell therapy. These include suicide genes such 

as inducible caspase 9 (iCasp9). A small molecule (AP1903) is given in the 

event of an adverse event resulting in iCasp9 dimerisation and T cell 

apoptosis. This approach was shown to be safe and effective in treating Graft 

Versus Host Disease (GVHD) in a clinical study of children receiving stem cell 

transplantation for acute relapsed leukaemia [157]. Marker genes have also 

been developed including the RQR8 marker gene which combines epitopes 
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for CD34 and CD20. This allows selection of transduced cells as well as 

deletion of transduced T cells with the anti-CD20 antibody rituximab in the 

event of T cell toxicity [158].  

A different approach is to permit CAR expression and activation only if a 

particular set of circumstances are met and this may offer the option of T cell 

control, rather than complete elimination. Strategies include CAR assembly 

only in the presence of a dimerising molecule or control of CAR transcription 

with drugs such as doxycycline or tetracycline [159, 160]. The synthetic notch 

receptor (synNotch) is a system whereby an inducible transcription factor is 

cleaved from a surface receptor in response to engagement of a ligand. This 

results in expression of a CAR active against a separate antigen (figure 1.4 

Ci). For example, Srivastava et al describe a system whereby Epithelial Cell 

Adhesion Molecule (EpCAM) or B7-H3 expressed on the surface of ROR1+ 

tumour cells bind to a receptor and induce transcription of an anti-ROR1 CAR. 

This results in tumour cell death while bone marrow cells which are positive 

for ROR1 but negative for EpCAM/B7-H3 are spared [161]. A switch CAR 

system has been developed to improve CAR safety and addresses some 

aspects of antigen downregulation. Using this system, T cells are transduced 

with a CAR whose extracellular domain contains a peptide which interacts with 

a particular ligand. Antibody fragments coupled with the corresponding ligand 

can be given concurrently to produce a CAR capable of forming a functional 

immune synapse [162].  
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Additionally, CAR T cells can be prevented from activating until they reach the 

tumour microenvironment. Masked CARs, for example, employ a decoy 

peptide over their antigen binding site which is cleaved by tumour specific 

proteases and oxygen-sensitive CARs rely on the relative hypoxia of the 

tumour microenvironment to stabilise expression [163, 164]. A different 

approach is to transduce T cells with 2 CARs. This can include the separation 

of signal 1 and signal 2 so that two tumour-associated antigens are required 

for signalling (figure 1.4 Bi). The drawback to this method is that the CD3z may 

signal in the absence of signal 2 resulting in anergy or premature T cell 

exhaustion [137, 149]. Transduction with one stimulatory and one inhibitory 

CAR may help restrict T cell activation to tumour cells. In the presence of 

antigens expressed on healthy cells the T cell is inhibited and T cell activation 

can only occur when the tumour associated antigen alone is engaged (figure 

1.4 Cii) [165].  

While most literature focuses on ab-T cells, the natural ability of gd-T cells to 

recognise stress markers in an MHC-unrestricted manner may also improve 

safety in CAR therapy. Stress markers on tumour cells signal through the gd-

T cell receptor to provide signal 1 and interaction between an antigen and a 

chimeric co-stimulatory CAR interacting with a particular antigen provides 

signal 2. Healthy cells lack stress markers and so will not activate these T cells 

even in the presence of the tumour associated antigen [138]. 
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1.6.3 T cell persistence and exhaustion 

T cell dysfunction in the form of exhaustion or anergy is one reason for CAR 

therapy failure. T cell exhaustion describes an altered differentiation state, the 

hallmarks of which include loss of effector T cell functions, upregulation of 

inhibitory receptors, alteration of key transcription factors and dysregulation of 

metabolic function [166]. T cell exhaustion is not a terminal state and can be 

at least partially reversed by methods such as checkpoint blockade [53]. 

Several factors are thought to be responsible for the development of T cell 

exhaustion including ongoing antigen exposure, upregulation of inhibitory 

receptor expression, inhibitory cytokines and immunosuppressive regulatory 

cells [166]. Tumour infiltrating lymphocytes often display high levels of 

exhaustion markers associated with reduced anti-tumour activity contributing 

to immune escape [167, 168]. Success of CAR T cells in clinical trials relies, 

in part, on T cell persistence with less response seen in patients with high pre-

infusion markers of T cell exhaustion [134, 169]. 

CAR co-stimulatory domains account for some of the biggest effects on CAR 

T cell persistence. First generation CARs consisting of at CD3z domain alone 

showed poor in vivo efficacy and rapidly entered a state of T cell anergy [127, 

132]. As described above, the naturally occurring TCR relies on signal one, 

propagated through the CD3z endodomain and signal 2, delivered via one of 

a number of co-stimulatory receptors. Of these, several have been 

incorporated into second generation CAR T cells of which CD28 and 4-1BB 

are the most widely studied [36].  



 61 

CD28-contianing second generation CARs are associated with rapid response 

and expansion but poor persistence compared with 4-1BB-CD3z  CAR T cells 

[133, 135, 136]. Long et al demonstrated a more exhausted phenotype in 

CARs with a CD28 domain compared with a 4-1BB domain. CD28 containing 

CARs had higher levels of TIM-3, Lymphocyte Activation Gene 3 (LAG-3) and 

PD-1 and had greater levels of persistence in vivo in several different CAR 

models [136]. Various other costimulatory endodomains have been tried, 

including OX-40, Inducible Co-Stimulator (ICOS), CD27 and MyD88/CD40 

each of which confer different characteristics to T cells in pre-clinical models 

[124]. Preclinically, combinations of co-stimulatory domains have been tried 

and although results have been mixed, some researchers have reported 

increased survival, proliferation and tumour eradication [170-172].  

Several other strategies have been tested to improve T cell persistence and 

prevent exhaustion. These include transducing a specific subset of T cells 

such as Epstein-Barr Virus (EBV) or Cytomegalovirus (CMV) specific T cells 

which may be more prone to longevity [149, 173]. Eyquem et al described 

targeting the expression cassette encoding an anti-CD19 CAR to the T cell 

receptor a constant (TRAC) locus using CRISPR/Cas9 genome editing to 

reduce tonic signalling and delay exhaustion in a pre-clinical model [174].  

1.6.4 Overcoming the immunosuppressive tumour microenvironment 

For successful therapy, CAR T cells must traffic to then persist in the hostile 

TME. Many strategies designed to solve the problem of T cell exhaustion, are 

targeted at specific aspects of the TME. For example, co-stimulatory cytokines 



 62 

required for signal 3 of T cell receptor signalling are often downregulated in 

the TME and to overcome this, CAR T cells have been designed to secrete 

various pro-inflammatory cytokines such as IL-12, IL-15, IL-18 and IL-21 [175-

178]. Production of these cytokines has been variably successful pre-clinically 

but in some reports cytokine production has been associated with reduced 

proliferation and increased toxicity [124]. The incorporation of signal three into 

the CAR receptor itself may help overcome some of these challenges. Kagoya 

et al described a system by which a truncated IL-2 receptor beta chain was 

incorporated into a modified CAR receptor providing additional IL-2 signalling 

upon antigen engagement (figure 1.4 Di) [179].  

As well as methods for increasing activation, T cells can be programmed to 

secrete checkpoint inhibitors like anti-PD-1 and anti-PD-L1 to help overcome 

inhibitory signals in the TME (figure 1.4 Dii) [180]. Additionally, gene editing 

with CRISPR/Cas9 can be used to delete inhibitory T cell receptors such as 

PD-1, CTLA-4 and LAG-3. While these have had some pre-clinical success, 

removal of T cell checkpoints risks excess toxicity. Advances in understanding 

of T cell metabolism provide additional targets for improving T cell persistence, 

for example CAR T cells can be programmed to co-express enzymes like 

catalase which catalyses hydrogen peroxide into oxygen, helping T cells cope 

with the relative hypoxia of the TME [181].  

As described, most paediatric solid tumours are immunologically “cold” and 

barriers such as abnormal tumour vascularity, downregulation of adhesion 

molecules, chemokine-receptor mismatch and the presence of tumour 
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associated macrophages may act as physical barriers preventing CAR T cells 

migrating into the tumour [139]. Various strategies have been tested to 

overcome this. These include the design of CARs to target antigens expressed 

on supportive cells, engineering CARs to co-express receptors that enhance 

honing into the tumour sites and producing CARs that also express enzymes 

like heparinase to break down the extracellular membrane [175, 182-184]. 

1.7 Immunotherapy for neuroblastoma 

In childhood solid tumours, the greatest successes from immunotherapy have 

been in Neuroblastoma. Neuroblastoma cells almost ubiquitously express the 

disialoganglioside GD2 on their cell surface making it a promising therapeutic 

target [185]. Additionally, GD2 expression on healthy tissue is restricted to low 

levels on peripheral nerves and melanocytes limiting potential toxicity from on-

target, off-tumour effects. The function of GD2 in tumour cells is not fully 

understood but it may have a role in modulating proliferation, adhesion and 

invasion [186].  

Patients with high-risk neuroblastomas continue to have poor prognosis 

despite aggressive, multimodal therapy. It is likely that conventional, non-

immunological therapy fails to target microscopic pockets of cells, which can 

later grow into clinically significant, often treatment resistant disease [187].  

Two murine-antibodies targeting GD2 were developed during the 1980s; 3F8 

and 14.18 [91]. These antibodies, and subsequent humanised versions, were 

tested in several clinical trials and showed some clinical response in non-bulky 

disease [188, 189]. Based on the findings of early trials, a large, randomised 
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control trial evaluated chimeric 14.48 (ch14.18) with GM-CSF, IL-2 and cis-

retinoic acid vs cis-retinoic acid alone as maintenance therapy for children with 

high-risk neuroblastoma after induction chemotherapy and AHSCT. Patients 

receiving anti-GD2 therapy who did not have significant residual disease 

showed better clinical outcomes with increased overall survival from 75% to 

86% and event free survival from 44% to 66% at 2 years [92]. Dinutuximab, a 

chimeric 14.18, has since been approved by the FDA and the European 

Medicine Agency for use in childhood cancer. 

The exact mechanism of action of anti-GD2 antibodies remains poorly 

understood. They demonstrate both ADCC and CDC in vitro and may also 

have some direct anti-tumour effects [190]. In the clinical setting, neurotoxicity 

in the form of neuropathic pain secondary to on-target, off-tumour effects 

against GD2 on peripheral nerves is common and can be dose limiting  [188, 

189]. ADCC is believed to play a greater role in anti-tumour responses and 

CDC is thought to be involved in neurotoxicity. Alterations in the Fc group can 

interfere with complement fixation, reducing neuropathic pain while retaining 

anti-tumour responses [187, 191].  

Anti-GD2 antibodies continue to be evaluated in clinical trials in neuroblastoma 

to determine the optimum timing and dose. Similarly, “armed” antibodies in the 

form of radiolabelled antibodies and antibodies with IL-2 incorporated into their 

design have been tested clinically with some promising results [108, 192]. As 

described above, a clinical trial is currently recruiting to evaluate an anti-GD2-

CD3 BiTE in children and young adults (NCT02173093). 
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Despite improved survival outcomes with the introduction of anti-GD2 therapy, 

50% of patients with high-risk disease still relapse and approximately 20% of 

patients never achieve remission and never receive anti-GD2 therapy [92]. 

Adoptive cell therapy, like CAR-T cell therapy may be beneficial in relapsed or 

refractory disease however neuroblastoma epitomises many of the key 

challenges to CAR T cell therapy already discussed, particularly T cell 

penetration, activation and persistence in a hostile TME  [193]. Most CAR T 

cell clinical trials for neuroblastoma have targeted GD2 and the remainder 

have targeted L1 Cell Adhesion Molecule (L1-CAM), a cell adhesion molecule 

overexpressed in neuroblastoma. Several trials have been attempted and are 

ongoing, using a variety of different CAR designs and although some data is 

still outstanding, no studies have yet reported clinically significant responses 

with partial responses seen in only a handful of patients [193].  

One key problem identified in CAR therapy for neuroblastoma is T cell 

exhaustion and persistence. Indeed, the moderate successes seen in CAR 

trials for neuroblastoma have usually been associated with increased longevity 

of T cells [149, 150]. The scFv 14.18 is the binder most commonly used in anti-

GD2 trials and is known to bring about tonic signalling and T cell exhaustion, 

especially when the CD28 endodomain is incorporated into CAR design [136]. 

It is possible that more success would be seen by optimisation of the scFv and 

costimulatory endodomain. Additionally, not all the early trials of anti-GD2 

therapy had a lymphodepleting step which is known to improve T cell 

engraftment, either through depletion of the suppressive immune cells in the 

TME, or through a compensatory upregulation in cytokines [194, 195]. This is 
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now a standard aspect of CAR therapy and a recent trial of an anti-GD2 

reported lymphodepletion was well tolerated and necessary for CAR T cell 

engraftment. This study, which used the K666 scFv, demonstrated 

measurable dose-dependent antitumour activity although sustained results 

were not seen (NCT02761915) [196]. 

Identification of new targets for immunotherapy may also lead to improved 

outcomes in neuroblastoma. Several CAR T cell targets have been identified 

and tested in pre-clinical models. These include the glycoproteins Glypican 2 

(GPC2) and NCAM/CD56 as well as ALK and B7-H3. Glycoproteins like GPC2 

are important for growth and differentiation of the developing nervous system. 

GPC2 is highly expressed on the surface of neuroblastoma with low 

expression on normal tissue and anti-GPC2 CARs showed anti-tumour activity 

in a human xenograft mouse model [197, 198]. NCAM/CD56 is also important 

in neurodevelopment and is overexpressed on neuroendocrine tumours but, 

unlike GPC2, it is also expressed on a range of normal tissues including NK 

cells [199]. Anti-CD56 CARs are currently being evaluated clinically for 

multiple myeloma and Acute Myeloid Leukaemia (AML) (NCT03473496 and 

NCT03473457) although patients in both of these trials will receive one of 

several types of CAR T cells targeting different antigens. A neuroblastoma 

xenograft model using an anti-CD56 CAR showed anti-tumour responses but 

only modest improvements in survival [200]. As described, ALK is a tyrosine 

kinase mutated in most familial neuroblastomas and many non-inherited 

neuroblastomas but largely absent from non-malignant tissues [10]. Anti-ALK 

CAR T cells showed efficacy in vitro but limited effects in vivo. This is thought 
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to be secondary to the low antigen density on neuroblastoma cells, again 

highlighting the importance of antigen density in T cell activation [141]. B7-H3, 

a promising potential target for immunotherapy in neuroblastoma, is discussed 

in more detail below. 

1.8 B7-H3 

B7-H3 is a cell surface protein highly expressed on a number of tumour types 

but with restricted expression on healthy cells. It is a member of the B7 family 

and the immunoglobulin (Ig) superfamily with approximately 30% homology to 

its closest relative PD-L1. The exact mechanism of B7-H3 action is poorly 

understood but it is thought to have both immunoinhibitory and non-immune 

mediated roles in tumour progression. The expression pattern of B7-H3 makes 

it a promising target for immunotherapy and its role in T cell modulation offers 

a potential means of checkpoint inhibition. 

1.8.1 B7-H3 structure and transcription in mice and humans 

B7-H3 was first described during the search for B7 homologues in a human 

dendritic cell complementary DNA (cDNA) library [201]. The gene is located 

on chromosome 15 in humans, 9 in mice, and is highly conserved amongst 

different species [202]. Several B7-H3 isoforms are produced through 

alternative splicing of which isoform 1 is most common in humans and most 

other mammals (figure 1.5). Isoform 1 is a transmembrane protein with 4 Ig 

subunits  

  



 68 

arranged in an Ig-V-1, Ig-C-1, Ig-V-2, Ig-C-2 pattern. It has a residual 

cytoplasmic domain and no known signalling motifs.  The repeating pattern is 

thought to be the result of exon duplication and Ig-V-1, Ig-C-1 is >96% 

homologous with Ig-V-2, Ig-C-2. In mice and rats, only a 2Ig isoform is 

produced due to loss of these exon repeats [203]. 

In humans, at least 3 other isoforms of B7-H3 have been described including 

isoform 2, a 2Ig membrane bound protein comprised of Ig-V-1-Ig-C-2 [186, 

201, 204]. A soluble isoform of B7-H3 is also present in the tumour 

microenvironment and serum of patients with cancer. There is debate over 

whether this protein is cleaved from B7-H3 at the cell surface by Matrix 

Metallopeptidase (MMP) or whether it represents a different splice variant 

(figure 1.5) [205, 206]. Little is known about the significance and function of 

these different isoforms. 

The crystal structure of mouse B7-H3 (mB7-H3) has been described although 

the three dimensional structure of the human 4Ig structure is still unknown 

[207]. Mouse B7-H3 forms unusual dimers around the FG loop although the 

authors noted that the protein underwent prolonged storage at high 

concentrations so this may be artefactual. The FG loop is the predicted binding 

site of the unidentified T cell receptor. Wild type mB7-H3 reduces T cell 

proliferation but mutations in the FG loop abolishes this effect [207]. A recent 

report identified Interleukin 20 Receptor A (IL20RA) as this T cell receptor 

during a screen of cell surface receptors although this has not been verified 

with functional assays [208]. 
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Figure 1.5 The gene for B7-H3 is found on chromosome 15 in humans and 
exists predominantly as a type 1 transmembrane protein. The cytoplasmic 
domain is relatively small and has no known signaling motifs. B7-H3 is 
transcribed into different splice variants resulting in different isoforms including 
isoform 1 in 4Ig-B7-H3, the most common isoform in humans. Soluble B7-H3 
has also been described. There is debate as to whether this represents a 
splice variant or whether it is cleaved from isoform 2 or 3Ig-B7H3 at the cell 
membrane by matrix metallopeptidase (MMP) or both. 
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1.8.2 B7-H3 expression 

B7-H3 messenger RNA (mRNA) is highly expressed a range of mature human 

tissue types including the heart, liver, prostate, testis, placenta, small intestine 

and colon and expressed at low levels in the brain, skeletal muscle, kidney, 

lung, spleen and lymph nodes [201]. B7-H3 mRNA is expressed at high levels 

in foetal brain tissue and in high levels in primary CNS malignancy [209, 210]. 

Detection of B7-H3 protein expression on cells is dependent on the binding 

specificity of the antibody used but is thought to be relatively restricted with 

low levels of expression on the liver, testes and placenta, gastric tissues, 

salivary glands and adrenal glands [211, 212] Expression can be induced on 

DCs, monocytes, macrophages and lymphocytes by inflammatory cytokines 

[201, 213, 214]  

B7-H3 protein is highly expressed on a variety of childhood and adult solid 

tumours including neuroblastoma, brain tumours including glioblastoma and 

Diffuse Intrinsic Pontine Glioma (DIPG), Atypical Teratoid Rhabdoid Tumours 

(ATRT), osteosarcoma, rhabdomyomyosarcoma, Desmoplastic Small Round 

Cell Tumours (DSRCT), neuroblastoma, melanoma, breast, prostate, colon, 

lung, renal and pancreatic carcinomas [209, 215-218]. Additionally, B7-H3 is 

expressed in AML and on haematological cell lines where expression is 

associated with increased invasion and metastases [219, 220]. It is expressed 

on cancer stem-like cells and on circulating epithelial cells of patients with solid 

malignancies [221, 222]. B7-H3 is also found on supportive cells in the TME 
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including the tumour-associated vasculature but not on other types of 

regenerating vascular endothelium [223, 224].  

High levels of B7-H3 expression are associated with more aggressive cancer 

phenotypes. A meta-analysis of the prognostic value of B7-H3 expression in 

adult solid malignancies showed it was significantly associated with a 

reduction in overall survival and progression free survival [225]. B7-H3 mRNA 

and protein is broadly expressed in paediatric primary CNS tumours but not in 

normal brain and correlates to the tumour grade and clinical prognosis 

suggesting potential uses as a therapeutic target and prognostic marker in this 

group [210]. In oral squamous cell carcinoma (SCC), B7-H3 overexpression is 

associated with larger tumour size, advanced clinical stage and a lower 

survival rate. Additionally, N-glycans of B7-H3 from the oral SCC cell lines 

contain a terminal a-galactose with increased diversity and higher fucosylation 

compared with normal oral epithelial cells. This may have implications for B7-

H3 interaction with its receptor(s) and for specificity of binders raised against 

non-cancer associated B7-H3 [226].  

B7-H3 expression differs according to the inflammatory process and there is 

a stronger association with malignancy and bacterial infections compared with 

viral infections or trauma. It is significantly elevated in the CSF of patients with 

high grade gliomas compared with low grade gliomas or traumatic brain injury, 

and in patients with hepatocellular carcinoma compared with cirrhosis [227, 

228]. Additionally, B7-H3 can be detected in the sputum of children with 

mycoplasma pneumonia and is present in significantly higher levels in the CSF 
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of children with bacterial meningitis compared with aseptic meningitis or 

healthy controls [229, 230]. 

There is a known discrepancy between B7-H3 mRNA and protein expression, 

and a number of different microRNAs have been implicated in regulating 

protein translation including microRNA-29, microRNA-124, microRNA-155, 

microRNA-143 and microRNA-187 [231-234]. MicroRNA-29 binds to a 

conserved region in the 3 Prime Untranslated Region (3’UTR) of B7-H3 

downregulating protein expression [235]. High levels of micro-RNA-29 are 

associated with increased survival in breast cancer and downregulation has 

been demonstrated in primary stage 4 neuroblastomas and associated CNS 

relapses [231, 236]. MicroRNA-124 also binds to the 3’UTR of B7-H3 and 

downregulates B7-H3 mRNA and protein expression. Clinically, 

overexpression of B7-H3 correlates with low levels of microRNA-124 in 

osteosarcoma and both have been associated with more aggressive disease 

[232, 237]. Other mechanisms may also contribute to B7-H3 regulation. Zhao 

et al conducted a drug screen on pancreatic ductal adenocarcinoma cells and 

found that Bromodomain and Extra Terminal Motif (BET) inhibitors block 

proteins including BRD4 resulting in reduction of B7-H3 expression at the 

mRNA and protein level [238].  

Little is known about the differential expression pattern of the 4Ig isoform 1 

and 2Ig isoform 2 in normal and tumour cells although 4Ig-B7-H3 is thought to 

be more prevalent [214]. Monoclonal antibodies differentiating 4Ig and 2Ig 

isoforms found 2Ig-B7-H3 was more common on immature DCs while the 4Ig-
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B7-H3 was more prevalent on mature DCs, benign and malignant hepatic 

tissues and tumour cell lines [239]. Staining with specific monoclonal 

antibodies for the different isoforms suggest that 2Ig-B7-H3 is specifically 

expressed in glioma whereas 4Ig-B7-H3 can be found in normal brain and 

glioma [240]. 

1.8.3 The role of B7-H3 in immune regulation 

There is some debate over the exact role of B7-H3 in immune regulation and 

the receptor or receptors through which it signals remain unknown. When first 

identified, 2Ig-B7-H3 was thought to be involved in T cell activation, and 

studies demonstrated increased CD4+ and CD8+ T cell proliferation in the 

presence of B7-H3 with associated increased IFN-g production [201]. Further 

studies have suggested a role for B7-H3 driven T cell activation in a variety of 

inflammatory processes including allograft rejection in humans and mice [241]. 

B7-H3 has also been implicated as a pro-inflammatory molecule in the innate 

immune system, capable of augmenting the cytokine response in monocytes 

and macrophages, particularly in the context of human sepsis [242]. 

Hashiguchi et al identified Triggering Receptor Expressed on Myeloid Cells 

(TLT2) as a potential receptor for mB7-H3. This receptor is expressed on 

CD8+ T cells and activated CD4+ T cells, and stimulation with B7-H3 results 

in T cell proliferation and IFN-g production [243]. In mice models of 

Streptococcus pneumoniae, exogenous B7-H3 amplifies the inflammatory 

response and this effect is lost in TLT2 deficient mice [244]. However, other 

studies have failed to find an association with TLT2, either in humans or mice 
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[214, 245]. A recent study using a new screening platform, Conditioned Media 

AlphaScreen, identified IL20RA as a potential B7-H3 receptor. This platform 

identifies receptor-ligand interactions using chemiluminescence signals 

between a library of signal transmembrane receptor protein-Fc fusions and 

immobilised ligands. The significance of this interaction in a biological system 

remains unclear [208].  

Over time, the body of the evidence in the literature points towards a 

predominantly immunoinhibitory role for B7-H3, particularly in the context of 

the tumour microenvironment. Tumour associated DCs express higher levels 

of B7-H3 resulting in reduced T cell proliferation and IL-2 production and 

increased levels of IL-10 [246]. In breast cancer, B7-H3 expression on 

fibroblasts results in increased numbers of regulatory T cells and in clear cell 

renal cancer B7-H3 expression is positively associated with expression of the 

regulatory protein Forked Box Protein 3 (FOXP3) and poorer clinical outcomes 

[80, 247]. Carvajal et al looked at markers of inhibition on TILs in small cell 

lung cancer (SCLC), an immunologically cold tumour and demonstrated much 

higher levels of B7-H3 compared with PD-1 or B7-H4 (64% vs 7.3% and 2.6%) 

as well as lower proportions of CD3, CD8 and CD20+ TILs compared with non-

small cell lung cancer [248]. In the context of malignancy, B7-H3 also acts as 

an inhibitor of the innate immune system. In particular, human B7-H3 

expression is associated with increased TAM infiltration and the development 

or differentiation of the immunoinhibitory M2 subtype, and B7-H3 expression 

on neuroblastoma cells appears to protect them from NK Mediated lysis [249-

251]. 
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Reports in mice also suggest role for mB7-H3 driven inhibition in T cells and 

innate immune cells. Mouse B7-H3 inhibits T cell activation and effector 

cytokine production, a process that can be reversed with an antagonistic anti-

B7-H3 antibody resulting in exacerbation of experimental autoimmune 

encephalitis [252]. In a mouse SLE model, B7-H3 deficient mice or those 

treated with an anti-B7-H3 antibody developed worse SLE, but this could be 

partially treated with administration of a B7-H3-Fc fusion protein [253]. Using 

a variety of cancer xenografts, Lee et al demonstrated similar reductions in 

tumour size in B7-H3 knockout mice and wildtype mice treated with an 

antagonistic anti-B7-H3 antibody. Depletion of NK Cells or CD8+ cells reduced 

the anti-tumour effects in B7-H3 knock out mice and in mice treated with anti-

B7-H3, suggesting that the anti-B7-H3 antibody exerted effects in the tumour 

microenvironment, including on immune cells, rather than through ADCC 

alone [254]. 

1.8.4 The non-immunological effects of B7-H3 

In addition to its role in immune regulation, B7-H3 appears to have non-

immunological effects resulting in enhanced invasion, metastasis and 

chemoresistance. It is unclear how these effects are mediated but a number 

of different pathways have been implicated including the JAK2/STAT3 

signalling pathway. Overexpression of B7-H3 increases JAK2 and STAT3 

phosphorylation and the expression of their downstream anti-apoptotic 

proteins Bcl-1 and Bcl-xl. This effect can be reversed with a JAK2 inhibitor 

[255]. Silencing B7-H3 expression and associated downregulation of Protein 
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Kinase B (AKT), Extracellular Signal-Regulating Kinase (ERK) and 

JAK2/STAT3 pathways reduces migration and invasion in vitro and in vivo in 

a model of gastric cancer [256]. Kang et al silenced B7-H3 expression in an in 

vitro hepatocellular carcinoma model and showed no effect on proliferation or 

apoptosis but did show reduced invasion with associated reduction in 

phosphorylated STAT3 and JAK2 [257]. Similarly, upregulation of the 

JAK2/STAT3 pathway through B7-H3 overexpression results in upregulation 

of MMP-9, potentially enhancing migration and invasion [258].  

The P13K/AKT/mechanistic Target of Rapamycin (mTOR) pathway has also 

been implicated in B7-H3 signalling. High levels of B7-H3 are associated with 

AKT phosphorylation. Silencing B7-H3 with small inhibitory (siRNA) or 

blocking the P13K/AKT pathway have similar effects, reducing XRCC1 

expression and enhancing oxaliplatin sensitivity [259]. Similarly, B7-H3 

knockdown or treatment with the antibody BRCA84D (Macrogenics) increases 

sensitivity to dacarbazine and to Mitogen- Activated Protein (MAP)-Kinase and 

AKT/mTOR inhibitors [260].  

B7-H3 may have a role in cell development and differentiation and is 

associated with cancer stem-like cells, as well as being expressed at high 

levels in foetal brain tissue compared with child or adult brain tissue although 

its mechanisms of action are poorly understood [209, 224]. B7-H3 is 

associated with migration and proliferation of late endothelial progenitor cells. 

Silencing expression in these cells reduced migration but promotes 

differentiation and angiogenesis, possibly through VEGF secretion [261, 262]. 
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In a breast cancer model, immunoprecipitation and mass spectrometry were 

used to demonstrate an association between the major vault protein (MVP) 

and B7-H3 which together enhance B-RAF resulting in Mitogen-activated 

protein kinase kinase (MEK) activation. Depletion of MVP blocks MEK 

activation and inhibits B7-H3 induced stem cells [263].  

B7-H3 also promotes resistance to a number of chemotherapies. Silencing 

B7-H3 expression increases gemcitabine sensitivity in pancreatic cancer, and 

silencing B7-H3 in breast cancer cells results in increased sensitivity to 

paclitaxel in vitro with associated reduced phosphorylation of STAT3, JAK2, 

MCL-1 and Survivin [264, 265]. Similarly, lentivirus induced knockdown of B7-

H3 expression in AML cell lines reduced migration and invasion while 

increasing chemosensitivity to idarubicin and cytarabine [266]. Anti-B7-H3 

based immunotherapy may also have a role in increasing sensitivity to other 

treatments. In a model of pancreatic cancer, treatment with an anti-B7-H3 

agonist antibody increased gemcitabine sensitivity in association with 

upregulation of rERK1/2 and EGFR and downregulation of IkB [267].   

1.9 Anti-B7-H3 Immunotherapy 

1.9.1 Notable anti-B7-H3 antibodies and the effects of blockade 

A number of anti-B7-H3 antibodies have been developed for detection B7-H3 

and treatment of metastatic disease. Table 1.1 summaries the key aspects of 

notable antibodies in the literature.  
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Table 1.1: Notable anti-B7-H3 antibodies 

Name Company/ 

Institution 

Development Epitope Binding 
(where known) 

Modifications Functional effects if known 

8H9/ 

Burtomab 

Memorial Sloan-
Kettering Cancer 
Centre 

From murine hybridoma 
from BALB/c mice 
immunised with human 
neuroblastoma [215] 

Predicted to bind to 
FG loop of V region 
[268] 

Humanised and affinity matured 

 

Radiolabelled with 131Iodine 

 

 

 

MGA271/ 
Enoblituzumab
BRCA84D 

MacroGenics Intact cell immunisation 
of human tissue 
progenitors, cancer cell 
lines and cancer cells 
lines with stem cell 
properties [269] 

Unknown/ 

Undisclosed 

FC Enhanced with increased 
affinity for activating receptor 
CD16A and decreased affinity 
for inhibitory receptor CD32B 
[269] 

B7-H3 x CD3 DART format also 
available (MGD009) 

ADC in development with 
Synthon Biopharmaceuticals 
duocarmycin-based technology 
(MGC018) 

Targeting Melanoma Cells in 
vitro results in a decrease in 
cell proliferation and 
increased chemo-sensitivity 
[260] 
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376.96 Masachusetts 
General Hospital, 
Harvard Medical 
School, Boston 

University of 
Alabama, 
Birmingham, 
Alabama 

Mouse Hybridoma from 
mice immunised with 
intact melanoma cells 
(COLO 38) [270] 

Selected to be specific 
to a B7-H3 epitope 
expressed on cancer 
cells/CIC and 
restricted on normal 
tumours [271] 

Radiolabelled with 212Pb for use 
IV or IP in vivo for ovarian and 
pancreatic cancer [272, 273] 

Shows inhibition of cancer 
cell lines and reduction of 
growth factor production in 
vitro [271] 

Enhances activity of small 
molecule inhibitors and 
chemotherapy on ovarian 
cance cells in vitro [274] 

MJ18 Absolute Antibody Rat hybridoma following 
immunisation of rats 
with mouse B7-H3 

Unknown/ 

Undisclosed 

Specific to mouse B7-
H3 

 Reduced tumour size and 
immune-suppressive 
infiltrates [275]  

Enhances CD8+ lymphocyte 
infiltration in combination with 
anti-PD-1 [276] 
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m276 National Cancer 
Institute 

Naïve scFv yeast 
display library panned 
against human B7-H3-
AP fusion proteins and 
enriched through 
panning against human 
and mouse B7-H3 
Fusion proteins [277]  

Reacts with human, 
mouse, monkey and 
rat B7-H3  

scFv converted into a human 
IgG1 antibody 

ADCs made with conjugation to 
MMAE and PBD 

Unlabelled m276 shows little 
anti-tumour activity. m276-
MMAE and m276-PBD show 
potent anti-tumour activity in 
vivo in mouse models [277] 
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There are several anti-B7-H3 binders currently in clinical trials and several 

more in development. One of the earliest antibodies developed was 8H9 (also 

known as omburtamab or burtomab). BALB/c Mice were immunised with 

human neuroblastoma cells and a monoclonal antibody produced through a 

hybridoma of mice myeloma cells and splenic lymphocytes [215]. This 

antibody was shown to recognise an antigen, later identified as B7-H3, which 

was expressed on a range of solid tumours and cell lines but absent from 

normal tissue. 8H9 has subsequently been humanised and affinity matured 

and is predicted to bind to the FG loop of B7-H3 [268]. 

Radiolabelled 8H9 was used in combination with chemotherapy, radiotherapy 

and surgery in the treatment of stage 4 neuroblastoma with CNS relapse. 

Twenty-one patients were treated in the trial and at the trials close, 17 of the 

21 patients treated were still alive with no evidence of CNS disease and a 

survival time of 7-74 months (median 33) [108]. Although this trial gives 

preliminary safety data for 8H9, the combination therapy makes it difficult to 

comment on the extent of clinical efficacy. 8H9 is the subject of several clinical 

trials including one phase 2/3 trial currently recruiting patients with CNS and 

leptomeningeal metastases (NCT03275402). A recent study treating children 

with DIPG with convection enhanced delivery of radiolabelled 8H9 showed 

delivery of antibody into the brainstem with no adverse effects but failed to 

show clinical improvements in outcome [109].   

The second monoclonal antibody currently subject to clinical trials is MGA271, 

or Enoblituzimab, developed by Macrogenics. This antibody was developed 
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from immunisation of mice with intact human cancer cells with stem-cell like 

properties and has subsequently been Fc enhanced to increase binding to the 

activating receptor CD16A and reduce binding to the inhibitory receptor 

CD32b [269]. MAG271 has been the subject of 3 completed clinical trials. The 

results have not yet been published but preliminary results in abstract form of 

trial number NCT01391143 show a tolerable side effect profile with some anti-

tumour effects and some evidence of T cell modulation [278]. MGA271 is also 

the subject of several active clinical trials including NCT04634825, a phase 

2/3 clinical trial which is not yet recruiting designed to evaluate MGA271 

alongside MGA012, an anti-PD-1 antibody SCC of the head and neck or a 

Dual Affinity Re-Targeting (DART) protein targeting PD-1 and LAG-3. 

A DART protein developed by Macrogenics consisting of an anti-B7-H3-scFv 

and an anti-CD3-scFv is currently in clinical trial alongside an anti-PD-1 

antibody. A second trial of this DART alone was terminated early in March 

2020 for business reasons (NCT02628535). Macrogenics have also 

developed an ADC (MGC018) with Synthon Biopharmaceuticals involving an 

anti-B7-H3 antibody conjugated to a duocarmycin based therapy. This ADC is 

being tested in a clinical trial of advanced solid tumours, with or without an 

anti-PD-1 antibody (NCT03729596). Table 2 lists the clinical trials of anti-B7-

H3 therapy to date. 
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Table 1.2: Anti-B7-H3 agents in clinical trial 

Name Clinical Trial 
Number 

Clinical Trial Details Results 

8H9 NCT01099644 

Phase 1 

131I-8H9 for desmoplastic 
small round cell tumours 
and other solid 
intraperitoneal tumours 

Recruiting 

8H9 NCT01502917 

Phase 1 

Convection-Enhanced 
Delivery of 124I-8H9 for 
patients with non-
progressive Diffuse 
Intrinsic Pontine Gliomas 
previously treated with 
external beam 
radiotherapy 

Recruiting 

8H9 NCT00089245 

Phase 1 

131I-8H9 in treating patients 
with refractory, recurrent of 
advanced CNS or 
leptomeningeal cancer 

Active, not recruiting 

 

Omburtamab 
(8H9) 

NCT03275402 

Phase 2/3 

131I-Omburtamab 
radioimmunotherapy for 
Neuroblastoma central 
nervous 
system/leptomeningeal 
metastases 

Recruiting 

Omburtamab 
(8H9) 

NCT04022213 

Phase 2 

131I-Omburtamab for 
desmoplastic small round 
cell tumours and other 
solid intraperitoneal 
tumours 

Recruiting 

Omburtamab 
(8H9) 

NCT04315246 

Phase 1/2 

177Lu-DTPA-Omburtamab 
in adults with 
leptomeningeal metastasis 
from solid tumours 

Not yet recruiting 
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Omburtamab 
(8H9) 

NCT04167618 

Phase 1/2 

177Lu-DTPA-Omburtamab 
for children and 
adolescents with 
recurrent/refractory 
medulloblastoma 

Not yet recruiting 

8H9 NCT00582608 

N/A 

Tumour detection using 
131I-labeled monoclonal 
antibody 8H9 

Terminated (lack of 
accrual) 

Technical problems 
led to unreliable and 
uninterpretable data. 
12 patients started 
but none completed 
trial 

MGA271 NCT01391143 

Phase 1 

Safety study of MGA271 in 
Refractory Cancer 

Completed 

Preliminary results 
showed a tolerable 
side effect profile, 
some anti-tumour 
effects and some T 
cell modulation [278] 

MGA271 NCT02982941 

Phase 1 

Enoblituzumab (MGA271) 
in children with B7-H3 
expressing solid tumours 

Completed 

MGA271 NCT02923180 

Phase 2 

Neoadjuvant 
enoblituzumab (MGA271) 
in men with localised 
intermediate and high-risk 
prostate cancer 

Active, not recruiting 

MGA271 NCT02475213 

Phase 1 

Enoblituzumab (MGA271) 
in combination with 
Pembrolizumab (anti-PD-
1) in refractory cancer 

Active, not recruiting 

MGA271 NCT04129320 

Phase 2/3 

Enoblituzumab plus 
MGA012 (anti-PD-1) in 
SCC of the head and neck 

Withdrawn – change 
of study design 
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MGA271 NCT02381314 

Phase 1 

Safety Study of 
Enoblituzumab (MGA271) 
in combination with 
Ipilimumab (anti-CTLA4) in 
refractory cancer 

Completed 

MGA271 NCT04634825 

Phase 2 

Enoblituzumab with either 
MGA012 (anti-PD-1) or 
tebotelimab (PD-1xLAG-3 
DART) as first-line in 
recurrent or metastatic 
SCC of head and neck 

Not yet recruiting 

MGA271 NCT04630769 

Phase 1 

Enoblituzumab with FT516 
(NK cell immunotherapy) 
and IL-2 for recurrent 
gynaecological cancer 

Not yet recruiting 

MGD009 (B7-H3 x 
CD3 DART 
Protein) 

NCT02628535 

Phase 1 

Safety Study of MGD009 
in B7-H3 expressing 
tumours 

Terminated 
(Business decision, 
not for safety 
reasons) 

MGD009/MGA012  NCT03406949 

Phase 1 

MGD009/MGA012 (anti-
PD-1) in 
relapsed/refractory cancer 

Active, not recruiting 

MGC018 NCT03729596 

Phase 1 

MGC018 (Anti-B7-H3 
ADC) with or without 
MGA012 (anti-PD-1 
antibody) for advanced 
solid tumours 

Recruiting 

DS-7300a NCT04145622 

Phase 1/2 

DS-7300a (an ADC 
composed of a humanised 
anti-B7-H3 antibody, 
MABX-9001, and MAAA-
1181a, a topoisomerase 
inhibitor) in adults with 
solid tumours 

Recruiting 

SCRI-
CARB7H39(s) 

NCT04185038 

Phase 1 

MGA271 based CAR for 
locoregional 

Recruiting 
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immunotherapy for 
DIPG/Diffuse midline 
glioma, recurrent refractory 
CNS tumours 

SCRI-
CARB7H39(s) 

NCT04483778 

Phase 1 

MGA271 based anti-B7-H3 
CAR for 
recurrent/refractory non-
CNS solid tumours in 
children and young adults 
(Arm A) or anti-B7-H3 
CAR and CD19+ CAR to 
promote CAR expansion 
and persistence 

Recruiting 

B7-H3 CAR-T NCT04385173* 

Phase 1 

NCT04077866* 

Phase 1/2 

BP-102 anti-B7-H3 CAR-T 
for recurrent or refractory 
glioblastoma  

Recruiting 

B7-H3 CAR T NCT03198052* 

Phase 1 

CAR T targeting CAR-T 
cells targeting HER2, 
Mesothelin, PSCA, MUC1, 
Lewis-Y, GPC3, AXL, 
EGFR, Claudin18.2, or B7-
H3 for treatment of lung 
cancer 

Recruiting 

A multicar 
incorporating an 
anti-B7-H3  

NCT04637503* 

Phase 1/2 

GD2, PSMA and CD276 
multi-CAR-T cells for 
relapsed/refractory 
neuroblastoma 

Recruiting 

4SCAR276 NCT04432649* 

Phase 1/2 

B7-H3 positive solid 
tumours 

Recruiting 

* Not clear which scFv incorporated into therapeutic 
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Other notable antibodies include 376.96, initially developed using hybridoma 

technology from mice immunised with intact melanoma cells. It reacts to a cell 

surface protein expressed on melanoma and certain carcinomas but relatively 

absent from normal cells which was subsequently identified as B7-H3 [270]. 

376.96 has been radiolabelled and used to treat mice models of ovarian and 

pancreatic cancer [272, 273]. In vitro, 376.96 reduces the viability of ovarian 

cancer cells and increases the cell sensitivity to small molecule inhibitors such 

as sunitinib [274]. 

Seaman et al developed a human IgG antibody m276 which was specific for 

mouse and human B7-H3 to target B7-H3 on tumour cells and tumour 

associated vasculature but not on non-tumour vasculature [223]. This antibody 

had little anti-tumour effects by itself but showed potent anti-tumour effects 

when conjugated to Monomethyl Auristatin E (MMAE) or 

Pyrolobenzodiazepine (PBD) [277]. 

MJ18 is a monoclonal anti-mouse B7-H3, antibody developed by Absolute 

Antibody following immunisation of rats with a mouse B7-H3-Fc fusion protein. 

MJ18 inhibits mB7-H3 action resulting in reduced tumour size and reduced 

immunosuppressive tumour cell infiltrates (MDSCs and M2 Macrophages) in 

a murine model of head and neck SCC and promotes activation of CD8+ T 

cells [275]. Clinically, over-expression of B7-H3 correlates with poor response 

to anti-PD-1 therapy and reduced CD8+ T cell infiltration. In a murine model 

of NSCLC, dual treatment with MJ18 and anti-PD-L1 antibodies resulted in 

enhanced response, including increased CD8+ lymphocyte infiltration [276]. 
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1.9.2 Anti-B7-H3 CAR T cells 

CAR T cells directed against B7-H3 have proved promising in preclinical 

models of adult and paediatric solid tumours and one has been taken forward 

to clinical trial. Du et al cloned the scFv 376.96 into 2 different second-

generation CAR formats incorporating the CD8 hinge and transmembrane 

domain, either a CD28 or 4-1BB costimulatory signal and a CD3z. They 

showed anti-tumour effects in vitro and in vivo in several cancer models 

including pancreatic and ovarian carcinoma and neuroblastoma and 

demonstrated greater persistence and less exhaustion in the CAR containing 

the 4-1BB co-stimulatory domain [212]. These 2 CARs were also tested in vivo 

in a glioblastoma (GBM) model in mice. In this model, they demonstrated 

similar efficacy and longevity but higher levels of cytokine production were 

noted in the CAR with the CD28 endodomain [279]. 376.96 has some cross 

reactivity with mB7-H3. Anti-B7-H3 CAR T cells were tested in an 

immunocompetent mouse model to assess on-target, off-tumour effects and 

showed no signs of toxicity [212].  

Majzner et al incorporated the MGA271 scFv into a second-generation CAR 

with a CD8 hinge and transmembrane domain and a 4-1BB-CD3z 

endodomain. They demonstrated marked anti-tumour effects in several in vivo 

models of paediatric cancer including osteosarcoma, medulloblastoma and 

Ewing sarcoma. They noted dramatically reduced responses to target cells 

with a low-antigen density suggesting that the therapy may be safe, even in 

the presence of low level B7-H3 expression on healthy cells [218]. This same 
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CAR was tested in a preclinical model to treat ATRT. Locoregional 

administration was achievable and was more potent with lower systemic levels 

of cytokines compared with systemic administration [209]. Anti-B7-H3 CAR T 

cells were also shown to persist in the mouse CNS and provided protection 

against re-challenge with tumour cells. Based on these pre-clinical results, this 

CAR has been taken forward into two clinical trials (NCT04185038 and 

NCT04483778).   

1.10 The potential of anti-B7-H3 therapy 

B7-H3 is an exciting target for immunotherapy. Some different potential uses 

for anti-B7-H3 immunotherapy are shown in figure 1.6. It is expressed at low 

levels on healthy tissues but high levels on a range of solid tumours, tumour 

associated vasculature and cancer initiating cells [215, 223, 224]. Targeting 

B7-H3 on tumour vasculature may give access to the TME which is otherwise 

difficult to penetrate. B7-H3 has an immunoinhibitory role in the innate and 

adaptive immune system and may provide a means of checkpoint inhibition 

[254]. Significant clinical responses have been seen targeting other checkpoint 

inhibitors including B7-H3’s closest relative PD-L1, and B7-H3 may be an 

important driver of immunosuppression in immunologically cold tumours [95, 

248]. Additionally, B7-H3 is known to have a non-immunological role on 

oncogenesis and there is a chance that immunotherapy against B7-H3 could 

interfere with some of these functions, a hypothesis supported by the evidence 

that reduction in B7-H3 expression (through silencing or antagonistic 

antibodies) increases sensitivity to chemotherapy [265, 274]. 
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Figure 1.6 Anti-B7-H3 scFvs can be engineered in several ways into different 
kinds of immunotherapy. They can be used to develop whole antibodies which 
can target tumour cells through CDC and ADCC and antibodies can be armed 
with drugs and radioisotopes to deliver cytotoxic payloads directly to the 
malignant cells. B7-H3 acts predominantly as a T cell inhibitor through an 
unidentified T cell receptor. Anti-B7-H3 immunotherapy may act as a form of 
checkpoint inhibition, interrupting this signally and bringing about unopposed 
T cell activation. The scFvs can also be used to develop bispecific antibodies 
such as bispecific T cell engagers or CARs. As B7-H3 is also expressed on 
cancer associated vascular endothelium, immunotherapy also has the 
potential to target these cells which has the additional benefit of providing a 
means of penetration into the TME. B7-H3 also has a nonimmune-related role 
in oncogenesis although the pathways through which this signaling occurs are 

not fully understood. Interrupting B7-H3 signaling with immunotherapy may 
disrupt these pathways leading to increased susceptibility of tumour cells to 
treatment.  
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Figure 1.6 Anti-B7-H3 scFvs can be engineered in several ways into different

kinds of immunotherapy. They can be used to develop whole antibodies which
can target tumour cells through CDC and ADCC and antibodies can be armed

with drugs and radioisotopes to deliver cytotoxic payloads directly to the

malignant cells. B7-H3 acts predominantly as a T cell inhibitor through an
unidentified T cell receptor. Anti-B7-H3 immunotherapy may act as a form of

checkpoint inhibition, interrupting this signally and bringing about unopposed T
cell activation. The scFvs can also be used to develop bispecific antibodies

such as bispecific T cell engagers or CARs. As B7-H3 is also expressed on

cancer associated vascular endothelium, immunotherapy also has the potential
to target these cells which has the additional benefit of providing a means of

penetration into the TME. B7-H3 also has a nonimmune-related role in
oncogeneisis although the pathways through which this signaling occurs are not

fully understood. Interrupting B7-H3 signaling with immunotherapy may disrupt

these pathways leading to increased susceptibility of tumour cells to treatment.

1.6
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Binders targeting B7-H3 can be used in a number of therapeutic formats 

including naked and armed anti-bodies, BiTEs, ADCs and CAR T cells. It is 

possible that different treatment modalities will be effective treatment for 

different diseases. Anti-B7-H3 immunotherapy has shown preclinical success 

in the form of antagonistic antibodies, ADCs and CAR T cells [212, 218, 274, 

277]. Anti-B7-H3 CAR T cells in particular demonstrate sustained in vivo 

responses and high cure rates in several pre-clinical models [209, 212, 218, 

279]. Early clinical reports of anti-B7-H3 therapy suggest a tolerable safety 

profile and some promising clinical responses [108, 109, 278].  

Many of the childhood solid tumours on which B7-H3 is expressed are 

individually rare, creating additional challenges when identifying and testing 

new therapy. Taken as a group however, the majority of childhood solid 

tumours are B7-H3-positive, so the impact potential of an effective therapy is 

huge. The current outcomes of high grade paediatric solid tumours, both in 

terms of mortality and toxicity, are extremely poor and new treatment options 

are of high priority [280].  

  



 92 

Chapter 2: Materials and Methods 

Chapter 2.1 Buffers and reagents 

Table 2.1 shows the formulations of buffers and reagents used in this study. 

Table 2.1 

Bacterial Culture 

2TY Media (1 Litre) 16g Tryptone, 10g Yeast Extract, 5g NaCl 

LB Media (1 litre) 10g Tryptone, 5g Yeast Extract, 5g NaCl 

2TY Agar (1 Litre) 16g Tryptone, 10g Yeast Extract, 5g NaCl, 15g Agar 

LB Agar (1 Litre) 10g Tryptone, 5g Yeast Extract, 5g NaCl, 15g Agar 

X-Gal/LB Agar (1 Litre) 10g Tryptone, 5g Yeast Extract, 5g NaCl, 15g Agar, 
50mg X-Gal, 100mM IPTG 

Western Blot 

10% Resolving Gel (8ml) 3.2ml ddH2O, 2.76ml 30% Acrylamide, 2ml 1.5M Tris-

HCl (pH 8.8), 80µl 10% SDS, 80µl 10% APS, 8ml 
TEMED 

10% Stacking Gel (5ml) 3.6ml ddH2O, 0.67ml 30% Acrylamide, 0.625ml 1.0M 

Tris-HCl (pH 6.8), 50µl 10% SDS, 50µl 10% APS, 5ml 
TEMED 

Running Buffer 25mM Tris, 190mM Glycine, 20%, 1% SDS 

Protein transfer Buffer 25mM Tris, 190mM Glycine, 20% Methanol 

Blocking Buffer 5% Non-fat milk in PBS-0.1% Tween 

Protein Production 

CHO production medium 970ml CD OptiCHO + 10ml Pluronic-F68 + 10ml 
Glutamax 200mM + 10ml HT Supplement 50x. 

MaxCyte Feed Yeastolate Stock Solution 28ml + CHO CD Efficient 
Feed A Stock Solution 140ml + Glutamax (200mM) 
7ml + Glucose 450g/L 248.8ml 

Histag Protein Purification 
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Binding Buffer 20mM sodium phosphate + 500mM NaCl + 20mM 
imidazole, pH 7.4 

Wash Buffer 20mM sodium phosphate + 500mM NaCl + 40mM 
imidazole, pH 7.4 

Elution Buffer 20mM sodium phosphate + 500mM NaCl + 500mM 
imidazole pH 7.4 

Stripping Buffer 20mM sodium phosphate + 500mM NaCl + 50mM 
EDTA, pH7.4 

Regeneration 0.1M NiSO4 

Streptag Protein Purification 

Buffer W (washing buffer) 100mM Tris/HCl (pH8.0) + 150mM NaCl + 1mM EDTA 

Buffer E (elution buffer) 100mM Tris/HCl (pH8.0) + 150mM NaCl + 1mM EDTA 
+ 2.5mM desthiobiotin 

Buffer R (regeneration buffer) 100mM Tris/HCl (pH8.0) + 150mM NaCl + 1mM EDTA 
+ 1mM HABA (hydroxyl-azophenyl-benzoic acid) 

Protein A Chromatography 

Binding buffer 20mM sodium phosphate + 0.15M NaCl, pH 7.2 

Elution Buffer 0.1M Sodium Citrate pH 3.0-3.6 

Neutralisation Buffer 1M Tris-HCL pH 9.0 

Panning the Phage Library 

20% PEG/2.5M NaCl (500ml) 100g polyethylene glycol 6000, 250 mL 5M NaCl 

1M Tris-HCl pH 7.4 (800ml) 121.1g Tris base. Measure pH with conc. HCl to pH 
7.4 

DNA Gel Electrophoresis 

TAE buffer 40mM Tris-acetate and 1mM EDTA pH8.3 

Cell Culture 

MACs Buffer 0.5% BSA and 2mM EDTA in PBS 
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2.2 Production of the anti-B7-H3 phage display library 

The anti-B7-H3 phage display library used for scFv selection was produced by 

Maria Alonso-Ferrera and Lee Hopwood (UCL) prior to initiation of this thesis. 

Briefly, this library was constructed from B7-H3 immunised mice. An 

oncoretroviral SFG vector was cloned containing an artificial truncated B7-H3-

mouse-Fc fusion protein. This truncated B7-H3 (T-B7-H3) consisted of the Ig-

V-like Type 2 and Ig-C-like Type 2 subunits, the two subunits located nearest 

the cytoplasmic domain. g-retroviral transduction was used to produce a stable 

producer cell line in Jurkat cells. Cells were cultured in a bioreactor and T-B7-

H3-Fc extracted using protein-A chromatography. 

Three BALB/c mice were immunised with this fusion protein. Mouse serum 

pre- and post-immunisation was tested against B7-H3 positive and negative 

cell lines using flow cytometry to confirm seroconversion.  

The mice were sacrificed and splenic RNA extracted. Variable Heavy (VH) and 

Variable light (Vk) chain cDNA was synthesised using reverse transcriptase 

and appropriate primers. Primary and secondary PCR reactions were used to 

amplify the cDNA, adding appropriate restriction sites and a serine-glycine 

linker. An assembly PCR was used to produce scFv with a VH-linker-Vk 

structure and this was cloned into the final pHEN phagemid vector. 

Electrocompetent TG1 E. coli were electroporated with this ligation product to 

produce a pHEN phage display library. Serial dilution estimated the size of the 

immunised library to be 2x10^7.  
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2.3 Molecular biology 

2.3.1 Cloning isoforms of B7-H3: Plasmid vectors 

An SFG g-retroviral vector was available in the lab and used for retroviral 

transduction. This vector contains a single stranded DNA gene of interest 

(GOI) which can be transiently expressed by transfection or stably produced 

in a cell line with the co-expression of packaging and envelope proteins. To 

ensure safety of the system, genes encoding the structural and replication 

proteins (Gag/Pol) and the envelope glycoproteins (Env) are placed in different 

vectors. The RD114 Env vector and the PegPam-env Gag/Pol vector were 

already available in the lab and were used throughout this study.  

The SFG g-retroviral vector contains an MMLV y signal peptide which directs 

the cell to package the GOI into viral particles. This signal peptide is lacking in 

the Gag/Pol and Env plasmids and therefore these genes are not transferred. 

In the absence of these genes, cells infected with retrovirus cannot produce 

functional virus.  

The open reading frame (ORF) of the SFG vector contains the GOI and a blue 

fluorescent protein (BFP, eBFP2) reporter gene separated by a sequence 

encoding a cleavable peptide. The vector also contains long terminal repeats 

(LTR) which consist of transcriptional enhancer and promotor sequences and 

an ampicillin resistance gene for selection of positively transformed clones 

growing on ampicillin-positive agar plates. 
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The pcDNA3.1 vector was used to clone B7-H3 isoforms for production of B7-

H3-Histag proteins, a pDSG-IBA expression vector was used to clone B7-H3 

isoforms for production of B7-H3-Streptag proteins and a UCOE expression 

vector was used to clone anti-B7-H3 scFv into scFv-Fc fusion proteins. All 

three of these vectors were already available in the lab. 

2.3.2 Design of B7-H3 isoforms for His-tag and Strep-tag protein 

production and viral transduction 

A truncated isoform of B7-H3 (T-B7-H3) was previously produced by Karin 

Strathoff. As described, the most common human isoform of B7-H3 is consists 

of 4 subunits in the pattern V1-C1-V2-C2. T-B7-H3 consists of V2-C2 and does 

not naturally occur.  

T-B7-H3 already existed in two forms in SFG g-retroviral vector; the full protein 

with a truncated cytoplasmic domain and a T-B7-H3-mouseFc fusion protein 

for production of soluble B7-H3 protein for mouse immunisation. PCR was 

used to clone T-B7-H3 into the pcDNA3.1 expression vector for the production 

of T-B7-H3-His-tag and the pDSG-IBA expression vector for the production of 

T-B7-H3-Strep-tag using primers designed to add the appropriate tag and 

restriction sites. Primers used in this study are shown in Appendix 1. 

Human isoform 4Ig-B7-H3 was purchased from SinoBiological (catalogue 

number HG11188-UT). Primers were designed to amplify this gene adding 

either the desired Streptag or Histag or to clone into the SFG g-retroviral vector 

to produce a stable membrane bound isoform. 
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2.3.3 PCR of B7-H3 isoforms  

Unless otherwise stated, DreamTaq Green DNA Polymerase (ThermoFisher) 

was used for PCR reactions throughout this study and PCR reactions were 

undertaken in a volume of 20µl containing 2µl X10 DreamTaq Green Buffer, 

1µl 10mM dNTP, 1µl 5mM Forward primer, 1µl 5mM Reverse primer, 1µl 

Template DNA at 50µg/µl, 0.25µl DreamTaq DNA Polymerase, 13.75µl 

nuclease-free Water (nfH2O). Thermal cycling conditions were as follows: 

94oC for 3 minutes, 94oC for 30 seconds, 30s at a variable annealing 

temperature, 72oC for 1-2 minutes depending on size of product, 72oC for 7 

minutes. Steps 2-4 were repeated 25 times.  

2.3.4 Purification of PCR products 

PCR Products were run on a 10% agarose gel. Bands of appropriate size were 

excised, and the DNA purified using Wizard SV Gel and PCR Clean-Up 

according to the manufacturers’ instructions (Promega). 

2.3.5 Digestion of PCR products and vectors 

PCR products and vectors were digested with a range of enzymes in variable 

conditions according to the manufacturers’ instructions. 

2.3.6 Ligation reaction 

Digested PCR products and vectors were ligated at ratios 3:1 of Insert:Vector. 

Unless otherwise stated, volumes of 20µl were used containing 1µl T4 Ligase 

(ThermoFisher), 2µl T4 Ligase Buffer and nfH2O as needed to bring the 
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volume up to 10µl. The reaction was incubated at room temperature for 2 

hours and the ligation product cleaned using Monarch PCR DNA Cleanup Kit 

(New England BioLabs) according to the manufacturer’s instructions.  

2.3.7 Transformation of competent cells 

Ligation reaction products or purified plasmids were used to transform 

competent cells either by electroporation or heat shock. For electroporation, 

TG1 E. coli cells were purchased from Lucigen and kept at -80oC in aliquots 

of 50µl. Aliquots were thawed on ice and 1µl DNA mixed with 25µl cells. This 

mixture was transferred into a pre-chilled 1mm gap electroporation cuvette 

pulsed once on program Ec1 on Bio-Rad MicroPulser electroporator. 957µl of 

room temperature media was added and the cells incubated at 37oC for 60 

minutes shaking at 225rpm before being plated onto appropriate selection 

agar plates and incubated overnight at 37oC. 

Where heat shock was used, a 50µl frozen aliquot of NEB5alpha (New 

England Biolabs, subcloning efficiency C2988J) was thawed on ice. 1µl DNA 

was transferred to 25µl cells and mixed. This mixture was incubated on ice for 

30 minutes, then transferred to a waterbath at 42oC for 35 seconds before 

being returned to ice for 2 minutes. Cells were then transferred to 250µl SOC 

medium and incubated in a bacterial shaker at 200rpm for 40 minutes before 

being plated onto appropriate selection agar plates. 
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2.3.8 Selection of colonies 

Colonies were selected from agar plates for analysis. At some points in the 

study, a colony PCR was performed directly from the bacterial colony to look 

for appropriately sized inserts. This was particularly relevant when selecting 

anti-B7-H3-scFv-myc clones from the panned library where there is a high 

number of empty vectors. This was set up as described in in 2.2.1.3 but nfH2O 

was used to make the volume up to 20µl and a pipet tip was used to inoculate 

the mixture with bacteria. Colonies with appropriately sized inserts were 

chosen for further evaluation.  

2.3.9 Purification and quantification of DNA 

Individual colonies were used to inoculate 5ml appropriate media and grown 

at 37oC in a bacterial incubator at 200rpm for 18hrs. Plasmid DNA was 

extracted from 3ml of overnight culture using GeneJet Plasmid Miniprep Kit 

(ThermoFisher) according to the manufacturers’ instructions. The remaining 

2ml were saved for medium or large-scale DNA extraction (midiprep or 

maxiprep) and to make glycerol stocks of correct plasmids. 

DNA was quantified using a spectrophotometer (Nanodrop ND1000) set to 

record at 260/280nm wavelength.  

2.3.10 Plasmid sequencing 

DNA Sanger sequencing was carried out by either Eurofins Genomics 

(Eurofins Genomics Germany GmbH, Anzinger Str. 7a, 85560 Ebersberg, 
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Germany) or Source Bioscience (1 Orchard Place, Nottingham Business Park, 

Nottingham, NG8 6PX, United Kingdom).  

2.3.11 Medium and large-scale plasmid preparation (Midiprep and 

Maxiprep) 

For midiprep, 150ml media was inoculated and incubated overnight at 37oC in 

a bacterial shaker at 200rpm. NucleoBond Xtra Midi EF kit (Takara Bio) was 

used according to the manufacturers’ instructions. For maxiprep, 300ml was 

inoculated and incubated overnight at 37oC in a bacterial shaker at 200rpm. A 

QIAGEN Plasmid Maxi Kit (QIAGEN) was used according to the 

manufacturers’ instructions.  

2.3.12 Production of membrane bound 2Ig-B7-H3 for retroviral 

transduction 

Humans also express a naturally occurring 2Ig-B7-H3 which is a splice variant 

containing the V1-C2 subunits. Both Ig-V-like subunits contain an Afe1 

restriction site near their C-terminus. The membrane bound 4Ig-B7-H3 in the 

SFG g-retroviral vector was digested with Afe1 and the digestion products 

separated on a 1% agar gel. The larger band was extracted and ligated to 

produce 2Ig-B7-H3.  

2.3.13 Cloning of anti-B7-H3 scFv into Fc fusion proteins 

Ten anti-B7-H3scFv-myc clones were cloned into an scFv-Fusion format using 

the methods described above. They were cloned into the UCOE vector which 

had already been used in the lab and which contained a human IgG1 Fc 
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receptor and an ampicillin resistance gene for selection. Plasmid purification 

with miniprep followed by DNA sequencing was used to confirm successful 

cloning.  

2.3.14 Cloning of anti-B7-H3 scFv into CAR format 

Five anti-B7-H3-scFv were cloned into the above described SFG g-retroviral 

vector using the methods described above. This vector was already in use in 

the lab for CAR production in the form CD8Stalk-CD8Transmembrane-CD28-

CD3z. This vector contained the RQR8 gene which allows for detection of CAR 

positive cells with an anti-CD34 antibody (QBend10, R&D) and deletion of 

CAR positive T cells with an anti-CD20 antibody in the event of toxicity [158]. 

2.3.15 Correction of mutation in TC6 by site-directed mutagenesis 

The anti-B7-H3-scFv TC6 had a longstanding mutation in the serine-glycine 

linker of the scFv. This was corrected by site directed mutagenesis using the 

Q5 Site-Directed Mutagenesis Kit (New England Biolabs) according to the 

manufacturers’ instructions. The forward primer 

GGAGGTGGCTCTGGCGGTGGCGGA and the reverse primer 

GCCTGAACCGCCTCCACCTGAGGAGAC were designed for this correction. 

2.3.16 Cloning of non-UCL anti-B7-H3 scFv into UCL backbone 

The amino acid sequences for 2 other anti-B7-H3 scFv described in CAR 

format in the literature, MGA271 and 376.96 were taken from their patents. 

These were reverse transcribed using the bioinformatics online tool: 



 102 

 https://www.bioinformatics.org/sms2/rev_trans.html 

They were then codon optimised using the IDT codon optimisation tool: 

https://eu.idtdna.com/CodonOpt 

Gene blocks of these two scFvs with the appropriate restriction sites were 

ordered from Integrated DNA Technologies (Integrated DNA Technologies, 

BVBA, Interleuvenlaan 12A, B-3001 Leuven, Belgium) and cloned into the 

UCL CD8Stalk-CD8Transmembrane-CD28-CD3z CAR in the SFG g-retroviral 

vector using the methods described above. 

2.3.17 Generating the 4-1BB-CD3z endodomain 

A geneblock of the gene block of the 4-1BB-CD3z endodomain with 

appropriate restriction sites was ordered from Integrated DNA Technologies 

(Integrated DNA Technologies, BVBA, Interleuvenlaan 12A, B-3001 Leuven, 

Belgium) and cloned into the UCL SFG g-retroviral vectors containing TE9, 

MGA271 and 376.96 using the methods described above. 
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2.4 Cell culture 

Table 2.2 shows the cell lines and culture methods used in this study. Table 

2.3 shows the reagents used for cell culture during this study. 

Table 2.2 

Cell line and origin Culture method Source 

Jurkat, human T-Cell 
lymphoma 

RPMI with 10% FCS, 100U 
Penicillin/0.1mg streptomycin/ml 

37oC, % CO2 

Gift from Martin Pule 
(University College 
London) 

293T, human embryonic 
kidney 

IMDM with 10% FCS, 100U 
Penicillin/0.1mg streptomycin/ml, 
2nM/ml L-Glutamine, 12mM 
Hepes buffer 

37oC, 5% CO2 

ATCC 

CHO, Chinese hamster 
ovary 

CD CHO Medium + 8mM 
Glutamax + 0.4mM Hypoxnthine 
+ 0.32mM Thymidine 

37oC, 5% CO2, Orbital Incubator 

Thermofisher 

MEXi 293E, human 
embryonic kidney 

MEXi Cultivation Medium + 
50mg/l geneticin + 8mM 
GlutaMAX 

37oC, 5% CO2, Orbital Incubator 

IBA 

293F, human embryonic 
kidney 

Freestyle 293 Expression 
Medium 

 37oC, 5% CO2, Orbital Incubator 

Thermofisher 

LAN-1, human 
neuroblastoma 

RPMI with 10% FCS, 100U 
Penicillin/0.1mg streptomycin/ml 

37oC, 5% CO2 

ECACC 

LAN-1.BFP.Luc, human 
neuroblastoma 

RPMI with 10% FCS, 100U 
Penicillin/0.1mg streptomycin/ml 

Generated by Barry 
Flutter (University College 
London) 
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Grown on laminin coated plates 

Kelly, human 
neuroblastoma 

RPMI with 10% FCS, 100U 
Penicillin/0.1mg streptomycin/ml 

37oC, 5% CO2 

Gift from Andrew Stoker 
(University College 
London) 

Kelly.mCherry.Luc, 
human neuroblastoma 

RPMI with 10% FCS, 100U 
Penicillin/0.1mg streptomycin/ml 
37oC, 5% CO2 

Generated by Emma 
Halliwell (University 
College London) 

SupT1, human T-Cell 
lymphoma 

RPMI with 10% FCS, 100U 
Penicillin/0.1mg streptomycin/ml 

37oC, 5% CO2 

ECACC 

GD2.SupT1, human T-
Cell lymphoma 

RPMI with 10% FCS, 100U 
Penicillin/0.1mg streptomycin/ml 

37oC, 5% CO2 

Gift from Martin Pule 
(University College 
London) 

 

Table 2.3 

Product Company 

IMDM Sigma 

RPMI1640 Sigma 

DMEM Sigma 

CD CHO Medium Gibco 

CD OptiCHO Gibco 

MEXi Cultivation Media IBA 

MEXi Transfection Media IBA 

FreeStyle 293 Expression Media ThermoFisher 

Fetal Bovine Serum (FBS/FCS) Gibco 

HEPES Buffer 1M Solution Fisher Biotherapeutics 

Glutamax 200mM/500ml Gibco 

HT Supplement 50x/500ml Gibco 

Pluronic F68 Gibco 
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Yeastolate Stock Solution Becton Dickson 

CHO CD Efficient Feed A Stock Invitrogen 

Glucose 450g/L Sigma  

Sodium Butyrate Sigma 

Geneticin  Gibco 

Penicillin-Streptomycin Sigma-Aldrich 

L-Glutamine Sigma-Aldrich 

 

2.4.1 Transient transfection 293Ts for retroviral production 

293T cells were cultured in IMDM + 10% FCS + 12.5mmol HEPES Buffer + 

1% L-Glutamine and plated at 1.5x106 cells in 10mm plates. When 50-60% 

confluent they were ready for transfection. For each plate to be transfected, 

30µl GeneJuice (Merck) was added to 470µl DMEM and incubated for 5 

minutes in the hood. 12.5µg DNA was added in the following amounts: 

3.125ug env (RD114), 4.6875µg gagpol (PegPam-env), retroviral construct 

4.6875ug. This was incubated for a further 15minutes in the hood before being 

added to the 293T plates. The plates were incubated at 37OC and supernatant 

harvested at 48 and 72 hours, pooled and filtered with a 0.45µM filter. 

2.4.2 Retroviral transduction 

Jurkat cells and primary abT cells were transduced during this study. Cells 

were counted and suspended in their usual media at 3x105cells/ml. 

Retronectin (Takara) at a concentration of 1mg/ml was diluted 8µl/ml. Wells of 

a non-tissue culture treated 24 well plate were coated with 0.5ml diluted 

Retronectin and incubated overnight at 4oC. The Retronectin was removed, 
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250µl viral supernatant added to wells and this was incubated at room 

temperature for 30minutes. The viral supernatant was aspirated and 0.5ml cell 

suspension and 1.5ml retroviral supernatant was added to each well. The 

plates were centrifuged at 1000 x g for 40 minutes then incubated for 72 hours 

at 37oC. Successful transduction was detected either by staining with an anti-

CD34 antibody (QBend10, R&D) or by direct staining of the scFv with a B7-

H3-his protein (produced in house) followed by an anti-his tag secondary 

(Biolegend).  

2.4.3 PBMC Isolation 

Leukapheresis cones were acquired from NHS blood and transplant. These 

were made up to a volume of 50ml with PBS. 20ml Lymphoprep (Stemcell 

Technologies) was put at the bottom of a 50ml falcon tube and 25ml of the 

leukapheresis cone was pipetted carefully on top then spun in a centrifuge at 

750xg for 40minutes with no acceleration and no break. The leukocyte layer 

was carefully removed with a sterile Pasteur pipette.  

PBMCs were washed x1 in 50ml PBS 400xg for 5, then 10ml ACK Lysis buffer 

(ThermoFisher) was added and incubated at room temperature for 5 minutes. 

Cells were washed x1 in 30ml PBS at 400xg for 5 minutes and suspended in 

either PBS or complete media and counted.  
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2.4.4 CD56 Depletion 

NK Cells were depleted from a mixed population using magnetic CD56 

depletion beads (Miltenyi Biotec) and LD depletion columns (Milteni Biotec) 

according to the manufacturers’ instructions.  

2.4.5 Activation and expansion of human T cells 

PBMCs were suspended in RPMI containing FCS and L-Glutamine at a 

concentration of 1x106 cells/ml. They were activated with 0.5µg/ml of anti-CD3 

(Miltenyi Biotec) and anti-CD28 antibodies (Miltenyi Biotec). 48hrs before 

transduction and on the day of transduction, PBMCs were fed 100IU/ml 

recombinant human Il-2 (Proleukin, Novartis). 

2.4.6 Labelling with CFSE 

For proliferation assays, cells were labelled with CellTrace CFSE 

(ThermoFisher). Cells were washed once with 10ml PBS 400xg for 5, then 

once in 0.1% FCS in PBS. Up to 1x107 cells were suspended in 0.5ml 

0.1%FCS with 2µM CellTrace CFSE. Cells were incubated for 10minutes at 

room temperature, an equal volume of FCS was added and cells were 

incubated for a further 10minutes in a water bath at 37oC. After incubation, 

they were washed twice in 2% FCS in PBS and then suspended in complete 

media according to assay requirements. 
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2.5 Protein production 

2.5.1 Electroporation of CHO Cells for B7-H3-Histag production 

CHO cells were cultured at 37oC in orbital incubator until passage number 4-

12 and in exponential growth phase with >95% viability. Cells pelleted and 

suspended at 4 x106 cells/ml. For each plasmid, 80µg plasmid DNA at 

concentration 100µg/ml added to a total 8x107 CHO cells. Cells/DNA were 

electroporated using an MaxCyte OC-400 electroporation cassette. Cells were 

transferred to conical flask and incubated at 37oC for 40minutes without 

shaking, suspended in production medium at 3x106 cells/ml and incubated at 

37oC in orbital incubator.  

Cell viability was checked after 24hours, 525ml MaxCyte Feed stock and 15ml 

Sodium Butyrate was added to each flask and the temperature reduced to 

32oC. After each 24-hour period the cell viability was checked and 525µl 

MaxCyte Feed Stock added to the flask. Supernatant was harvested when cell 

viability <80%, cells were pelleted by centrifugation and filtered with a 0.45µM 

filter. 

2.5.2 Purification of B7-H3-Histag 

B7-H3-Histag proteins were extracted from the supernatant using Histrap FF 

1ml column (Cytiva) according to manufacturer’s instructions. All solutions 

were run through the columns at a rate of 1ml/minute using a peristaltic pump. 

Previously used columns were washed with x10 volume diH2O then x10 

volume stripping buffer. They were the regenerated with 2x volume 0.1M NiO4 
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and x10 volume binding buffer. CHO supernatant mixed 1:1 with binding buffer 

and run through the column followed by x10 volume binding buffer. The 

column was loaded with elution buffer and the runoff collected in x5 1ml 

aliquots. The column was washed with further x10 volume binding buffer and 

stored in 20% ethanol at -4oC.  

2.5.3 Transient transfection of MEXi 293E cells for B7-H3-Streptag 

production 

For each protein, 150ml MEXi Transfection Media was seeded with 1.5x106 

293E cells/ml. Plasmid DNA was added to a final concentration of 1.5mg/l. 

Linear polyethlenimine (PEI) (Sigma) was added to a final concentration of 

4.5mg/l. Cells were incubated for 4 hours in an orbital shaker at 37oC. 

Transfected cell culture was diluted 1:2 with MEXi Cultivation Media. 

Supernatant was harvested when cell viability <70%, pelleted by centrifugation 

and filtered with a 0.45µM filter. 

2.5.4 Purification of B7-H3-Streptag 

Strep-tag proteins were harvested using Strep-Tactin XT: Twin Strep-tag 

Purification column (IBA) according to manufacturers’ instructions. All 

solutions were run through the columns at a rate of 1ml/minute using a 

peristaltic pump. The column was equilibrated with x2 volume of Buffer W. 

MEXi 293E supernatant was mixed with 0.11 volume 10X Buffer W and 

applied to the column.  A further x5 volume of Buffer W was applied to the 

column and the column loaded with buffer BXT. Runoff was collected in 3 
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fractions, 0.5ml, 1,5ml and 1ml. A 4th fraction (0.5ml) was collected for 4Ig-B7-

H3-Streptag. The column was washed with x2 volume of 10mM NaOH 

followed by x8 volume of Buffer W. The column was stored in Buffer W at 4oC. 

2.5.5 Transient transfection of 293F for scFv-Fc production 

293F cells were seeded at 0.5x106/ml 24 hours prior to transfection in 30ml 

media. Once cells had a confluency of 1x106/ml, cells were transfected using 

PEI. Falcon tubes were prepared with 30µg plasmid DNA, 60µl 1mg/ml PEI 

and FreeStyle293 Expression Media in a total volume of 2ml. The mixture was 

incubated at room temperature for 10 minutes and added dropwise to cell 

culture. Cells were incubated at 37oC in an orbital incubator until viability <70% 

then pelleted by centrifugation and the supernatant filtered with a 0.45µM filter.  

2.5.6 Purification of scFv-Fc 

Fc proteins were purified using HiTrap MabSelect Protein-A Columns (Cytiva) 

according to manufacturers’ instructions. All solutions were run through the 

columns at a rate of 1ml/minute using a peristaltic pump. Columns were 

equilibrated with x5 volume of binding buffer followed by the 293F supernatant 

and a further x5 volume of binding buffer. The column was primed with elution 

buffer and the runoff collected in 2 fractions of 3ml and 2ml each into 2 falcon 

tubes containing 1/5th final volume neutralisation buffer. The column was then 

washed with x5 volume CIP and a further x5 volume of binding buffer and 

stored in 20% Ethanol at 4oC. 
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2.5.7 Desalination of scFv-Fc 

The first fraction from the runoff from HiTrap MabSelect Protein-A Columns 

was desalinated using PD10 Desalting Columns according to manufacturers’ 

instructions (Cytiva). Where necessary, the protein was concentrated using 

Amicon Ultra-4ml Centrifugal Filters 30K (Merck). scFv-Fc was separated into 

aliquots and stored at -20oC. 

2.5.8 Production and purification of whole antibodies 

TC6, TF9 and BH6 were produced as chimeric antibodies by a commercial 

company, Evitria, with a human IgG1 Fc domain. The antibodies retained the 

mouse heavy and light sequences from the scFvs panned from the immunised 

library. Evitria produced the appropriate plasmid DNA and performed a pilot 

transfection of mammalian cells. Fifty ml cell supernatant from each 

transfection was delivered and the chimeric antibodies purified on protein A 

columns as described in 2.5.6. 

2.5.9 Protein Dialysis for B7-H3-Histag, B7-H3-Streptag protein and full 

antibodies 

Column runoff was dialysed overnight using Slide-A-Lyzer Dialysis Cassettes 

(20K, Thermo Scientific). Membranes were placed in 2l PBS and incubated for 

16hrs at 4oC on a magnetic stirrer. PBS was then replaced and the dialysis 

cassette incubated for a further 4 hours before the protein solution was 

removed from the cassette, separated into aliquots and stored at -20oC. 
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2.5.10 Quantification of protein  

Protein concentration was assessed using a spectrophotometer (Nanodrop 

ND1000) set to record at 280 nm wavelength. Final protein concentration 

calculated using the specific protein extinction coefficient value obtained 

through the ExPasy ProtParam online tool.  

https://web.expasy.org/protparam/ 

2.5.11 Confirmation of protein using western blot 

Western blot was used to confirm presence of protein (B7-H3-Histag, B7-H3-

Streptag, scFv-Fc) in culture supernatant and final purified product. Substance 

to be tested was diluted where necessary and mixed 3:1 with x4 RunBlue SDS 

Running Buffer (Expedeon) running buffer and heated to 94oC for 5minutes to 

denature protein. It was loaded onto 10% resolving gel which was run at 160V 

for 1hour in running buffer. Protein was then transferred onto a nitocellulose 

membrane (ThermoFisher) in protein transfer buffer at 360mA for 1 hour. 

Membrane was blocked in 5% Marvel Milk in PBS-0.1% Tween 20 for 2 hours 

at room temperature on an orbital rocker. Membrane was washed x3 in PBS-

0.1% Tween at room temperature for 10minutes on orbital rocker then 

incubated with primary antibody diluted in 1% Marvel Milk in PBS-0.1% Tween 

20 for 1 hour. The membrane was washed x3 then incubated with secondary 

antibody diluted in 1% Marvel Milk in PBS-0.1% Tween 20 for 1 hour. The 

membrane was washed x3 and incubated for 1 minute with Luminata Classico 

Western HRP substrate before analysis.  
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The antibodies, proteins and substrates used in Western Blot and ELISA are 

shown below in table 2.4. 

Table 2.4 

Antibodies and reagents used in Western Blot and ELISA 

Tetra-His  Qiagen  

Anti-B7-H3 (mouse IgG) R&D Clone #185504 

Sheep-anti-mouse HRP GE Healthcare  

Anti-c-myc (Polyclonal) Sigma Polyclonal 

Anti-Rabbit-HRP  Sigma Polyclonal 

Anti-Human-IgG (H&L) (goat) HRP KPL Polyclonal 

Luminata Classico Western HRP 

Substrate 

Millipore  

o-Phenylenediamie Dihydrochloride Sigma  

4Ig-B7-H3-Histag (control) R&D  

Strep-Tactin-HRP IBA  

 

2.5.12 Confirmation of protein using ELISA 

ELISA was used to confirm presence of protein (B7-H3-Histag, B7-H3-

Streptag, and scFv-myc) in culture supernatant and final purified product. For 

each wash step, the plate was washed x2 with PBS-0.1% Tween 20 and x1 
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PBS. 100µl capture antibody or target protein was added to wells of a 96 well 

plate and incubated at room temperature for 1 hour. The plate was washed 

and blocked overnight in 200µl 5% Marvel Milk in PBS at 4oC. 100µl test 

substance added to each well and the plate was incubated at room 

temperature for 1 hour. The plate was washed, incubated with 100µl primary 

antibody, washed then incubated with 100µl of a secondary antibody-HRP 

each for 1 hour at room temperature. The plate was washed again and HRP 

substrate added. Once colour change was observed, the reaction was stopped 

with 50µl 4M HCL. Absorbance was read at 450nm on a microplate reader. 

2.6 Panning the phage display library 

2.6.1 Production and preparation of filamentous phage from phagemid-

transformed TG1 E. coli 

100ml 2TY medium with 1% glucose and 100µg/ml ampicillin was inoculated 

with 100µl of the immunised library and incubated at 250RPM at 37oC until the 

OD600nm = 0.5. The bacterial was infected with the M13KO7 helper phage 

(NEB, catalogue number N0315S) at a multiplicity of infection of 20 and 

incubated for 45minutes at 37oC without shaking followed by 45minutes at 

250RMP at 37oC. The bacterial were pelleted through centrifugation, the 

supernatant discarded, the pellet re-suspended in 100ml 2TY with 100µg/ml 

ampicillin and 50µg/ml kanamycin and incubated overnight at 30oC, 250RPM. 

The bacteria were pelleted, and the supernatant transferred to fresh falcon 

tubes. The phage particles were precipitated on ice with 1/5th volume of 20% 
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PEG 6000/2.5M NaCl for 1 hour. The phage was pelleted by centrifugation, 

re-suspended in 1.3ml sterile H2O and the precipitation step repeated. The 

phage was re-suspended in 500µl of sterile H2O.  

2.6.2 Panning the phage display library using immunotubes 

Immuotubes were coated with 4Ig-B7-H3-Histag or PBS by incubating with 

4ml 10µg/ml h4Ig-B7-H3-Histag in PBS or PBS alone overnight at room 

temperature. Tubes were washed x3 with PBS and blocked with 2% Marvel 

Milk for 2 hours at room temperature. 10µl precipitated phage was removed 

and kept separately. The remainder of the phage solution for immunotube 

panning was transferred to a separate immunotube and blocked by incubating 

in 2% Marvel Milk. The coated tubes were washed and blocked phage added 

to each tube. The tubes were incubated stationary for 30minutes at room 

temperature then on a benchtop rotator for 90minutes. 

2.6.3 Panning the phage display library using magnetic beads 

50µl MagStrep “type 3” XT beads (IBA) were re-suspended in 1ml 200µg/ml 

4Ig-B7-H3-Streptag in PBS and incubated on ice for 30minutes with 

intermittent shaking. Beads were washed in 250µl Buffer W and blocked in 

1ml 2% Milk in PBS for 2 hours at room temperature. 10µl precipitated phage 

was removed and kept separately. The remainder of the phage for bead 

panning was blocked in 1ml 2% Marvel Milk. Blocked phage was added to the 

blocked beads and incubated on a spinner for 30minutes then stationary for 

90minutes. 
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2.6.4 Elution of bound phage and infection of TG1 E. coli 

Immunotubes or beads were washed x10 with PBS/0.1% Tween and x10 with 

PBS to eliminate unbound phage and bound phage eluted with 1ml 100µM 

Triethylamine. Solution neutralised with 0.5ml 1M Tris-HCL pH 7.4. Eluted 

phage was added to prepared TG1 E. coli competent cells with an O.D of 0.5. 

The 10µl precipitated phage separated earlier was diluted 1:100 with 2TY and 

10µl used to inoculate TG1 cells. Bacteria were incubated for 40 minutes at 

37oC in bacterial incubator at 220 RPM. Serial dilution was performed with 

bacteria from h4Ig-B7-H3-coated conditions, PBS coated conditions and the 

precipitated phage. The remainder of the bacteria from h4Ig-B7-H3 panning 

was pelleted, re-suspended in 1ml 2TY, plated on bioassay plates with 2TY 

Agar and incubated overnight at 37oC. The following day 2TY was used to 

remove the libraries from the bioassay plate and the libraries were stored in 

10 aliquots of 15% glycerol at -80oC. 

2.6.5 Selection of positive clones 

96 well plates were prepared and inoculated with bacteria from individual 

colonies. Plates were incubated at 37oC at 250 RPM until the O.D. was 0.9. 

IPTG was added to achieve a final concentration of 1mM. Plates were 

incubated at 30oC at 250RPM overnight to induce scFv-myc production. 

Bacteria were pelleted by centrifugation and an ELISA of the bacterial 

supernatant performed as described in 2.4.7. 
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Any positive clones identified were used to inoculate 5ml 2TY with 1% glucose 

and 100µl/ml ampicillin and incubated overnight at 37oC at 250RPM. 

Minipreps were performed on selected colonies and plasmids sent for sanger 

sequencing (2.2.3.8-2.2.3.10). DNA sequences were compared using abYsis 

and EBML-EBI Clustal Omega online software. 

http://www.abysis.org/ 

http://www.ebi.ac.uk/Tools/msa/clustalo/ 

2.6 Flow cytometry 

Table 2.5 shows antibodies used for flow cytometry 

Table 2.5 

Target Clone Isotype Manufacturer Fluorochrome 

B7-H3 FM276 Mouse IgG2b Miltenyi Biotech APC 

Disialoganglioside 
GD2 

14.G2a Mouse IgG2a BD Biosciences FITC 

Human IgG Polyclonal Goat IgG ThermoFisher Alexa Fluor 647 

Human IgG (as 
isotype control) 

Polyclonal Human IgG Invitogen  

Anti-B7-H3  185504 Mouse IgG1 R&D  

Anti-mouse IgG Polyclonal Goat IgG R&D APC 

CD3 UCHT1 Mouse IgG1k Biolegend FITC 

CD3 UCHT1 Mouse IgG1k BD Biosciences Pacific Blue 

His Tag J095G45 Mouse IgG2a 

k 

Biolegend PE 

CD34 QBEnd10 Mouse IgG1 R&D APC 
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abTCR IP26 Mouse IgG1k Biolegend PerCP/Cy5.5 

CD107a H4A3 Mouse IgG1k Biolegend PE 

CD25 BC96 Mouse IgG1k Biolegend Brilliant Violet 
421 

CD69 FN50 Mouse IgG1k Biolegend PE Dazzle 594 

Tim3 F38-2E2 Mouse IgG1k Biolegend PE 

Lag3 11C3C65 Mouse IgG1k Biolegend PerCP/Cy5.5 

PD-1 EH12.1 Mouse IgG1k BD Biosciences BV605 

Mouse CD45 30-F11 Rat IgG2bk Biolegend PerCP/Cy5.5 

Human CD45 HI30 Mouse IgG1k Biolegend PE 

Ghost RedTM 780   Tonbo 
Biosciences 

 

Propidium Iodide 
(PI) 

  Gibco Life 
Technologies 

 

 
2.7 In vitro functional assays 

2.7.1 Eighteen-hour CAR and target co-culture  

Nine days after activation (6 days after transduction) 1x106 CAR T cells were 

co-cultured with 0.5x106 target cells (Lan 1 or Kelly) or no targets in total 1ml 

volume in 48 well plates and incubated overnight at 37oC in 5% CO2. After 18 

hours, 700µl was removed from each cell, put into a sterile FACs tube and 

50µl media containing anti-CD107a and monensin (Biolegend) added to 

achieve a final concentration of monensin of 2µM/ml. The cells were incubated 

for at 37oC in 5% CO2 for 3 hours then pelleted. The supernatant was removed 

and stored at -20oC and the cells stained for CD3, CD34, CD25 and CD69 

expression. 
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2.7.2 Seven-day CAR and target co-culture  

Nine days after activation (6 days after transduction) 1x106 CAR T cells were 

labelled with CFSE (2.3.5) and co-cultured with 0.5x106 target cells (Lan 1 or 

Kelly) or no targets in total 2ml volume in 24 well plates and incubated for 7 

days at 37oC in 5% CO2. 1ml media removed every 24hours and replaced with 

fresh media. After 7 days, 1ml media removed and replaced with 1ml fresh 

media containing 0.5x10^6/ml target cells or no target. 24hrs later, supernatant 

was removed and stored at -20oC and the cells stained for CD3, CD34, Tim3, 

Lag3 and PD-1 expression. 

2.7.3 ELISA for cytokine production 

Frozen supernatant from the 18hr and 7day and co-culture was thawed, and 

ELISA used to detect and quantify IL-2 and IFN-g. ELISA MAX Deluxe Set 

Human IL-2 and ELISA MAX Deluxe Set Human IFN-g. (Biolegend) were used 

according to the manufacturers’ instructions. The absorbance was read at 

450nm. 

2.7.4 Cr51 release cytotoxicity assay 

Target cells were counted, pelleted and labelled with Cr51 at a ratio of 

20µl/1x106 cells. Cells were incubated with radioisotope at 37oC for 1 hour 

then washed x3 with media and suspended and plated at 5x103 cells/well in 

96-well v-bottom plates. Effector cells 9 days after activation (6 days after 

transduction) were suspended in media containing IL-2 to achieve a final 

concentration of 100IU/ml and added to wells at ratios 10:1, 5:1, 2.5:1 and 



 120 

1.25:1. A control well containing target cells only was used to calculate 

background cell death and a well containing target cells and 1% Triton-X-100 

(Sigma Aldrich) was used to calculate maximum killing. Cells were spun at 

1500rpm for 3 minutes then incubated for 4 hours at 37oC in 5% CO2.  

After incubation, cells were pelleted at 1500rpm for 3 minutes and 50µl 

supernatant transferred to High Binding Isotype-96 HB96-well plates (Perkin 

Elmer). 150µl scintillation fluid (Perkin Elmer) was added, the plates protected 

from light and incubated overnight at room temperature. 51Cr released was 

counted in assay supernatants using a 1450 MicroBeta TriLux (Perkin Elmer). 

2.8 In vivo animal work 

2.8.1 Animals 

Animal protocols were approved by local institutional research committees and 

in accordance with UK Home Office guidelines. Male NSG mice aged between 

6 and 8 weeks were obtained in house from UCL P Block. All experiments 

were carried out under home office licences project licence number 15981/01, 

personal licence number 12972. 

2.8.2 Injection of tumour cells 

Lan-1 were previously transduced by Barry Flutter to express Luciferase and 

a BFP marker gene (LAN-1.BFP.Luc). Kelly were previously transduced by 

Emma Halliwell to express Luciferase and an mCherry marker gene 

(Kelly.mCherry.Luc). NSG mice were injected with either LAN-1.BFP.Luc 
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subcutaneously (SC), Kelly.mCherry.Luc subcutaneously (SC) or 

Kelly.mCherry.Luc intravenously IV.  

For each of the SC models, 1x106 cells were suspended in 50µl GeltrexTM 

LDEV-Free, hESC-Qualified, Reduced Growth Factor Basement Membrane 

Matrix (ThermoFisher) and injected into the left flank using a 1ml syringe with 

a 29G needle. For the IV model, 5x106 cells were suspended in 150µl PBS. 

Mice were heated in a warming box for 15 minutes to facilitate tail vein 

vasodilation and cells injected using a 1ml syringe with a 29G needle.  

2.8.3 Measurement of tumour size 

Tumours were measured twice a week and mice were weighed once a week. 

Tumours that were felt to be of adequate size were measured using digital 

Vernier callipers. Tumours that were approaching licence threshold for size, 

growing quickly or mice losing weight or showing other signs of ill health were 

assessed more regularly. 

2.8.4 IV injection of CAR-T Cells 

T cells were transduced as described above (2.3.1-2.3.5). At defined time 

points, mice were injected with 1x107 T cells 7 days after activation (5 days 

after transduction). Mice were heated in a warming box for 15 minutes to 

facilitate tail vein vasodilation. Cells were suspended in 150µl PBS and 

injected using a 1ml syringe with a 29G needle.  
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2.8.5 Bioluminescence imaging 

200µl luciferin at concentration 15mg/ml was injected into the scruff. After 10 

minutes, mice anaesthetised with isoflurane were imaged using a 

PhotonIMAGERTM optical imaging system (Biospace Lab).  

2.8.6 Processing blood samples for flow cytometry 

Immediately following sacrifice by CO2, cardiac puncture was performed and 

whole blood collected in syringe pre-filled with EDTA then transferred to EDTA 

micro cuvettes. Blood transferred to 1.5ml microcentrifuge tube and x5 volume 

ACK Lysis buffer added. Cells incubated at room temperature for 5 minutes, 

pelleted by centrifugation at 300xg for 5 minutes and lysis step repeated. Cells 

pelleted by centrifugation at 300xg for 5 minutes and suspended in 90µl PBS. 

10µl mouse Fc block added (Miltenyi Biotech) and incubated at room 

temperature for 10minutes. 

2.8.7 Processing tumour and spleen samples for flow cytometry 

Spleen and tumour removed and pushed through cell strainer into 6 well plate 

in 1ml PBS. Sample collected and process repeated with a second cell strainer 

into a second well. Cells pelleted at 300xg, suspended in 100µl PBS and x5 

volume ACK Lysis buffer added. Cells incubated at room temperature for 5 

minutes, pelleted by centrifugation at 300xg for 5 minutes and suspended in 

90µl PBS. 10µl mouse Fc block added and incubated at room temperature for 

10minutes. 
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2.9 Statistics and Images 

All statistical analyses were performed in GraphPad Prism v8. Unless 

otherwise stated, data is expressed as mean ± range. Statistical analyses of 

in vitro assays were undertaken by 1 way ANOVA with Tukey multiple 

comparisons, with the exception of the Cr51 cytotoxicity assay where a 2 was 

ANOVA was used. For the in vivo analysis, tumour size and ROI were 

compared using the Kruskal-Wallis test and survival analysed by the log-rank 

(Mantle-Cox) test.  ***p<0.0001, **p<0.001 and *p<0.01.  

Diagrams were produced using Biorender. 
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Chapter 3: Panning the B7-H3 Library 

3.1. Introduction 

3.1.1 Antibody structure 

Antibodies are immunoglobulin proteins produced by B cells capable of 

binding to a novel antigen to bring about a range of responses. Each antibody 

consists of 4 polypeptides; 2 identical heavy chains (H) and 2 identical light 

chains (L) arranged in a “Y” shaped structure (figure 3.1 A) and held together 

by non-covalent and covalent (disulphide) bonds. Each heavy and light chain 

is composed of a variable fragment (Fv) and a constant fragment (or 

crystallisable fragment, Fc). The constant domain of the heavy chain forms the 

hinge region and the tail. B Cells are capable of producing different classes 

and subclasses of Fc, each of which has distinctive characteristics and gives 

rise to the different effector functions of antibodies [16]. 

Each antibody has 2 identical antigen binding sites each formed of the N-

terminal of the heavy chain (VH) and N-terminal of the light chain (VL). Three 

small hypervariable regions (HVs: HV-1, HV-2, HV-3) or Complementarity-

Determining Regions (CDRs: CDR1, CDR2, CDR3) are responsible for the 

majority of antibody diversity and interaction with the target [281]. The 

remainder of the variable region is known as the framework region. The 

antigen binding site is capable of great specificity and this, along with the 

potential number of novel antigens targeted, necessitates a large diversity in 

the antibody repertoire [282].   
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Figure 3.1 A An example of an IgG antibody. The antibody is made up of 2 
identical heavy chains and 2 identical light chains. The variable region of the 
heavy and light chain combines to form the antigen binding site. The majority 

of the interaction with the target antigen comes from the hypervariable regions 
(or complementarity determining domains). There are 3 hypervariable regions 
on each heavy chain and 3 on each light chain.  The constant domains of the 
heavy chain (CH2 and CH3) form the Fc region (fragment crystallizable 
region).  3.1 B An example of an scFv with a myc-tag. This in a synthetic 
construct consisting of the variable heavy and variable light chains joined by a 
flexible serine-glycine linker. 
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Figure 3.1 A An example of an IgG antibody. The antibody is made up of 2

identical heavy chains and 2 identical light chains. The variable region of
the heavy and light chain combines to form the antigen binding site. The

majority of the interaction with the target antigen comes from the

hypervariable regions (or complementarity determining domains). There
are 3 hypervariable regions on each heavy chain and 3 on each light

chain. The constant domains of the heavy chain (CH2 and CH3) form the
Fc region (fragment crystallisable region). 3.1 B An example of an scFv-

Fc with a myc-tag. This in a synthetic construct consisting of the variable

heavy and variable light chains joined by a flexible serine-glycine linker.
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3.1.2 Antibody Diversity 

A number of biological mechanisms contribute to antibody diversity. Firstly, 

each variable region is encoded by more than one gene segment which are 

assembled from separate genes during B cell development. Each type of 

antibody chain (k light chains, l light chains and heavy chains) has its own 

gene pool. The VLk is encoded by 1 of 40 V-regions and 1 of 5 J-regions which 

can recombine in any combination. Similarly, the VLl has 30 V-regions and 4 

J-regions and the VH is encoded by 1 of 51 V-regions, 1 of 27 D-regions and 

1 of 6 J-regions which again, can recombine in any combination [283]. 

Imprecise joining of the gene segments increases antibody diversity. CDRs 1 

and 2 are encoded in the germline V-regions however during site-specific 

joining of the V(D)J gene recombination, a variable number of nucleotides may 

be lost or inserted. This brings about junctional diversity to HV-3 [284]. Finally, 

antigen-driven somatic hypermutation results in further diversity and fine-

tuning of the antibody response. Point mutations occur in the V-region coding 

sequences in response to antigen and helper T cell stimulation and result in 

affinity maturation of the antibody response [285].  

The diversity of the antibody repertoire in a healthy human adult is estimated 

to be about 1012, which is several times greater than the 109 circulating 

peripheral B-Cells and 3 orders of magnitude greater than the number of base 

pairs in the human genome [286]. In depth study into the antibody repertoire 

is limited by the scale and complexity of the system though recent advances 

in high-throughput DNA sequencing have the potential to improve our 
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understanding [287]. It is also unclear how diverse an antibody repertoire 

needs to be to confer resistance to disease as similar sequences are often 

found in people exposed to the same antigens including influenza, 

Haemophilus Influenzae A and tetanus [288, 289].  

In this study, scFv-phage display technology is used to generate a phage 

display library from an immunised mouse (see below). In theory, greater 

diversity of the scFv library gives a broader range of antigen epitope targets, 

and the application of high-throughput sequencing to the field allows a greater 

range of epitope targets to be identified than traditional methods alone [290, 

291]. Additionally, high-throughput sequencing can be useful in identifying and 

excluding binders that are selected because they confer a survival advantage 

to the phage or recognise conserved screening platform epitopes such as cell 

surface proteins [292, 293].  It is difficult to accurately estimate the diversity of 

antibody mRNA in the immunised mouse spleen, which has a direct impact on 

the scFv repertoire. scFv library diversity has been used to estimate the human 

immunoglobulin repertoire but has not been linked to success in therapeutics 

and some studies suggest that CDR-H3 diversity, usually considered most 

important to the antibody response, is not necessary to generate functional 

binders in phage display libraries [294-296]. Given that exposure to pathogens 

generates similar antibody sequences in different individuals, some antibody: 

epitope interactions may be superior to others [288, 289]. The ability to identify 

sequences that bind these immunodominant epitopes and their corresponding 

binders may more important than diversity alone.  
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3.1.3 Phage display technology 

Phage display technology was first described over 30 years ago and is now 

widely used in the development of therapeutics [297]. It utilises the filamentous 

bacteriophage which has been engineered to present a heterogenous peptide 

on its surface by fusion of that peptide to the bacteriophage coat protein [298]. 

In contrast with other bacteriophage, the filamentous phage is able to infect, 

replicate and assemble without killing it’s bacterial host. Commonly, the 

peptide of interest is fused to either the Major Coat Protein (pVIII) or the Minor 

Coat Protein (pIII). pIII is more commonly exploited in phage display because 

it can accommodate an insert of up to 300 amino acids whereas the pVIII 

protein is restricted to around 10 amino acids Additionally, only 3-5 copies of 

pIII (and the attached peptide of interest) are displayed on each virion 

compared with 2700 pVIII [299]. Hence, the use of pIII reduces the risk of 

selecting lower affinity peptides on the basis of large copy number alone. 

Phage display libraries can be used to select simple binders most usually in 

the forms of single chain variable fragments (scFvs) or antigen binding 

fragments (Fab). This study focuses on scFv an example of which is shown in 

figure 3.1 B. Fab usually comprise of the VL-VC and VH-CH1 subunits of an 

antibody. They are more stable than scFv and less prone to multimerization 

but have lower levels of expression in E. coli than smaller scFv molecules [299, 

300]. 

To produce the scFv, plasmid PCR reactions are used to separately amplify 

recombinant VH and VL DNA and then connect the two with a flexible serine 
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glycine linker which is inserted into a vector containing the coat protein [301]. 

This results in a library containing millions of potential binders which will be 

expressed on virion surfaces. Although traditional methods of monoclonal 

antibody generation, such as the use of hybridomas, have an advantage of 

producing something that occurs naturally and may be more likely to work in 

a biological system, phage display libraries can be subjected to high 

throughput in vitro screening allowing rapid identification of positive binders. 

Additionally, particular characteristics (such as cross reactivity between 

species) can be screened for [298, 302]. 

Selected scFvs can either be used as therapeutics themselves (such as in the 

form of CAR T cells or Bispecific scFvs) or their CDRs can be used to develop 

humanised antibodies for monoclonal antibody therapy. Several monoclonal 

antibody therapies derived from phage display have been approved for clinical 

use including adalimumab, an anti-TNF agent used for autoimmune conditions 

such as rheumatoid arthritis and ranibizumab an anti-VEGF-A agent used in 

the treatment of age-related macular degeneration [303, 304]. 

3.1.4 Preliminary Data 

The B7-H3 library was produced by Maria Alonso-Ferrera and Lee Hopwood. 

As described, B7-H3 consists of a number of different isoforms the most 

common of which is a membrane bound 4Ig-B7-H3 which is comprised of 

repeating immunoglobulin-like groups in an Ig-V1, Ig-C1, Ig-V2, Ig-C2 pattern 

[214]. Ig-V1 and Ig-V2 are almost identical with a >95% homology, as are Ig-

C1 and Ig-C2 which share a >98% homology. Other isoforms have also been 
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described in humans including a 2Ig-B7-H3 isoform, produced by alternative 

splicing, which takes the form Ig-V1, Ig-C2 [202]. The original B7-H3 isoform 

used in library formation was produced by Karin Straathof. It comprised of the 

2 proximal subunits, Ig-V2, Ig-C2, and produces an isoform not found in nature 

(Truncated-B7-H3 or T-B7-H3). Given the high homology between IgV1-IgC1 

and IgV2-IgC2, it was felt that this truncated form was likely to provide a good 

representation of immunogenic epitopes in the 4Ig isoform but with a simpler 

structure meaning production of a high yield of immunoglobulin for 

immunisation was more achievable. 

A T-B7-H3-mouseFc fusion protein was produced in a bioreactor through g-

retroviral transduction of Jurkat. Following purification and validation, BALB/c 

mice were vaccinated with this protein and seroconversion demonstrated with 

flow cytometry of immunised mouse serum against isogenic B7-H3 +/- Jurkat 

cells transduced with a membrane bound T-B7-H3 and a BFP marker gene. 

Seroconverted mice were sacrificed, and mRNA extracted from their spleens. 

Mouse 3 was selected for library production as this mouse had the highest 

quality mRNA. cDNA was produced by reverse transcription, and PCR used 

to amplify the heavy and light chains separately. A second PCR reaction was 

used to add restriction sites and a serine glycine linker, and an assembly PCR 

performed to produce the scFv. Finally, the scFv was cloned into the pHEN1 

phagemid vector where it was fused to DNA encoding a myc-tag and the minor 

coat protein pIII. The pHEN1 phagemid is then electroporated into TG1 E. coli. 

The steps involved in production of the scFv library are shown in figure 3.2. 
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Figure 3.2 Extraction of mRNA from immunised BALB/c mice and PCR 
reactions in production of scFv library.  
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Figure 3.2 Extraction of mRNA from immunised BALB/c mice and PCR

reactions in production of scFv library.

3.2
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Figure 3.3 shows the structure of the pHEN phagemid vector. This is an 

artificial phagemid vector based on the M13 filamentous bacteriophage which 

naturally infects E. coli [305]. The pHEN phagemid is designed to work with a 

modified helper phage such as the replication-deficient M13KO7 helper phage 

used in this study [306]. This helper phage is unable to replicate on its own in 

the absence an origin of replication (ORI) encoded in the phagemid DNA. This 

ORI also contains a packaging signal necessary for packaging the DNA in the 

phage coat, a process that can only be achieved with the addition of helper-

phage derived proteins [307].  

The pHEN vector makes use of a lac operon downstream of the ORI site and 

upstream of the scFv-myc-pIII fusion protein. In the absence of lactose (or its 

synthetic analogue IPTG) the lac repressor prevents transcription of the scFv-

myc-pIII fusion DNA. If lactose is present, it binds to this repressor, removing 

inhibition which ultimately results in protein production. However, the lac 

repressor is a naturally leaky system and will allow some transcription to take 

place. In the presence of the helper phage and in the absence of glucose, the 

leaky lac operon allows sufficient scFv-myc-pIII to be produced for expression 

on the bacteriophage coat (figure 3.3) [305]. If glucose is abundant, it is 

preferentially metabolised and its catabolic breakdown products prevent 

activation of the lac operon by lactose resulting in increased repression, a 

phenomenon known as catabolite repression [308].  

The pHEN phagemid incorporates an amber stop codon in between scFv-myc 

and pIII. Some E. coli, including TG1, are immune to this codon and read 
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through producing the entire scFv-myc-pIII protein. In non-immune bacteria 

such as HB2151 only the scFv-myc will be produced [305]. However, this 

process is not 100% efficient. In practice, TG1 cells produce a mixture of scFv-

myc and scFv-myc-pIII proteins (figure .3.3). 
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Figure 3.3 A The pHEN1 plasmid. Bi scFv-myc production is under the control 
of the lac-operon. In the absence of lactose or its synthetic homologue IPTG, 
a repressor blocks transcription of the scFv-myc protein. Glucose metabolism 
also affects transcription through catabolite repression which interferes with 
lactose binding to the lac repressor.  Bii In the presence of IPTG/lactose, and 
the absence of glucose, this repression is removed allowing for unopposed 
transcription. Ci If glucose concentrations are high and/or no lactose/IPTG is 

present, minimal scFv-myc is transcribed. Cii When lactose/IPTG is added in 
the absence of glucose, soluble scFv-myc and scFv-myc-pIII is produced. Ciii 
With the addition of a helper phage, and in the absence of glucose, the leaky 
lac operon permits the production of sufficient scFv-myc-pIII coat protein to 
generate functional phage.  
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Figure 3.7 A The pHEN1 plasmid. B scFv-myc production is under the control of

the lac-operon. In the absence of lactose or its synthetic homologue IPTG, a
repressor blocks transcription of the scFv-myc protein (BI). With the addition of

IPTG/lactose this repression is removed allowing for unopposed transcription. Ci

If no lactose/IPTG is present, no scFv-myc is transcribed. Cii When lactose/IPTG
is added, soluble scFv-myc is produced. Ciii With the addition of a helper phage,

the scFv-myc fused to the pIII coat protein is displayed on the surface of a
functional phage.
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3.2 Results 

3.2.1 Selection of a B7-H3 isoform for panning 

The immunised library was panned against the 4Ig-B7-H3 isoform as this is 

the most common isoform in humans [214]. Artificially truncating B7-H3 may 

have resulted in an altered tertiary or quaternary structure and we 

hypothesised that panning against a naturally occurring isoform would 

increase the chances of selecting clones more likely to bind to B7-H3 in a 

biological system. Mice are known to raise antibodies against the mouse Fc 

group used in mouse vaccination and therefore Histag and Streptag groups 

were chosen to prevent the selection of anti-mouse Fc-scFv. 

The immunised library was panned using 4Ig-B7-H3-Histag bound on 

immunotubes and 4Ig-B7-H3-Streptag bound on streptavidin beads in parallel 

to compare these methods. Immunotubes were the most commonly used 

method of in vitro scFv selection in the lab at the time. They are polystyrene 

tubes treated to provide a high affinity surface for protein binding. They are 

compatible with a number of different types of protein (e.g., those with a Histag 

or Fc group used for detection and isolation) and can therefore be used with 

protein already available in the lab or available commercially. Protein on 

immunotubes can lie in any configuration whereas protein on magnetic beads 

is bound by the Streptag group located in the usual position of the 

transmembrane region (figure 3.8). The presentation of B7-H3-Streptag is 

therefore more similar to the physiological presentation of membrane-bound 

B7-H3. However, a Streptag protein may not always be readily available and 
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may need to be specially manufactured. It was hypothesised that panning 

against Streptag bound protein would increase chances of selecting scFv with 

an affinity for B7-H3 on cells. To test this, the two panning methods were 

compared in parallel.  

3.2.2 Production B7-H3-Histag Proteins 

4Ig-B7-H3-Histag and T-B7-H3-Histag were successfully cloned into the 

pcDNA3.1 expression cassette and electroporated into CHO cells. An 

example of the cloning strategy and the finished protein products are shown 

in figure 3.4 A and 3.4 B. The transfected cells were cultured at 32OC in an 

orbital shaker until their viability dropped below 80% then pelleted and 

discarded. Conditioned media was filtered and applied to a Histrap FF column 

to separate B7-H3-Histag through affinity purification. The Histrap column is 

coated with nickel sepharose beads which bind the imidazole groups on the 

histamine residues that have a high affinity for metal ions. Non-specific 

proteins are not bound and pass through the column. The elution buffer 

contains imidazole at a high concentration that competes with the histidine 

residue for binding sites causing displacement of the Histag proteins. The 

eluted B7-H3-Histag was then dialysed into PBS through a semi-permeable 

membrane to remove any additional salts.  
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Figure 3.4 A The cloning strategy used to clone 4Ig-B7-H3 into the pcDNA3.1 
expression cassette. The 4Ig-B7-H3 gene was purchased (Sinobiological) and 
PCR used to amplify the gene and add appropriate restriction sites and a 

Histag. A similar strategy was adopted to clone T-B7-H3 from the SFG-g-

retroviral vector and to clone the B7-H3-Streptag proteins into the pDSG-IBA 
plasmid. 3.4 B The 4Ig-B7-H3-Histag composed of all 4 Immunoglobulin 
subunits and the T-B7-H3-Histag containing V2 and C2 only. 3.4 C The 4Ig-
B7-H3-Streptag and T-B7-H3-Streptag proteins. 
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Figure 3.4 A The cloning strategy used to clone 4Ig-B7-H3 into the

pcDNA3.1 expression cassette. The 4Ig-B7-H3 gene was purchased
(Sinobiological) and PCR used to amplify the gene and add

appropriate restriction sites and a Histag. A similar strategy was

adopted to clone T-B7-H3 from the SFG-g-retroviral vector and to
clone the B7-H3-Streptag proteins into the pDSG-IBA plasmid. 3.4 B

The 4Ig-B7-H3-Histag composed of all 4 Immunoglobulin subunits and
the T-B7-H3-Histag containing V2 and C2 only. 3.4 C The 4Ig-B7-H3-

Streptag and T-B7-H3-Streptag proteins.
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3.2.3 Quantification and validation of B7-H3-Histag 

The concentration of eluted protein was measured using a spectrophotometer 

(Nanodrop ND1000) and corrected according to the specific protein extinction 

coefficient value obtained through the ExPasy ProtParam online tool. Table 

3.1 shows the total yield of 4Ig-B7-H3-Histag and T-B7-H3-Histag. 

Table 3.1 

Protein A-
280-
10mm 

260/280 Concentration 
(ug/ml) 

Extinction 
Coefficient 

Corrected 
Concentration 
(ug/ml) 

Total 
Protein 
Yield 

4Ig-B7-H3-
Histag 

0.454 0.67 230 0.882 261 782ug 

T-B7-H3-
Histag 

0.082 0.60 83 0.752 110 331ug 

 

A western blot was performed to check the protein product was the correct 

size (figure 3.5). Denatured protein was run into a resolving gel then 

transferred to a nitrocellose membrane and stained with either an anti-Histag 

antibody (Qiagen) or an anti-B7-H3 antibody (R&D, clone #185504), each 

followed by a secondary anti-Mouse HRP. A control 4Ig-B7-H3-Histag was 

purchased from R&D and used a positive control. 
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Figure 3.5 A western blot of T-B7-H3-Histag, 4Ig-B7-H3-Histag and a 
commercial 4Ig-B7-H3-Histag (R&D) stained with either an anti-His (Qiagen) 
or an anti-B7-H3 (R&D) antibody. Samples were run in duplicate 
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Figure 3.5

Figure 3.5 A western blot of T-B7-H3-Histag, 4Ig-B7-H3-Histag and a commercial

4Ig-B7-H3-Histag (R&D) stained with either an anti-His(Quiagen) or an anti-B7-H3
(R&D) antibody.
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The expected size of the 4Ig-B7-H3-Histag is 48.78kDa without glycosylation 

or approximately 100kDa in its glycosylated form, and the size of the 

unglycosylated T-B7-H3-Histag is 24.55kDa [309]. Although the band sizes for 

these were both slightly smaller than predicted (around 80 and 40kDa 

respectively), they were felt to be within the limits of acceptability. The 

differences could be due to a different glycosylation pattern in the hamster 

cells compared with human cells. The commercial 4Ig-B7-H3-Histag showed 

bands of different sizes, this could be due to breakdown of protein due to 

prolonged storage.  

Of note, both in-house proteins were detected with an anti-Histag antibody but 

only the 4Ig-B7-H3-Histag was detected with the anti-B7-H3 antibody (R&D, 

clone #185504). This antibody was produced using a recombinant protein as 

an immunogen comprised of the Leu29-Pro245 or the distal subunits V1 and 

C1. As T-B7-H3 contains the proximal 2 subunits the optimal binding epitope 

may be missing on T-B7-H3.  

An ELISA was performed to check the affinity of anti-B7-H3 antibodies against 

the B7-H3-Histag proteins (figure 3.6). The commercially available B7-H3-His 

used as a positive control (R&D) and PBS as a negative control. Following 

blocking with marvel milk, the protein was incubated with 2 different anti-B7-

H3 antibodies (R&D clone #185504 and Miltenyi Biotec, clone FM276), an 

anti-His antibody (Qiagen) and the serum from the original immunised mouse 

which contains polyclonal anti-B7-H3 antibodies. The wells were then 

incubated with a secondary anti-mouse-HRP followed by HRP substrate. The 
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ELISA results confirmed the findings seen on the western blot. Some binding 

of the T-B7-H3-His by both commercial antibodies and the immunised mouse 

serum was seen at higher levels than the empty PBS wells although non-

specific effects cannot be excluded.  
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Figure 3.6 An ELISA plate was plated with 4Ig-B7-H3, T-B7-H3, a commercial 
4Ig-B7-H3 His (R&D) or PBS. Wells were stained with anti-B7-H3 (R&D clone 
#185504) anti-B7-H3 (Miltenyi Biotec, clone FM276), anti-His antibody 
(Qiagen), the serum from the original immunised mouse or a PBS control. The 
wells were then incubated with a secondary anti-mouse-HRP followed by HRP 
substrate and the absorbance measured. The mean and range of 3 repeats 
are shown in the graph. 
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Figure 3.6 An ELISA plate was plated with 4Ig-B7-H3, T-B7-H3, a commercial 4Ig-B7-

H3 His (R&D) or PBS. Wells were stained with anti-B7-H3 (R&D clone #185504) anti-
B7-H3 (Miltenyi Biotec, clone FM276), anti-His antibody (Quiagen), the serum from

the original immunised mouse or a PBS control. The wells were then incubated with a

secondary anti-mouse-HRP followed by HRP substrate and the absorbance
meaused. The mean and range of 3 repeats are shown in the graph.
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3.2.4 Production and Purification of B7-H3 Streptag 

4Ig-B7-H3-Streptag and T-B7-H3-Streptag were successfully cloned into 

pDSG-IBA expression plasmids and used to transiently transfect MEXI-293E 

cells using PEI. The cells were cultured until viability was <70% then pelleted 

and the culture medium filtered. Affinity purification was used to separate B7-

H3-Streptag from conditioned media. Conditioned media was passed through 

a column containing streptavidin-coated resin. The Streptag has a high affinity 

for the biotin binding pocket of the streptavidin group. Proteins with a Streptag 

are retained in the column while non-specific proteins pass through. The 

elution buffer contains a high concentration desthiobiotin which specifically 

competes for the biotin binding pocket allowing elution of strepavadin tagged 

proteins. Eluted B7-H3-Streptag was dialysed in PBS through a semi-

permeable membrane to remove salts from the final product. A cartoon of the 

structure of the final B7-H3-strep products is shown in figure 3.4 C. 

3.2.5 Quantification and Validation of B7-H3-Streptag 

The concentration of protein was measured using a spectrophotometer 

(Nanodrop ND1000) and corrected according to the specific protein extinction 

coefficient value obtained through the ExPasy ProtParam online tool. Table 

3.2 shows the total yield of 4Ig-B7-H3-Streptag and T-B7-H3-Streptag. 
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Table 3.2 

 A-280-
10mm 

260/
280 

Concentration 
(ug/ml) 

Extinction 
Coefficient 

Corrected 
Concentration 
(ug/ml) 

Total 
Protein 
Yield 

4Ig-B7-H3-
Streptag 

0.62 0.23 260 1.059 246 737ug 

T-B7-H3-
Streptag 

0.65 0.46 610 1.108 559 1651ug 

 

Two western blots were performed to check protein size (figure 3.7) Rows D2, 

D3 and D4 show the cell culture supernatant collected on different days. 

“Column run off” refers to the supernatant that has already passed through the 

column and was included as a measure of efficiency of the purification. The 

eluted protein was collected in 3 fractions labelled in the western blot as F1, 

F2 and F3. These fractions were pooled and dialysed. The post dialysis 

product is also shown in Figure 3.7. The first western blot is stained with Strep-

Tactin-HRP (IBA). Strep-Tactin-HRP is an engineered streptavidin coupled to 

a HRP enzyme. It has high affinity binding to the Streptag group and can be 

used to detect the presence of a Streptag with the addition of substrate for 

HRP. The second western blot was stained with an anti-B7-H3 (R&D) and a 

secondary anti-mouse Fc-HRP. 

The expected size of the unglycosylated 4Ig-B7-H3-Strep is 51.04kDa and T-

B7-H3-Strep is 26.81kDa. As with the in-house B7-H3 Histag proteins, the 

sizes of both Streptag proteins are larger than this (around 70kDa and 35kDa) 

but again, this was felt to be within the range of acceptable sizes and is likely 
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to be secondary to variations in glycosylation and post translational 

modifications [309]. There are multiple bands in some lanes, particularly the 

F2 fraction and the post dialysis fraction. This is most likely due to clumping of 

protein due to high protein concentrations in these solutions. Strong staining 

in the column run off lane for both proteins suggests not all available protein 

was extracted by the column. It is possible that the concentration of protein in 

the media exceeded the capacity of the column, although it should be capable 

of capturing 4.1mg protein. The R&D anti-B7-H3-antibody which failed to bind 

to the T-B7-H3-Histag protein does bind to the T-B7-H3-Strep protein. 

Although the Histag and Streptag are not meant to interfere with the protein 

structure, it is possible that some interference of the antibody binding site on 

T-B7-H3 does occur in the presence of the Histag group and is absent in the 

presence of the Streptag group. 
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Figure 3.7 Western blots of 4Ig-B7-H3-Streptag and T-B7-H3-Streptag. D2, 
D3 and D4 are supernatant from day 2, 3 or 4 of culture. Run Off is the runoff 
from the strep-tag purification column showing incomplete extraction of the 
strep proteins from the supernatant. The strep proteins were stripped from the 
column in 3 fractions, F1, F2 and F3. The fractions were pooled and dialysed. 
The post dialysis lane shows the final products. The expected molecular 
weight of h4Ig-B7-H3-Streptag is 51.04kDa and the expected molecular 
weight of T-B7-H3-Streptag is 26.81kDa. This higher weight shown is probably 
due to glycosylation and post-translational modifications. Multiple bands, 
particularly in the Run-Off, F2 and post dialysis lanes are likely to be due to 

protein clumping at high concentrations. 
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Figure 3.7 Western blots of 4Ig-B7-H3-Histag and T-B7-H3-Histag. D2, D3 and D4 are

supernatant from day 2, 3 or 4 of culture. Run Off is the run off from the strep-tag
purification column showing incomplete extraction of the strep proteins from the

supernatant. The strep-proteins were stripped from the column in 3 fractions, F1, F2

and F3. The fractions were pooled and dialysed. The post dialysis lane shows the final
products. The expected molecular weight of h4Ig-B7-H3-Streptag is 51.04kDa and the

expected molecular weight of T-B7-H3-Streptag is 26.81kDa. Multiple bands,
particularly in the Run-Off, F2 and post dialysis lanes are likely to be due to protein

clumping at high concentrations.
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3.2.6 Preparation and panning of the phage display library 

At each round of panning, E. coli containing the scFv library were infected 

with the M13KO7 helper phage (New England Biolabs). Virus was harvested 

and applied to immobilised B7-H3. Phage containing scFv with affinity for B7-

H3 remained bound while phage containing non-specific scFv was washed 

away. Bound phage was eluted and used to infect fresh TG1 E. coli resulting 

in a B7-H3-enriched panned library (figure 3.8). 
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Figure 3.8 Panning of the immunised library using 4Ig-B7-H3-Histag on 
immunotubes and 4Ig-B7-H3-Streptag on beads to produce B7-H3-enriched 
panned libraries  

 

  

Figure 3.8 Panning of the immunised ilbrary using 4Ig-B7-H3-Histag on

immunotubes and 4Ig-B7-H3-Streptag on beads to produce B7-H3-enriched
panned libraries
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Table 3.3 shows the size of the library as estimated by serial dilution at each 

stage. Alongside the B7-H3 panned library, a control library was produced 

which was panned against immunotubes or beads coated in PBS instead of 

B7-H3. After phage production and prior to panning, 10µl is kept aside and 

used to calculate the “phage titre” which is a read out of the average number 

of phage per millilitre. The size of the library and the phage titre are calculated 

at each stage by a serial dilution of colony forming bacteria. The pHEN 

phagemid contains an ampicillin resistance gene therefore only bacteria 

successfully infected by the phage will grow on ampicillin-containing plates. A 

high phage titre, as illustrated here, here demonstrates functional phage were 

produced but gives no indication of library size.  

The size of the library is calculated by serial dilution of colony forming bacteria 

after initial library production (immunised library) or after panning (panned 

library). It indicates the maximum number of unique scFvs contained in the 

library although the presence of repeats may mean the real number of unique 

scFvs is much lower. The size of the library after panning is similar in both test 

and control conditions and in both bead and tube panning. This similarity is 

expected after one round of panning but the relative size of the test library is 

predicted to increase compared with the control after subsequent rounds of 

panning due to enrichment for binders with anti-B7-H3 activity. However, as 

the size of the panned library was only around 104, the decision was made not 

to attempt further rounds of panning immediately due to the risk loss of scFv 

and a potential reduction in library diversity. 
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Table 3.3 

 Immunised library 

Library Size 2.06x107 

 Immunotube Panning Bead Panning 

Phage Titre 1.23x1014 2.40x1014 

Library Size- B7H3 1.30x104 1.05x104 

Library Size- PBS Control 1.24x104 6.67x103 

 

3.2.7 ELISA screen for anti-B7-H3 binders 

Ninety-six clones from the immunotube panned library and 96 from the bead 

panned library were selected and grown up in 96 well plates. As scFv-myc 

production is under the control of a lac operon, soluble scFv-myc production 

was induced by culturing clones in the absence of glucose and the presence 

of IPTG. Bacterial supernatant was then used in an ELISA against plate-bound 

4Ig-B7-H3.  

Seventeen positive clones in total were identified, 6 from immunotube panning 

(TA6, TA12, TB8, TC6, TE9 and TF9) and 11 from magnetic bead panning 

(BA5, BB1, BB5, BC10, BD9, BF2, BF9 BF12, BG4, BG5 and BH6). These 

clones were re-cultured in triplicate and an ELISA of the supernatant 

containing scFv myc repeated. Figure 3.9 shows the mean and the range 

absorbance in the ELISA of the 3 repeat cultures of each clone. Some clones 

have a wide range of absorbance on ELISA and one reason for this might be 
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different amounts of scFv-myc expression by the clones due to variable 

efficacy of the lac-operon or stability of the scFv-myc in culture. 

It is difficult to quantitatively compare the absorbance of the samples with the 

positive controls for two reasons. Firstly, the commercial anti-B7-H3 antibody 

(R&D) and the serum from the original immunised mouse used as positive 

controls in this ELISA required a different secondary antibody than the 

samples (anti-mouseFc-HRP vs anti-myc-HRP). Secondly, the concentration 

of the scFv-myc in the supernatant has not been calculated and may be 

different for each clone and to the concentration of the antibody. It may be 

relevant however that some clones (TE9, BF9, TC6 and TF9) have 

absorbance close to that of the immunised mouse serum. The serum contains 

polyclonal bivalent antibodies and is therefore expected to be much higher 

than other controls and samples. 
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Figure 3.9: Clones which produced a positive result against B7-H3 were 
regrown and retested in triplicate. The above graph shows an ELISA of 
bacterial supernatant against either plate-bound 4Ig-B7-H3 or a PBS control. 
All results show the mean and range of 3 technical replicates (i.e. clones were 
cultured in triplicate and supernatant from each culture tested in ELISA). The 
three samples on right are the controls. Anti-myc is the negative control 
stained with the secondary anti-myc-HRP only and no bacterial supernatant. 
Anti-B7-H3 is the B7-H3 protein or PBS stained with a commercial anti-B7-H3 
(R&D) and the Anti-Serum control is the B7-H3-protein or PBS stained with 
the serum from the immunised mouse. As this contains polyclonal antibodies, 
this control is always likely to give a much higher signal than the samples or 
other monoclonal positive controls.  
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Figure 3.9: Clones which produced a positive result against B7-H3

were regrown and retested in triplicate. The above graph shows an
ELISA of bacterial supernatant against either plate-bound 4Ig-B7-H3

or a PBS control. All results show the mean and range of 3 technical

replicates (i.e. clones were cultured in triplicate and supernatant from
each culture tested in ELISA). The three samples on right are the

controls. Anti-myc is the negative control stained with the secondary
anti-myc-HRP only and no bacterial supernatant. Anti-B7-H3 is the

B7-H3 protein or PBS stained with a commercial anti-B7-H3 (R&D)

and the Anti-Serum control is the B7-H3-protein or PBS stained with
the serum from the immunised mouse. As this contains polyclonal

antibodies, this control is always likely to give a much higher signal
than the samples or other monoclonal positive controls.
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3.2.7 Variability of anti-B7-H3-scFv 

DNA from positive clones was extracted and sequenced by sanger 

technology. The full sequence of each clone, broken down into heavy chain, 

serine-glycine linker and light chain can be found in Appendix B. The heavy 

and light chain CDRs are highlighted in bold. No two clones have identical 

DNA sequences. TC6, TF9 and BD9 have identical heavy chain CDR amino 

acid sequences but different framework sequences. Four clones (TA6, TB8, 

TC6 and BC10) had mutated serine-glycine linkers, which is a known 

consequence of the high through-put PCR processes used in library 

generation. These clones have been left uncorrected pending further 

investigation but have been corrected in silico where comparisons between 

sequences are needed.  

Clones were compared using abYsis and EBML-EBI Clustal Omega online 

software to determine their variability. 

http://www.abysis.org/ 

http://www.ebi.ac.uk/Tools/msa/clustalo/ 

Figure 3.10 shows a heat map of percentage similarity of the full sequences 

of all 17 anti-B7-H3-scFv. Anti-B7-H3-scFv have been compared with anti-

ALK-scFv which were produced using identical methods. Mice were 

immunised with an ALK-mouseFc protein, sacrificed and splenic mRNA used 

to produce a phage display library in the pHEN1 vector. Panning, clone 

selection and sequencing was carried out by Maria Alonso-Ferrera. As this 
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library is also composed of mouse heavy chains and kappa light chains against 

a different antigen, it allows for reasonable comparison of antigen-driven 

variability.  

The five anti-ALK-scFv demonstrate a comparable similarity with the five most 

similar anti-B7-H3-scFv (BG5, BG4, BD9, TC6 and TF9). However, the overall 

variability of the anti-B7-H3-scFv is greater. Additionally, many of the scFv 

have more similarity with the anti-ALK-scFv than they do with the anti-B7-H3 

clones BB5 and TB8. 
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Figure 3.10 A A heat map of percentage similarity of all 17 anti-B7-H3-scFv. 3.10 B The anti-B7-H3-scFv compared with anti-ALK-

scFv produced by identical methods against a different protein target.    

3.10 A

Figure 3.10 A A heat map of percentage similarity of all 17 anti-B7-H3-scFv. 3.10- B The anti-B7-H3-scFv compared with

anti-ALK-scFv produced by identical methods against a different protein target.

BB5 TB8 BH6 TE9 BF9 BB1 TA12 BF12 TA6 BC10 BA5 BF2 BG5 BG4 BD9 TC6 TF9
BB5 100.00 68.05 79.52 78.16 78.54 75.91 78.26 79.27 80.15 78.37 79.21 78.16 79.42 78.91 78.54 78.16 78.41
TB8 68.05 100.00 78.91 81.31 80.93 78.81 80.93 81.69 80.18 80.05 82.78 80.71 82.60 82.60 80.83 81.34 82.09
BH6 79.52 78.91 100.00 92.37 92.11 90.60 92.88 91.60 92.97 92.83 93.11 91.99 91.23 92.88 91.99 91.49 92.25
TE9 78.16 81.31 92.37 100.00 96.34 91.55 93.94 94.19 91.98 93.13 94.17 93.94 94.19 94.95 95.33 93.56 94.57 >60%	Identical
BF9 78.54 80.93 92.11 96.34 100.00 91.80 93.81 95.45 92.88 93.51 94.55 93.94 94.44 94.57 96.46 94.57 95.45 >70%	Identical
BB1 75.91 78.81 90.60 91.55 91.80 100.00 95.71 93.32 90.47 90.85 90.89 91.17 90.67 91.55 90.92 91.30 91.05 >80%	Identical
TA12 78.26 80.93 92.88 93.94 93.81 95.71 100.00 95.59 92.62 93.26 92.78 93.06 92.93 93.31 92.42 92.93 92.55 >90%	Identical
BF12 79.27 81.69 91.60 94.19 95.45 93.32 95.59 100.00 92.49 92.24 94.80 93.56 94.82 94.57 94.19 95.45 94.82 >95%	Identical
TA6 80.15 80.18 92.97 91.98 92.88 90.47 92.62 92.49 100.00 93.47 94.26 92.25 92.88 93.01 92.88 92.63 93.52 100%	Identical
BC10 78.37 80.05 92.83 93.13 93.51 90.85 93.26 92.24 93.47 100.00 92.88 93.52 93.39 93.27 94.54 93.52 94.03
BA5 79.21 82.78 93.11 94.17 94.55 90.89 92.78 94.80 94.26 92.88 100.00 93.67 94.68 95.32 94.56 94.43 95.95
BF2 78.16 80.71 91.99 93.94 93.94 91.17 93.06 93.56 92.25 93.52 93.67 100.00 95.84 95.84 96.09 96.09 96.47
BG5 79.42 82.60 91.23 94.19 94.44 90.67 92.93 94.82 92.88 93.39 94.68 95.84 100.00 96.47 96.47 96.85 96.97
BG4 78.91 82.60 92.88 94.95 94.57 91.55 93.31 94.57 93.01 93.27 95.32 95.84 96.47 100.00 95.59 96.09 97.98
BD9 78.54 80.83 91.99 95.33 96.46 90.92 92.42 94.19 92.88 94.54 94.56 96.09 96.47 95.59 100.00 97.60 97.10
TC6 78.16 81.34 91.49 93.56 94.57 91.30 92.93 95.45 92.63 93.52 94.43 96.09 96.85 96.09 97.60 100.00 97.86
TF9 78.41 82.09 92.25 94.57 95.45 91.05 92.55 94.82 93.52 94.03 95.95 96.47 96.97 97.98 97.10 97.86 100.00

BB5 TB8 ALK4H1 ALK9H4 ALK8H3 ALK10H5 ALK11D3 BH6 TE9 BF9 BB1 TA12 BF12 TA6 BC10
BB5 100.00 68.05 77.28 77.69 78.41 78.41 78.41 79.52 78.16 78.54 75.91 78.26 79.27 80.15 78.37
TB8 68.05 100.00 71.65 71.78 71.53 71.67 71.67 78.91 81.31 80.93 78.81 80.93 81.69 80.18 80.05
ALK4H1 77.28 71.65 100.00 99.60 94.33 95.01 95.01 81.23 80.97 80.42 80.42 80.56 79.58 79.55 80.11
ALK9H4 77.69 71.78 99.60 100.00 94.74 95.41 95.41 81.65 81.39 80.83 80.83 80.97 80.00 79.97 80.39
ALK8H3 78.41 71.53 94.33 94.74 100.00 95.82 95.82 83.61 81.53 81.39 81.25 80.83 80.69 80.95 80.39
ALK10H5 78.41 71.67 95.01 95.41 95.82 100.00 100.00 82.07 80.42 81.39 81.25 80.14 80.42 79.83 80.11
ALK11D3 78.41 71.67 95.01 95.41 95.82 100.00 100.00 82.07 80.42 81.39 81.25 80.14 80.42 79.83 80.11
BH6 79.52 78.91 81.23 81.65 83.61 82.07 82.07 100.00 92.37 92.11 90.60 92.88 91.60 92.97 92.83
TE9 78.16 81.31 80.97 81.39 81.53 80.42 80.42 92.37 100.00 96.34 91.55 93.94 94.19 91.98 93.13
BF9 78.54 80.93 80.42 80.83 81.39 81.39 81.39 92.11 96.34 100.00 91.80 93.81 95.45 92.88 93.51
BB1 75.91 78.81 80.42 80.83 81.25 81.25 81.25 90.60 91.55 91.80 100.00 95.71 93.32 90.47 90.85
TA12 78.26 80.93 80.56 80.97 80.83 80.14 80.14 92.88 93.94 93.81 95.71 100.00 95.59 92.62 93.26
BF12 79.27 81.69 79.58 80.00 80.69 80.42 80.42 91.60 94.19 95.45 93.32 95.59 100.00 92.49 92.24
TA6 80.15 80.18 79.55 79.97 80.95 79.83 79.83 92.97 91.98 92.88 90.47 92.62 92.49 100.00 93.47
BC10 78.37 80.05 80.11 80.39 80.39 80.11 80.11 92.83 93.13 93.51 90.85 93.26 92.24 93.47 100.00
BA5 79.21 82.78 82.12 83.43 83.12 82.01 82.01 93.11 94.17 94.55 90.89 92.78 94.80 94.26 92.88
BF2 78.16 80.71 79.58 80.00 80.69 80.83 80.83 91.99 93.94 93.94 91.17 93.06 93.56 92.25 93.52
BG5 79.42 82.60 80.42 80.83 81.25 80.42 80.42 91.23 94.19 94.44 90.67 92.93 94.82 92.88 93.39
BG4 78.91 82.60 80.56 80.97 81.94 80.69 92.16 92.88 94.95 94.57 91.55 93.31 94.57 93.01 93.27
BD9 78.54 80.83 80.14 80.56 82.08 81.67 91.18 91.99 95.33 96.46 90.92 92.42 94.19 92.88 94.54
TC6 78.16 81.34 79.31 79.72 80.97 80.56 90.62 91.49 93.56 94.57 91.30 92.93 95.45 92.63 93.52
TF9 78.41 82.09 80.00 80.42 81.61 80.97 91.46 92.25 94.57 95.45 91.05 92.55 94.82 93.52 94.03

BA5 BF2 BG5 BG4 BD9 TC6 TF9
79.21 78.16 79.42 78.91 78.54 78.16 78.41
82.78 80.71 82.60 82.60 80.83 81.34 82.09
82.12 79.58 80.42 80.56 80.14 79.31 80.00
83.43 80.00 80.83 80.97 80.56 79.72 80.42
83.12 80.69 81.25 81.94 82.08 80.97 81.61
82.01 80.83 80.42 80.69 81.67 80.56 80.97
82.01 80.83 80.42 92.16 91.18 90.62 91.46
93.11 91.99 91.23 92.88 91.99 91.49 92.25
94.17 93.94 94.19 94.95 95.33 93.56 94.57
94.55 93.94 94.44 94.57 96.46 94.57 95.45
90.89 91.17 90.67 91.55 90.92 91.30 91.05
92.78 93.06 92.93 93.31 92.42 92.93 92.55
94.80 93.56 94.82 94.57 94.19 95.45 94.82
94.26 92.25 92.88 93.01 92.88 92.63 93.52
92.88 93.52 93.39 93.27 94.54 93.52 94.03
100.00 93.67 94.68 95.32 94.56 94.43 95.95
93.67 100.00 95.84 95.84 96.09 96.09 96.47
94.68 95.84 100.00 96.47 96.47 96.85 96.97
95.32 95.84 96.47 100.00 95.59 96.09 97.98
94.56 96.09 96.47 95.59 100.00 97.60 97.10
94.43 96.09 96.85 96.09 97.60 100.00 97.86
95.95 96.47 96.97 97.98 97.10 97.86 100.00

3.10 B

BB5 TB8 BH6 TE9 BF9 BB1 TA12 BF12 TA6 BC10 BA5 BF2 BG5 BG4 BD9 TC6 TF9
BB5 100.00 68.05 79.52 78.16 78.54 75.91 78.26 79.27 80.15 78.37 79.21 78.16 79.42 78.91 78.54 78.16 78.41
TB8 68.05 100.00 78.91 81.31 80.93 78.81 80.93 81.69 80.18 80.05 82.78 80.71 82.60 82.60 80.83 81.34 82.09
BH6 79.52 78.91 100.00 92.37 92.11 90.60 92.88 91.60 92.97 92.83 93.11 91.99 91.23 92.88 91.99 91.49 92.25
TE9 78.16 81.31 92.37 100.00 96.34 91.55 93.94 94.19 91.98 93.13 94.17 93.94 94.19 94.95 95.33 93.56 94.57 >60%	Identical
BF9 78.54 80.93 92.11 96.34 100.00 91.80 93.81 95.45 92.88 93.51 94.55 93.94 94.44 94.57 96.46 94.57 95.45 >70%	Identical
BB1 75.91 78.81 90.60 91.55 91.80 100.00 95.71 93.32 90.47 90.85 90.89 91.17 90.67 91.55 90.92 91.30 91.05 >80%	Identical
TA12 78.26 80.93 92.88 93.94 93.81 95.71 100.00 95.59 92.62 93.26 92.78 93.06 92.93 93.31 92.42 92.93 92.55 >90%	Identical
BF12 79.27 81.69 91.60 94.19 95.45 93.32 95.59 100.00 92.49 92.24 94.80 93.56 94.82 94.57 94.19 95.45 94.82 >95%	Identical
TA6 80.15 80.18 92.97 91.98 92.88 90.47 92.62 92.49 100.00 93.47 94.26 92.25 92.88 93.01 92.88 92.63 93.52 100%	Identical
BC10 78.37 80.05 92.83 93.13 93.51 90.85 93.26 92.24 93.47 100.00 92.88 93.52 93.39 93.27 94.54 93.52 94.03
BA5 79.21 82.78 93.11 94.17 94.55 90.89 92.78 94.80 94.26 92.88 100.00 93.67 94.68 95.32 94.56 94.43 95.95
BF2 78.16 80.71 91.99 93.94 93.94 91.17 93.06 93.56 92.25 93.52 93.67 100.00 95.84 95.84 96.09 96.09 96.47
BG5 79.42 82.60 91.23 94.19 94.44 90.67 92.93 94.82 92.88 93.39 94.68 95.84 100.00 96.47 96.47 96.85 96.97
BG4 78.91 82.60 92.88 94.95 94.57 91.55 93.31 94.57 93.01 93.27 95.32 95.84 96.47 100.00 95.59 96.09 97.98
BD9 78.54 80.83 91.99 95.33 96.46 90.92 92.42 94.19 92.88 94.54 94.56 96.09 96.47 95.59 100.00 97.60 97.10
TC6 78.16 81.34 91.49 93.56 94.57 91.30 92.93 95.45 92.63 93.52 94.43 96.09 96.85 96.09 97.60 100.00 97.86
TF9 78.41 82.09 92.25 94.57 95.45 91.05 92.55 94.82 93.52 94.03 95.95 96.47 96.97 97.98 97.10 97.86 100.00
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Online tools were used to identify CDRs and determine variability within these 

regions compared with heavy and light chain backbones. Figure 3.11 shows 

heavy and light chains in alphabetical order. Where the amino acid residue is 

identical to the one above, it is replaced by a dot. Some scFv, particularly BB5 

had long insertions in their CDRs possibly secondary to somatic 

hypermutation. As expected, much of the variability between residues is found 

in the CDRs, particularly CDR-H2, CDR-H3 and CDR-L3.  

Figure 3.12 shows the phylogenetic trees of the full scFv, as well as the heavy 

and light chains separately. The diagrams are shown as cladograms as 

distance numbers were too small to be meaningfully represented on a real 

phylogenetic tree. The distance numbers represent the number of nucleotide 

substitutions from a common ancestor expressed as a percentage of change 

and so give an indication of the amount of genetic change. The full sequences 

of the anti-ALK-scFv have been used as a comparison. The smaller distance 

numbers between the branches of the anti-ALK-scFv phylogenetic tree 

support the evidence from the heat map that overall there is more variability in 

the anti-B7-H3-scFv samples than in the anti-ALK-scFv.
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Figure 3.11 All sequences are compared to the top sequence and a dot indicates a residue the same as the sequence immediately 

above. The diagram shows the variability of the scFvs, particularly within the CDR domains. 

Figure 3.11

Figure 3.11 All sequences are compared to the top sequence and a dot indicates a residue the same as the sequence 

immediately above. The diagram shows the variability of the scFvs, particularly within the CDR domains.

CDR-H1 CDR-H2 CDR-H3
Heavy Chain Comparison

CDR-L1 CDR-L2 CDR-L3Light Chain Comparison
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Full scFv Sequence

Heavy Chains Light Chains

3.12

Anti-ALK full scFv sequence

Figure 3.12 The phylogenetic trees showing the full scFv sequence (top 

left), the heavy chain sequence (bottom left) and the light chain sequence 

(bottom right). The trees are shown as cladograms, rather than real 

distances. The distance numbers represent the number of nucleotide 

substitutions as a percentage from a common ancestor and so represent 

the amount of genetic change within the sample population. The 

phylogenetic tree of anti-ALK scFv is also shown for comparison. 
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3.3 Discussion 

An anti-B7-H3 phage display library was raised against T-B7-H3-mouseFc in 

BALB/c and cloned into the pHEN phagemid. The most common human 

isoform of B7-H3 is isoform 1, which has four immunoglobulin subunits in its 

extracellular domain [214]. To maximise the chances of identifying binders 

reactive to B7-H3 on human cells, human 4Ig-B7-H3 proteins were produced 

in Histag and Streptag format.  

The phage library was panned against these proteins and 17 unique scFv were 

identified after one round of panning. A comparison was made between 

panning against B7-H3-Streptag displayed on magnetic beads and B7-H3-

Histag displayed on immunotubes. It was hypothesised that scFv obtained 

through panning using magnetic beads would identify products better able to 

bind to naturally occurring antigens due to the ability to attach the protein 

proximally, mimicking its anchorage in the extracellular membrane.  

Panning through both methods revealed similar sized libraries that were also 

similar in size to the PBS controls (table 3.3). More positive binders were 

identified through bead panning compared with immunotube panning (11 vs 

6) although these numbers are still relatively similar and the difference may 

not be relevant. The positive binders were tested in ELISA against plate bound 

4Ig-B7-H3. A commercial anti-B7-H3 was used as a positive control. There are 

too many differences to compare the absorbance of the anti-B7-H3 with the 

scFv-myc directly, but it can be used as a way of benchmarking the scFv 

against one another. Here, 4 of the tube-identified scFv had an absorbance 
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greater than the commercial anti-B7-H3 antibody compared with only 2 of the 

bead-identified scFv (figure 3.9). This could be due to expression of scFv-myc 

by the cultured bacteria, but it may be relevant that the ELISA plate-bound B7-

H3 lie in any configuration and so is more similar to orientations seen in 

immunotube panning. As the bead-bound scFv was hypothesised to bind 

better to cells, these scFv may have performed better in a cell-based assay. 

Bound phage was eluted using a pH elution and it is possible that some high 

affinity scFv failed to detach. This may explain the similar size of the 

experimental library compared with the PBS control, and why the bead-bound 

library did not show as high an absorbance in ELISA. Although loss of high-

affinity binders is unfortunate, there is some debate as to the optimal affinity 

for scFv in immunotherapy and depending on the type of therapy and type of 

disease, that value may vary. In CAR therapy, there is some evidence to 

suggest lower affinity interactions result in less T cell exhaustion, particularly 

for highly expressed antigens like CD19 [128]. Further work is needed to 

determine the affinity of the scFv obtained in this study and whether there is 

any variation between the different panning methods. 

The 17 binders identified were all unique, although TC6, TF9 and BD9 all 

shared identical heavy chain CDR sequences. The heavy chains may have 

originated from the same antibody, or from different antibodies with genetic 

convergence around a particularly antigenic area of B7-H3. TC6 and TF9, 

which have only one amino acid difference in their heavy chain sequences, 

may have originated from the same heavy chain antibody but acquired 
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mutations as a consequence of the high sequence PCR process in library 

generation. Many other scFv shared one or more heavy or light chain CDR. 

Clone BB5 was the most genetically different and analysis revealed a long 

insertion in the light chain CDR-L1. As this is not a usual site of nucleotide 

insertion during antibody development it may be the result of somatic 

hypermutation or an abnormal mutation, either in the mouse or during library 

generation as a consequence of the PCR process [16].   

The optimal diversity of scFv in library production is not known. For 

comparison, a heat map and phylogenetic tree of anti-ALK-scFv are shown. 

The anti-ALK binders were obtained from another phage library also produced 

by Maria Alonso-Ferrera using identical methods. Anti-B7-H3 binders were 

both more numerous and more diverse, although how this impacts any 

therapeutics developed from the scFv remains to be determined. As discussed 

above, although CDR-H3 diversity is thought to be important for antibody 

response, it is not always necessary in the generation of functional scFv from 

phage display libraries [294, 295], Additionally, similar sequences are often 

found in different people in response to the same antigens [288, 289]. The 

identical heavy chain CDRs of TC6, TF9 and BD9 may represent a similar 

convergence.  

Ultimately, binding in ELISA and scFv diversity are only relevant if they can be 

used to screen binders to take forward to test in a biological system. The next 

step in this study is to test the anti-B7H3 scFv against antigens presented on 

cells. 
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Chapter 4: Selection of a lead scFv for CAR T cell 

Therapy 

4.1 Introduction 

4.1.1 Selection of scFv for anti-B7-H3 CAR production 

The aim of this project was to target B7-H3 with immunotherapy for treatment 

of childhood cancer including neuroblastoma. Chapter 3 describes the 

production of a phage display library from a mouse immunised with an artificial 

B7-H3 isoform. This library was panned against an immobilised B7-H3 isoform 

1 (4Ig-B7-H3) which is believed to be the most common human isoform [214]. 

While this gives some indication of the ability of the scFv to bind B7-H3, the in 

vivo tertiary and quaternary structure may be different. Additionally, different 

glycosylation patterns have been described on B7-H3 in oral squamous cell 

carcinoma compared with healthy tissue [226]. The next priority for evaluation 

of the scFv must include binding to B7-H3 on cells and particularly on 

malignant cells. The two anti-B7-H3 scFv antibodies currently being evaluated 

in clinical trials (8H9 and MGA271) along with 376.96 were all produced 

following immunisation of mice with intact cancer cells, partly to ensure 

resultant antibodies would bind to cancer associated antigens [215, 269, 270].  

Several different B7-H3 isoforms have been described in humans and 

although their significance and distribution pattern are not well understood, 

there may be a difference in isoform expression between healthy and 

malignant cells [186, 239]. Successful anti-B7-H3 immunotherapy must 
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incorporate an scFv that targets isoforms most commonly associated with 

malignant cells. Care must also be taken to ensure the scFv are specific for 

B7-H3 and do not show off-target effects on B7 family members or other 

peptides with similar target epitopes. These off-target effects may be different 

for different scFvs. 

Targeting different epitopes on an antigen may result in different functional 

effects. For example, targeting a key signalling site may lead to loss or gain of 

function. Although the receptor or receptors through which B7-H3 signals 

remain unknown, the FG loop is thought to be important in T cell inhibition 

[207]. The anti-B7-H3 antibody 8H9 is predicted to bind to the FG loop and 

therefore may interfere with immunologic blockade [268]. The use of other 

anti-B7-H3 antibodies has also been associated with functional effects for 

example targeting melanoma cells with MGA271 results in reduced 

proliferation and increases chemosensitivity in vitro, whilst 376.96 inhibits 

growth of cancer cell lines and growth factor production and increases 

sensitivity of ovarian cancer cells to small molecule inhibitors and 

chemotherapy [260, 271, 274]. It is not known whether these effects are simply 

secondary to targeting B7-H3 or whether they are the result of targeting 

specific epitopes.  

Finally, the optimal scFv for one type of immunotherapy may not be optimal 

for another. The structure of an scFv is different to that of an antibody which 

has 2 binding sites, one in each groove between the VH and VL chains (as 

shown in figure 3.1).  A scFv may be small enough to bind sites inaccessible 
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to a larger antibody whereas 2 antigen binding sites may confer additional 

benefits such as antigen clustering. Our library was generated to identify scFv 

suitable for CAR immunotherapy and the size of the immune synapse is known 

to be important for signalling through naturally occurring TCRs and CARs [310, 

311]. With that in mind, one benefit of immunising the mice with a truncated 

B7-H3 containing the proximal 2 subunits is that any subsequent scFv may 

bind near the target cell membrane, close enough for immune synapse 

formation.  

4.1.2 Selection of CAR endodomains 

The scFv will affect the function of a CAR, as will the stalk and endodomain(s). 

To compare the scFvs in CAR format, the scFv were cloned into a CAR 

containing a CD8 stalk and transmembrane, and CD28-CD3z endodomains. 

CD3z will provide signal 1, and CD28 will provide a co-stimulatory signal 2, 

enhancing activation and preventing T cell anergy [36]. CD28 and 4-1BB are 

the most commonly used co-stimulatory receptors in CAR design, and 

although 4-1BB seems to enhance persistence and reduce exhaustion, 

particularly in prolonged in vivo experiments and in clinical trials, CD28 is 

known to produce a rapid, measurable response and so was selected for initial 

scFv screening [136, 312, 313]. The CD8-alpha stalk was selected as this is a 

commonly used, flexible linker thought to be subject to cysteine mediated 

dimerization in common with other linker designs [314]. It is a medium sized 

linker, known to be effective in other CARs but not known to have any 

signalling properties itself [124].  
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4.2 Results 

4.2.1 Production of isogenic B7-H3 positive and negative cell lines 

Paired isogenic B7-H3 positive and negative cell lines were created to test the 

binding of the scFv-Fc. Jurkat cells are a T cell line, naturally negative for B7-

H3. These were transduced with 3 different isoforms of B7-H3 to make 4 cell 

lines in total. A truncated (T)-B7-H3-isoform was previously produced by Karin 

Straathof in an SFG-g-retroviral expression plasmid with a BFP marker gene. 

As described in chapter 3, this isoform consisted of V2 and C2, the subunits 

proximal to the cytoplasmic membrane. The full cDNA of 4Ig-B7-H3 was 

purchased from Sinobiological and cloned into the SFG-g retroviral expression 

plasmid with a BFP marker gene. The naturally occurring human 2Ig-isoform 

of B7-H3 is formed of the V1-C2 subunits [186, 201]. Both the Ig-V-like 

subunits have an Afe1 digestion site near their C Terminus so the 2Ig-B7-H3 

isoform could be produced by digesting the 4Ig-B7-H3 construct. The different 

isoforms and cloning strategy can be found in figure 4.1.  
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Figure 4.1 A The cloning strategy for the production of the 4Ig-B7-H3 viral 
expression vector. 4.1 B The 3 different isoforms used to transduce Jurkat 
cells in the production of B7-H3 positive cell lines. 4.1 C A map of the 4Ig and 
2Ig-B7-H3 proteins. Both V subunits contain an AfeI restriction site near their 
C terminus. There are only 3 amino acid differences between V1 and V2 and 
the AfeI restriction site is distal to these allowing the C1 and V2 subunits to be 
digested out of the construct. 
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Three stable cell lines expressing the respective B7-H3 isoforms were 

produced using g-retroviral transduction. Flow cytometry using an anti-B7-H3-

APC antibody (Miltenyi) was used to confirm the presence of B7-H3. Figure 

4.2 shows the expression of B7-H3 and BFP in each of the transduced and 

untransduced (UT) (or wildtype, WT) cell lines after transduction and before 

cell sorting. Positive cells were bulk sorted into low, medium and high 

expressing cell lines using fluorescence activated cell sorting and single cell 

cloned into high expressing lines. 
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Figure 4.2 Jurkat cells were transduced with retrovirus encoding 1 of 3 
different B7-H3 isoforms; 4Ig-B7-H3, 2Ig-B7-H3 and T-B7-H3. Each plasmid 
contained a BFP marker gene. Cells were stained with an anti-B7-H3-APC 
antibody (Miltenyi). Transduction efficiency was measured with flow cytometry 
to detect BFP and staining for B7-H3. 
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Figure 4.2 Jurkat cells were transduced with retrovirus encoding 1 of 3 different

B7-H3 isoforms; 4Ig-B7-H3, 2Ig-B7-H3 and T-B7-H3. Each plasmid contained a
BFP marker gene. Cells were stained with an anti-B7-H3-APC antibody (Miltenyi).

Transduction efficiency was measured with flow cytometry to detect BFP and

staining for B7-H3.
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4.2.2 Production of scFv-Fc protein 

As discussed in Chapter 3, 10 anti-B7-H3-scFv were selected for further 

investigation. Bacterial supernatant containing soluble scFv-myc was tested 

against B7-H3 +/- Jurkat cells using flow cytometry but binding was limited 

(data not shown). This could have been due to a number of factors including 

interference from the bacterial toxins in the supernatant or insufficient soluble 

scFv for detection by flow cytometry.  

To better compare the scFv they were cloned into an scFv-Fc fusion format as 

shown in figure 4.3. The Fc group can be selected from the conditioned media 

allowing protein purification and quantification. Additionally, this group 

naturally dimerises to produce a bivalent protein with 2 antigen binding sites, 

which may be more representative of how the scFv would function in full 

antibody format (figure 4.3 C). Production of the scFvs as full antibodies by 

cloning the VH and VL sequences into the full heavy and light chains was 

considered, however past experience has shown variable levels of antibody 

production using this approach. Additionally, in an antibody form, the absence 

of the serine glycine linker, as well as the presence of additional CL-CH1 dimer 

between scFv and Fc domains, may confer some functional change rendering 

the screening less useful for scFv intended for CAR therapy. The scFv-Fc 

format was felt to offer means of quantification and good levels of expression 

as well as most relevant format for future CAR-T design.  
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Figure 4.3 A Selected scFv were cloned into a UCOE expression cassette 
(Merek). The scFv DNA was amplified using PCR and the insert and vector 
digested with SfiI and NotI then ligated to produce the scFv-Fc plasmid. 4.3 
B and 4.3 C The structure of the scFv-myc and the scFv-Fc products.  
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The scFvs TB8, TC6, TE9, TF9, BB5, BC10, BD9, BF9, BG4 and BH6 were 

selected for further evaluation mostly because of their signal strength in ELISA 

but with some consideration given to genetic diversity. The scFv were cloned 

into a UCOE expression vector (Merek) with a human IgG1 Fc. PEI was used 

to transiently transfect 293F cells and transfected cells were cultured until 

viability dropped <70%. Cells were discarded and scFv-Fc separated from cell 

supernatant by affinity purification with protein A columns. Protein A columns 

contain a ligand Sepharose, derived from the bacteria Staphylococcus Aureus 

which selectively binds with the Fc group. Fc proteins were eluted and purified 

into PBS before being quantified and concentrated to 100µg/ml.  

4.2.3 Quantification and validation of scFv-Fc proteins 

The concentration of protein was measured using a spectrophotometer 

(Nanodrop ND1000) and corrected according to the specific protein extinction 

coefficient value obtained through the ExPasy ProtParam online tool. Where 

necessary, protein was concentrated using centrifugal filters. Table 4.1 shows 

the yield of the different scFv-Fc proteins. There was successful generation of 

all scFv-Fc fusion proteins with a variation in yield which could be a reflection 

of protein stability differences or experimental variation.  
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Table 4.1 Quantity of scFv-Fc obtained from transient transfection of 293F 

scFv-Fc Abs 280 

(Ave of 2) 

260/280 

(Ave of 2) 

Extinction 
Co-Efficient 

Conc. 
µg/ml 

Volume 

(µl) 

Yield 

(µg) 

TB8-UCOE 0.114 0.97 1.83 62.29 210 13.0 

TC6-UCOE 0.145 0.78 1.84 78.8 450 35.5 

TE9-UCOE 0.116 0.52 1.77 65.5 700 45.9 

TF9-UCOE 0.341 0.95 1.84 185.3 600 111.1 

BB5-UCOE 0.115 0.56 1.67 68.9 315 21.7 

BC10-UCOE 0.105 0.51 1.77 59.3 690 40.9 

BD9-UCOE 0.128 0.55 1.74 73.6 400 29.4 

BF9-UCOE 0.130 0.59 1.76 73.8 730 53.9 

BG4-UCOE 0.150 0.62 1.87 80.2 825 66.2 

BH6-UCOE 0.140 0.66 1.92 72.9 300 21.9 

 

A western blot was performed on the scFv-Fc proteins after purification but 

before concentration and stained with an anti-human-Fc-HRP protein (figure 

4.4). All proteins were present and an appropriate size. The different density 

bands confirm the different quantities of scFv-Fc present in each sample.  
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Figure 4.4 A western blot of the scFv-Fc after purification from conditioned 
media but before concentration. The equivalent amount of protein (100ng) was 
added to each well. The samples are stained with an anti-human-Fc-HRP. The 
expected size of the scFv monomer is approximately 50KDa. As illustrated, 
protein is present for all scFv but staining is variable. After purification, all scFv 
were concentrated to 100µg/µl for direct comparison of binding. 
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Figure 4.4 A western blot of the scFv-Fc after purification from conditioned media

but before concentration. The equivalent amount of protein (100ng) was added to
each well. The samples are stained with an anti-human-Fc-HRP. The expected

size of the scFv monomer is approximately 50KDa. As illustrated, protein is

present for all scFv but expression is variable. After purification, all scFv were
concentrated to 100µg/µl for direct comparison of binding.
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4.2.4 Measuring antigen density of target cells 

The antigen density of target cell lines was measured using a Quantibrite 

quantification beads (BD Bioscience). It gives an indication of the number of 

antigen targets/cell assuming a 1:1 antibody: antigen ratio. The results are 

shown in table 4.2. 

Table 4.2 

Cell line Molecules  

B7-H3/Cell 

Molecules  

GD2/Cell 

Jurkat 403 - 

4Ig-B7-H3 Jurkat (bulk sort) 14,693 - 

4Ig-B7-H3 Jurkat (single clone) 12,980 - 

2Ig-B7-H3 Jurkat (bulk sort) 6552 - 

T-B7-H3 Jurkat (bulk sort) 17,301 - 

LAN-1 138,654 188,419 

Kelly 42,172 30,345 

SK-N-AS 81,557 2,379 

IMR-32 56,921 56,272 

SupT1 - 386 

SupT1 GD2 - 223,240 

 

4.2.5 Testing scFv-Fc using flow cytometry 

Flow cytometry was used to confirm binding of the scFv-Fc to B7-H3 +/- Jurkat 

cells. Cells were incubated with the scFv-Fc protein, washed and stained with 

an anti-Human Ig-Alexa Fluor 647 secondary antibody (ThermoFisher). The 

optimal positive control for this would have been an unconjugated anti-B7-H3 



 175 

antibody with a human Ig which would have allowed the same secondary to 

be used. As this was not available, 2 different positive controls were used; a 

directly conjugated anti-B7-H3- APC (Miltenyi) and an anti-B7-H3-mouse IgG1 

(R&D) and an anti-mouse IgG (H+L) secondary (R&D). A polyclonal human-

Ig was used as an isotype control for the primary antibody (Invitogen). The 

secondary antibodies (in particular the anti-human Ig-Alexa Fluor 647) had 

high background staining, so all positive results were gated against this 

background. The controls and the results of staining of the different scFv-Fc 

are shown in figure 4.5. 

The 3 different B7-H3 positive Jurkat cell lines used in this experiment had 

been bulk sorted but not yet single cell sorted. The positive controls showed 

different shaped histograms which likely represent different levels of antigen 

expression. In particular, there is a significant proportion of negative 2Ig-B7-

H3-Jurkat cells, possibly due to antigen loss or downregulation in the bulk 

sorted cells. Alternatively, the optimal binding site for the commercial 

antibodies may not be present in the 2Ig-B7-H3 isoform. There is no 

information available on how clone FM276 (Miltenyi) was produced but clone 

185504 (R&D) was made by immunising mice with the V1-C1 subunits of B7-

H3 which has minor differences from V1-C2 found in 2Ig-B7-H3. The different 

shaped histograms can also be seen in the cells stained by the majority of 

scFv-Fc fusion proteins although more cells test positive with clones TC6 or 

TE9. 
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Figure 4.5 Figure shows the binding of scFv-Fc against bulk sorted Jurkat cell 
lines +/- for B7-H3 isoforms. 4.5 A Shows the positive and negative controls. 
The first column shows binding with a directly conjugated anti-B7-H3 antibody, 
the second shows binding with a primary anti-B7-H3 antibody and a 
conjugated secondary and the third column shows isotype and omission 
controls for the anti-human Ig secondary. The first row is against 4Ig-B7-H3, 
the second against 2Ig-B7-H3 and the third against T-B7-H3. 4.5 B The 
binding of the 5 scFv-Fc taken forward for further analysis to different isoforms 
of B7-H3. 4.5 C Binding of the 5 scFv-Fc not taken forward for further analysis.   

Figure 4.5 Figure shows the binding of scFv-Fc against bulk sorted Jurkat cell lines

+/- for B7-H3 isoforms. 4.5 A Shows the positive and negative controls. The first
column shows binding with a directly conjugated anti-B7-H3 antibody, the second

shows binding with a primary anti-B7-H3 antibody and a conjugated secondary and

the third column shows isotype and omission controls for the anti-human Ig
secondary. The first row is against 4Ig-B7-H3, the second against 2Ig-B7-H3 and the

third against T-B7-H3. 4.5 B The binding of the 5 scFv-Fc taken forward for further
analysis to different isoforms of B7-H3. All percentages relate to binding to the T-B7-

H3 isoform. 4.5 C Binding of the 5 scFv-Fc not taken forward for further analysis.
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The scFv-Fc fusion proteins show consistently higher binding to T-B7-H3-

Jurkats than the other isoforms. The positive controls also show higher binding 

to T-B7-H3-Jurkats but the difference is not so marked. This could be because 

T-B7-H3-Jurkats have greater levels of antigen expression or because a T-

B7-H3 was the immunogen used in mouse vaccination and the scFv-Fc have 

a naturally higher affinity for this isoform. The antigen density for the bulk 

sorted Jurkat cells was measured at a later timepoint (table 4.2) however as 

these were bulk sorted cells, different clones may predominate over time and 

these may not be true reflections of the antigen density at the time of this 

experiment. Further work to test these hypotheses might involve saturating 

binding by increasing scFv-Fc concentration or by directly measuring antibody 

affinity for the different isoforms. However, the primary aim at this point was to 

identify scFv which unequivocally bound to the two naturally occurring 

isoforms of B7-H3 since the relationship between affinity and functionality for 

CAR T cells is not well established. 

Of the 5 lead scFv-Fc, TC6 and TE9 showed equally specific staining to all 3 

isoforms of B7-H3. TF9 and BF9 did not stain as well with 2Ig-B7-H3 

expressing cells and both show relatively large unbound populations although 

staining was in line with that seen in commercial antibodies. BH6 however did 

not show any staining of 2Ig-B7-H3 but showed strong staining to the other 2 

isoforms. This suggests BH6 has a binding site on the V2 subunit of B7-H3. 

This subunit is present in 4Ig-B7-H3 and T-B7-H3 (the original immunogen) 

but absent from 2Ig-B7-H3. The other four scFv must bind to a region common 

to all 3 isoforms and it is not possible to determine whether this is on a V or C 
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subunit. Given the high degree of homology between V1 and V2 and C1 and 

C2 there may be more than one binding epitope for these scFv and hence the 

possibility of bivalent binding of an scFv-Fc dimer or whole antibody.  

Figure 4.5 C shows the scFv that were not taken forward which did not stain 

specifically to cells expressing the B7-H3 isoforms. Lower levels of binding 

may be due to structural differences between cell bound and plate bound B7-

H3 or may be due to the scFv-Fc structure, which is relatively rigid and may 

not allow sufficient flexibility for scFv-target interactions. Further work is 

needed to determine whether these scFv still function in different formats such 

as bispecific antibodies.  

4.2.6 Purification of whole antibodies 

Three scFv, TC6, TE9 and BH6 were selected for production of whole 

antibodies. TC6 and TE9 showed superior staining in scFv-Fc form of B7-H3 

Jurkat cells as measured by flow cytometry and BH6 was selected because it 

appears to discriminate between different B7-H3 isoforms. Production was 

outsourced to a commercial company, Evitra, who produced chimeric 

antibodies of these scFv, with a human IgG1 Fc domain. Evitra performed a 

transient transfection in mammalian cells. The culture supernatant was filtered 

and purified on Protein A columns as described above and dialysed into PBS 

before quantification. 
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4.2.7 Whole antibody staining of B7-H3 positive cell lines 

TE9 and BH6 were used to stain neuroblastoma lines to check the affinity of 

the binders to B7-H3 naturally expressed on tumour cell lines. The results are 

shown in figure 4.6. Both TE9 and BH6 stain the neuroblastoma cell lines LAN-

1, Kelly and IMR-32. TE9 appears to stain better than BH6, particularly in IMR-

32 cells. TE9 and BH6 were also used to stain the B7-H3 +/- Jurkat cell lines, 

4Ig-B7-H3, 2Ig-B7-H3 and T-B7-H3. As with the scFv-Fc staining, TE9 stained 

all 3 cell lines but BH6 only stained 4Ig-B7-H3 and T-B7-H3.  

The Jurkat B7-H3 cell lines used in figures 4.5 and 4.6 had been bulk sorted 

into a population expressing high levels of B7-H3 but the 4Ig-B7-H3 Jurkat cell 

line developed a sub-population with lower levels of B7-H3 expression as 

illustrated by the bimodal distribution seen in figure 4.6 B with the commercial 

antibody as well as the three UCL antibodies. This may have been due to 

promotor silencing or the outgrowth of cells expressing lower levels of antigen 

that remained after the bulk sort. These cells were single cell cloned to 

generate a clonal population with high expression for use in further 

experiments. Figure 4.8 shows staining of this single clone. 

A postdoctoral researcher in Kerry Chester’s lab, Magdalena Buschhaus, 

tested staining of TE9, TC6 and BH6 against different cervical carcinoma cell 

lines and a mouse fibroblast cell line using flow cytometry. She demonstrated 

staining of all three antibodies against all tested cervical carcinoma lines and 

binding of BH6 only to mouse B7-H3 expressed on mouse fibroblasts (figure 

4.7). 
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Serial dilutions of TE9, TC6 and BH6 antibodies were used to determine the 

minimum antibody concentration required for staining 4Ig-B7-H3-Jurkat cells. 

The results are shown in figure 4.8. All three antibodies stain B7-H3 positive 

cells well at a concentration of 1µg/ml and 0.1µg/ml and no staining of WT 

Jurkat is seen. TE9 continues to stain at 0.01µg/ml although TC6 and BH6 do 

not. Very little staining is seen with any of the antibodies at 0.001µg/ml. 
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Figure 4.6 A Chimeric antibodies of TE9 and BH6 were used to stain 3 
neuroblastoma cell lines, LAN-1, Kelly and IMR-32. The top row shows 
staining with a commercial directly conjugated antibody (Miltenyi) and the 
bottom row with the chimeric antibody and an anti-human secondary. 4.6 B 
Chimeric antibodies TE9 and BH6 were used to stain the 3 B7-H3 positive 
Jurkat cell lines, 4Ig-B7-H3, 2Ig-B7-H3 and T-B7-H3. 
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Figure 4.7 Staining of cervical cancer cell lines and mouse fibroblasts with 
TE9, TC6 and BH6 whole antibodies by Magdalena Buschhaus measured 
using flow cytometry. TE9 and TC6 antibodies stain the human cell lines but 
only BH6 shows staining of mouse B7-H3 expressed on mouse fibroblasts. 
BH6 has only been shown against mouse fibroblasts.  

Omission control (anti-goat IgG)
Positive control (goat anti-human B7-H3 (R&D)
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4.7

4.7 Staining of cervical cancer cell lines and mouse fibroblasts with TE9, TC6 and BH6

whole antibodies by Magdalena Buschhaus measured using flow cytometry. All three

antibodies stain the human cell lines but only BH6 shows staining of mouse B7-H3

expressed on mouse fibroblasts. BH6 is only shown against mouse fibroblasts.

Overlay of TC6 and TE9
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Figure 4.8 Serial dilution of TC6, TE9 and BH6 against negative and 4Ig-B7-
H3 positive Jurkat. 4.7 A Binding of all 3 antibodies and controls at maximum 
concentration 1µg/ml to untransduced Jurkat and 4Ig-B7-H3 Jurkat.  4.7 B 
Binding of the antibodies to 4Ig-B7-H3 Jurkat at 1µg/ml, 0.1µg/ml, 0.01µg/ml, 
and 0.001µg/ml. 
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Magdalena Buschhaus also performed kinetic measurements of the whole 

antibodies as shown in figure 4.9. She used an OctetRED96 system which 

relies on biolayer interferometry to measure interactions between a protein 

immobilised on a biosensor and a ligand in solution. The protein: ligand 

interaction changes the thickness of the biosensor, which in turn causes a shift 

in the wavelength of light can be detected and analysed [315]. Binding and 

dissociation of TE9, TC6 and BH6 to B7-H3 can be measured at different 

concentrations of B7-H3 to determine the equilibrium dissociation constant 

(KD), the association rate constant (ka) and the dissociation constant (kd).  

KD is often used as a measurement of antibody affinity. It describes the 

relationships between the association and dissociation rate constants. All 

three antibodies had similar affinities, although TC6 has the highest affinity 

with a KD of <1x10-12 M. This may be driven in part by the slow dissociation 

rate of TC6 (<0.1x10-7 M-1 s-1). In contrast, TE9 has a faster association and 

dissociation rate constant (4.02x105 s-1 and 1.24x10-4 M-1 s-1respectively). 

Further testing is needed to determine how this affects CAR T cell function, 

but a fast on and fast off rate may give CAR T cells an advantage, allowing 

them to rapidly engage their antigen target, kill the malignant cell and move 

on quickly. 
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Figure 4.9 The kinetic measurements of the whole antibodies of TE9, TC6 

and BH6 binding to soluble 4Ig-B7-H3-His as measured on an OctetRED96 
performed by Magdalena Buschhaus. The tables show the equilibrium 
dissociation constant (KD), and the association (ka) and dissociation (kd) rate 

constants for the antibody: antigen interactions. R2 is the variance explained 
by the line of best fit. 

  

TC6
4.9

4.9 The kinetic measurements of the whole antibodies of TE9, TC6 and BH6

binding to soluble 4Ig-B7-H3-His as measured on an OctetRED96 performed by

Magdalena Buschhaus. The tables show the equilibrium dissociation constant (KD),

and the association (ka) and dissociation (kdis) rate constants for these three

antibody: antigen interactions.
Figure 4.8

4.9

4.9 The kinetic measurements of the whole antibodies of TE9, TC6 and BH6

binding to soluble 4Ig-B7-H3-His as measured on an OctetRED96 performed by

Magdalena Buschhaus. The tables show the equilibrium dissociation constant (KD),

and the association (ka) and dissociation (kdis) rate constants for these three

antibody: antigen interactions.

Figure 4.8

4.9

4.9 The kinetic measurements of the whole antibodies of TE9, TC6 and BH6

binding to soluble 4Ig-B7-H3-His as measured on an OctetRED96 performed by

Magdalena Buschhaus. The tables show the equilibrium dissociation constant (KD),

and the association (ka) and dissociation (kdis) rate constants for these three

antibody: antigen interactions.
Figure 4.8

4.9

4.9 The kinetic measurements of the whole antibodies of TE9, TC6 and BH6

binding to soluble 4Ig-B7-H3-His as measured on an OctetRED96 performed by

Magdalena Buschhaus. The tables show the equilibrium dissociation constant (KD),

and the association (ka) and dissociation (kdis) rate constants for these three

antibody: antigen interactions.

TE9

BH6

TC6 Value Error

KD (M) <1.0x10-12 3.76x1012

ka (s-1) 2.3x103 <1.0x10-7

kd (M-1s-1) <1.0x10-7

R2 0.9959

TE9 Value Error

KD (M) 3.08x10-10 3.34x10-12

ka (s-1) 4.02x105 1.40x103

kd (M-1s-1) 1.24x10-4 1.27x10-6

R2 0.9968

BH6 Value Error

KD (M) 3.12x10-10 1.72x10-12

ka (s-1) 1.26x106 4.84x103

kd (M-1s-1) 3.94x10-4 1.56x10-6

R2 0.9932



 187 

4.2.8 Production of an anti-B7-H3 CAR expression construct 

On the basis of their binding as scFv-Fc, TC6, TE9, TF9, BF9 and BH6 were 

cloned into a CAR format in SFG-g-retroviral expression vector with a CD8 

stalk and transmembrane and a CD28-CD3z endodomain. Successful cloning 

was confirmed through sanger sequencing. The plasmid also contains an 

RQR8 suicide gene with the target epitopes CD34 and CD20. The CD34 

domain allows for selection and staining with the QBend10 anti-CD34 clone 

and in the event of adverse side effects, RQR8 expressing cells can be deleted 

by targeting them with the anti-CD20 antibody rituximab [158]. 

As discussed in section 3.8, TC6 had a mutated serine glycine linker which 

had not previously been corrected. A glycine linker is commonly used in scFv 

production to provide a stable, inert, flexible connection between VH and VL 

subunits with serine or threonine added to increase solubility. Due to the high 

throughput PCRs used in library production, mutations are common. TC6 had 

a substitution of guanine to adenine resulting in a change from glycine to 

serine.  After the scFv was cloned into the CAR plasmid, this mutation was 

corrected by site directed mutagenesis and the corrected TC6 used for the 

remainder of the study. 

4.2.9 Transduction of abT cells with anti-B7-H3 CAR 

Peripheral blood mononuclear cells (PBMCs) were isolated from 

leukapheresis cones using Ficoll density separation and were NK-Cell 

depleted using anti-CD56 magnetic beads in a MACS cell separator. Seventy-
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two hours prior to transduction, PBMCs were activated with soluble anti-CD3 

and anti-CD28 antibodies (Miltenyi) as PBMCs need to be in the exponential 

growth phase to facilitate g-retroviral DNA entry into their nucleus. Il-2 was 

added 48 hours prior to transduction. Fresh g-retrovirus was produced for each 

transduction following transient transfection of 293T with the CAR retroviral 

construct, an env plasmid, and a gagpol double plasmid, using genejuice.  

Transduction efficiency was checked 72 hours later by staining with anti-CD34 

antibody. In total, between 3 and 5 donors were transduced with these CARs 

as there were some problems with contamination. The evaluation was done 

using 3 or 4 repeats for all transduced cells and 5 repeats for the UT cells. The 

range of transduction efficiency was 32.9%-80.3%. The average transduction 

efficiency was 57.4% (range of average 49.1-67.4%). Transduction efficiency 

was also checked by incubation with a 4Ig-B7-H3-Histag (produced by 

Magdalena Buschhlaus) then staining with an anti-Histag antibody (Biolegend) 

to determine the relationship between CD34 expression and CAR expression 

in transduced cells (figure 4.10). TC6 and TE9 have similar levels of CAR and 

CD34 staining (<5% difference). The other CARs show higher levels of CD34 

staining than direct CAR staining (7.2% difference for TF9, 22.4% difference 

for BF9 and 39.2% for BH6). 

BH6 shows relatively little staining for B7-H3-His. This may be because the 

BH6 CAR is less stable than the other anti-B7-H3 CARs or rapidly internalised 

upon antigen contact. Alternatively, the BH6 His binding epitope may be 

restricted by the Histag or in close proximity, so the CAR competes with the 
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secondary antibody. A third explanation is that BH6 may have lower affinity for 

B7-H3 compared with the other scFv and may only bind weakly to B7-H3 in 

solution, requiring clustering of antigen on a surface (such as a cell membrane) 

to facilitate stable binding. However, as the binding kinetics of BH6 whole 

antibody were not greatly different from those of TE9, this is less likely as the 

binding kinetics of the scFv form are unlikely to be dramatically different.  
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Figure 4.10 Transduced T cells are stained with both a directly conjugated 
anti-CD34 and incubated with a B7-H3-Histag then stained with a secondary 
anti-Histag antibody. The graphs above show a CD3+/αβTCR+ population 
taken from the live cell gate. 

 

  

Lymphocytes
73.7

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

Specimen_001_UT Stained_005.fcs
Ungated
14459

Single Cells
93.6

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Specimen_001_UT Stained_005.fcs
Lymphocytes
10660

CD3 Positive
99.6

0-103 103 104 105

CD3

0

50K

100K

150K

200K

250K

ab
TC

R

Specimen_001_UT Stained_005.fcs
Live Cells
9935

Live Cells
99.5

0 50K 100K 150K 200K 250K

FSC-A

0

-103

103

104

105

Li
ve

 D
ea

d

Specimen_001_UT Stained_005.fcs
Single Cells
9981

B7-H3 His Binding
0.42

CD34 Positive
0.071

0-103 103 104 105

CD34

101

102

103

104

105
B7

-H
3 

H
is

 +
 A

nt
i-

H
is

Specimen_001_UT Stained_005.fcs
CD3 Positive
9895

Lymphocytes
49.3

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

Specimen_001_TC6_007.fcs
Ungated
20829

Single Cells
97.0

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Specimen_001_TC6_007.fcs
Lymphocytes
10279

CD3 Positive
99.3

0-103 103 104 105

CD3

0

50K

100K

150K

200K

250K
ab

TC
R

Specimen_001_TC6_007.fcs
Live Cells
9863

Live Cells
98.9

0 50K 100K 150K 200K 250K

FSC-A

0

-103

103

104

105

Li
ve

 D
ea

d

Specimen_001_TC6_007.fcs
Single Cells
9970

B7-H3 His Binding
65.5

CD34 Positive
70.2

0-103 103 104 105

CD34

101

102

103

104

105

B7
-H

3 
H

is
 +

 A
nt

i-
H

is

Specimen_001_TC6_007.fcs
CD3 Positive
9790

Lymphocytes
49.1

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

Specimen_001_TE9_008.fcs
Ungated
21587

Single Cells
94.0

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Specimen_001_TE9_008.fcs
Lymphocytes
10602

CD3 Positive
98.9

0-103 103 104 105

CD3

0

50K

100K

150K

200K

250K

ab
TC

R
Specimen_001_TE9_008.fcs
Live Cells
9905

Live Cells
99.4

0 50K 100K 150K 200K 250K

FSC-A

0

-103

103

104

105

Li
ve

 D
ea

d

Specimen_001_TE9_008.fcs
Single Cells
9964

B7-H3 His Binding
60.9

CD34 Positive
63.2

0-103 103 104 105

CD34

101

102

103

104

105

B7
-H

3 
H

is
 +

 A
nt

i-
H

is

Specimen_001_TE9_008.fcs
CD3 Positive
9794

Lymphocytes
44.8

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

Specimen_001_TF9_009.fcs
Ungated
23870

Single Cells
95.5

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Specimen_001_TF9_009.fcs
Lymphocytes
10682

CD3 Positive
99.6

0-103 103 104 105

CD3

0

50K

100K

150K

200K

250K

ab
TC

R

Specimen_001_TF9_009.fcs
Live Cells
9930

Live Cells
97.3

0 50K 100K 150K 200K 250K

FSC-A

0

-103

103

104

105

Li
ve

 D
ea

d

Specimen_001_TF9_009.fcs
Single Cells
10203

B7-H3 His Binding
67.7

CD34 Positive
74.9

0-103 103 104 105

CD34

101

102

103

104

105

B7
-H

3 
H

is
 +

 A
nt

i-
H

is

Specimen_001_TF9_009.fcs
CD3 Positive
9892

Lymphocytes
53.1

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

Specimen_001_BF9_010.fcs
Ungated
19315

Single Cells
97.3

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Specimen_001_BF9_010.fcs
Lymphocytes
10248

CD3 Positive
99.4

0-103 103 104 105

CD3

0

50K

100K

150K

200K

250K

ab
TC

R

Specimen_001_BF9_010.fcs
Live Cells
9882

Live Cells
99.1

0 50K 100K 150K 200K 250K

FSC-A

0

-103

103

104

105

Li
ve

 D
ea

d

Specimen_001_BF9_010.fcs
Single Cells
9973

B7-H3 His Binding
50.3

CD34 Positive
72.7

0-103 103 104 105

CD34

101

102

103

104

105
B7

-H
3 

H
is

 +
 A

nt
i-

H
is

Specimen_001_BF9_010.fcs
CD3 Positive
9821

Lymphocytes
31.5

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

SS
C

-A

Specimen_001_BH6_011.fcs
Ungated
33762

Single Cells
93.5

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-H

Specimen_001_BH6_011.fcs
Lymphocytes
10640

CD3 Positive
98.2

0-103 103 104 105

CD3

0

50K

100K

150K

200K

250K

ab
TC

R

Specimen_001_BH6_011.fcs
Live Cells
9805

Live Cells
98.6

0 50K 100K 150K 200K 250K

FSC-A

0

-103

103

104

105

Li
ve

 D
ea

d

Specimen_001_BH6_011.fcs
Single Cells
9944

B7-H3 His Binding
13.0

CD34 Positive
52.2

0-103 103 104 105

CD34

101

102

103

104

105

B7
-H

3 
H

is
 +

 A
nt

i-
H

is
Specimen_001_BH6_011.fcs
CD3 Positive
9631

Untransduced T-Cells TC6-CD28-CD3! TE9-CD28-CD3!

TF9-CD28-CD3! BF9-CD28-CD3! BH6-CD28-CD3!

4.10

Figure 4.10 Transduced T-Cells are stained with both a directly conjugated anti-CD34

and incubated with a B7-H3-Histag then stained with a secondary anti-Histag
antibody. The graphs above show a CD3+/αβTCR+ population taken from the live cell

gate.
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4.2.10 Testing the anti-B7-H3 CAR: Cr51 cytotoxicity assay  

The cytotoxicity of anti-B7-H3 CAR positive T cells 10 days after activation (6 

days after transduction) was evaluated using Cr51 killing assays (figure 4.9). 

Target cells (Jurkat, 4Ig-B7-H3-Jurkat and LAN-1) were radiolabelled with 

Cr51. Effector cells were incubated with target cells at ratios of 10:1, 5:1, 2.5:1 

and 1.25:1 for 4 hours and killing compared to background cell death of the 

target cells and 100% cell death calculated by incubating cells with Triton X-

100 to ensure 100% cell lysis. An anti-GD2-CD28-CD3z CAR recently in 

clinical trial for neuroblastoma was used as a positive control [151]. This CAR 

was similar to the anti-B7-H3 CARs but with a different scFv (huk666), spacer 

and transmembrane domain (CH2-CH3 spacer and hinge, CD28 

transmembrane). The anti-GD2 CAR was tested against GD2 positive LAN-1 

and isogenic GD2 +/- SupT1 cell lines.  

TC6 and TE9 showed antigen specific killing of B7-H3+ Jurkat but minimal 

killing of WT Jurkat. There was no significant difference between cytotoxicity 

of TC6, TE9 and GD2 against LAN-1 target cells as shown in figure 4.9 B. The 

other three scFv however (TF9, BF9 and BH6), showed minimal levels of 

cytotoxicity. 
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Figure 4.11 The graphs show the mean and range of the replicates. The 
number of replicates is shown on the right and is the same for both A and B. 
Data analysed with a 2-way ANOVA 4.11 A Cytotoxicity assay each of the 
anti-B7-H3 CARs against B7-H3 +/- Jurkat cells and LAN-1 labelled with Cr51. 
An anti-GD2 CAR is used as a positive control. 4.11 B Cytotoxicity of TC6 and 
TE9 against LAN-1 cells compared with anti-GD2.  
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Figure 4.11 The graphs show the mean and range of the replicates. The number

of replicates is shown on the right and is the same for both A and B. A

Cytotoxicity assay each of the anti-B7-H3 CARs against B7-H3 +/- Jurkat cells

and LAN-1 labelled with Cr51. An anti-GD2 CAR is used as a positive control. 4.9

B Cytotoxicity of TC6 and TE9 against LAN-1 cells compared with anti-GD2.
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4.2.11 18-hour co-culture for cytokine production 

Anti-B7-H3-CAR T Cells 10 days after activation (5-7 days after transduction) 

were cultured with LAN-1, Kelly or no target cells for 18 hours in media without 

Il-2. After 18 hours, cells were pelleted, and supernatant taken for 

measurement of Il-2 and IFN-g by ELISA (figure 4.12). 

A one-way ANOVA was used to analyse the results and Tukey’s multiple 

comparisons test used to compare different values. Although BH6 and GD2 

(and to a lesser extent TF9) appear to produce more IL-2 and IFN-g when 

incubated with their antigen targets, no significant difference was observed 

with any of these CARs between those incubated with target cells compared 

to those without or compared with UT controls. A large inter-donor variability 

in cytokine production was observed and as the n was only 3-4 depending on 

the CAR, the test may not have been sufficiently powered to show subtle 

significant differences. 

TC6-CD28-CD3z incubated with LAN-1 or Kelly cells showed a significant 

difference in IFN-g production compared with UT T cells (p = 0.0364, p = 

0.0400) but not compared to TC6 CAR T cells cultured without an antigen 

stimulus and had no significant difference in Il-2 production in any condition. 

In contrast, TE9-CD28-CD3z incubated with LAN-1 showed a significantly 

higher IFN-g production compared with UT T cells with LAN-1 (p = 0.0005) and 

unstimulated TE9 CAR T cells (p = 0.0013). It also showed a greater 



 194 

production of IFN-g compared with other CARs incubated with LAN-1 targets 

(TF9 p = 0.0446, BF9 p = 0.0028) (figure 4.10 A). 

Furthermore, TE9-CD28-CD3z incubated with LAN-1 showed a significantly 

higher Il-2 production compared with UT T cells (p = 0.0002) and unstimulated 

TE9 CAR (p = 0.0007). Additionally, they showed a significantly higher 

production of Il-2 compared with other CARs incubated with LAN-1 targets 

(TF9 p = 0.0006, BF9 p = 0.0007, BH6 p = 0.0140, GD2 p = 0.0213) (figure 

4.12).  
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Figure 4.12 Transduced CAR cells were cultured with LAN-1 or Kelly target 
cells or no antigen stimulus (US) for 18 hours. Cells were pelleted and 
supernatant used in ELISA compared with known values of Il-2 of IFN-!. 
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ELISA compared with known values of Il-2 of IFN-!.

TC6 n = 3
TE9 n = 4
TF9 n = 4
BF9 n = 4
BH6 n = 3
GD2 n = 3
Untransduced n = 5

Untra
nsd

uce
d

TC6
TE9

TF9
BF9

BH6
GD2

0

20000

40000

60000

CAR

IF
N

-γ
 (p

g/
m

l)

IFN-γ Production

Unstimulated

LAN-1

Kelly

✱✱

✱

✱✱

✱✱✱

Untra
nsd

uce
d

TC6
TE9

TF9
BF9

BH6
GD2

0

10000

20000

30000

40000

CAR

IL
-2

 (p
g/

m
l)

IL-2 Production

Unstimulated

LAN-1

Kelly

✱✱✱

✱✱✱

✱✱✱

✱

✱

✱✱✱

Untra
nsd

uce
d

TC6
TE9

TF9
BF9

BH6
GD2

0

10000

20000

30000

40000

CAR

IL
-2

 (p
g/

m
l)

IL-2 Production

Unstimulated

LAN-1

Kelly

✱✱✱

✱✱✱

✱✱✱

✱

✱

✱✱✱



 196 

4.2.12 18-hour co-culture for CD107a release, CD25 and CD69 

expression 

Anti-B7-H3-CAR T Cells 10 days after activation (6 days after transduction) 

were cultured with LAN-1, Kelly or no target cells for 18 hours in media without 

IL-2. Cells were pelleted and stained for CD107a, CD25 and CD69 expression. 

Figure 4.13 shows histograms of these activation and granulation markers in 

cells cultured with and without antigen targets. As with other markers of T cell 

activity, the difference between transduced and UT cells is most obvious in 

TC6 and TE9 CAR T cells although as there was only a single measurement 

of these markers, statistical analysis is not possible.  

Figure 4.14 shows the Median Fluorescence Intensity (MFI) of CD107a 

expression in CAR T cells co-cultured with antigen targets for 18hours 

compared with unstimulated cells. The data was analysed using an ordinary 

one-way ANOVA and Tukey’s multiple comparison test. Although all donors 

showed the same pattern, there was a big range of inter-donor variability so 

few of the results were statistically significant. TF9, BF9 and BH6 did not show 

a difference compared with unstimulated cells. TC6, TE9 and GD2 all appear 

to have higher levels of CD107a than unstimulated cells but there is no 

significant difference with TC6 or GD2. TE9 CAR T cells in the presence of 

LAN-1 cells have significantly more CD107a compared with UT cells co-

cultured with LAN-1 (p = 0.0474) but not than unstimulated TE9 CAR T cells 

(p = 0.3034). 
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Figure 4.13 CAR T cells were cultured for 18 hours with either LAN-1, Kelly 
or no antigen target cells (unstimulated) then stained for markers of activation 
(CD69 and CD25) and a marker of degranulation (CD107a) before being 
analysed on the flow cytometer.  
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Figure 4.13 CAR T-Cells were cultured for 18 hours with either LAN-1, Kelly or no

antigen target cells (unstimulated) then stained for markers of activation (CD69 and
CD25) and a marker of degranulation (CD107a) before being analysed on the flow

cytometer.
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Figure 4.14 T cells were cultured with antigen positive target cells (LAN-1 or 
Kelly) or no antigen stimulus for 18 hours then stained for CD107a release. 
The above graph shows the MFI of CD107a for the whole T-Cell population.  
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Figure 4.14 T-Cells were cultured with antigen positive target cells (LAN-1 or

Kelly) or no antigen stimulus for 18 hours then stained for CD107a release. The
above graph shows the MFI of CD107a for the whole T-Cell population.
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4.3 Discussion 

The anti-B7-H3-myc scFv obtained from panning the phage display library 

were successfully cloned into expression vectors and used to produce scFv-

Fc fusion proteins. These were purified and quantified and applied to isogenic 

B7-H3 +/- cell lines expressing different B7-H3 isoforms. B7-H3: scFv 

interaction was measured by staining the cells with a fluorophore conjugated 

secondary antibody and analysing them by flow cytometry. A range of different 

staining patterns were observed and of the original 10, 5 scFv were selected 

for further evaluation on the basis of this staining. None of the scFv showed 

non-specific staining of WT Jurkat cells and of the scFv, TC6 and TE9 showed 

the brightest staining against the 3 different isoforms of B7-H3 tested (figure 

4.5 B). Additionally, TE9 stained B7-H3 expressing Jurkat cells at a 10-fold 

lower dilution than TC6 or BH6 in whole antibody form (figure 4.8 B). TE9 and 

BH6 also bound to B7-H3 on neuroblastoma cell lines and TE9 and TC6 bound 

to cervical cancer cell lines, confirming that these binders also work on B7-H3 

on cancer cell lines and not just in the artificial B7-H3+ Jurkat cells. 

Additionally, BH6 bound to mouse fibroblasts, suggesting it cross reacts with 

mouse B7-H3 (figure 4.7). 

Staining with the scFv-Fc or whole antibodies cannot be exactly compared 

with the commercial anti-B7-H3 antibodies used as these were either directly 

conjugated or necessitated the use of a different secondary but it is promising 

that the UCL binders produced similar, and in some cases brighter, staining 

patterns. Although the binding kinetics have not been evaluated for the scFv-
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Fc fusion proteins, Magdalena Buschhaus measured the binding kinetics for 

the whole antibody forms of TE9, TC6 and BH6 which give an indication of 

how the scFv-Fc may function (figure 4.9). TC6 has a much lower KD 

(equilibrium dissociation constant) compared with TE9 and BH6, brought 

about in part by a longer dissociation rate constant (kd). TE9 and BH6 show 

similar KD to one another. Further work is needed to look at affinity, on-off rates 

and internalisation of the other scFv which did not perform as well. These 

characteristics may explain why some of the scFv showed greater levels of 

staining than others.  

Four of the 5 lead scFv bound to all three isoforms of B7-H3 but BH6 failed to 

bind 2Ig-B7-H3 (isoform 2) in either scFv-Fc or whole antibody form (figure 

4.5, figure 4.6 B). Again, more work is needed to understand the exact binding 

domain, but it is likely that BH6 binds to an epitope on the V2 subunit, present 

on 4Ig-B7-H3 and T-B7-H3 but absent on 2Ig-B7-H3. The other scFvs bind to 

one or more epitopes common to all three isoforms. As discussed in Chapter 

1, relatively little is known about the role and distribution patterns of the B7-H3 

isoforms beyond 4Ig-B7-H3 being more common [214]. Additionally, aberrant 

glycosylation of B7-H3 in malignant cells is thought to occur which may affect 

binding [226]. In the context of a novel immunotherapy for neuroblastoma, it is 

perhaps more relevant that whole antibodies bind to B7-H3 on cell lines and 

not just on artificial constructs (figure 4.6 and 4.7).  

The 5 lead scFv were successfully cloned into second generation CARs. 

Transduction efficiency was measured by staining the CD34 marker gene with 
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an anti-CD34 antibody and staining surface expression of the CAR directly 

with a B7-H3-Histag and a secondary anti-His antibody. Although all CARs 

were successfully stained using this method, TE9, TC6 and TF9 had a smaller 

percentage discrepancy between CD34+ and B7-H3-His positive T cells 

compared with BF9 and BH6 (figure 4.10). There may be some experimental 

bias as the T or “Tube-Derived” scFvs were panned against a B7-H3-Histag 

while the B or “Bead-Derived” scFvs were panned against B7-H3-Streptag 

however this staining is consistent with other measures of CAR function in 

which BF9 and BH6 do not perform as well as the other scFv. If true, this 

staining may suggest either reduced CAR surface expression or rapid 

internalisation of upon antigen contact.  Alternatively, these CAR may bind an 

epitope hidden by the Histag or so close to the Histag that the CAR compete 

with the anti-His antibodies for binding. 

Functional readouts of these CAR suggest TE9 and TC6 are superior to the 

other scFvs. TE9 and TC6 show equivalent antigen specific killing of B7-H3 

+/- Jurkat and show similar levels of cytotoxicity to an anti-GD2 clinical trial 

CAR against LAN-1 cells (figure 4.11) [23].  These CARs show lower 

percentages of antigen specific killing against B7-H3 Jurkat than the anti-GD2 

CAR does against SupT1 GD2. This may be because B7-H3 Jurkats have a 

much lower level of antigen expression than SupT1 GD2 cells (table 4.1)  

TE9 and TC6 CAR T cells also produce higher levels of IL-2 and IFN-! than 

the other CARs, including the anti-GD2-CAR, when cultured with antigen-

positive target cells (figure 4.12). TE9 shows statistically significant superiority 
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of cytokine production compared with control conditions, including higher 

levels of IL-2 than the anti-GD2 positive control. TE9 and TC6 also show 

higher levels of expression of the activation markers CD25 and CD69 and the 

degranulation marker CD107a when cultured with antigen target cells (figure 

4.13 and figure 4.14). 

A CD8 stalk and a CD28-CD3z endodomain were chosen to screen the scFv 

in CAR format. These may not be the optimal component parts for each of the 

scFvs. For example, the CD8stalk may have facilitated optimal binding for 

immune synapse formation for the TE9 and TC6 CARs but not for the BH6 

and BF9 CARs. This may explain the relatively poor performance of some of 

the scFvs and further testing with different length stalks may improve function. 

However, using this design as a platform for screening, 2 lead scFvs have 

been identified which, in CD8 stalk CD28-CD3z CAR format, successfully 

provide T cell activation signals resulting in cytotoxicity, cytokine production 

and upregulation of activation markers. These scFv appear equivalent or 

superior to an anti-GD2 CAR used as a positive control although further testing 

is needed to evaluate this and to optimise CAR function further.   
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Chapter 5: Comparing TE9 to other anti-B7-H3 scFv 

5.1 Introduction 

When this project was started, no other anti-B7-H3 CAR T cells were 

described in the literature however in 2019, two papers described in vitro and 

in vivo efficacy of anti-B7-H3 CAR therapy across a range of childhood and 

adult cancer models [212, 218]. Each paper used a different scFv: one used 

MGA271 and a second 376.96. These scFv were incorporated into the UCL 

CAR backbone to benchmark how they compared to the lead UCL scFv, TE9, 

in functional assays. 

5.1.1 MGA271 

MGA271, also known as Enoblituzumab, is an anti-B7-H3 antibody developed 

by Macrogenics [269]. It was developed through intact cell immunisations and 

selected form a panel on the basis of its ability to differentiate between cancer 

and healthy tissue using immunohistochemistry. The monoclonal antibody 

MGA271 was subsequently Fc enhanced to increase its affinity for the 

activating receptor CD16A and decrease affinity for the negative receptor 

CD32B. It was shown to mediate ADCC in vitro across a panel of tumour cell 

lines and have activity against renal and bladder xenografts in vivo [269]. A 

B7-H3 knockout melanoma cell line showed reduced proliferation and 

increased chemosensitivity, effects that could be replicated in the wildtype 

treated with MGA271. A synergistic antiproliferative effect was seen in 

melanoma cells treated with MGA271 and small molecule inhibitors [260].  
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MGA271 is the subject of several clinical trials alone or in combination 

(NCT01391143, NCT02982941, NCT02923180, NCT02475213, 

NCT04129320, NCT02381314, NCT04634825, NCT04630769). Of those that 

are completed and where data is available, it has showed tolerable side effects 

and some efficacy although the full results of these trials are awaited [278].  

Macrogenics also have a DART protein and an ADC in clinical trial although 

the binders in these agents have not been disclosed (NCT02628535, 

NCT03406949, NCT03729596).  

Majzner et al produced a CD8 hinge 4-1BB-CD3z endodomain CAR using an 

scFv derived from MGA271 which showed superior cytokine production 

compared with a panel of other anti-B7-H3 scFv in vitro. This antibody 

demonstrated tumour control and  
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 with high levels of B7-H3 expression such as Ewings sarcoma, osteosarcoma 

and medulloblastoma [218]. It failed to establish control in low-level antigen 

models in vivo. This suggests there may be a therapeutic window for anti-B7-

H3 CAR T cell treatment where it would be effective against tumours which 

typically have high antigen density, but safe for normal tissues which express 

low levels of B7-H3. 

Theruvath et al used the same CAR intratumorally (IT) or 

intracerebroventricularly (ICV) against ATRT xenografts in mice and 

demonstrated potent antitumour responses compared with CAR T cells 

administered IV. They also showed CAR T cells administered ICV trafficked 

peripherally and produced antigen specific protection against tumour 

rechallenge [209]. This CAR is now in 2 phase 1 clinical trials as locoregional 

immunotherapy for CNS malignancies and for treatment of non-CNS solid 

tumours in children and young adults (NCT04185038 and NCT04483778). 

5.1.2 376.96 

376.96 was originally described in 1982 by Imai et al [270]. Mice were 

immunised with the human melanoma cell line COLO 38. Following 

immunisation, hybridomas were generated which produced an IgG2a 

monoclonal antibody 376.96S. This was shown to recognise a then unknown 

target (which has subsequently been identified as B7-H3) on melanoma and 

carcinoma cells resulting in CDC and ADCC. 

376.96 was subsequently found to bind to B7-H3 on cancer cells and CICs. 

Histological evaluation of 376.96 shows negative staining of major organs 
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including the heart, lung and CNS with mild/moderate staining of organs 

including the liver, GI tract, testis, adrenal and salivary glands [212, 271]. 

376.96 has been shown to inhibit growth of cancer cell lines and 

chemoresistant ovarian cancer cells, reduce growth factor production and 

enhance the inhibitory effect of sunitinib in vitro [271, 274]. The monoclonal 

antibody was radiolabelled with 121Pb and used IV and IP in in vivo models of 

ovarian and pancreatic cancer, and increased survival was demonstrated 

either with the radiolabelled antibody alone or (in the case of ovarian cancer) 

in combination with carboplatin treatment [272, 273].  

Du et al incorporated 376.96 into CAR T cells with a CD8 stalk and either a 

CD28-CD3z or a 4-1BB-CD3z endodomain [212]. They demonstrated in vitro 

activity and in vivo tumour control in orthotopic and metastatic models of 

pancreatic and ovarian carcinoma and neuroblastoma. The same CARs also 

showed activity in in vitro and in vivo models of glioblastoma (GBM) [279]. Du 

et al took advantage of the cross reactivity of 376.96 with mouse B7-H3 to 

develop a syngeneic model to evaluate potential toxicity. They generated 

376.96 CARs with murine CD28-CD3z and 4-1BB-CD3z endodomains and 

used them to transduce activated murine T cells. Although active against 

mouse B7-H3 in vitro, when infused into immune replete mice no toxic effects 

were observed [316].  

5.1.3 CD28 and 4-1BB endodomains 

The first CARs produced included a binder and a CD3z domain and became 

rapidly anergic following antigen engagement of the CAR [127]. The 
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incorporation of co-stimulatory signals into the CARs endodomains conferred 

increased proliferation and survival [124]. Although several co-stimulatory 

molecules exist, the majority of research focuses on CD28 and 4-1BB. The 

CD28 endodomain was incorporated into UCL anti-B7-H3 CARs for the initial 

evaluation. However, as evidence suggests the 4-1BB endodomain may be 

superior in terms of longevity of T cell response, the decision was made to 

include 4-1BB-CD3z CARs into some of the comparisons.  

In physiological T cell activation, CD28 is a T cell co-stimulator expressed in 

both resting and activated T cells [36]. It is recruited into clusters in the immune 

synapse and acts to augment TCR signalling competing with the inhibitory 

receptor CTLA-4 to bind their dual antigens CD80 and CD86 on APCs [317]. 

The CD28 signalling sequences bind and activate P13K and Grb-2, increasing 

proliferation and IL-2 production [318]. 4-1BB on the other hand is a co-

stimulatory molecule normally induced by TCR and CD28 signalling which 

forms a trimeric complex upon binding to its ligand, 4-1BB-L [36]. 4-1BB 

recruits TNFR-associated factor family members resulting in downstream 

activation of NFkB, MAP-Kinase and ERK [318]. 

Less is known about the signalling pathways of CD28 and 4-1BB in CAR 

format and the temporal and spatial relationships may change their signalling 

patterns. 4-1BB for example, normally signals after CD3z rather than 

contemporaneously and usually forms a trimer when most CARs are thought 

to exist as dimers. The other “building blocks” of the CAR, the scFv, the hinge-

TM and other intracellular regions (if present) will also affect costimulatory 
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function making comparisons difficult [36]. Overall, CARs containing CD28 

endodomains seem to produce rapid, potent effector responses with high 

levels of IL-2, and 4-1BB-containing CARs are thought to increase T cell 

persistence [312, 319]. One mechanism for CAR T cell exhaustion is tonic 

signalling through clustering of CARs in the absence of antigen stimuli. The 4-

1BB endodomain may help to reduce some of this effect conferring resistance 

to exhaustion [136]. In clinical trials, functional 4-1BB containing anti-CD19-

CAR T cells seem to persist longer than CD28 containing CARs and have be 

detected in the blood of patients several years after treatment [133-135, 320]. 

Nguyen et al compared CD28 and 4-1BB endodomains in MGA271-based 

CAR T cell therapy. They demonstrated increased IL-2 production and cancer 

cell cytolysis upon repeat stimulation with CD28-containing CAR T cells in vitro 

and increased survival in mice treated with a CD28-CD3z CAR compared to 

those treated with 4-1BB-CD3z  or a CD28-4-1BB-CD3z third generation 

CARs in a range of cancer models [321]. Du et al compared 376.96-based 

anti-B7-H3 CD28 and 4-1BB-CD3z containing CARs in a pancreatic 

carcinoma rechallenge assay. They demonstrated increased abundance of 

CAR T cells and lower levels of PD-1 expression in 376.96-4-1BB-CD3z 

treated mice compared with the CD28-CD3z group. They also achieved better 

tumour control with 4-1BB-CD3z containing CARs in a model of pancreatic 

carcinoma constitutively expressing PD-L1 [212]. Nehama et al evaluated the 

same 376.96 CARs and showed no differences in survival in an in vivo 

xenograft model of GBM but demonstrated significantly increased cytokine 

production in vitro when using the CD28-CD3z CAR [279].  
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5.2 Results 

5.2.1 Production of MGA271 and 376.96 in the UCL CAR backbone 

The heavy and light chain amino acid sequences of MGA271 and 376.96 were 

taken from their respective patents, reverse transcribed using the EMBOSS 

online tool and codon optimised using the IDT codon optimisation tool.  

https://www.ebi.ac.uk/Tools/st/emboss_backtranseq/ 

https://eu.idtdna.com/CodonOpt 

Geneblocks of the scFv with the UCL serine glycine linker and appropriate 

restriction sites were ordered from IDT and cloned into UCL CD28-CD3z and 

4-1BB-CD3z plasmids (figure 5.1). 
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Figure 5.1 The 2 UCL CAR constructs, TE9-CD28-CD3" and TE9-4-1BB-
CD3" compared with two notable other anti-B7-H3 CARs in the literature, 
MGA271-CD28-CD3" and MGA271-4-1BB-CD3" and 376.96-CD28-CD3" 
and 376.96-4-1BB-CD3" 
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5.1 The 2 UCL CAR constructs, TE9-CD28-CD3! and TE9-41BB-CD3!
compared with two notable other anti-B7-H3 CARs in the literature,
MGA271-CD28-CD3! and MGA271-41BB-CD3! and 376.96-CD28-

CD3! and 376.96-41BB-CD3!

5.1
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5.2.2 Transduction of T cells with TE9, MGA275 and 376.96 CARs 

T cells were activated and transduced with retroviral CAR constructs using the 

methods described above. T cells were transduced with TE9-CD28-CD3z, 

TE9-4-1BB-CD3z, MGA271-CD28-CD3z, MGA271-4-1BB-CD3z, 376.96-

CD28-CD3z and 376.96-4-1BB-CD3z. Untransduced T cells (UT) were used 

as a control.  

Transduction efficiency was determined by indirect staining with an anti-CD34 

antibody for the CD34 marker gene and direct staining of the CAR by 

incubating CAR T cells with a B7-H3-Histag protein and then staining with a 

secondary anti-Histag-PE. The results are shown in figure 5.2. 

All 6 CARs had sub-populations of cells which bound anti-CD34 but not B7-

H3-Histag. This was more pronounced in the 4-1BB-CD3z versions of the TE9 

and 376.96 CARs. In contrast, both versions of the MGA271 CAR failed to 

bind soluble B7-H3. TE9 was initially selected by panning against B7-H3-

Histag, so is likely to have high specificity for recombinant B7-H3. MGA271 

and 376.96 were originally produced by immunising mice with cells, and 

binders were selected based on their interaction with cell-bound antigens [269, 

270]. Recombinant B7-H3-His may have a different tertiary structure to 

membrane bound B7-H3 and there is some evidence to suggest that B7-H3 

has a different phosphorylation pattern on the surface of tumour cells [226]. 

MGA271 unlike TE9 may therefore bind an epitope that is accessible in 

membrane bound but not soluble forms.  
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Figure 5.2 T Cells were transduced with one of 6 CARs, TE9-CD28-CD3", 
TE9-4-1BB-CD3", MGA271-CD28-CD3", MGA271-4-1BB-CD3", 376.96-
CD28-CD3" and 376.96-4-1BB-CD3". Transduction efficiency was measured 
by staining indirectly using an anti-CD34 and directly using a B7-H3-Histag 
protein and a secondary anti-His-PE antibody. Figure is a representative of 4 
donors.  
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Figure 5.2 T Cells were transduced with one of 6 CARs, TE9-CD28-

CD3!, TE9-41BB-CD3!, MGA271-CD28-CD3!, MGA271-41BB-CD3!,
376.96-CD28-CD3! and 376.96-41BB-CD3!. Transduction efficiency

was measured by staining indirectly using an anti-CD34 and directly

using a B7-H3-Histag protein and a secondary anti-His-PE antibody.
Figure is a representative of 4 donors.
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Percentage transduction efficiency was measured 3 days after transduction (7 

days after activation) by staining CD34. Table 5.1 below shows the 

transduction efficiency range and mean for the different CARs. 

Table 5.1 

CAR Transduction Efficacy 
Range 

Transduction Efficiency 
Mean 

TE9-CD28-CD3z n=6 22.8 – 70.8% 47.2% 

TE9-4-1BB-CD3z n=3 61.2 – 81.9% 69.1% 

MGA271-CD28-CD3z n=6 20.7 – 70.4% 48.4% 

MGA271-4-1BB-CD3z n=3 44.5 – 66.9% 55.8% 

376.96-CD28-CD3z n=6 20.2 – 72.8% 44.8% 

376.96-4-1BB -CD3z n=3 36.8 – 59.1% 44.6% 

 

5.2.3 Cr51 cytotoxicity assays of TE9 vs MGA271 and 376.96 

T cells transduced with either TE9-CD28-CD3z, MGA271-CD28-CD3z or 

376.96-CD28-CD3z were used in Cr51 cytotoxicity assays against isogenic B7-

H3 +/- Jurkat cells and LAN-1 cells. As described above, target cells were 

incubated with Cr51 and then plated in 96 well plates with effector T cells at 

10:1, 5:1, 2.5:1 and 1.25:1 effector: target ratios. Cr51 release was measured 

after 4 hours and compared with background cell death and 100% killing. The 

results are shown in figure 5.3. A 2 way ANOVA with Tukey’s multiple analysis 

was used to analyse the results and no significant difference in cytotoxicity 

was seen between the CD28-CD3z CARs. 
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Figure 5.3 A Cytotoxicity assay each of the CD28-CD3" against B7-H3 +/- 
Jurkat cells and LAN-1 labelled with Cr51. 5.3 B Cytotoxicity of TE9, MGA271 
and 376.96 as CD28-CD3" CARs against LAN-1. An n = 3 is shown for all 

donors. Results analysed with a 2-way ANOVA and Tukey’s multiple 
comparison test. 
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5.3 A Cytotoxicity assay each of the CD28-CD3! against B7-H3 +/-

Jurkat cells and LAN-1 labelled with Cr51. B Cytotoxicity of TE9,
MGA271 and 376.96 as CD28-CD3! CARs and 41BB-CD3! CARs

against LAN-1. An n = 3 is shown for all donors. Results analysed with

a 2-way ANOVA and Tukey’s multiple comparison test.
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5.2.4 18-hour co-culture: Cytokine production 

T cells containing one of the six CARs or UT T cells were incubated for 18 

hours with B7-H3 positive antigen targets (LAN-1 or Kelly) or no antigen 

stimulus (unstimulated, US). After incubation, cells were pelleted, and the 

supernatant taken for evaluation of cytokine production (IL-2 and IFN-g) using 

ELISA. Cells were stained for CD107a, CD25 and CD69 expression and 

analysed using flow cytometry.  

Figure 5.4 shows the results of an ELISA of cytokine production by the CAR 

and UT T cells against LAN-1, Kelly and no antigen stimulus. Differences in 

IL-2 and IFN-g production were analysed using a one-way ANOVA and 

Tukey’s multiple comparison tests. The IFN-g production in CD28-CD3z CARs 

was significantly higher in the presence of antigen stimulus than in the US 

control and significantly higher than the UT T cells incubated with LAN-1 or 

Kelly cells. When looking at the 4-1BB containing CARs, IFN-g production was 

significantly greater for MGA271-4-1BB-CD3z and 376.96-4-1BB-CD3z 

incubated with LAN-1 cells compared with those incubated without antigen 

stimulus whereas the increase in IFN-g production by TE9-4-1BB-CD3z  T 

cells cultured with LAN-1 did not reach statistical significance.  
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Figure 5.4 CAR were transduced with one of 6 CARS (TE9-CD28-CD3", TE9-
4-1BB-CD3", MGA271-CD28-CD3", MGA271-4-1BB-CD3", 376.96-CD28-
CD3" or 376.96-4-1BB-CD3") Cells were cultured with LAN-1 or Kelly target 
cells or no antigen stimulus for 18 hours. Cells were pelleted and supernatant 
used in ELISA compared with standard values of IL-2 or IFN-! (TE9-CD28-
CD3", MGA271-CD28-CD3", 376.96-CD28-CD3", Untransduced, n = 6. TE9-
4-1BB-CD3", MGA271-4-1BB-CD3", 376.96-4-1BB-CD3", n = 3).  
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None of the 4-1BB containing CARs incubated with Kelly cells showed a 

statistically significant rise in IFN-g compared with US controls. This may be 

because Kelly cells only have a third the antigen density of LAN-1 cells 

(Chapter 4, table 4.2). In keeping with the known greater immediate effector 

function of CD28 vs 4-1BB containing CARs, all of the CD28 containing CARs 

produced significant amounts of IFN-g when incubated with Kelly cells, despite 

this low antigen density. This may be relevant when selecting CARs for solid 

tumours in which cells express a range of antigen densities and might 

downregulate targets in response to therapy.  

TE9-CD28-CD3z produced significantly more IL-2 when incubated with LAN-

1 or Kelly cells compared with US CAR T cells or UT cells. Although MGA271 

and 376.96-CD28-CD3z CAR T cells produced visibly more IL-2 when 

stimulated with their antigen targets, no significant difference was noted. Of 

the 4-1BB containing CARs, only 376.96-4-1BB-CD3z incubated with LAN-1 

produced IL-2, although not enough to reach the level of statistical 

significance. This is consistent with the importance of CD28 signalling in IL-2 

production and the slower activation of the 4-1BB co-receptor [318].  

5.2.5 18-hour co-culture: Markers of activation and degranulation 

Figure 5.5 shows staining of the cells for CD107a, CD69 and CD25 expression 

following an 18hr co-culture with and without antigen expressing cells. The 

results compare the CAR positive transduced T cells (as measured by CD34 

staining) with a separate population of UT T Cells cultured in the same 

conditions.  
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Figure 5.5 CAR T cells transduced with 1 of 6 CARs (TE9-CD28-CD3", TE9-
4-1BB-CD3", MGA271-CD28-CD3", MGA271-4-1BB-CD3", 376.96-CD28-
CD3" or 376.96-4-1BB-CD3") were cultured with cells containing antigen 
targets (LAN-1 or Kelly) or no antigen targets (Unstimulated) for 18 hours. 
Cells were stained for CD107a, CD69 and CD25. The above shows the MFI 
for the bulk T-cell population of the untransduced cells compared with staining 

for CAR T cells only as measured by CD34+ positivity. N = 3. 
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First looking at CD107a as a marker of T cells activation and degranulation, a 

background level was observed in untransduced cells which was broadly the 

same in all unstimulated CAR T cells. On addition of B7-H3-high LAN-1 and 

B7-H3-intermediate Kelly, all CARs upregulated CD107a to some degree 

although not all reached the threshold for statistical significance. All 3 of the 

CD28-CD3z CARs showed statistically significant increases in CD107a 

expression when cultured with LAN-1 cells compared with US cells. CARs 

cultured with Kelly cells did not produce significantly higher amounts of 

CD107a than US cells which may be because of lower levels of B7-H3 

expression on Kelly compared with LAN-1 (Chapter 4, table 4.2).  

TE9-CD28-CD3z  produced significantly more CD107a when cultured with 

LAN-1 and Kelly than UT T cells in the same conditions (p = <0.0001 and p = 

0.0085) as did 376.96-CD28-CD3z when cultured with LAN-1 but not Kelly (p 

= <0.0001 compared to the UT control, significance not shown on graph).  

MGA271-CD28-CD3z did not show any significant increase in CD107a 

expression in either condition compared with the UT control. Of the 4-1BB 

containing CARs, only 376.96-4-1BB-CD3z showed a significant increase in 

antigen dependant CD107a expression when cultured with LAN-1 compared 

with US CARs or the UT control (p = 0.0044 and p = 0.0019). 

Secondly, looking at CD69 as a marker of T cell activation, UT cells show a 

very low baseline CD69 expression. All transduced US T cells, with the 

possible exception of 376.96-4-1BB-CD3z, showed an increase from baseline 

expression compared with UT cells despite the absence of target antigens. 
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With the exception of MGA271-4-1BB-CD3z CAR T cells, all CARs showed 

statistically significant increases in CD69 expression when cultured with 

antigen-positive target cells compared with US and UT controls. MGA271-4-

1BB-CD3z cultured with LAN-1 and Kelly produced more CD69 than US 

controls but not at the level required for statistical significance. In culture with 

LAN 1 however, MGA271-4-1BB-CD3z  does show higher levels of CD69 

compared with the UT control (p = 0.0051).  

Expression of a second marker of activation, CD25, was also measured. A low 

baseline level of CD25 was seen in UT cells and CAR T cells cultured in the 

absence of antigen stimulation do not show increased levels of expression. All 

six CAR T cells showed increased CD25 expression in response to stimulation 

with LAN-1 and Kelly although the threshold for statistical significance was not 

reached in any condition. With all 6 types of CAR T cells, CD69 and CD25 

expression are higher in cells cultured with LAN-1 than Kelly (although not 

significantly so). As with other assays, this likely reflects the lower antigen 

density of Kelly cells.  

5.2.6 7-day proliferation of TE9, MGA271 and 376.96-CD28-CD3z CARs 

To compare proliferation between the CAR T cells in the presence and 

absence of an antigen stimulus, T cells containing one of the 3 CD28-CD3z 

CARs or UT T cells were stained with CSFE and incubated for 7-days with B7-

H3 positive antigen targets (LAN-1 or Kelly) or no antigen stimulus (US). As 

cells divide, the CSFE is split between the daughter cells and diluted. Figure 

5.6 A is a representative of 3 repeats showing the dilution of CSFE in the CAR 
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T cells in response to antigen positive target cells. Little proliferation can be 

seen in US CAR T cells or the UT cells.  

To quantitively compare the CARs, the fluorescence of the CD34+ cell 

populations (or bulk T cell population for UT cells) in the CSFE channel was 

compared with that of the UT US control using the Earth Mover’s Distance 

(EMD), as a measure of distance between two probability distributions (figure 

5.6 B) [322]. Some CAR T cells will have undergone more divisions than others 

and have lower levels of CSFE. The EMD compares all cells in the gate and 

therefore takes these outliers into account. Alternative measures, such as the 

MFI which do not account for these outliers, may miss significant proliferation 

in a small number of cells if a large number of cells retain high levels of CSFE.  

TE9-CD28-CD3z and 376.96-CD28-CD3z showed significant levels of 

proliferation when incubated with LAN-1 or Kelly cells compared with US CAR 

T cells or UT T cells in the same condition. MGA271-CD28-CD3z CAR T cells 

also show proliferation when cultured with LAN-1 or Kelly cells. They did not 

reach the threshold for being significantly greater than the US control but do 

demonstrate significantly more proliferation when cultured with LAN-1 or Kelly 

compared with the UT control (p = 0.0237 and p = 0.0160). There is no 

significant difference between the 3 CAR T cells cultured with either cell line 

or without antigen stimulus. 
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Figure 5.6 CD28-CD3" CARs and UT T cells were stained with CSFE cell 
trace and incubated for 7 days with LAN-1, Kelly or US. 5.6 A Representative 
1 of 3 repeats showing CSFE dilution of CAR positive as cells proliferated in 
response to antigen targets compared with control UT cells 5.6 B The relative 
brightness of the CAR positive populations was compared with a control of UT 
US T cells using the Earth Movers Distance as a measure of the probability 
between the two distributions. N = 3 
  

5.6 A

5.6 CD28-CD3! CARs and UT T-cells were stained with CSFE cell trace and

incubated for 7 days with LAN-1, Kelly or US. 5.6 A Representative 1 of 3
repeats showing CSFE dilution of CAR positive as cells proliferated in response

to antigen targets compared with control UT cells 5.6 B The relative brightness of

the CAR positive populations was compared with a control of UT US T-Cells
using the Earth Movers Distance as a measure of the probability between the

two distributions. N = 3
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5.2.7 7-day re-challenge assay: Cytokine production 

One reason CAR therapy is thought to fail is due to functional T cell 

exhaustion, as a state of hypo-responsiveness. To investigate whether the 

different scFvs conferred different susceptibilities to exhaustion, CAR T cells 

were cultured with antigen positive target cells for 7 days then re-challenged 

with fresh target cells. ELISA was used to measure cytokine production as a 

measure of effector function, and flow cytometry to look for upregulation of 

inhibitory receptors as a measure of exhaustion.  

CD28-CD3z and 4-1BB-CD3z CAR T cells were cultured with LAN-1 or Kelly 

cells or US for 7 days at effector: target ratios 2:1 (1x106 T cells to 0.5x106 

target cells). On day 7 CAR T cells were re-challenged with a further 0.5x106 

target cells. Cells were incubated overnight then stained for exhaustion 

markers LAG-3, TIM-3 and PD-1. Supernatant was removed and analysed for 

production of IFN-g and IL-2 using ELISA. The results of the ELISA are shown 

in figure 5.7. 

When rechallenged with either LAN-1 or Kelly, all three CD28-CD3z CARs 

expressed significantly higher levels of IFN-g compared with US CARs or UT 

controls (significance values not shown for UT control). It was also notable that 

TE9-CD28-CD3z and 376.96-CD28-CD3z produced significantly more IFN-g 

than MGA276-CD28-CD3z when the 3 CARs were cultured and rechallenged 

with LAN-1.  
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Figure 5.7 CARs and UT T cells were cultured with LAN-1 or Kelly targets or 
US for 7 days then restimulated with fresh antigen targets and incubated for a 
further 24 hours. IFN-! (5.7 A) and IL-2 (5.7 B) production were measured 
using ELISA. N=3 

  

5.7 A 

5.7 CARs and UT T-cells were cultured with LAN-1 or Kelly targets or US for 7

days then restimulated with fresh antigen targets and incubated for a further 24
hours. IFN-! (5.7 A) and IL-2 (5.7 B) production were measured using ELISA.
N=3
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Of the 4-1BB-CD3z CARs, only 376.96-4-1BB-CD3z produced significantly 

more IFN-g when cultured with LAN-1 or Kelly than US. This CAR also 

produced significantly more IFN-g than TE9-4-1BB-CD3z and MGA271-4-

1BB-CD3z when cultured with LAN-1 and significantly more IFN-g than TE9-

4-1BB-CD3z when the 2 CAR T cells were cultured with Kelly. 

All the CAR T cells produced IL-2 at much lower levels following re-challenge 

than after 18hrs with target cells. Of these CAR T cells, only TE9-CD28-

CD3z T cells cultured with LAN-1 produced IL-2 at a significantly higher level 

than US CAR T cells or UT T cells (p = 0.001). TE9-CD28-CD3z CAR T cells 

also produce higher levels of IL-2 than 376.96-CD28-CD3z CAR T cells 

cultured with LAN-1. 

5.2.8 7-day rechallenge assay: exhaustion markers 

Following a 7-day co-culture and re-challenge, T cells were stained for the 

markers TIM-3, LAG-3 and PD-1 which are known to be upregulated by 

activation, confer inhibitory signalling to T cells, and are associated with the 

functionally exhausted state. The median fluorescence of the CD34+ 

population was calculated and compared with a separate population of UT T 

cells. The results are shown in figure 5.8.  

Firstly, looking at TIM-3, UT T cells and US CAR T cells expressed very low 

levels of TIM-3. All 3 CD28-CD3z containing CARs showed statistically more 

TIM-3 expression when cultured with LAN-1 cells compared to US, and 

MGA271-CD28-CD3z also expressed statistically more TIM-3 when cultured 
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with Kelly. No statistically significant differences were noted in TIM-3 

expression between the CD28-containing CARs or the 4-1BB containing 

CARs although for all binders, the mean values of MFI were consistently 

higher in the CD28 compared with the respective 4-1BB containing CARs, 

albeit not reaching statistical significance.  

Unstimulated CAR T cells produce baseline levels of LAG-3 and PD-1, with 

the exception of TE9-CD28-CD3z, which produces significantly higher levels 

of both these markers than US UT cells (p = 0.0317 and p = 0.0359). TE9-

CD28-CD3z expressed significantly more LAG-3 when cultured with LAN-1 

than US but not when cultured with Kelly. There was no significant difference 

in PD-1 expression between US TE9-CD28-CD3z T cells and those cultured 

with LAN-1 or Kelly. 

Focussing on the cells cultured with antigen-positive cell lines, TE9-CD28-

CD3z expressed significantly more LAG-3 when cultured with LAN-1 than 

MGA271 or 376.96-CD28-CD3z. It also expressed more LAG-3 than 376.96-

CD28-CD3z when cultured with Kelly. MGA271-CD28-CD3z expressed 

significantly more PD-1 than US MGA271-CD28-CD3z when cultured with 

LAN1 or Kelly. Both TE9-CD28-CD3z and MGA271-CD28-CD3z expressed 

significantly more PD-1 than 376.96-CD28-CD3z cultured in the same 

conditions. The 4-1BB-containing CARs did show increased exhaustion 

marker expression in response to culture with antigen positive target cells 

although they did not reach the threshold for statistical significance. 
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Figure 5.8 CAR T cells transduced with 1 of 6 CARs (TE9-CD28-CD3", TE9-
4-1BB-CD3", MGA271-CD28-CD3", MGA271-4-1BB-CD3", 376.96-CD28-
CD3" or 376.96-4-1BB-CD3") were cultured with cells containing antigen 
targets (LAN-1 or Kelly) or no antigen targets (Unstimulated) for 7 days then 
restimulated with fresh antigen targets. Cells were stained for TIM-3, LAG-3 
and PD-1. The above shows the MFI for CAR T cells (as measured by CD34+ 
positivity) compared with the untransduced T-cell population. 
  

5.8

5.8 CAR T-cells transduced with 1 of 6 CARs (TE9-CD28-CD3!, TE9-41BB-CD3!,
MGA271-CD28-CD3!, MGA271-41BB-CD3!, 376.96-CD28-CD3! or 376.96-41BB-
CD3!) were cultured with cells containing antigen targets (LAN-1 or Kelly) or no

antigen targets (Unstimulated) for 7 days then restimulated with fresh antigen

targets. Cells were stained for TIM-3, LAG-3 and PD-1. The above shows the MFI
for CAR T-cells (as measured by CD34+ positivity) compared with the untransduced

T-cell population.
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5.3 Discussion 

The aim of this chapter was to benchmark the scFv TE9 against MGA271 and 

376.96 to determine an optimal scFv to take forward for use as CAR therapy 

in solid tumours. The initial aim was to investigate function in broad terms; if 

one of the 3 scFvs had been greatly superior or inferior (with huge differences 

in cytokine production or cytotoxicity for example) it may have been easy to 

select a lead binder. However, in most of the assays, particularly the short-

term assays, the 3 scFvs gave broadly similar results.  

Ideally, the CAR function would be tested in vivo, however ethical and financial 

constraints necessitate in vitro testing in the first instance. Although there is 

no real surrogate for a solid tumour microenvironment, repeat antigen 

stimulation over longer term co-cultures is conceptually more similar to in vivo 

challenge. The differences that emerge after seven days in culture with target 

antigens were therefore of particular interest. CAR T cells were evaluated 

using a variety of assays including cytotoxicity, cytokine production, 

proliferation and exhaustion to give an overview of functionality. No single 

assay has emerged in the literature as a gold standard for identification of an 

optimal CAR for solid tumours. Given the complexity of the system, it is likely 

that different properties are desirable depending on a number of factors 

including the disease, antigen target and timing of other therapy. 

All 6 CARs TE9-CD28-CD3z, TE9-4-1BB-CD3z, MGA271-CD28-CD3z, 

MGA271-4-1BB-CD3z, 376.96-CD28-CD3z and 376.96-4-1BB-CD3z showed 

similar levels of transduction efficiency as measured by staining for the CD34 
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marker gene (figure 5.2). CARs containing TE9 and 376.96 showed superior 

ability to bind B7-H3-His in solution but given that MGA271 CARs signal in 

functional readouts, this is more likely to be related to poor binding to a soluble 

(rather than cell-based) antigen which may have structural differences.  

In the short-term assays, all three CD28 containing CARs showed antigen 

dependent cytotoxicity in a chromium killing assay and no significant 

difference was noted between the CARs (figure 5.3). Little difference can be 

seen between the different scFvs after the 18-hour co-culture (figure 5.4 and 

5.5). Certainly, a similar pattern is seen across all three CARs with antigen 

specific cytokine production, expression of CD107a and markers of activation. 

No significant difference was observed between the CARs and, although some 

CARs failed to achieve significant difference from the unstimulated condition 

and the untransduced control, no one CAR consistently underperformed 

compared with the others. For example, TE9-4-1BB-CD3z CAR T cells do not 

produce significantly more IFN-g, 376.96 and MGA271-CD28-CD3z CAR T 

cells do not produce significantly more IL-2 (figure 5.4) and MGA-4-1BB-CD3z 

CAR T cells do not express more CD69 compared with controls (figure 5.5) 

although they all follow a similar pattern of activation and no significant 

differences are seen when compared with CARs with the same endodomain. 

Failure to obtain significant significance may be because of a relatively low 

number of repeats rather than biologically irrelevant findings. 

Overall, stimulation with Kelly seems to confer less activation than LAN-1 

which would be consistent with lower levels of B7-H3 expression on Kelly cells 
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(Table 4.2) although the possibility of Kelly being a more immunoinhibitory cell 

line cannot be ruled out. Similarly, CD28 containing CARs seem to be 

generally more active than the 4-1BB containing CARs and the 4-1BB 

containing CARs produced minimal IL-2 at 18 hours, both of which would be 

in keeping with evidence from the literature that CD28 containing CARs are 

more potent and rapid effector cells and that CD28 signalling is important for 

IL-2 production [36, 124].   

Some differences between the CARs can be observed in longer term assays 

after 7 days co-culture with antigen positive target cells. Looking at a CSFE-

based proliferation assay of CD28-CD3z-containing CAR (Figure 5.6), TE9 

and 376.96-CD28-CD3z CAR T cells showed significant proliferation 

compared with the US cells when incubated with either LAN-1 or Kelly cells. 

MGA271-CD28-CD3z displayed a similar pattern of antigen dependent 

proliferation but failed to achieve significance compared with controls. 

After 7 days, the CARs were re-challenged with target cells and analysed for 

cytokine production (INF-g and IL-2) and exhaustion markers (LAG-3, TIM-3 

and PD-1). All 3 CD28-CD3z containing CARs produced significantly more 

IFN-g when cultured with antigen positive targets than when unstimulated. TE9 

and 376.96-CD28-CD3z both produced significantly more IFN-g when cultured 

with LAN-1 than MGA271-CD28-CD3z cultured in the same conditions. 

Neither TE9 nor MGA271 CAR T cells with the 4-1BB-CD3z endodomain 

produced a significant amount of IFN-g when cultured with antigen positive 

cells, however 376.96-4-1BB-CD3z CAR T cells did produce significant 
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amounts of IFN-g compared to controls and other 4-1BB-containing CAR T 

cells. Only TE9-CD28-CD3z CAR T cells incubated and rechallenged with 

LAN-1 produced significantly more IL-2 than the US condition at 7 days. TE9-

CD28-CD3z CAR T cells also produced significantly more IL-2 than 376.96-

CD28-CD3z CAR T cells but not MGA271-CD28-CD3z CAR T cells.  

As with data from the 18hr co-culture, it is difficult to know how much 

importance to put on the significance of cytokine data, although longer-term 

reactivity might be more reflective of sustained reactivity in the tumour 

microenvironment needed for lasting tumour regression. It has been used as 

a discriminator when selecting lead CARs elsewhere, for example INF-g, IL-2 

and TNF-alpha production were used by Majzner et al when selecting their 

lead anti-B7-H3 scFv MGA271 [218]. Certainly, IFN-g has an important role to 

play in immune responses. Produced by a several kinds of immune cells 

including CD4+ helper cells, CD8+ cells, and NK cells, it signals predominantly 

through the JAK-STAT pathways and is involved in a variety of inflammatory 

and anti-tumour responses [323]. Amongst other things, IFN-g production 

appears to be important in T cell trafficking into the tumour microenvironment 

and secretion by CAR T cells is believed drive upregulation of IFN-g receptors 

resulting in stromal cell sensitisation [324, 325]. Although IFN-g insensitivity, 

thought to arise form immunoediting, is seen in some tumours including 

neuroblastoma, various studies have shown therapeutic effects of IFN-g in 

neuroblastoma [326-328]. IFN-g inhibits proliferation of neuroblastoma cells in 

vitro and in vivo, partly through neuronal differentiation and apoptosis, both of 
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the neuroblastoma cells and associated vascular endothelium. [329-331]. IFN-

g appears to work with MYCN, an oncogene frequently upregulated in 

neuroblastoma, to induce apoptosis in neuroblastoma cells and promotes 

upregulation of HCA class I and class 2 molecules in neuroblastoma cell lines 

making them more susceptible to T cell cytotoxicity [327, 332, 333]. 

In the natural system, IL-2 is produced predominantly by CD4+ T cells and 

signals through receptors on several different cell types including CD4+ and 

CD8+ T cells. It has an important role in the amplification of antigen responses, 

the differentiation of T cell subsets and support of long term growth [334]. 

Signalling through a variety of receptors, it also has homeostatic functions, 

suppressing the immune response and eliminating potentially autoreactive 

cells [335]. IL-2 is one of the first cytokines whose production declines as T 

cells become progressively exhausted, such as in response to chronic viral 

infection or cancer, followed by other cytokines including IFN-g [166]. It may 

therefore be relevant that TE9-CD28-CD3z is the only CAR producing 

significant amounts of IL-2 at 7 days even though other CARs are still 

producing IFN-g. Lymphocytes incubated with IL-2 become activated and 

demonstrate HLA-unrestricted killing. Such T cells have been tried clinically in 

the treatment of neuroblastoma but are associated with severe toxicity [336]. 

Recombinant IL-2 therapy is regularly used clinically in the treatment of high-

risk neuroblastoma in combination with other treatment and prolongs 

progression free survival in patients with neuroblastoma with tolerable toxicity 

[8, 337]. 
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The differential expression of TIM-3, LAG-3 and PD-1 across the different 

CARs and controls was evaluated after restimulation at seven days and the 

results are shown in figure 5.8. As part of the inflammatory process, these 

inhibitory receptors are upregulated on the cell surface of exhausted T cells 

and their co-expression generally correlates with more severe exhaustion 

[338-340]. CAR T cell exhaustion is one of the reasons CAR therapy is known 

to fail clinically so evaluation of these receptors may be a useful way of 

discerning which scFv to take forward into in vivo models of solid tumours [134, 

169]. However, T cell exhaustion is an incompletely understood, partially 

reversible process and exhaustion markers must be interpreted in the context 

of T cell function. Moreover, since these markers reflect a natural homeostatic 

feedback loop to activation, paradoxically higher levels are restimulation might 

be reflective of the more functional, less exhausted phenotype. 

The baseline expression of these receptors can be seen the UT controls. While 

many of the CAR T Cells show levels of expression similar to this baseline the 

US control condition, LAG-3 and PD-1 are significantly upregulated in 

unstimulated TE9-CD28-CD3z T cells compared with the UT control (p = 

0.0317 and p = 0.0359 respectively). Based on the results of the other findings, 

this did not correlate with off-target cytotoxicity, activation, proliferation or 

cytokine production nor with evidence of greater functional exhaustion 

compared with the other binders. Increased inhibitory receptor expression may 

be secondary to clustering of CARs resulting in tonic signalling. This has been 

described elsewhere and is noted to be worse in CD28 containing CARs [136]. 



 234 

TE9-4-1BB-CD3z did not show a similar pattern of expression suggesting that 

a different endodomain may mitigate this problem. 

Although TE9-CD28-CD3z T cells showed increased PD-1 and LAG-3, 

importantly they didn’t show significantly increased TIM-3 in the absence of 

antigen targets or in the presence of Kelly. When incubated with LAN-1 cells, 

TIM-3 expression was very similar to other CD28-containing CARs. PD-1 is 

rapidly upregulated by T cells in response to activation and may be seen at 

moderate levels in healthy cells, however the more inhibitory receptors are 

upregulated, the more dysfunctional the cell becomes [166, 341]. PD-1 

bright/TIM-3 bright cells are thought to be more in keeping with a terminally 

differentiated exhausted T cell phenotype whereas cells expressing moderate 

levels of PD-1, particularly in the absence of TIM-3 may have a more reversible 

phenotype and be amenable to treatment with PD-1 blockade [339, 342].  

All of CAR T cells expressed higher levels of inhibitory receptors when 

incubated with antigen targets. Consistent with previous CAR data, 4-1BB 

containing CARs had lower levels of inhibitory receptors, none of which was 

significantly greater than UT US cells [136]. UT T cells produce low levels of 

LAG-3 and PD-1 in their unstimulated state and this level falls (although not 

significantly so) in UT T cells cultured with LAN-1 and Kelly. These receptors 

are upregulated in response to activation as part of a negative feedback loop 

to limit uncontrolled inflammation [166]. Neuroblastoma is known to generate 

an inhibitory tumour microenvironment and the downregulation of PD-1 and 

LAG-3 in UT T cells in this context may reflect the inhibitory nature of these 
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cell lines [343]. In contrast, with the T cells transduced with 4-1BB-containing 

CARs and cultured with antigen positive cell lines have higher levels of 

inhibitory receptors than US controls. This would suggest that even though 

significant levels of exhaustion have not yet been reached, the 4-1BB CAR T-

cell display sufficient functionality in the presence of their targets to upregulate 

some of these pathways.  

Focusing on the CD28-containing CAR T cells, similar levels of TIM-3 were 

expressed by all 3 CARs cultured with LAN-1 and there was no significant 

difference seen although MGA271-CD28-CD3z CAR T cells were the only 

cells to express significantly more TIM-3 than controls when cultured with 

Kelly. TE9-CD28-CD3z cells were the only cells to express significantly higher 

levels of LAG-3, not just compared with the controls but also compared to the 

other CD28-containing CARs. Both TE9 and MGA271-CD28-CD3z CAR T 

cells expressed significantly higher levels of PD-1 than controls and 376.96-

CD28-CD3z. 

However, T cell exhaustion is also associated with metabolic changes, 

reduced proliferation, reduced effector function and reduced cytotoxicity. 

Cytokine production as a marker of effector function was studied at 7 days and 

as described, TE9-CD28-CD3z CAR T cells were the only cells producing 

significant amounts of IL-2 at this time point. It is possible that high levels of 

PD-1 and LAG-3 in the TE9 cells represent upregulation in response to repeat 

stimulation rather than true exhaustion, especially as TIM-3 remained 

relatively low. As MGA271 and 376.96-CD28-CD3z CAR T cells did not 
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produce significant IL-2 in response to antigen stimulus at 7 days, and this is 

thought to be one of the first cytokines to stop being produced by exhausted 

cells, it could be argued that MGA271 and 376.96-CD28-CD3z CAR T cells 

show more evidence of functional exhaustion than TE9-containing cells. 

As described in chapter 1, several factors need to be considered when 

selecting CAR therapy for solid tumours. These include the evaluation of non-

specific off-target effects which may damage healthy tissue, the ability of the 

scFv to discern antigen-high and antigen-low cells and the capacity for 

sustained activation and proliferation following repeat tumour challenge.  

Further experiments are needed to investigate off-target and off-tumour effects 

for TE9 and are important for ensuring any resultant therapy is as safe as 

possible.  During its development, MGA271 showed minimal staining of 

healthy tissue in immunohistochemistry and no significant toxicity has been 

noted in clinical trials involving MGA271 antibodies to date [269]. Additionally, 

MGA271 CARs showed limited activity against low antigen expressing cell 

lines in vivo suggesting they would be safe against low level expression on 

healthy cells [218]. Similarly, staining of a panel of fixed tissues with 376.96 

showed sparing of most major organs with only low-level staining of certain 

tissues such as the GI tract. No 376.96-CD28-CD3z toxicity was noted in an 

immunocompetent mouse model although murine B7-H3 may have a different 

expression pattern to its human counterpart [212].  

Additionally, the affinity of the different scFv were not measured and may 

determine which scFv is optimal for use in CAR therapy for solid tumours. 
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Although higher affinity scFvs display lower activation thresholds, this does 

not seem to be true beyond a certain limit after which activation does not 

increase but specificity may decrease. Reducing the scFv affinity may 

increase the therapeutic window without loss of function [344, 345]. Clinical 

data from CARs targeting haematological malignancies suggests antigen 

downregulation and loss is a major mechanism for CAR T cell failure [346]. 

Amongst a host of other factors, optimising the affinity of the scFv may help 

address this problem. 

TE9-CD28-CD3z CAR T cells were the only cells able to produce significant 

amounts of IL-2 following a rechallenge at 7 days and therefore demonstrated 

the best in vitro response to ongoing antigen stimulation. TE9 was therefore 

selected for further evaluation with in vivo testing along with TE9-4-1BB-CD3z 

CAR T cells. The 4-1BB-containing CAR T cells showed lower levels of 

cytokine production and makers of activation at 18 hours and lower levels of 

cytokine production at seven days with 376.96-4-1BB-CD3z CAR T cells the 

only CAR producing significant amounts of IFN-g following a day 7 

rechallenge. However, as described, the 4-1BB costimulatory domain is 

believed to activate T cells through a slower signalling pathway so these 

assays may not be optimal tests of 4-1BB CAR function. In vivo experiments 

are likely to give more information about the optimal endodomain and the 

suitability of anti-B7-H3 CAR T cell therapy for neuroblastoma. 
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Chapter 6: In vivo testing 

6.1 Introduction 

In vivo testing allows assessment of CAR T cell therapy in the context of 

repeated antigen stimulation in a 3-dimensional environment. It allows longer 

term assessment of CAR T cells than would be possible in an in vitro system, 

giving an indication of T cell persistence. Many CARs which are highly 

successful in vitro, may fail in vivo due to repeated antigen stimulation and 

subsequent T cell exhaustion.  Additionally, an ideal model would give 

information about penetration of the CAR T cells into the tumour 

microenvironment and their distribution into different compartments. 

Moreover, if the immunotherapy cross reacts with the target antigen in the 

chosen animal, and the two antigens have a similar role and distribution, then 

information could be gleaned about on-target, off-tumour toxicity. Furthermore, 

stromal cells in immunocompetent models, and to a lesser extent 

immunodeficient animals, impart an inhibitory challenge to the CAR T cells, 

which is challenging to evaluate in the in vitro setting. Finally, one known 

reason for failure of CAR T cell therapy is escape through antigen 

downregulation. Evaluation of antigen expression before and after treatment 

would help determine the likelihood of this impacting success of future clinical 

treatment.  
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6.1.1 In vivo evaluation of MGA271 CAR T cells 

Both 376.96 and MGA271 have been evaluated in several different in vivo 

models. The majority of in vivo testing for these CARs, as with most CAR 

testing, was done in NOD/SCID/gcnull (NSG) mice. These are immunodeficient 

mice, lacking or deficient in most immune cells [347]. They allow 

administration of human cell lines for development xenograft models, as well 

as treatment with human T cell therapy. However, as part of their anti-tumour 

response, CAR T cells are hypothesised to overcome inhibitory tumour driven 

immune cells as well as recruiting other immune effector cells. As this process 

is impaired or absent in NSG mice, these in vivo models will not be fully 

representative of what happens in a clinical setting [348]. 

MGA271-4-1BB-CD3z was evaluated in an osteosarcoma xenograft model 

using 1x106 MG63.3 cells injected periosteal to the tibia of NSG mice. Tumour 

growth was measured with digital callipers and once the majority of the 

tumours had grown greater than 75mm2 (approximately 2-3 weeks later) the 

mice were treated with 1x107 CAR T cells [218]. They saw 100% survival in 

their treated mice compared with 100% death in their control mice at 60 days 

post tumour (P=0.0067).  They also reported a statistically significant size 

discrepancy between the treated and untreated mice, although complete 

clearing of the tumour was not seen [218]. A similar Ewing’s sarcoma model 

was also used in which mice were injected with 2x106 EW8 cells followed by 

IV treatment with 1x107 CAR T cells two weeks later. Again, 100% death of 

control mice were seen at day 50, but 100% survival of the treated mice was 
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observed at day 100. As with the previous model, there was control of tumour 

size, but not complete clearing of the tumour. Additionally, Majzner et al 

describe a metastatic osteosarcoma model in which mice were injected with 

1x106 MG63.3 cells periosteal to the tibia and the limb amputated once the 

tumour was greater than 12.5mm diameter. Five days after amputation, mice 

were treated with 1x107 CAR T cells. They showed 100% death of control mice 

by day 55 post amputation and 90% survival of the treated mice at day 200 (p 

<0.0001) [218]. 

MGA271-4-1BB-CD3z CAR T cells were evaluated in several brain tumour 

models. Majzner et al developed DAOY and D425 medulloblastoma models 

where mice received 5x104 DAOY or 2x104 D425 cells intracerebrally. 7-10 

days later (DAOY) or 4 days later (D425), tumour engraftment was confirmed 

by In Vivo Imaging System (IVIS) imaging and the mice treated with 1x107 

CAR T Cells IV. MGA271-4-1BB-CD3z CAR T cells were shown to 

successfully cross the blood brain barrier and were able to eradicate DAOY 

cells and prolong survival of mice bearing more aggressive D425 xenografts 

[218]. Theruvath et al tested the activity of MGA271-4-1BB-CD3z CAR T cells 

against orthotopic ATRT xenograft models using BT16 and BT12 cell lines 

injected into the CNS and treated 8 days later with CAR T cells administered 

IV, IT or ICV. Dose titration demonstrated that 0.5x106 delivered ICV was 

sufficient to cure 100% of the mice whereas 2.5x106 CAR T Cells were 

required for cure in the IV group [209]. Additionally, they showed locoregionally 

delivered MGA271-4-1BB-CD3z CAR T cells could migrate out of the CNS 

and protect against intracranial and extracranial tumour rechallenges.  
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MGA271-4-1BB-CD3z CAR T cells were tested against 2 different leukaemia 

models, B7-H3-med NALM6 cells and B7-H3-dim K562. 1.5x106 cells were 

transferred to the mice via tail vein injection and mice treated with 1x107 CAR 

T cells 5 days later (K562) or 3-5 days later (NALM6). MGA271-4-1BB-CD3z 

CAR T cells were able to control disease in B7-H3-med NALM6 leukaemia 

model but not the B7-H3-dim K562 model [218].  

Nguyen et al evaluated several anti-B7-H3 CAR T cells with the MGA271 scFv 

in a variety of in vivo models. They tested CARs containing CD8 stalk and 

CD28 or 4-1BB endodomain as well as a third generation CAR containing both 

CD28 and 4-1BB endodomains and a CAR with a CD28 stalk and CD28 

endodomain. They also tested a construct which co-expressed MGA271-

CD8stalk-CD28-CD3z with a 4-1BB ligand which they called 4-1BBL. Of these 

therapies, only the CD8 Stalk-CD28 endodomain CAR and the 4-1BBL 

product produced sustained, significant reduction in tumour size and 

prolonged survival in several tumour models including a locoregional 

osteosarcoma model, a systemic lung cancer model and a systemic 

osteosarcoma model [321].  

Moghimi et al evaluated MGA276-4-1BB-CD3z in several different 

neuroblastoma models as a second-generation CAR and as an inducible CAR, 

the expression of which is controlled by via an anti-GD2 binder. They 

inoculated NSG mice with 1x106 CHLA-255 cells IV and treated mice with 

either 1x106 CAR T cells on the day of tumour inoculation (n=5) or with 1x107 

CAR T cells 14 days later (n=6). They reported 100% overall survival at 6 
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months in both treatment groups and 100% death within 1 month of control 

mice (n=5). Similar responses were seen in a second model where mice 

received 1x106 CHLA-136 cells IV and were treated with 1x107 CAR T cells 

14 days later. Histology of mice euthanised at day 7 post T cell infusion 

showed T cell infiltration and tumour reduction [349]. The inducible synNotch 

CAR also showed specificity and efficacy in vivo in disseminated models of 

CHLA-255 and LAN-6WT (which is naturally dim for GD2) and LAN-6GD2+. In 

these experiments, mice were inoculated with 1x106 cells IV and treated 7 

days later with 1x107 CAR T cells IV. Mice were followed up for >100 days and 

showed significant reductions in tumour growth and increased survival 

compared with controls but not complete eradication of their tumours [349]. 

6.1.2 In vivo evaluation of 376.96 CAR T cells 

Both 376.96-CD28-CD3z and 376.96-4-1BB-CD3z CAR T cells have been 

evaluated in vivo. Du et al tested several different in vivo models in NSG mice 

including orthotopic pancreatic ductal adenocarcinoma (PDAC) models in 

which one of two different cell lines, Panc-1(2x105) or BxPC-3 (1x105), were 

implanted into the pancreas. 12 or 28 days after inoculation, mice were treated 

with 1x107 CAR T cells IV to simulate a low and high tumour burden model. 

Tumour control for up to 80 days was seen in both these treatment regimens 

with CD28 and 4-1BB containing CARs but was not demonstrated in control 

mice. 376.96-4-1BB-CD3z CAR T cells showed some resistance to PD-1 

inhibition in vitro and were more successful at treating PD-L1-high BxPC-3 

cells in vivo compared with the CD28 containing CARs [212]. 
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A metastatic PDAC model was also evaluated in which mice were injected with 

1x106 Panc-1 cells IV followed 14 days later by 1x107 CAR T cells and again, 

tumour control was seen in the treated but not the control mice. Additionally, 

a rechallenge model was tested, the protocol for which was the same as the 

metastatic PDAC model but at 28, 49 and 63 days after CAR treatment, the 

mice were rechallenged with a further 1x106 Panc-1 cells. Mice treated with 

both 376.96-CD28-CD3z and 376.96-4-1BB-CD3z CAR T cells showed 

ongoing tumour control following each restimulation although higher numbers 

of 4-1BB containing CARs were seen in blood samples taken at 22, 48 and 63 

days and PD-1 expression was higher in CD28 containing CARs [212].  

Du et al demonstrated efficacy using a PDAC patient derived xenograft model 

in which human PDCA tumour fragments were orthotopically grafted onto mice 

pancreas and mice treated 21 days later with 1x107 CAR T cells IV. Sustained 

antitumour effects were seen in treated mice for over 80 days [212].  

Additionally, Du et al evaluated an ovarian cancer xenograft model in which 

mice were injected with 5x105 cells of the human ovarian cancer cell line SK-

OV-3 via IP injection. 14 days later, they were treated with 5x106 CAR T cells 

via IV or IP administration. Tumour control was seen in both routes of 

administration, although similar to the findings by Theruvath et al, locoregional 

administration appeared to be more effective [209, 212].  

376.96-CD28-CD3z and 376.96-4-1BB-CD3z CAR T cells have also been 

tested against CNS tumours in a GBM xenograft model [279]. Mice were 

injected with 1x105 U87 glioma cells intracranially. Engraftment was confirmed 
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on IVIS imaging 1 week later and 2x106 CAR T cells were injected IT. Treated 

mice showed sustained tumour regression and prolonged survival. There was 

no significant difference observed between CD28 and 4-1BB containing CAR 

T cells (6/11 mice in each group survived >120 days). As GBM cell lines do 

not fully replicate the clinical picture of GBM, a second xenograft model was 

developed in which patient derived GBM neurospheres (GBM-NS) were 

engrafted into the CNS and treated 15 days later with CAR T cell therapy. Both 

CD28 and 4-1BB containing CARs prolonged survival in 50% of treated mice. 

In both the U87 model and GBM-NS model, lack of T cell control or relapse 

was not associated with loss of B7-H3 expression [279].  

Du et al took advantage of the fact 376.96 cross reacts with mouse B7-H3 to 

assess toxicity of anti-B7-H3 CAR T cells in an immunocompetent mouse 

model. They developed a murinised CAR for use in an in vivo model of a 

mouse PDAC model which incorporated a mouse PDAC cell line, KPC-4662, 

engineered to express mouse B7-H3. C57/BL/SJL mice were orthotopically 

engrafted in the pancreas and irradiated 17 days later to promote an 

environment favourable for T cell engraftment then infused with 1x107 murine 

376.96-CD28-CD3z CAR T cells IV 2 days later. A level of tumour control, T 

cell infiltration and persistence was seen in treated mice but not in control 

mice, and no toxic effects in the form of cytokine release syndrome or on-

target off-tumour responses were demonstrated [212]. 

Du et al also demonstrated efficacy in an in vivo metastatic model of 

neuroblastoma. NSG mice were inoculated with 2x106 CHLA-255 cells IV and 
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treated 14 days later with either 2x106 or 5x106 376.96-CD28-CD3z CAR T 

cells IV. Both doses resulted in control of tumour growth compared with the 

control CARs, but the higher dose was more effective and resulted in tumour 

elimination for over 90 days [212]. 

6.1.3 In vivo CAR therapy against GD2 in neuroblastoma 

GD2 is the most commonly targeted antigen for immunotherapy in 

neuroblastoma however, many of preclinical studies of anti-GD2 CAR T cells 

focus on in vitro evaluation alone [129, 350]. Of the studies that do evaluate 

anti-GD2 CAR T cells in vivo for neuroblastoma treatment, most incorporate 

an scFv based on 14g2a. There are conflicting results in the literature, with 

some reports showing significant, sustained antitumour responses and others 

failing to demonstrate measurable effects. There are several reasons the 

discrepancies may occur, including differences in disease model, treatment 

regimen and CAR design.  

Singh et al investigated the efficiency of an anti-GD2-4-1BB-CD3z CAR based 

on 14g2a in a metastatic model of neuroblastoma. Mice were inoculated with 

2x106 SY5Y cells IV. Disease burden was monitored using bioluminescence 

imaging and when a particular threshold was reached (>106 

photons/second/cm2sr, 1-2 weeks), mice were treated with 1x106 CAR T cells 

which resulted in control of disease. Survival in the treated group was not 

prolonged however many of the animals treated with anti-GD2 CAR T cells 

died from GVHD and no tumour burden was noted at time of death. T cells 

transiently expressing anti-GD2 CAR provided disease control but failed to 
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eliminate disease. Histology demonstrated permanently modified CAR T cells 

were able to penetrate the tumour microenvironment whilst CAR T cells 

transiently expressing the CAR honed to the tumour periphery but showed little 

penetration [351].  

Richman et al evaluated the in vivo efficacy of 4-1BB-CD3z CAR incorporating 

an scFv based on 14g2a with modifications in the scFv to increase affinity and 

an elongated linker to improve function [352]. NSG mice were inoculated with 

5x105 SY5Y neuroblastoma cells IV. 5 days later, mice were treated with 3x106 

CAR T Cells and tumour burden monitored using an IVIS. Unmodified anti-

GD2-4-1BB-CD3z CAR T cells with a CD8 stalk showed activity in vitro but not 

in vivo against SY5Y cells in contrast to the findings by Singh et al [351]. 

Lengthening the linker, and mutating the scFv to reduce dissociation, 

improved the in vitro efficacy of the CAR, including its activity against antigen-

dim cell lines. Mice receiving the CARs with the modified high affinity scFv and 

elongated linker showed slowed tumour growth kinetics but developed severe 

neurotoxicity 19-27 days after T cell infusion which was not seen in other 

treatment groups [352]. Majzner et al however reported no such toxicity with 

using the same modified CAR in NSG mice inoculated with 1x106 GD2+ Nalm6 

Cells then treated with 5x106 CAR T cells 10 days later. These mice showed 

disease control and increased survival for > 80 days without toxicity [353].  

Long et al evaluated anti-GD2 CAR activity in vivo by incorporating an scFv 

derived from the 14g2a antibody into CD28-CD3z and 4-1BB-CD3z second 

generation CAR constructs. They engrafted mice with 5x105 148B 
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osteosarcoma cells periosteal to the tibia then treated the mice 3-14 days later 

with 1x107 transduced CAR T Cells. The number of cells were controlled to 

ensure transduction efficiency remained constant across experiments. Anti-

GD2-CD28-CD3z CAR T cells showed anti-tumour effects against the 

osteosarcoma cell line in vitro but did not show activity in vivo. Anti-CD19 CAR 

T cells had similar in vitro activity however when CD19 was expressed on the 

osteosarcoma lines, anti-CD19 CAR T cells induced tumour regression. 

Tumours that outgrew anti-CD19 CAR control, lacked CD19 expression 

whereas those that outgrew anti-GD2 CAR therapy maintained GD2 

expression [136]. The lack of in vivo efficacy of anti-GD2-CD28-CD3z CAR T 

cells was attributed to T cell exhaustion. This was thought to be due to tonic 

signalling in the anti-GD2 CAR, resulting from antigen independent 

interactions between the framework regions of the scFv. Anti-GD2-4-1BB-

CD3z CAR T cells ameliorate this exhaustion and showed increased in vivo 

persistence and reduced levels of exhaustion markers [136]. While this is not 

a neuroblastoma model, the antigen-independent activation and T cell 

exhaustion illustrated in this paper, may explain some of the differences in 

function of anti-GD2 CAR therapy based on 14g2a described in the literature. 

Long et al also investigated these second generation anti-GD2 CAR T cells 

and compared them with a third generation CD28-OX40-CD3z endodomains 

in in vivo neuroblastoma models [171]. 1x106 Kelly cells in Matrigel were 

injected subcutaneously into NSG mice which were treated 3 days later with 

1x107 CAR T cells resulting in tumour control and improved survival at >60 

days. Of the three CARs, 4-1BB-CD3z was the most effective at controlling 
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tumour growth and CD28-CD3z was the least effective with the third-

generation CAR having intermediate activity and intermediate expression of 

exhaustion markers compared to the second-generation CARs. Of note, anti-

GD2 CAR T cells were less well able to control growth in in vivo sarcoma 

models, thought to be due to the presence of inhibitory MDSCs. These cells 

could be eradicated by all-trans retinoic-acid [171]. 

The anti-GD2 scFv Huk666 was used to benchmark the anti-B7H3 CAR T cells 

in previous experiments. This scFv is known to be effective against 

neuroblastoma cell lines in vitro and a recent clinical trial demonstrated safety 

and some anti-tumour response in the form of regression of soft tissue and 

bone marrow disease [196]. Barry Flutter, a research associate previously 

working in John Anderson’s lab, evaluated the activity of an anti-GD2-CD28-

CD3z using this scFv in an in vivo model of LAN-1 cells in NSG mice. Mice 

were injected with 1x106 LAN-1 cells in Matrigel. Once the majority of tumours 

reached the limit of detection (64mm3 volume) they were treated with anti-

GD2-CD28-CD3z CAR T cells IV (around day 14). A control group were 

treated with UT T cells. No statistically significant differences were noted 

between mice in the treatment of control groups (figure 6.1).  

  



 249 

 

Figure 6.1 Previous work by Barry Flutter showing the activity of anti-GD2-
CD28-CD3" CAR T cells in NSG mice bearing LAN-1 tumours.  1x106 LAN-1 
cells in Matrigel were injected into the flank of NSG mice. When the majority 
of the tumours reached threshold for detection (64mm3) mice were treated with 
CAR T cells (around day 14). Mice were culled when tumours reached 
threshold or at the end of the experiment. 6.1 A The tumour growth curves for 
the individual tumours. 6.1 B The mean and individual volumes at day 49. 6.1 
C The survival curves for treatment and control mice. No significant difference 
was seen between treatment and control mice.   

6.1 A

6.1 Previous work by Barry Flutter showing the activity of ⍺GD2-CD28-CD3" CAR T cells

in NSG mice bearing LAN-1 tumours. 1x106 LAN-1 cells in Matrigel were injected into
the flank of NSG mice. When the majority of the tumours reached threshold for detection

(64mm3) mice were treated with CAR T cells (around day 14). Mice were culled when

tumours reached threshold or at the end of the experiment. 6.1 A The tumour growth
curves for the individual tumours. 6.1 B The mean and individual volumes at day 49. 6.1

C The survival curves for treatment and control mice. No significant difference was seen
between treatment and control mice.

6.1 B

6.1 C
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6.2 Results 

6.2.1 Developing an in vivo model 

The aim of this preliminary experimental work was to test 3 models to help 

establish an optimal protocol or protocols for more extensive investigations 

with particular emphasis on understanding the growth trajectory of the tumour 

and optimal timing of CAR T cell therapy. Two neuroblastoma cell lines had 

already been stably transduced with luciferase containing plasmids and were 

available for immediate use; LAN-1.BFP.Luc produced by Barry Flutter, and 

Kelly.mCherry.Luc produced by Emma Halliwell. Previous in vitro studies 

demonstrated anti-B7-H3 CAR activity against these cell lines. Expression of 

luciferase in these cell lines allowed monitoring of tumour growth by IVIS 

imaging.  

NSG mice were chosen for this experiment, allowing the use of human 

xenografts and T cells. The decision was made to divide the mice into groups 

of 8 per disease model. In previous work by Barry Flutter, mice were treated 

once they had measurable tumours. The use of cell lines expressing luciferase 

meant that tumour engraftment could be confirmed with IVIS imaging before 

tumours were palpable. The 8 mice were divided into Early Treatment/Early 

Control (ET/EC) and Late Treatment/Late Control (LT/LC) cohorts. ET/EC 

mice were treated when tumours were visible on IVIS imaging and LT/LC mice 

when the majority of tumours were palpable. 
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Neuroblastoma is a heterogenous disease which most commonly arises from 

the adrenal glands or sympathetic ganglia but can be widely metastatic 

affecting multiple sites including the liver, skin and soft tissue, bone marrow 

and CNS [8]. Ideally, several models are needed to mimic this heterogeneity. 

In vivo studies in the literature predominantly focus on 2 types of models; 

subcutaneous flank tumours to mimic localised disease and disseminated 

models mimicking metastatic disease [171, 212, 351]. The decision was made 

to inject 1x106 LAN-1 and Kelly cells subcutaneously in Matrigel as this was 

the same volume Barry Flutter had previously used in his LAN-1 experiments 

and that Long et al had used in their SC Kelly model [171]. There was no 

literature available for disseminated models using either LAN-1 or Kelly cells 

although models were described for SY5Y, CHLA-255, CHLA-136 and LAN-6 

[212, 351, 352] These models inoculated mice with between 5x105 and 2x106 

cells however, as Kelly are often slow growing cells the decision was made to 

use 5x106 Kelly cells in a pilot IV model.  

For all models, mice were treated with 1x107 total T cells IV. This was the 

amount most commonly used in the literature and most studies did not correct 

for transduction efficiency [218]. However, if there were large discrepancies 

between treatment groups, UT T cells would have been used to supplement 

populations to ensure percentage of CAR positive T cells remained constant 

[136, 352]. The decision was also made not to support mice with cytokines 

following CAR T cell treatment, or to treat mice with immunomodulators before 

T cell infusion, as other studies of anti-B7-H3 CAR therapy did not do this [212, 

218]. As TE9-CD28-CD3z, had been the most successful UCL CAR in vitro, 
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this was the only CAR used in these preliminary models. Many studies had 

used an anti-CD19 CAR as a control CAR however, as a small number of 

CD19+ cells can persist in the ex vivo expanded T cells, the decision was 

made to use UT T cells as a control. 

Mice were inoculated with tumour on day 0 and imaged by IVIS 7 days later. 

By 7 days, it was felt that any bioluminescence seen would be due to positive 

engraftment. ET/EC mice were treated on day 10 with 1x107 TE9-CD28-CD3z 

CAR T cells (transduction efficiency 42.7-63.4%) or UT controls. Thereafter, 

mice were imaged at weekly intervals. Solid tumours were also measured 

using digital callipers at intervals determined by rate of growth. The images 

have been adjusted to the same scale however there was a technical issue 

with a camera and for 2 weeks a different scale had to be used and the Region 

of Interest (ROI) could not be measured. These images cannot be directly 

compared and have been shown in figures 6.2, 6.3 and 6.4 highlighted in red. 

6.2.2 Kelly IV: disseminated model pilot study 

As described, the mice each model were split into an ET/EC and an LT/LC 

group. The early group were treated at 10 days following tumour injection and 

the late treatment group were treated once they had measurable disease. 

“Measurable disease” was difficult to establish in the disseminated model. The 

ROI used was the whole mouse excluding the tail. Background flux in control 

mice was measured in NSG mice the same age using the same batch of 

luciferin who were tumour naïve. The background flux was 2.29x106 (average 

of 2 mice). One week after injection, 50% of the mice were around this level 
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and 50% were above it. One mouse in the LT group started losing weight on 

day 22. On day 24 all but one mouse had an ROI flux > background and the 

decision was made to treat the LT/LC mice on day 25.  

Figure 6.2 A shows a schematic of the experiment including important time 

points. Figure 6.2 B shows the IVIS data and 6.2 D the plots of the flux from 

the ROI. Figure 6.2 C shows the survival curve of the mice. Overall, the course 

of the disease was highly heterogeneous making it unsuitable to be taken 

forward as a model for further testing. Most of the mice developed distended 

abdomens and large cystic tumours, especially of the liver. The size of these 

tumours did not always correlate to their IVIS signal. One mouse had nearly 

10% weight loss but the others remained systemically well. One mouse 

developed intracranial spread and one mouse had only one bright area on 

IVIS imaging with no other signs of disease, possibly indicating bone 

involvement. TE9-CD28-CD3z CAR T cells did not appear to have an effect 

on disease course or survival, but the numbers were small and the course 

unpredictable is hard to draw concrete conclusions.  
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Figure 6.2 8 mice were inoculated with 5x106 Kelly.mCh.Luc IV and split into 
2 treatment groups. ET/EC mice were given 1x107 TE9-CD28-CD3" CAR T 
cells or untransduced cells 10 days after inoculation. LT/LC were given CAR 
T cells or untransduced cells when the mice showed evidence of disease (25 
days after inoculation). The mice were imaged weekly using an IVIS camera 
and culled when they showed significant disease. 6.2 A The experiment plan. 
The black arrows indicate IVIS imaging 6.2 B IVIS imaging (scale different in 
images surrounded by a red box due to technical problem). 6.2 C The survival 
data for the 8 mice. 6.2 D The flux measured from the ROI, whole mouse 
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Figure 6.2 8 mice were inoculated with 5x106 Kelly.mCh.Luc IV and split into 2 treatment

groups. ET/EC mice were given 1x107 TE9-CD28-CD3! CAR T-Cells or untransduced cells
10 days after inoculation. LT/LC were given CAR T-Cells or untransduced cells when the

mice showed evidence of disease (25 days after inoculation). The mice were imaged weekly

using an IVIS camera and culled when they showed significant disease. 6.2 A The
experiment plan. The black arrows indicate IVIS imaging 6.2 B IVIS imaging (scale different

in images surrounded by a red box due to technical problem). 6.2 C The survival data for
the 8 mice. 6.2 D The flux measured from the ROI, whole mouse
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6.2.3 Kelly SC: solid tumour model pilot study 

Figure 6.3 A shows a schematic of the Kelly SC model including important 

time points. Figure 6.3 B shows the IVIS data and 6.3 D the plots of the flux 

from the ROI. Figure 6.3 C shows the survival curve of the mice. The 

Kelly.mCherry.Luc tumours grow rapidly in vivo. The majority of mice in the LT 

group had tumours >5mm diameter by day 15 and the decision was made to 

treat them. Mice were injected with 1x107 TE9-CD28-CD3z or UT cells IV on 

day 17. 

Treating the mice at a late stage does not seem to have any effect on disease 

course or survival. Of the three mice who lived longest (almost double the 

length of time of the other 5), 2 were the ET mice and one was a LC mouse 

who initially had a smaller tumour than average tumour, both on digital calliper 

measurement and on ROI flux as measured on the IVIS. Of the treated mice, 

one of their tumours did regress, both in terms of flux and size. It is possible 

that this tumour initially responded to treatment but then escaped control, 

possibly through T cell exhaustion or antigen down-regulation.  

Although the sample size is too small to be significant, there is potentially 

increased survival of the ET mice compared with the other groups. 100% of 

these tumours engrafted and the majority progressed quickly. It is possible 

that treating at an earlier time point would increase the efficacy of TE9-CD28-

CD3z CAR T cells in this model and that, with optimisation, this could be a 

useful means of testing CAR function.  
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Figure 6.3 8 mice were inoculated with 1x106 Kelly.mCh.Luc SC (left flank) 
and split into 2 treatment groups. TE/EC mice were treated with 1x107 TE9-
CD28-CD3" CAR T cells or untransduced cells 10 days after inoculation. 
LT/LC mice were treated when the mice had palpable tumours (17 days after 
inoculation). The mice were imaged weekly using an IVIS camera and culled 
when tumour size approached license threshold. 6.3 A The experiment plan. 
The black arrows indicate IVIS imaging 6.3 B IVIS imaging (scale different in 
image surrounded by a red box due to technical problem). 6.3 C The survival 
data for the 8 mice. 6.3 D The tumour size as measured with digital calipers. 
6.3 E The flux measured from the ROI 
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Figure 6.3 8 mice were inoculated with 1x106 Kelly.mCh.Luc SC (left flank) and split into 2

treatment groups. TE/EC mice were treated with 1x107 TE9-CD28-CD3! CAR T-Cells or
untransduced cells 10 days after inoculation. LT/LC mice were treated when the mice had

palpable tumours (17 days after inoculation). The mice were imaged weekly using an IVIS

camera and culled when tumour size approached licence threshold. 6.3 A The experiment
plan. The black arrows indicate IVIS imaging 6.3 B IVIS imaging (scale different in image

surrounded by a red box due to technical problem). 6.3 C The survival data for the 8 mice.
6.3 D The tumour size as measured with digital calipers. 6.3 E The flux measured from the
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6.2.4 LAN-1 SC: solid tumour model pilot study 

Figure 6.4 shows a schematic of the LAN-1 SC model (6.4 A) along with the 

IVIS imaging (6.4 B), the tumour size measured with digital callipers (6.4 D), 

the ROI (6.4 E) and the survival curve (6.4 C). The LAN-1.BFP.Luc tumours 

grow slowly in vitro as well as in vivo. The majority of tumours in the LT group 

reached a 5mm diameter size by day 32 and were treated with TE9-CD28-

CD3z 33 days after inoculation.  

As with the Kelly SC model, treatment with CAR T cells at a late time point had 

little impact on the disease course. Although not statistically significant, the 

two ET mice lived almost twice as long as the LT/LC or the EC mice. One of 

the ET mice has 2 reductions in ROI flux. This could represent tumour 

regression or simply be a variation related to luciferin or differences in camera 

settings. On day 31 of the study (22 days after CAR T cells) the ROI goes back 

to background and remains so for at least one week. There is a second 

reduction on day 73 (64 days after CAR T cells) although does not return to 

background. 
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Figure 6.4 8 mice were inoculated with 1x106 LAN-1.BFP.Luc SC (left flank) 
and split into 2 treatment groups. ET/EC mice were given 1x107 TE9-CD28-
CD3" CAR T cells or untransduced cells 10 days after inoculation. LT/LC mice 
were treated when the majority of the mice had palpable tumours (32 days 
after inoculation). The mice were imaged weekly using an IVIS camera and 
culled when they had disease approaching the license threshold. 6.4 A The 
experiment plan. The black arrows indicate IVIS imaging. 6.4 B IVIS imaging 
(scale different in image surrounded by a red box due to technical problem). 
6.4 C The survival data for the 8 mice. 6.4 D The tumour size as measured 
with vernier calipers. 6.4 E The flux measured of the ROI 
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Figure 6.4 8 mice were inoculated with 1x106 LAN-1.BFP.Luc SC (left flank) and split into 2

treatment groups. ET/EC mice were given 1x107 TE9-CD28-CD3! CAR T-Cells or
untransduced cells 10 days after inoculation. LT/LC mice were treated when the majority of

the mice had palpable tumours (32 days after inoculation). The mice were imaged weekly

using an IVIS camera and culled when they had disease approaching the license threshold.
6.4 A The experiment plan. The black arrows indicate IVIS imaging. 6.4 B IVIS imaging

(scale different in image surrounded by a red box due to technical problem). 6.4 C The
survival data for the 8 mice. 6.4 D The tumour size as measured with vernier calipers. 6.4 E
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6.2.4 Definitive LAN-1 SC experiment 

Early treatment of LAN-1 SC tumour bearing mice with TE9-CD28-CD3z 

showed tumour control and improved survival compared to other groups. 

However, the study was not powered to detect statistical significance but 

rather to provide a measure of approximate effect size with which to power a 

definitive experiment.  This tumour model engrafted successfully in all 8 mice 

and showed a fairly predictable disease course making it a suitable model to 

take forward.  

The pilot experiment was used to calculate the n number needed for each 

group based on an alpha of 0.05 with an 80% power to detect a 25% 

difference. The ClinCalc sample size calculator was used in this calculation 

and an n=6 was selected as an appropriately powered group size. 

https://clincalc.com/stats/samplesize.aspx 

24 mice were injected with 1x10 LAN-1.BFP.Luc cells in Matrigel SC. 7 days 

later they were imaged using the IVIS to confirm tumour engraftment and on 

day 10 were treated with 1x107 CAR T cells or UT cells IV. Mice were randomly 

divided into groups of 6. One group received TE9-CD28-CD3z, one TE9-4-

1BB-CD3z, one Huk666-CD28-CD3z (hereafter called anti-GD2-CD28-CD3z 

or anti-GD2 CAR) and a final group received UT T Cells. The transduction 

efficiency of the T cells, as measured by staining for the CD34 marker gene, 

is shown in table 6.1. 
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Table 6.1 

CAR Transduction Efficiency 

TE9-CD28-CD3z, 44.5% 

TE9-4-1BB-CD3z, 45.2% 

Anti-GD2-CD28-CD3z 36.4% 

 

The anti-GD2 CAR was selected to benchmark the anti-B7-H3 CARs for 

several reasons. It was used in previous in vitro work as a positive control 

where overall it had a similar level of function to TE9. It was also used in 

previous experiments by Barry Flutter in a similar LAN-1 xenograft model 

where it did not show significant antitumour effects (figure 6.1). Additionally, 

as it was recently in clinical trial in neuroblastoma and showed some clinical 

response it therefore might be seen as the “gold standard” of CAR therapy in 

neuroblastoma [196]. The anti-GD2 CAR has the CH2CH3 linker and a CD28 

transmembrane whereas both TE9 CARs have a CD8 linker and 

transmembrane domain. Although this may affect function, the decision was 

made to keep the constructs as they are since they reflect optimal design for 

the respective binders and previous data is based on these designs. 
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mouse culled

6.5 B



 262 

 
 
Figure 6.5 A The time experimental plan for the expanded LAN-1 SC 
experiment. Mice were injected with 1x106 LAN-1.BFP.Luc cells on day 1. 
Mice were imaged on day 7 to confirm tumour engraftment and received 1x107 
CAR T cells or untransduced cells on day 10. Mice were divided into 4 groups 
of 6 mice and received either TE9-CD28CD3", TE9-4-1BBCD3", anti-GD2-
CD28CD3" or untransduced cells. Mice were culled either when tumour 
approached license threshold or when showing signs of disease. After 
treatment, mice were imaged weekly on the IVIS. IVIS imaging indicated by 
black arrows 6.5 B Images from weekly IVIS imaging. 6.5 C The survival 
curves of the different groups analysed using Log-rank test. 6.5 D The flux 
measured from the ROI of each mouse. 6.5 E The size of the tumours as 
measured using calipers. Small insert shows the plots of the mean size of the 
tumours at day 50. Tumour size at day 50 analysed using Kruskal-Wallis test. 

Significant differences were seen between TE9-CD28CD3" and the other 
groups. 
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Figure 6.5 shows the results of the LAN-1 SC experiment. 6.5 B shows the 

weekly imaging on the IVIS. IVIS imaging prior to treatment confirmed tumour 

engraftment in all mice. Due to the scale needed for the larger tumours, it is 

not possible to see all the tumours in the images in 6.5 B, but the ROI depicted 

graphically in 6.8 D demonstrates differences between groups and also shows 

that all mice had an ROI flux greater than background (2.29x106 for the whole 

mouse). TE9-CD28-CD3z CAR T cells showed the most activity against LAN-

1 SC tumours and mice treated with this CAR displayed significantly prolonged 

survival (p = 0.0065, Log-rank (Mantle-Cox) test). With the exception of one 

mouse, they also had the slowest growing tumours. A Kruskal Wallis test of 

tumour growth at day 50 showed significant differences between the growth in 

mice treated with TE9-CD28-CD3z compared with the other 3 groups (TE9-4-

1BB CD3z p = 0.0010, anti-GD2-CD28-CD3z p = 0.0202, UT p = 0.0028). 

There was no significant difference between the other groups (p = >0.9999). 

There was also evidence of regression of established tumours in mice treated 

with TE9-CD28-CD3z CAR T cells. One mouse, TE9-CD28 6 had a 

measurable tumour on IVIS imaging prior to treatment but had no detectable 

tumour after treatment for the duration of the experiment (>80 days). A second 

mouse, TE9-CD28 3, showed a reduction in IVIS signal 2 weeks after 

treatment which was sustained until day 59 although the signal then increased, 

associated with tumour growth as measured on the digital callipers.  

There was no significant difference between the ROIs of any group. 

Additionally, the ROI flux did not always correlate with tumour size. This may 
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have been due to loss of luciferase expression as the tumour increased in size 

or because of pseudo-progression, where inflammatory infiltrate results in a 

paradoxical increase in size of the tumour. A more likely explanation is that 

luciferin could not adequately penetrate the large tumours, which may have a 

relatively poor central blood supply and relatively hypoxic or necrotic centres. 

The ROI was useful for confirming engraftment and monitoring growth of small 

and medium sized tumours but appeared to be less accurate for comparing 

tumours once they grew beyond a certain volume.  

6.2.5 Assessing antigen downregulation 

One known mechanism for tumour escape from immunotherapy is 

downregulation or loss of antigen expression. To establish whether this 

contributed to failure of CAR therapy in this experiment, tumours were 

harvested and stained for B7-H3 and GD2 expression. Single cells were gated 

first on live cells, then on BFP positive cells to ensure only LAN-1.BFP.Luc 

cells were analysed. The MFI was used to compare antigen expression 

between different groups (figure 6.6). 6 tumours from the UT and anti-GD2-

CD28-CD3z groups were processed and 5 from the TE9-CD28-CD3z and 

TE9-4-1BB-CD3z groups. One mouse receiving TE9-CD28-CD3z did not have 

a tumour at the end of the experiment and one sample from the TE9-4-1BB-

CD3z was excluded for technical reasons. No significant difference was seen 

in antigen density between the different treatment groups, suggesting that 

antigen loss was not a major reason for therapy failure. 
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Figure 6.6 When tumours approached threshold size, or at the end of the 
experiment, they were extracted and evaluated for GD2 and B7-H3 expression 
to ascertain if tumour escape were due to antigen loss. Cells were stained with 
anti-B7-H3 and anti-GD2 antibodies and analysed using flow cytometry. The 
median fluorescence intensity (MFI) of each sample was used to compare 
expression between samples.  
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6.2.6 Persistence of CAR T cells 

When mice were sacrificed, blood, spleen and tumour samples were 

harvested to evaluate T cell persistence and penetration. Single cells were 

gated on live cells then analysed for expression of human CD45 and mouse 

CD45. Cells positive for human CD45 were further evaluated for CD3 

expression and human CD45/CD3 double positive cells were assessed for 

CD34 expression as a marker of CAR positivity. The gating strategy used is 

shown in figure 6.7. 

  



 267 

 

Figure 6.7 Mouse blood, spleen and tumour samples were analysed for 
persistence of CAR T cells. This figure is a representative sample showing the 
blood of a mouse treated with TE9-4-1BB-CD3". Cells were initially gated for 
size and shape to isolate a population of single cells. A live/dead dye was used 
to distinguish live single cells for further analysis. These were catagorised 
according to their expression of human or mouse CD45. Cells positive for 
mouse CD45 were analysed for expression of CD3 and CD34. 
  

6.7

6.7 Mouse blood, spleen and tumour samples were analysed for persistence of CAR

T cells. This figure is a representative sample showing the blood of a mouse treated
with TE9-41BB-CD3!. Cells were initially gated for size and shape to isolate a

population of single cells. A live/dead dye was used to distinguish live single cells for

further analysis. These were catagorised according to their expression of human or
mouse CD45. Cells positive for mouse CD45 were analysed for expression of CD3

and CD34.
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Due to discrepancies in the number of cells sampled, numbers of human 

CD45+ cells have been analysed as a percentage of total CD45+ cells (human 

and mouse) showing the proportion of human cells rather than the raw 

numbers. CAR positive cells are shown as a percentage of total numbers of T 

cells. Any sample with less than 100 human CD45 cells was excluded from 

analysis as this number was felt to be too small to be accurate.  

The results are shown in figure 6.8. Of note, mice treated with TE9-4-1BB-

CD3z had greater proportions of human CD45 positive cells and greater 

proportions of CAR positive cells in the blood and spleen at the time of mouse 

sacrifice. Although exhaustion markers were not measured, this would be in 

keeping with the literature evidence that 4-1BB containing CAR cells have 

some resistance to exhaustion and persist longer [136, 212].  

A second key finding of this data is that TE9-CD28-CD3z CARs were far better 

at penetrating the tumour than other CARs or untransduced T cells. Of the 

samples analysed, only 1/6 mice in the TE9-4-1BB-CD3z and anti-GD2-CD28-

CD3z groups and none of the UT group had >100 human T cells detectable in 

harvested tumours. In contrast 4/5 tumours harvested from mice that received 

TE9-CD28-CD3z CAR T cells had high proportions of infiltrating human T cells 

despite very limited numbers of T cells persisting in blood or spleen samples. 

As these samples were processed when the mice were sacrificed, they were 

not all taken at the same time point and it is possible that more similar findings 

between the CARs might be seen in temporally linked samples.  
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Figure 6.8 Blood, spleen and tumour samples were harvested and analysed 
for persistence of CD34+ CAR T cells using flow cytometry. Although all mice 
were analysed, samples with < 100 human CD45 positive cells were excluded 
from analysis. 6.8 A Live cells were gated into 2 populations; those positive 
for human CD45 and those positive for mouse CD45. The graphs show the 
mean and individual values of the percentage of CD45 positive cells positive 

for human CD45. 6.8 B Cells positive for human CD45 were gated according 
to CD3 expression. These graphs show the mean and individual values of the 
percentage of human CD45, human CD3 dual positive cells that were also 
CD34 positive.  6.8 C The number of samples from each CAR with >100 
human T cells available for analysis. N = 6 for all samples unless marked with 
* where N = 5. 
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6.8 Blood, spleen and tumour samples were harvested and analysed for persistence of

CD34+ CAR T cells using flow cytometry. Although all mice were analysed, samples

with < 100 human CD45 positive cells were excluded from analysis. 6.8 A Live cells

were gated into 2 populations; those positive for human CD45 and those positive for

mouse CD45. The graphs show the mean and individual values of the percentage of

CD45 positive cells positive for human CD45. 6.8 B Cells positive for human CD45

were gated according to CD3 expression. These graphs show the mean and individual

values of the percentage of human CD45, human CD3 dual positive cells that were

also CD34 positive. 6.8 C The number of samples from each CAR with >100 human T

cells available for analysis. N = 6 for all samples unless marked with * where N = 5.
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Discussion 

A neuroblastoma xenograft model using SC LAN-1.BFP.Luc has been 

successfully identified in which there is a predictable rate of engraftment and 

disease progression in NSG mice. Treatment of these tumours with TE9-

CD28-CD3z CAR T cells results in significantly prolonged survival and 

retardation of tumour growth with some evidence of tumour regression in 2/6 

treated mice and apparent cure in 1/6 treated mice. As well as indicating 

efficacy of the UCL CAR T cells, this model can be used to evaluate further 

modifications to identify an anti-B7-H3 CAR with the potential to induce lasting 

anti-tumour responses in the clinical setting. 

TE9-4-1BB-CD3z CAR T cells did not show any efficacy in the LAN-1.BFP.Luc 

SC model. CAR T cells containing the 4-1BB endodomain show some 

resistance to exhaustion, particularly exhaustion mediated through the PD-

1/PD-L1 axis and often contributes to a sustained anti-tumour response 

including in the clinical setting [134-136, 212, 320]. In keeping with this finding, 

more of the mice treated with TE9-4-1BB-CD3z had >100 human T cells in 

their blood and spleen than in the other treated groups and had much higher 

percentages of CD34 positive cells (figure 6.8). Not all reports claim 4-1BB 

containing CARs to be superior, however. Nguyen et al tested several 

MGA271 containing CAR T cell products in a variety of in vivo models. They 

failed to see anti-tumour response with second generation CAR T cells with 4-

1BB but saw significant reduction in tumour size and prolonged survival with 

second generation CARs containing the CD28 endodomain [321].  
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Neuroblastoma is known to produce an inhibitory microenvironment hostile to 

immune cells through a number of mechanisms [343]. High risk 

neuroblastoma is associated with low numbers of infiltrating immune cells, a 

high proportion of which are M2 inhibitory macrophages [354, 355]. 

Neuroblastoma cells and neuroblastoma cell lines including LAN-1, produce 

HLA-G, a non-classic MHC class I molecule which inhibits T cells as well as 

other cells of the immune system [330]. Mussai et al demonstrated 

neuroblastoma cell lines (including LAN-1 and Kelly) produce arginase which 

impairs T Cell proliferation and anti-GD2 CAR T cell cytotoxicity [356]. This is 

in keeping with previous co-culture experiments presented in chapters 3 and 

4 which show LAN-1 to be inhibitory to T cells. Cytotoxicity assays for example, 

often display a lower percentage killing when LAN-1 cells are cultured with UT 

cells compared with spontaneous cell death (figures 4.9 and 5.3) and UT cells 

cultured with LAN-1 (or Kelly) cells express lower levels of TIM-3 and PD-1 at 

7 days (figure 5.8).  

Of note, only 1/5 tumours analysed from the TE9-4-1BB-CD3z treated group 

had >100 penetrating T cells compared with 4/5 mice receiving TE9-CD28-

CD3z CAR T cells. As seen in chapter 5, the TE9-4-1BB-CD3z CAR T cells 

showed evidence of antigen dependant activation, but never to the same 

extent as their CD28 containing counterparts. It is conceivable that the more 

active CD28 containing CAR were capable of overcoming the inhibitory LAN-

1 cells and penetrating the tumour microenvironment. The 4-1BB containing 

CAR, even though it could persist and expand, was not able to impart sufficient 

effector function in the tumour environment to initiate tumour regression.  
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The anti-GD2-CD28-CD3z CAR T cells also showed no anti-tumour activity 

which is in keeping with Barry Flutter’s original LAN-1 xenograft model (figure 

6.1). Few cells were detected in tumour samples of mice treated with anti-GD2 

CAR T cells compared with TE9-CD28-CD3z treated counterparts, and few 

cells were detected in blood or spleen samples of mice receiving anti-GD2 

CAR T cells compared with those given TE9-4-1BB-CD3z (figure 6.8). LAN-1 

cells express similar levels of B7-H3 and GD2 antigens (chapter 4, table 4.2) 

and there was no evidence of tumour escape secondary to antigen loss or 

downregulation (figure 6.6). This is in keeping with other anti-GD2 CAR T cell 

therapy in mouse models, which showed tumour escape despite a lack of 

antigen loss [136]. 

As discussed previously, B7-H3 is known to inhibit immune cells including T 

cells although the exact mechanism or mechanisms through which it acts are 

not fully understood [214, 246, 357]. B7-H3 expression is associated with 

increased TAM infiltration, particularly of the inhibitory M2 subtype, and B7-H3 

expression on neuroblastoma cells protects them from NK mediated lysis [249, 

251]. Immunotherapy targeting B7-H3 may interfere with some of these 

inhibitory actions. Although there is no data involving CAR therapy, some 

studies have suggested anti-B7-H3 antibody therapy may provide a source of 

checkpoint inhibition. Lee et al demonstrated anti-tumour effects with an 

antagonistic anti-B7-H3 antibody that were dependent on CD8+ T cells and 

NK cells rather than ADCC alone [254], Mao et al targeted head and neck SSC 

xenograft models with an anti-B7-H3 antibody and demonstrated reduced 

numbers of immunosuppressive cells and increased T cell activation and 
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Yonesaka et al combined anti-B7-H3 and anti-PD-L1 antibody therapy in Non-

Small Cell Lung Cancer (NSCLC) and demonstrated CD8+ T cell anti-tumour 

immunity [275] [276]. It is possible that the TE9-CD28-CD3z CAR T cells have 

some function as a checkpoint inhibitor and are able to overcome the 

immunosuppressive microenvironment of the LAN-1 tumours but anti-GD2-

CD28-CD3z CAR T cells are not.  

Although TE9-CD28-CD3z CAR T cells described in this thesis have lower 

rates of tumour regression and cure than the published in vivo studies with 

376.96 and MGA271, it is difficult to compare the results between different 

animal models in published studies. 376.96-CD28-CD3z CAR T cells have 

been tested in a disseminated neuroblastoma model, and the therapy was 

successful at controlling disease in 4/5 mice treated with 5x106 CAR T cells 

for >100 day with prolonged survival of around 60 days for mice treated with 

a lower dose of 2x106 cells [212]. MGA271-4-1BB-CD3z has been tested in 

several disseminated neuroblastoma models including CHLA-255, CHLA-136 

and LAN-6. In these studies mice were inoculated with 1x106 tumour cells and 

treated immediately with 1x106 CAR T cells or 7 days later with 1x107 cells. 

The mice showed significantly increased survival of >100 days compared to 

controls [349]. These models however were disseminated models and it is 

likely that at the time of treatment mice did not have bulky disease. Given what 

is known about the challenges of penetration into bulky, hostile tumours, the 

UCL CARs may have shown increased antitumour activity if given at an earlier 

time point. Additionally, the mice in the UCL experiment were treated with 

1x107 T cells with a transduction efficacy between 36 and 46%. Better results 
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may have been achieved by controlling the number of CAR positive T cells, 

rather than the total number of cells.  

Comparison of 376.96 and MGA271 CAR T cells in other disease models with 

that of TE9 in a neuroblastoma model is also difficult as differences between 

cell types and treatment regimens may greatly alter CAR efficacy. Similarly, 

with the exception of the anti-GD2 CAR used in this experiment, it is difficult 

to compare the anti-tumour effects of TE9 with those of anti-GD2 CAR therapy. 

Many of the xenograft models used to test anti-GD2 CAR therapy involve 

disseminated disease and most use neuroblastoma cell lines other than LAN-

1. Long et al showed retardation of tumour growth and prolonged survival in 

mice with xenografts of Kelly cells treated with anti-GD2 CAR therapy [171]. 

These mice also received 1x106 tumour cells in Matrigel and were treated with 

1x107 CAR T cells but on day 3, rather than day 10. Again, this suggests that 

more striking anti-tumour effects may be achieved if the mice were treated with 

an accelerated schedule before they develop bulky disease.  

Further in vivo work is needed to test these hypotheses and to fully benchmark 

TE9 against other scFvs in vivo a side-by-side experiment is needed. Given 

that 100% of the tumours engrafted, using IVIS imaging to check for 

engraftment on day 7 may be unnecessary and instead, mice could be treated 

earlier to see if a reduction in initial disease burden improves efficacy, 

particularly for the 4-1BB-containing CAR and the anti-GD2 CAR. Additionally, 

to really assess T cell penetrance into solid tumours, it would be useful to 

harvest tumours for histology, which would give a more accurate picture of 
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CAR distribution within the tumour. Furthermore, harvested T cells could be 

evaluated for markers of exhaustion to investigate how much T cell 

dysfunction contributes to tumour escape. More models would also be helpful 

in further evaluation of the CAR T cells in neuroblastoma, particularly the 

development of a disseminated model. Although Kelly cells did not work as a 

disseminated model due to disease heterogeneity, LAN-1 or other 

neuroblastoma cell lines might. Finally, although using cell lines can give an 

indication of CAR efficacy, the use of grafts from patient samples, or 

neurospheres derived from those samples, may give a more information of 

how the CAR T cells function clinically.  
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Chapter 7: Discussion 

Neuroblastoma is the most common extracranial solid tumour of childhood 

accounting for 6% of all childhood cancer cases in the UK each year [280]. A 

highly heterogenous disease, outcomes vary widely with low-risk patients 

having a 90% chance of survival and high-risk patients having a 50% chance 

of survival at five years [8]. Coupled with the high mortality comes high 

morbidity in cancer survivors from late effects including organ damage and 

secondary malignancy [2]. Although the recent past has seen huge 

improvements in outcomes for children, these improvements have mostly 

been seen in low-risk disease and there is an urgent need for new, better 

treatments for high-risk neuroblastoma.  

The past two decades have seen enormous advances in the field of cancer 

immunotherapy in the form of CAR T cell therapy and checkpoint inhibition. 

CAR T cell therapy combines the specificity of an antibody/antigen interaction 

with the power of a T cell response resulting in the potential for sustained anti-

cancer effects, and, in many cases, complete cure [125, 126]. Thus far, 

success in CAR T cell therapy has been limited to haematological malignancy, 

with limited success targeting solid tumours [144, 150, 153, 196]. Solid 

tumours present a unique set of challenges which need to be overcome before 

substantial improvements in clinical outcomes can be made. The second 

major advance in cancer immunotherapy is the development of checkpoint 

inhibitors; monoclonal antibodies targeting ligands and receptors involved in T 

cell inhibition that result in an unopposed anti-cancer immune response. While 
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these have brought about remarkable clinical responses in immunologically 

“hot” cancers, in general, paediatric tumours evade the immune system 

through different mechanisms and so far, checkpoint inhibitors have shown 

little success in childhood cancer [7, 94, 95]. 

B7-H3 is widely expressed on most paediatric solid tumours, including 

neuroblastoma, but has limited expression on healthy cells [215, 218, 251]. 

Within the tumour microenvironment, it is expressed on CICs, and on cancer-

associated supportive cells including vascular endothelium which may provide 

a therapeutic access point to tumours that are otherwise difficult to penetrate 

[223, 224, 277]. It is known to have a role in immune cell inhibition and there 

is some evidence to suggest it may provide a novel source of checkpoint 

inhibition [214, 245, 254, 276]. Additionally, B7-H3 has some non-

immunological roles in tumorigenesis. Although the pathway or pathways 

through which it acts are so far poorly understood, targeting B7-H3 seems to 

reduce some of these effects and increases the susceptibility of cancer cells 

to chemotherapy [256, 260, 266, 274]. Targeting B7-H3 has the potential to 

improve clinical outcomes in children with neuroblastoma and, given its 

widespread expression in paediatric cancer, in children with other high risk 

solid malignancies. 
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7.1 Overview of findings 

7.1.1 Identification of a panel of novel anti-B7-H3 scFvs 

An existing anti-B7-H3 phage display library had been produced by Maria 

Alonso-Ferrera and Lee Hopwood following the immunisation of mice with an 

artificial T-B7-H3 protein. To ensure binders were selected with the greatest 

chance of binding to B7-H3 expressed on human cells, 4Ig-B7-H3 (the most 

commonly occurring isoform in humans [214]) and T-B7-H3 proteins were 

produced for panning and testing of the anti-B7-H3 binders. 

The library was panned against 4Ig-B7-H3 immobilised in immunotubes or on 

magnetic beads. Ninety-six clones were selected from each of the panned 

libraries, grown in culture and scFv-myc production induced. Bacterial 

supernatant was tested in an ELISA against 4Ig-B7-H3 and 17 unique anti-B7-

H3 scFv were identified (appendix 1). 

7.1.2 Testing the UCL scFv in vitro 

To evaluate whether the scFv bound to B7-H3 expressed on cells, 10 scFv 

were selected and cloned into an scFv-Fc fusion format. Selection was based 

predominantly on the strength of binding on ELISA, but consideration was 

given to genetic variability to maintain some heterogeneity between the scFvs. 

293F cells were electroporated with expression vectors and scFv-Fc proteins 

extracted from supernatant with protein A columns, purified and the product 

concentrated to ensure a uniform concentration for testing.  
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To determine the specificity of the scFv, 3 B7-H3 positive Jurkat cell lines were 

produced which expressed human 4Ig-B7-H3, human 2Ig-B7-H3 and T-B7-

H3. As Jurkat are naturally negative for B7-H3, this resulted in isogenic 

positive and negative cell lines against which products could be tested. The 

scFv-Fc proteins were used to stain these Jurkat cells, followed by a directly 

conjugated anti-human IgG antibody and the results analysed on the flow 

cytometer. The scFv-Fc proteins displayed varied levels of binding to the 

different B7-H3 isoforms, particularly to the 2Ig-B7-H3 isoform. The 5 scFvs 

with the strongest staining were taken forward for further evaluation in CAR 

form. The lead scFv bound to all 3 B7-H3 isoforms with the exception of BH6 

which failed to bind isoform 2 and was thus specific for 4Ig-B7-H3. 

The lead 5 scFv were cloned into CAR constructs with the structure scFv-

CD8stalk-CD28-CD3z. The anti-B7-H3 CAR T cells were tested in cytotoxicity 

assays and 18-hour co-cultures to look for markers of degranulation and 

cytokine production. An anti-GD2 CAR incorporating the Huk666 scFv with the 

structure scFv-CH2CH3stalk-CD28-CD3z, recently in clinical trial, was used 

to benchmark the anti-B7-H3 CAR T cells [196]. There were differences in the 

activity of the anti-B7-H3 CAR T cells but two lead scFv, TE9 and TC6, showed 

similar levels of cytotoxicity and cytokine production to the anti-GD2 CAR T 

cells. TE9 showed superior Il-2 production when cultured with LAN-1 or Kelly 

cells compared with the other CARs or the untransduced control and so was 

taken forward for further evaluation.  
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TE9 was benchmarked against two other anti-B7-H3 scFvs recently evaluated 

in the literature as CAR T cells; 376.96 and MGA271 [212, 218]. The 

sequences for these scFvs were taken from their respective patents and 

cloned into the UCL CAR backbone in 2 formats: scFv-CD8stalk-CD28-CD3z 

and scFv-CD8stalk-4-1BB-CD3z. The CARs were tested using a variety of in 

vitro assays including cytotoxicity, short term co-cultures for markers of 

activation and cytokine production and seven-day co-cultures for proliferation, 

markers of exhaustion and cytokine production upon repeat stimulation.  

Overall, although each of the CD28 containing scFvs produced better results 

in one or more assays, overall, no scFv displayed general superiority across 

multiple assays. The greatest difference was that TE9 was the only scFv 

producing significant amounts of IL2 following an antigen rechallenge at 7 

days, and, perhaps relatedly, TE9 also displayed the highest levels of 

exhaustion markers at 7 days (figures 5.7 and 5.8). With regards to the 4-1BB 

containing CARs, they displayed less activation, coupled with less cytokine 

production and lower levels of exhaustion markers than their CD28-containing 

counterparts, with TE9-4-1BB-CD3z displaying the lowest activation overall. 

7.1.3 In vivo CAR analysis 

Three different neuroblastoma xenograft models were trialled in NSG mice in 

a preliminary experiment to identify a model for future testing. Of these, a 

model involving SC LAN-1.BFP.Luc showed predictable engraftment and 

disease course with some evidence of efficacy of CAR T cell therapy. This 

model was taken forward for use in a larger experiment.  
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TE9-CD28-CD3z and TE9-4-1BB-CD3z were tested in vivo alongside the 

clinical trial anti-GD2 CAR and an UT control. Mice receiving the anti-GD2 

CAR and the 4-1BB containing CAR did not show signs of antitumour activity. 

Mice receiving TE9-CD28-CD3z showed statistically significant retardation of 

tumour growth with evidence of tumour regression in 2/6 mice. They also 

showed significantly improved survival. 

Tumours harvested from mice did not show different levels of antigen 

expression between the treatment groups, so failure of CAR therapy was not 

secondary to antigen loss or downregulation. Only the mice receiving TE9-

CD28-CD3z CAR T cells consistently had large numbers of T cells present in 

harvested tumours suggesting that therapy failure in the anti-GD2 CAR and 

the 4-1BB containing CAR may have been secondary to penetration into or 

persistence within the tumour microenvironment. TE9-CD28-CD3z CAR T 

cells were found within the tumours suggesting a different mechanism for 

treatment failure in this group, such as CAR T cell exhaustion.  

7.2 Benchmarking TE9 against other immunotherapies for 

neuroblastoma 

7.2.1 A role for TE9 alongside other anti-B7-H3 scFv 

Two other anti-B7-H3 scFv, 376.96 and MGA271 have been incorporated into 

CAR format and the results of pre-clinical studies involving these CARs 

published in the literature [209, 212, 218, 279, 321]. TE9 has been 

benchmarked against these two scFv in vitro, and no consistent superiority 
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across multiple tests was identified. The only CAR still capable of producing 

significant amounts of IL-2 upon antigen rechallenge at 7 days was TE9-

CD28-CD3z consistent with better functional persistence of these cells. Of 

note, this CAR also displayed much greater levels of the exhaustion markers 

although as these were not measured prior to restimulation, it is difficult to 

know if some of these markers are transiently upregulated in response to 

activation or represent a terminally exhausted phenotype.  

TIM3, LAG-3, PD-1 and CTLA4 (not measured) are T cell receptors 

upregulated in response to activation. They bring about T cell inhibition as part 

of a homeostatic negative feedback loop preventing immune mediated 

pathology and thus can in some ways be considered markers of T cell 

activation [49]. Increasingly, T cells can be thought of as developing a state of 

early exhaustion or hypo-responsiveness, a reversible state sensitive to check 

point inhibitors, before they develop irreversible late-stage exhaustion in the 

form of T cell dysfunction [358]. Although co-expression of multiple inhibitory 

receptors is associated with more severe exhaustion, functional assays are 

likely to be the most sensitive discriminator and IL2 production and 

proliferation are amongst the first functions lost [51]. TE9 CAR T cells 

displayed proliferation and cytokine production equivalent or superior to the 

other scFvs despite high levels of TIM3, LAG-3 and PD-1 expression (figures 

5.6, 5.7 and 5.8). Upregulation of these receptors may be a sign of activation 

via an effective CAR and not of terminal exhaustion. Longer term assays and 

in vivo investigations are likely be more conclusive ways of testing this 

hypothesis.  
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Of the 4-1BB containing CARs, 376.96-4-1BB-CD3z was the only CAR which 

expressed significant amounts of CD107a following an 18hour co-culture and 

significant amounts of IFN-g following restimulation at seven days and may be, 

in some ways, the superior 4-1BB containing CAR (figures 5.4 and 5.5).  

It is difficult to compare the response seen testing TE9 against LAN-1.BFP.Luc 

xenografts in vivo with the results of other anti-B7-H3 CAR T cell experiments. 

Although some models report high rates of tumour elimination, this is not seen 

across all studies. It is very likely that differences in cell lines used in the 

xenograft models, both within and between different diseases, and differences 

in CAR T cell treatment regimens make a huge difference to CAR efficacy. 

The following examples testing MGA271-4-1BB-CD3z in systemic models of 

osteosarcoma serve to illustrate this point. Majzner et al describe a systemic 

osteosarcoma model in which mice were injected with 1x106 cells of an 

osteosarcoma line MG63.3 periosteal to the tibia and the limb amputated when 

the tumours reached a threshold size. Five days after amputation, the mice 

were treated with 1x107 MGA271-4-1BB-CD3z CAR T cells IV. All but one of 

the treated mice (n=10) survived for >200 days whereas the control mice died 

by around day 50 (n=5) [218]. In contrast, Nguyen et al also investigated 

MGA271-4-1BB-CD3z CAR T cells in a disseminated osteosarcoma model in 

which mice were injected IV with 2x106 osteosarcoma cells from the LM7 cell 

line and then treated 28 days later with 1x106 CAR T cells IV [321].  No 

response was seen to CAR T cell therapy and all treated mice survived <60 

days.  
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Given the exponential growth most cell lines display, the higher dose of tumour 

cells and length of time between inoculation and treatment may have resulted 

in a greater disease burden in the Nguyen et al model and these mice were 

treated with x10 fewer CAR T cells than Majzner et al mice. It is difficult to say 

whether the different outcomes were the result of the different cell lines, 

different mechanisms of obtaining a systemic model, different treatment 

doses, different therapeutic regimens or a combination of all these factors. 

Either way, this example demonstrates how even when comparing models 

involving the same CAR targeting the same disease, the many variables can 

contribute to very different outcomes. As discussed above, TE9 compares 

favourably to MGA271 and 376.96 in vitro however a comparison of in vivo 

efficacy would require testing of the binders in an identical mouse model using 

the same tumours and treatment protocols.  

Neuroblastoma tumours, and their derived cell lines, are known to create 

inhibitory environments [330, 343, 356]. Given this, it is perhaps unsurprising 

that the anti-tumour responses in the LAN-1.BFP.Luc model were not as 

remarkable as other in vivo experiments against different disease types. Both 

376.96 and MGA271 have been evaluated in in vivo neuroblastoma models 

[212, 349]. 376.96-CD28-CD3z and was evaluated in a systemic 

neuroblastoma model in which NSG mice were inoculated with 2x106 CHLA-

255 cells IV and treated 14 days later with either 2x106 or 5x106 CAR T cells 

IV. The lower dose of CAR T cells slowed tumour growth and the higher one 

resulted in tumour elimination for >90 days. Both doses are lower than the 107 

T cells used in this thesis although Du et al does not state the transduction 



 285 

efficiency of the transferred cells making comparison difficult. Moghimi et al 

evaluated MGA276-4-1BB-CD3z in several different neuroblastoma models. 

They inoculated NSG mice with 1x106 CHLA-255 cells IV and treated mice 

with either 1x106 CAR T cells on the day of tumour inoculation (n=5) or with 

1x107 CAR T cells 14 days later (n=6). They reported 100% overall survival at 

6 months in both treatment groups and 100% death within 1 month of control 

mice (n=5). Similar responses were seen in a second model where mice 

received 1x106 CHLA-136 cells IV and treated mice with 1x107 CAR T cells 14 

days later. Histology of mice euthanised at day 7 post T cell infusion showed 

T cell infiltration and tumour reduction [349]. Moghimi et al went on to develop 

a GD2 gated synNotch CAR which, when it bound GD2, induced expression 

of MGA276-4-1BB-CD3z. They demonstrated specificity and efficacy with this 

approach in vivo in disseminated models of CHLA-255 and LAN-6WT (which is 

naturally dim for GD2) and LAN-6GD2+. In these experiments, mice were 

inoculated with 1x106 cells IV and treated 7 days later with 1x107 CAR T cells 

IV. Mice were followed up for >100 days and showed significant reductions in 

tumour growth and increased survival compared with controls but not 

complete eradication of their tumours [349]. 

However, as illustrated by the above example with osteosarcoma, different 

disease models can result in different outcomes. CHLA-255, CHLA-136 and 

LAN-6 cells may be less inhibitory than LAN-1 cells or the CAR T cells may 

have had difficulty penetrating the solid tumour mass of the SC model, 

whereas the less bulky disseminated tumour may have been easier to 
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eradicate. To properly compare which scFv is superior, a side-by-side in vivo 

model is needed. 

Aside from the question of superiority, there are other benefits of having 

different anti-B7-H3 scFv available. The different scFvs are likely to have 

different affinities for B7-H3 and possibly different affinities for the different 

isoforms. It is debatable whether high or low affinity CAR T cells make superior 

CARs and possible that different situations may necessitate CARs with 

different affinities [124, 128]. For example, a high affinity CAR may be 

preferable where there is low antigen expression and a highly restricted 

expression pattern whereas a low affinity CAR may be beneficial in situations 

where the antigen is expressed at high densities or at low levels on normal 

cells.  

Increases in affinity of CARs or TCRs beyond a certain level do not appear to 

increase function [344, 359]. There may be several reasons for this. The 

affinity of an individual CAR is the ratio of its on-rate over its off-rate and 

therefore a high affinity CARs can be driven by a fast on-rate or slow off-rate 

or both. It is possible that an ideal CAR is one with a fast on and fast off-rate. 

These intermediate affinity CARs associate with the antigen target for enough 

time to form an immune synapse but disassociate quickly allowing T cells to 

disengage and to move on to fresh targets. Although the scFv affinity has not 

yet been measured, the affinity of TE9 and TC6 whole antibodies was 

measured with an OctetRED96 by Magda Buschhaus (figure 4.9). TC6 has a 

slow dissociation rate constant and a very high affinity (KD = <1x10-12 M). TE9 
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on the other hand has a quicker dissociation rate constant (1.2x10-4 M-1 s-1). 

This is comparable to the off-rate of a low affinity CD19 CAR (3.1x10-3 M-1 s-1) 

recently tested in clinical trial and believed to have increased persistence and 

reduced toxicity compared with high affinity CD19 CARs [128]. Further testing 

including time lapse visualisation of the dwell time would give more information 

about the on and off-rates of TE9 and allow comparison with other anti-B7-H3 

scFv. 

The different scFv may have different binding sites affecting their action. While 

no information is available for the binding site or sites for TE9, MGA271 or 

376.96, the scFv 8H9 is predicted to bind to the FG loop of B7-H3, a region of 

the protein thought to be important for T cell inhibition [207, 268]. It is 

conceivable that in the future, an scFv could be selected on the basis of its 

ability to interfere with one or more functions of B7-H3. The binding site may 

also affect which isoform or isoforms the scFvs bind to, which, in turn, could 

help select an scFv with a higher specificity for cancer associated B7-H3, 

particularly in light of the evidence that B7-H3 displays different glycosylation 

patterns when expressed on tumour cells compared with healthy epithelium 

[226]. MGA271, 376.96 and 8H9 were all raised against malignant cells 

whereas TE9 was raised against a recombinant protein [215, 269, 270]. The 

T-B7-H3-Fc used to immunise mice for library generation was produced by a 

cell line originally derived from cancer cells and the protein may therefore have 

had a similar glycosylation pattern to that seen on malignant cells. All three of 

the scFvs in the literature have shown activity against a wide range of tumour 

types and although testing to date shows TE9 has a high level of activity 
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against B7-H3 associated with neuroblastoma and cervical cancer cell lines, 

further testing of other cancer cell lines and primary patient samples is 

warranted. Additionally, 376.96 binds to the mouse isoform of B7-H3 which 

the other scFv are not known to do. Du et al took advantage of this and tested 

a murinised CAR in an immunocompetent mouse model which allowed them 

to investigate toxicity in the form of on-target, off-tumour responses and 

immune activation [212]. 

Furthermore, although testing against isogenic cell lines gives an indication of 

specificity for TE9, further testing on normal tissue is necessary to ensure 

there are no off-target effects. Preclinical data is published for 376.96 and 

MGA271 showing little or no staining of healthy tissue [212, 269]. Moreover, 

8H9 and MGA271 have been used clinically in antibody format in a number of 

clinical trials (chapter 1, table 1.2) and no adverse effects have been reported 

[108, 109, 278]. 

7.2.2 Other antigen targets in for CAR therapy in neuroblastoma 

The main therapeutic target to date for immunotherapy in neuroblastoma is 

GD2. In combination with other treatment, anti-GD2 antibodies increase 

overall survival and event free survival at 2 years in patients without significant 

disease [92]. Anti-GD2 antibodies have also been incorporated into CAR 

format and tested in clinical trials although no trials have reported significant 

clinical responses, with partial responses seen in only a few cases [193]. The 

UCL anti-B7-H3 CAR therapy was benchmarked in vitro and in vivo against an 

anti-GD2 CAR in a recent clinical trial (NCT02761915). This CAR incorporates 
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the scFv HuK666 with a CH2CH3 spacer and CD28-CD3z endodomains. This 

was a dose escalation trial and of the 6 patients receiving the higher doses of 

CAR T cells (1x108-1x109), 3/6 patients showed anti-tumour response 

including rapid shrinkage of bulky soft tissue disease and bone marrow 

disease which were associated with signs of immune activation and CRS 

[196]. However, no objective responses (using the Response Evaluation 

Criteria for Solid Tumours (RECIST) and immune RECIST and the 

International Society of Paediatric Oncology European Neuroblastoma Group 

(SIOPEN) scoring for metastatic deposits identified by 

metaiodobenzylguanidine (123I-mIBG) scans) were present at the day +28 

assessment [360-362]. In the patients who responded, disease progression 

was associated with decline in CAR T cells detectable in peripheral blood and 

biopsies performed at day +28 showed no intra-tumoural CAR T cells, either 

on flow cytometry or on immunohistochemistry. PD-1 expression was seen on 

tumour cells and TAMs within the tumour microenvironment in some patients 

and may have contributed to treatment failure through T cell exhaustion. In 

keeping with the preclinical data from our in vivo work (chapter 6, figure 6.6), 

the authors reported no antigen downregulation in tumours which escaped 

treatment [196].  

Anti-GD2 antibody therapy is associated with on-target, off tumour effects in 

the form of peripheral neuropathy due to GD2 expression on peripheral and 

central nerve cells [189]. Straathof et al did not describe any neurotoxicity in 

their trial, nor did previous CAR trials involving the 14.18 scFv [149, 150, 196]. 

Given the power of CAR T cells, their potential for on-target, off-tumour toxicity 
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remains a consideration translating anti-B7-H3 CAR T cell therapy into the 

clinical setting. Although on-target off-tumour effects have not yet been 

reported in clinical trials of anti-B7-H3 antibody therapy, CAR therapy may 

have a different side effect profile [108, 109, 278]. Several clinical trials of anti-

B7-H3 CAR therapy have recently opened although safety data is not yet 

available (chapter 1, table 1.) Majzner et al evaluated safety of the MGA271 

containing CARs and found limited activity against antigen dim lines which 

suggests on-target, off-tumour effects of anti-B7-H3 CAR Therapy on healthy 

cells expressing low levels of B7-H3 may be limited [218]. 

L1-CAM is an adhesion model overexpressed on neuroblastoma which has 

also been targeted in clinical trials. Results of one previous trial of a first 

generation CAR targeting L1-CAM showed clinical response in only 1/6 

patients and, as with anti-GD2 CAR therapy, a lack of persistence was a 

limiting factor [363]. A second trial of second and third generation anti-L1-CAM 

CARs is currently in progress (NCT02311621). Other proteins of interest 

include ALK, a transmembrane receptor, activating mutations of which are 

found in most familial and many non-familial neuroblastomas but remain 

relatively absent from normal tissues [10]. CAR therapy targeting ALK 

demonstrated limited activity in vivo, a finding thought to be attributable to its 

low antigen density on tumour cells [141]. 
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7.3 Future directions for anti-B7-H3 therapy in neuroblastoma 

7.3.1 Addressing challenges of CAR therapy in childhood solid tumours 

Success of CAR therapy in solid tumours involves overcoming several 

barriers. An ideal antigen target is one which is highly expressed on tumour 

cells but with a restricted expression on pattern on healthy cells. This allows 

for maximal activity against malignant cells and little or no on-target, off-tumour 

toxicity. The expression pattern of B7-H3 fits this description and preliminary 

data from pre-clinical studies and clinical trials of anti-B7-H3 antibody therapy 

suggest a favourable safety profile [108, 109, 212, 215, 218, 278]. Other 

modifications to anti-B7-H3 CAR T therapy could further improve clinical 

safety. In a dual CAR approach, T cell activation signal 1 and signal 2 could 

be split so 2 antigen targets are required for full activation of the CAR T cell. 

For example, T cells could be transduced with both an anti-GD2 first 

generation CAR with a CD3z endodomain only and an anti-B7-H3 co-

stimulatory CAR with a co-stimulatory endodomain only such as CD28 or 4-

1BB. Dual expression of both these antigens would result in activation of the 

CAR T cell whereas expression of B7-H3 on healthy cells in the absence of 

GD2 would fail to activate the CAR (figure 1.4). The first generation anti-GD2 

CAR would have the potential to generate cytotoxic activity against non-

malignant cells expressing GD2 however anti-GD2 CAR T cells have already 

been tested in clinical trials and on-target, off tumour responses have not been 

seen [149, 150, 196].  
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An alternate approach would be to use a synNotch system in which binding of 

an scFv against antigen 1 (for example GD2) induces transcription of a CAR 

targeting antigen 2 (for example B7-H3) (figure 1.4 Ci). Srivastava et al 

demonstrated the efficacy of this approach by using EpCAM or B7-H3 as 

antigen 1 to induce transcription of an anti-ROR1 CAR. This resulted in tumour 

cell death while bone marrow, positive for ROR1 but negative for EpCAM/B7-

H3, was spared [161]. Moghimi et al recently investigated a synNotch system 

in which an anti-GD2 CAR induced transcription of anti-B7-H3 CAR with the 

MGA271 scFv. These CAR T cells were shown to control tumour growth in 

disseminated neuroblastoma xenograft models of CHLA255 and LAN-6, 

thought to be partly due to a retention of better oxidative metabolism and a 

lower exhaustion profile than ungated CAR T cells [349].  

Antigen loss through downregulation in response to treatment is another 

reason for tumour escape and an important factor to consider when selecting 

a target for CAR therapy in solid tumours [134]. It is reassuring that B7-H3 

downregulation was not seen in in vivo experiments targeting LAN-1 with TE9 

CAR T cells (chapter 6, figure 6.6) however this may be because the CAR T 

cells failed for another reason (such as T cell exhaustion) before B7-H3 dim 

or negative clones could emerge. Further experiments are necessary to 

investigate the possibility of antigen loss when the selective pressure on the 

tumours is greater. 

A major hurdle of CAR therapy in solid tumours is penetrating solid tumour 

masses and persisting within the environment. Solid tumours employ 



 293 

numerous barriers designed to exclude immune cells including aberrant 

angiogenesis resulting in hypoxia and reduced nutrients, down-regulation of 

cell adhesion molecules and the presence of cancer associated fibroblasts 

which produce physical barriers such as extracellular collagen and 

biochemical barriers in the form of immunosuppressive cytokines [76-80]. 

Once within the tumour, the immunosuppressive microenvironment serves to 

inhibit immune cell function. MDSCs present in the tumour secrete 

immunoinhibitory cytokines such as IL-10 and TGF-b and, within 

neuroblastoma in particular, the presence of non-classical MHC molecules 

and arginase can further impair immune cell responses [81, 330, 356]. 

To date, CAR therapy in neuroblastoma has shown little persistent efficacy 

against bulky disease in clinical trials although it is difficult to know whether 

these results are from a lack of penetrance into the tumour or a lack of 

persistence within the TME. A clinical trial targeting L1-CAM showed response 

in 1 patient with a low disease burden but failed to show response in 5 other 

patients with greater burdens of disease [363]. Additionally, in a recent trial of 

anti-GD2 CAR T cell therapy, although clinical responses were seen in bulky 

disease, these were not sustained, and no CAR T cells could be found within 

the tumour on post-treatment biopsies [196]. In both these trials and others, 

CAR T cells failed to persist at a detectable level within the blood of treated 

patients, in some cases coinciding with failure of clinical response [149, 150, 

196, 363].  



 294 

Therapy targeting B7-H3 may have a several advantages over that targeting 

other antigens. B7-H3 is expressed on cancer associated vascular 

endothelium (although not on healthy, regenerating endothelium) and this may 

provide a route into otherwise difficult to penetrate solid tumours [223, 277]. 

Additionally, B7-H3 is known to be involved in inhibition of immune cells, 

including T cells, as well as having non-immune related tumorigenic functions 

[245, 254, 256, 274]. Although the exact mechanism or mechanisms through 

which B7-H3 acts are unknown, it is possible that targeting B7-H3 with 

immunotherapy can interfere with some of these functions.  

A recent study using a new screening platform identified IL20RA as a possible 

receptor for B7-H3 [208]. This platform, Conditioned Media AlphaScreen, 

detects chemiluminescence signals between a library of transmembrane 

receptors and immobilised ligands. Functional assays are needed to further 

test this hypothesis but IL20 receptors are believed to be involved in 

downregulating antigen specific T cell responses so, if true, this finding gives 

a valuable insight into the mechanisms behind B7-H3 driven T cell inhibition 

[364]. The development of assays demonstrating T cell inhibition, followed by 

reversal with either blocking or silencing of IL20RA in T cell receptors, is a way 

to begin testing this hypothesis.  

Lee et al demonstrated reduced tumour growth and increased NK cell and 

CD8+ T Cell activity in the presence of an antagonistic anti-B7-H3 antibody in 

several tumour models in vivo [254]. Castriconi et al demonstrated that B7-H3 

helps protect neuroblastoma cells from NK mediated cell lysis suggesting B7-
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H3-mediated inhibition may contribute to the immunosuppressive environment 

of neuroblastoma, potentially giving it an advantage over other antigen targets 

for treatment of this disease [251].  

CAR T cells may fail to persist because of T cell exhaustion, an altered 

differentiation state characterised by loss of effector functions, upregulation of 

inhibitory receptors and dysregulation of T cell metabolism [49]. Ongoing 

antigen exposure and the presence of inhibitory signals including inhibitory 

cytokines and regulatory immune cells contribute to the development of T cell 

exhaustion [49]. Therapy targeting B7-H3 may provide some resistance 

though interference with inhibitory pathways. Other strategies that can be 

employed to overcome exhaustion include the use of different costimulatory 

endodomains, for example 4-1BB is believed to induce a less exhausted 

phenotype than CD28 [136]. Alternatively, cytokine signals can be 

incorporated into the CAR. Kagoya et al incorporated a truncated cytoplasmic 

domain from an ILR2 receptor and found it increased proliferation and 

persistence and prevented terminal differentiation in vitro [179]. Finally, 

combinations of therapy including checkpoint inhibitors, which can be intrinsic 

or extrinsic to CAR design, can be used with CAR T cell therapy to increase 

persistence [365, 366].  

7.3.2 Beyond CAR therapy 

Although the focus of this study has been to ascertain an anti-B7-H3 scFv for 

CAR T cell therapy, binders against B7-H3 can be used to develop different 

types of immunotherapy for the treatment of neuroblastoma and other 
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diseases. Other anti-B7-H3 scFv have already been incorporated into different 

therapies and shown pre-clinical success and a lack of toxicity in the clinic. 

8H9 and 376.96 for example have been labelled with radioactive isotopes and 

shown success as radioimmunotherapy with further clinical trials ongoing 

(chapter 1, table 1.2) [108, 109, 272, 273]. Alongside their MGA271 antibody, 

Macrogenics have developed an ADC targeting B7-H3 and a B7-H3-CD3 

DART protein which are currently being evaluated in clinical trials (chapter 1, 

table 1.2). It is possible that the optimal scFv for CAR development is not the 

optimal scFv for production of ADCs or BiTEs. An ADC may require rapid 

internalisation for example, whereas a different binding site for a BiTE may 

produce the optimal space for immune synapse formation. TE9 was selected 

as a lead and taken forward for evaluation as a CAR but 16 other unique anti-

B7-H3 scFv were identified during the panning process and more may be 

identified with further rounds of panning. Further evaluation may discern 

various properties of the other scFvs leading to the development of different 

categories of anti-B7-H3 immunotherapy. 

7.4 Final Conclusions 

From a panel of 17 unique anti-B7-H3 scFv, a lead scFv, TE9 was identified. 

CAR T cells incorporating TE9 have shown equivalent activity in vitro as those 

containing 2 other scFv recently published in the literature in anti-B7-H3 CAR 

format, one of which is currently under evaluation in clinical trial. Additionally, 

TE9-CD28-CD3z CAR T cell therapy prolonged survival and retarded tumour 
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growth in mice bearing LAN-1.BFP.Luc xenografts compared with control mice 

and mice receiving an anti-GD2 CAR recently in clinical trial [196].  

To translate TE9 into the clinical setting, further work is needed to test its 

specificity against a panel of normal tissue, cell lines derived from different 

cancers and primary patient samples. Although in vivo effects were seen with 

TE9, the majority of the LAN-1 tumours grew to threshold size during the 

experiment with only 1/6 mice effectively “cured”. Modifications to the CAR 

design such as different endodomains, cytokine receptors, or changes to the 

treatment regimen to better optimise treatment timepoints and/or combinations 

of therapies may help improve outcomes.  

High risk neuroblastoma continues to cause significant morbidity and mortality 

despite multimodal, often toxic therapeutic regimens [8]. TE9 represents a 

novel therapeutic which has the potential to impact the clinical course of this 

disease.   
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Appendices  

Appendix 1: Primers used in study 

 
Primer Name Primer Sequence 

4IgB7H3 Forward 2 5’ GGCATAACCATGGGTTGGTACCATGCTGCGTCG ‘3 

4M-Reverse 5’ CGACGTACGCGTTTAGGCTATTTCTTGTCCATCATCTTC 3’ 

MP406 5’ TTACACAGTCCTGCTGACCACC 3’ 

MP785 5’ CAAGCGGCTTCGGCCAGTAAC 3’ 

T7 Forward 5’ TAATACGACTCACTATAGG 3’ 

B7H3 Histag Reverse 5’ 
GGCCGCTCTAGATTTAGTGATGGTGATGGTGATGGGCCTCT 

GGGGGGAATGTCATAG 3’ 

2IgB7H3 Histag For 5’ AAGCTTGGTACCATGGAGACCGACACCCTGCTGCTGTGG 
3’ 

SP6 Reverse 5’ TAATACGACTCACTATAGGG 3’ 

4IgB7H3 Streptag 
Forward 

5’ AGCGCGTCTCCAATGCTGGAGGTCCAGGTCCCTGAG 3’ 

B7H3 Streptag 
Reverse 

5’ AGCGCGTCTCCTCCCGGCCTCTGGGGGGAATGTCATAG 
3’ 

2IgB7H3 Streptag 
Forward 

5’ AGCGCGTCTCCAATGCTGGAGGTCCAGGTCCCTGAG 3’ 

M13Rev 5’ CAGGAAACAGCTATGAC 3’ 

pHENfor 5’ GTCGTCTTTCCAGACGTTAGT 3’ 

SfiI CAA Back  5’ TATTACTCGCGGCCCAACCGG 3’ 

pHEN Back 5’ GTCGTCTTTCCAGACGTTAGT 3’ 

UCOE Forward 5’ GAATTCGAGCTCCCTGCAGG 3’ 

UCOE Reverse 5’ GCTGATTATGATCTAGAGTCGCGG 3’ 
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TC6 XhoI For 5’ GGCCTCGAGCAGGTCAAGCTGCAGGAGTCAGGGG 3’ 

TE9 XhoI For 5’ GGCCTCGAGAGGTGCAACTGCAGCAGTCAGGGG 3’ 

TF9 XhoI For 5’ GGCCTCGAG CAGGTCAAACTGCAGGAGTCTGGGGC 3’ 

BF9 XhoI For 5’ GGCCTCGAG CAGGTGAAGCTGCAGCAGTCTGGGG 3’ 

BH6 XhoI For 5’ GGCCTCGAGCAGGTCAAACTGCAGCAGTCAGGGG 3’ 

Light Chain NotI Rev 5’ GTCAGATGCGGCCGCCCGTTT 3’ 

PCR and Sequencing 
scFv For 

5’ ATGGAGACCGACACCCTGCTG 3’ 

PCR and Sequencing 
scFv Rev 

5’ ATCACAGGCGAAGTCCAGCCC 3’ 

TC6 Mut For 5’ GGAGGTGGCTCTGGCGGTGGCGGA 3’ 

TC6 Mut Rev 5’ GCCTGAACCGCCTCCACCTGAGGAGAC 3’ 

Comm scFv For 5’ ACTAGGTACACCGGCCTCGAG 3’ 

 

Comm scFv Rev 5’ TATCGGTCATGGGATCCGCGG 3’ 

 

IlR2 Gene For 5’ GTGATCACCCTGTACCGTACG 3’ 

IlR2 Gene Rev 5’ TGAGAACAGTATCGAACGCGT 3’ 
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Appendix 2: Full scFv sequences and translations 

Clone Heavy 
Chain 
Size 
(base 
pairs) 

Heavy Chain DNA and Amino Acid 
Sequence 

Linker 
DNA and 
Amino 
Acid 
Sequence 

Light 
Chain 
Size 
(base 
pairs) 

Light Chain DNA and Amino Acid 
Sequence 

TA6 364 CAGGTCAAACTGCAGGAGTCTGGGGCTGAGCTGGTAAAGCCTG
GGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCTGGCTACACTTTC
ACCAGCTACTGGATGCACTGGGTGAAGCAGAGGCCTGGACAAG
GCCTTGAGTGGATTGGAATGATTCATCCTAATAGTGGTAGTACTA
ACTACAATGAGAAGTTCAAGAGCAAGGCCACACTGACTGTAGAC
AAATCCTCCAGCACAGCCTACATGCAACTCAGCAGCCTGACATCT
GAGGACTCTGCGGTCTATTACTGTGCTCAGGGTAACTCCTGGTT
TCCTTACTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTAGCGGTG
GCGGATCG 

321 GACATTGTGCTGACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGTGC
AAGTATAAGTTACATGCACTGGTACCAGCAGAAGTCAGGC
ACCTCCCCCAAACCATGGATTTATGAAATATCCAAACTGG
CTTCTGGAGTCCCAGCTCGCTTCAGTGGCAGTGGGTCTGG
GACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAA
GATGCTGCCATTTATTACTGTCAACAGTGGAGTAGTTACCC
GCTCACGTTCGGTGCTGGGACCAAGCTGGAAATCAAACGG 

QVKLQESGAELVKPGASVKLSCKASGYTFTSYWMHWVKQRPGQG
LEWIGMIHPNSGSTNYNEKFKSKATLTVDKSSSTAYMQLSSLTSEDS
AVYYCAQGNSWFPYWGQGTTVTVS 

 

 

 

 

 

SGGGGSGGGG
SSGGGS 

DIVLTQSPAIMSASPGEKVTMTCSASASISYMHWYQQKSGTS
PKPWIYEISKLASGVPARFSGSGSGTSYSLTISSMEAEDAAIY
YCQQWSSYPLTFGAGTKLEIKR 
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TA12 350 CAGGTCAAGCTGCAGCAGTCTGGAGCTGAGCTGATGAAGCCTGG
GGCCTCAGTGAAGCTTTCCTGCAAGGCTTCTGGCTACACCTTCA
CCAACTACTGGATGCACTGGGTGAAGCAGAGGCCTGGAAAAGG
CCTTGAGTGGATTGGAATGACTCATCCTAAAAGTAGTACTACTGA
CTACAATGAGAAGTTCGAGAGCAAGGCCACACTGACTGCAGACA
AATCCTCCAGCACGGCCTACATGCAACTCAGCAGCCTGACTTCT
GAGGACTCTGCGGTCTATTACTGTGCAAGAGGGGGCTACGGTAG
CCCCTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 CAAATTGTTCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGCTC
AAGTGTAAGTTACATGCACTGGTACCAGCAGAAGTCAGGC
ACCTCCCCCAAAAGATGGATTTATGACACATCCAAACTGG
CTTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGG
GACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAA
GATGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTAACC
CACCCACGTTCGGAGGGGGCACCAAGTTGGAAATAAAACG
G 

QVKLQQSGAELMKPGASVKLSCKASGYTFTNYWMHWVKQRPGKG
LEWIGMTHPKSSTTDYNEKFESKATLTADKSSSTAYMQLSSLTSEDS
AVYYCARGGYGSPFDYWGQGTTVTVS 

SGGGGSGGGG
SGGGGS 

QIVLTQSPAIMSASPGEKVTMTCSASSSVSYMHWYQQKSGT
SPKRWIYDTSKLASGVPARFSGSGSGTSYSLTISSMEAEDAA
TYYCQQWSSNPPTFGGGTKLEIKR 

TB8 354 CAGGTCAAGCTGCAGGAGTCAGGGGGAGGCTTAGTGAAGCCTG
GAGGGTCCCTGAAACTCTCCTGTGCAGCCTCTGGATTCACTTTC
AGTGACTATGGAATGCACTGGGTTCGTCAGGCTCCAGAGAAGGG
GCTGGAGTGGGTTGCATACATTAGTAGTGGCAGTAGTACCATCT
ACTATGCAGACACAGTGAAGGGCCGATTCACCATCTCCAGAGAC
AATGCCAAGAACACCCTGTTCCTGCAAATGACCAGTCTGAGGTCT
GGGGACACGGCCATGTATTACTGTGCAAGGCACGGTAGTAGCTA
CTGGTCCTTCGATGTCTGGGGCCAAGGGACCACGGTCACCGTCT
CC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTAGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATATCCTGCAGTGCCAGCTCA
AGTGTAAATTACATGTACTGGTACAAGCAGAAGCCAGGAT
CCTCCCCCAAGCCCTGGATTTATCGCACATCCAACCTGGC
TTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGGG
ACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCCGAAG
ATGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTAACCC
GCTCACGTTCGGTGCTGGCACCAAGCTGGAAATCAAACGG 

QVKLQESGGGLVKPGGSLKLSCAASGFTFSDYGMHWVRQAPEKGL
EWVAYISSGSSTIYYADTVKGRFTISRDNAKNTLFLQMTSLRSGDTA
MYYCARHGSSYWSFDVWGQGTTVTVS 

 

 

 

 

SGGGGSGGGG
SSGGGS 

ENVLTQSPAIMSASPGEKVTISCSASSSVNYMYWYKQKPGSS
PKPWIYRTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAAT
YYCQQWSSNPLTFGAGTKLEIKR 
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TC6 354 CAGGTCAAGCTGCAGGAGTCAGGGGCTGAGCTTGTGAAGCCTG
GGGCTTCAGTGAAGCTGTCCTGCAAGGCTTCTGGCTACACTTTT
ACCAGCTACTGGATACACTGGGTGAAGCAGAGGCCTGGACAAG
GCCTTGAGTGGATTGGAATGATTCATCCAAAGAGTGGAAGTATT
AACTACAATGAGAAGTTCAGGAGCAAGGCCACACTGACTGTAGA
CAAATCCTCCAGCACAGCCTACATGCAACTCAGCAGGCTGACAT
CTGAGGACTCTGCGGTCTATTTCTGTGCAAGCGGGGGCTACGGT
AGTAGCCTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCT
CC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTAGCGGTG
GCGGATCG 

321 CAAATTGTTCTCACCCAGTCTCCAGCAATCATGTCCGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGCTC
AAGTGTAAGTTACATGTACTGGTACCAGCAGAAGCCAAGA
TCCTCCCCCATATCCTGGATTTATCTCACATCCAACCTGGC
TTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGGG
ACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAAGA
TGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTGACCCG
CTCACGTTCGGTGCTGGGACCAAGCTGGAGCTGAAACGG 

QVKLQESGAELVKPGASVKLSCKASGYTFTSYWIHWVKQRPGQGL
EWIGMIHPKSGSINYNEKFRSKATLTVDKSSSTAYMQLSRLTSEDSA
VYFCASGGYGSSLDYWGQGTTVTVS 

SGGGGSGGGG
SSGGGS 

QIVLTQSPAIMSASPGEKVTMTCSASSSVSYMYWYQQKPRSS
PISWIYLTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAATY
YCQQWSSDPLTFGAGTKLELKR 

TE9 354 CAGGTGCAACTGCAGCAGTCAGGGGCTGCGCTGGTAAAGCCTG
GGACTTCAGTGAAGTTGTCCTGCAAGGCTTCTGGCTACACTTTCA
CCAGCTACTGGATGCACTGGGTGAAGCAGAGGCCTGGACAAGG
CCTTGAGTGGATTGGAATGATTCATCCTAAAAGTGGTAGTGTTGA
CTACAATGAGAAATTCACGAACAAGGCCACACTGACTGGAGACA
AATCCTCCGGCACAGCCTACATGCAACTCAGCAGCCTGACATCT
GAAGACTCTGCGGTCTATTACTGTGCAAGAGGGGGCTACGGTAG
CCCCTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGCTC
AAGTGTAAGTTACATGTACTGGTACCAGCAGAAGCCAGGA
TCCTCCCCCAGACTCCTGATTTATCGCACATCCAACCTGG
CTTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGG
GACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAA
GATGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTAACC
CACCGACGTTCGGTGGAGGCACCAAGTTGGAAATAAAACG
GG 

QVQLQQSGAALVKPGTSVKLSCKASGYTFTSYWMHWVKQRPGQG
LEWIGMIHPKSGSVDYNEKFTNKATLTGDKSSGTAYMQLSSLTSED
SAVYYCARGGYGSPFDYWGQGTTVTVS 

 

 

 

 

SGGGGSGGGG
SGGGGS 

ENVLTQSPAIMSASPGEKVTMTCSASSSVSYMYWYQQKPGS
SPRLLIYRTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAAT
YYCQQWSSNPPTFGGGTKLEIKR 
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TF9 351 CAGGTCAAACTGCAGGAGTCTGGGGCTGAGCTGGTAAAGCCTG
GGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCTGGCTACACTTTTA
CCAGCTACTGGATACACTGGGTGAAGCAGAGGCCTGGACAAGG
CCTTGAGTGGATTGGAATGATTCATCCAAAGAGTGGAAGTATTA
ACTACAATGAGAAGTTCAGGAGCAAGGCCACACTGACTGTAGAC
AAATCCTCCAGCACAGCCTACATGCAACTCAGCAGGCTGACATCT
GAGGACTCTGCGGTCTATTTCTGTGCAAGCGGGGGCTACGGTAG
TAGCCTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATATCCTGCAGTGCCAGCTCA
AGTGTAAGTTACGTGTACTGGTACCAGCAGAAGCCAGGAT
CCTCCCCCAAACCCTGGATTTATCGCACATCCAACCTGGC
TTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGGG
ACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAAGA
TGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTAACCCG
CTCACGTTCGGTGCTGGGACCAAGCTGGAGCTGAAACGG 

QVKLQESGAELVKPGASVKLSCKASGYTFTSYWIHWVKQRPGQGL
EWIGMIHPKSGSINYNEKFRSKATLTVDKSSSTAYMQLSRLTSEDSA
VYFCASGGYGSSLDYWGQGTTVTVS 

SGGGGSGGGG
SGGGGS 

ENVLTQSPAIMSASPGEKVTISCSASSSVSYVYWYQQKPGSS
PKPWIYRTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAAT
YYCQQWSSNPLTFGAGTKLELKR 

BA5 348 CAGGTGAAACTGCAGGAGTCTGGGGCTGAGCTGGTAAAGCCTG
GGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCTGGCTACACTTTC
ACCAGCTACTGGATGCACTGGGTGAAGCAGAGGCCTGGACAAG
GCCTTGAGTGGATTGGAATGATTCATCCTAATAGTGGTAGTACTA
ACTACAATGAGAAGTTCAAGGGCAAGGCCACACTGACTGCAGAC
AAATCCTCCAGCACAGTCTACATGCAGCTCAGTAGCCTGACCTCT
GAGGACTCTGCGGTCTATTTCTGTGCAAGATCGGGGGGTAATTA
CTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GACATTGTGCTAACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATATCCTGCAGTGCCAGCTCA
AGTGTAAGTTACATGTACTGGTACAAGCAGAAGCCAGGAT
CCTCCCCCAAACCCTGGATTTATCGCACATCCAACCTGGC
TTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGGG
ACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAAGA
TGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTTACCCG
CTCACGTTCGGTGCTGGGACCAAGCTGGAAATAAAACGG 

QVKLQESGAELVKPGASVKLSCKASGYTFTSYWMHWVKQRPGQG
LEWIGMIHPNSGSTNYNEKFKGKATLTADKSSSTVYMQLSSLTSEDS
AVYFCARSGGNYFDYWGQGTTVTVS 

 

 

 

 

 

SGGGGSGGGG
SGGGGS 

DIVLTQSPAIMSASPGEKVTISCSASSSVSYMYWYKQKPGSS
PKPWIYRTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAAT
YYCQQWSSYPLTFGAGTKLEIKR 
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BB1 351 CAGGTCAAGCTGCAGGAGTCAGGACCTGAGCTGGTGAAGCCTG
GGGCTTCAGTGAAGATATCCTGCAAGGCTTCTGGCTACAGCTTC
ACAAGCTACTATATACACTGGGTGAAGCAGAGGCCTGGAAAAGG
CCTTGAGTGGATTGGAATGACTCATCCTAAAAGTAGTACTACTGA
CTACAATGAGAAGTTCGAGAGCAAGGCCACACTGACTGCAGACA
AATCCTCCAGCACGGCCTACATGCAACTCAGCAGCCTGACTTCT
GAGGACTCTGCGGTCTATTACTGTGCAAGAGGGGGCTACGGTAG
CCCCTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAATTGTTCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCACCTCA
AGTGTAAGTTACATGCACTGGTACCAGCAGAAGCCAGGCA
CCTCCCCCAAAAGATGGATTTATGACACATCCAAACTGGC
TTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGGG
ACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAAGA
TGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTAACCCA
CCCACGTTCGGCTCGGGGACCAAGCTGGAAATAAAACGG 

QVKLQESGPELVKPGASVKISCKASGYSFTSYYIHWVKQRPGKGLE
WIGMTHPKSSTTDYNEKFESKATLTADKSSSTAYMQLSSLTSEDSA
VYYCARGGYGSPFDYWGQGTTVTVS 

SGGGGSGGGG
SGGGGS 

EIVLTQSPAIMSASPGEKVTMTCSATSSVSYMHWYQQKPGTS
PKRWIYDTSKLASGVPARFSGSGSGTSYSLTISSMEAEDAAT
YYCQQWSSNPPTFGSGTKLEIKR 

BB5 360 CAGGTCAAACTGCAGCAGTCAGGGACTGAGCTTGTGATGCCTGG
GGCTTCAGTGAAGCTGTCCTGCAAGGCTTCCGGCTACACCTTCA
CCAGCTACTGGATGCACTGGGTAAAGCAGAGGCCTGGACAAGG
CCTTGAGTGGATCGGAATGATTGATTCTTCTGATAGTTATACTAA
CTACAATCAAAAGTTCAAGGGCAAGGCCACATTGACTGTAGACAC
ATCCTCCAGCACAGCCTACATGCAGCTCAGCAGCCTGACATCTG
AGGACTCTGCGGTCTATTACTGTGCAAGAGGATACTACGGTAGT
AGCCACTATGCTATGGACTACTGGGGCCAAGGGACCACGGTCA
CCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

339 GATGTTTTGATGACCCAAACTCCACTCTCCCTGCCTGTCAG
TCTTGGAGATCAAGCCTCCATCTCTTGCAGATCTAGTCAGA
GCCTTGTACACAGTAATGGAAACACCTATTTAGAATGGTA
CCTGCAGAAACCAGGCCAGTCTCCAAAGCTCCTAATCTAC
AAAGTTTCCAACCGATTTTCTGGGGTCCCAGACAGGTTCA
GTGGCAGTGGATCAGGGACAGATTTCACACTCAAGATCAG
CGGAGTGGAGGCTGAGGATCTGGGAGTTTATTACTGCTTT
CAAGGTTCACATGTTCCGTACACGTTCGGAGGGGGGACC
AAGCTGGAAATCAAACGG 

QVKLQQSGTELVMPGASVKLSCKASGYTFTSYWMHWVKQRPGQG
LEWIGMIDSSDSYTNYNQKFKGKATLTVDTSSSTAYMQLSSLTSEDS
AVYYCARGYYGSSHYAMDYWGQGTTVTVS 

 

 

 

 

 

SGGGGSGGGG
SGGGGS 

DVLMTQTPLSLPVSLGDQASISCRSSQSLVHSNGNTYLEWYL
QKPGQSPKLLIYKVSNRFSGVPDRFSGSGSGTDFTLKISGVE
AEDLGVYYCFQGSHVPYTFGGGTKLEIKR 
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BC10 345 CAGGTGAAGCTGCAGCAGTCAGGGGCTGAGCTGGTAAAGCCTG
GGGCTTCAGTGAAGTTGTCCTGCAAGGCTCCTGGCTACACTTCC
ACCAACTACTGGATGCACTGGGTGAAGCAGAGGCCTGGACAAG
GCCTTGAGTGGATTGGAATGATTCATCCCAATAGTGGTGGTACC
AACTACAATGAGAAGTTCAAGAGCAAGGCCACACTGACTGTAGA
CAAATCCTCCAGCACAGCCTACATGCAACTCAGCAGCCTGACAT
CTGAGGACTCTGCGGTCTATTACTGTGCAAGCCTCGGTAGTAGC
CTTGACTATTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTAGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGCTC
AAGTATAAGTTACATGCACTGGTACCAGCAGAAGCCAGGC
ACCTCCCCCAAAAGATGGATTTATGACACATCCAAACTGG
CTCCTGGAGTCCCAGCTCGCTTCAGTGGCAGTGGGTCTGG
GACCTCTTACTCTCTCACAATCAGCAGTGTGGAGGCTGAA
GATGCTGCCACTTATTACTGCCAGCAGTACAGTGGTTACC
CACTGACGTTCGGTGGAGGCACCAAGCTGGAGCTGAAAC
GG 

QVKLQQSGAELVKPGASVKLSCKAPGYTSTNYWMHWVKQRPGQG
LEWIGMIHPNSGGTNYNEKFKSKATLTVDKSSSTAYMQLSSLTSEDS
AVYYCASLGSSLDYWGQGTTVTVS 

SGRGGSGGGG
SGGGGS 

ENVLTQSPAIMSASPGEKVTMTCSASSSISYMHWYQQKPGTS
PKRWIYDTSKLAPGVPARFSGSGSGTSYSLTISSVEAEDAAT
YYCQQYSGYPLTFGGGTKLELKR 

BD9 351 CAGGTGCAGCTGCAGCAGTCAGGGGCTGAGCTGGTAAAGCCTG
GGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCTGGCTACACTTTTA
CCAGCTACTGGATACACTGGGTGAAGCAGAGGCCTGGACAAGG
CCTTGAGTGGATTGGAATGATTCATCCAAAGAGTGGAAGTATTA
ACTACAATGAGAAGTTCAGGAGCAAGGCCACACTGACTGTAGAC
AAATCCTCCAGCACAGCCTACATGCAACTCAGCAGGCTGACATCT
GAGGACTCTGCGGTCTATTTCTGTGCAAGCGGGGGCTACGGTAG
TAGCCTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGCTC
AAGTGTAAGTTACATGTACTGGTACCAGCAGAAGCCAGGA
TCCTCCCCCAGACTCCTGATTTATGACACATCCAACCTGG
CTTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGG
GACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGTAG
ATGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTGACCC
GCTCACGTTCGGTGCTGGGACCAAGCTGGAGCTGAAACG
G 

QVQLQQSGAELVKPGASVKLSCKASGYTFTSYWIHWVKQRPGQGL
EWIGMIHPKSGSINYNEKFRSKATLTVDKSSSTAYMQLSRLTSEDSA
VYFCASGGYGSSLDYWGQGTTVTVS 

 

 

 

 

SGGGGSGGGG
SGGGGS 

ENVLTQSPAIMSASPGEKVTMTCSASSSVSYMYWYQQKPGS
SPRLLIYDTSNLASGVPARFSGSGSGTSYSLTISSMEAVDAAT
YYCQQWSSDPLTFGAGTKLELKR 
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BF2 351 CAGGTCAAGCTGCAGCAGTCAGGGGCTGAGCTGGTAAAGCCTG
GGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCTGGCTACACCTTC
CCCAACTACTGGATAACCTGGGTGAAGCAGAGGCCTGGACAAG
GCCTTGAGTGGATTGGAATGATTCATCCAAAGAGTGGAAGTATT
AACTACAATGAGAAGTTCAGGAGCAAGGCCACACTGACTGTAGA
CAAATCTTCCAGCACAGCCTACATGCAACTCAGCAGGCTGACATC
TGAGGACTCTGCGGTCTATTACTGTGCAAGCGGGGGCTACGGTA
GTAGCCTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTC
C 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCTAGGGGAGAAGGTCACCATGAGCTGCAGGGCCAGCTC
AAGTGTAAGTTACATGTACTGGTACCAGCAGAAGCCAAGA
TCCTCCCCCAAACCCTGGATTTATCTCACATCCAAACTGGC
TTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGGG
ACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAAGA
TGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTAACCCA
TTCACGTTCGGCTCGGGGACCAAGCTGGAAATAAAACGG 

QVKLQQSGAELVKPGASVKLSCKASGYTFPNYWITWVKQRPGQGL
EWIGMIHPKSGSINYNEKFRSKATLTVDKSSSTAYMQLSRLTSEDSA
VYYCASGGYGSSLDYWGQGTTVTVS 

SGGGGSGGGG
SGGGGS 

ENVLTQSPAIMSASLGEKVTMSCRASSSVSYMYWYQQKPRS
SPKPWIYLTSKLASGVPARFSGSGSGTSYSLTISSMEAEDAA
TYYCQQWSSNPFTFGSGTKLEIKR 

BF9 351 CAGGTGAAGCTGCAGCAGTCTGGGGCTGAGCTGGTAAAGCCTG
GGGCTTCAGTGAAGTTGTCCTGCAAGGCTTCTGGCTACACTTTC
ACCAGCTACTGGGTGCACTGGGTGAAGCAGAGGCCTGGACAAG
GCCTTGAGTGGATTGGAATGATTCATCCTAAAAGTGGTAGTGCT
GACTACAATGAGAAGTTCACGACCAAGGCCACACTGACTGCAGA
CAAATCCTCCAGCACAGCCTACATGCAACTCAGCAGTCTGACATC
TGAGGACTCTGCGGTCTATTACTGTGCAAGAGGGGGCTACGGTA
GCCCCTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTC
C 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGCTC
AAGTGTAAGTTACATGTACTGGTACCAGCAGAAGCCAGGA
TCCTCCCCCAGACTCCTGATTTATGACACATCCAACCTGG
CTTCTGGAGCCCCTGTTCGCTTCAGTGGCCGTGGGTCTGG
GACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAA
GATGCTGCCACTTATTACTGCCAGCAGTGGAGTAATAACC
CCCTCACGTTCGGTGCTGGGACCAAGCTGGAGCTGAAACG
G 

QVKLQQSGAELVKPGASVKLSCKASGYTFTSYWVHWVKQRPGQGL
EWIGMIHPKSGSADYNEKFTTKATLTADKSSSTAYMQLSSLTSEDSA
VYYCARGGYGSPFDYWGQGTTVTVS 

 

 

 

 

SGGGGSGGGG
SGGGGS 

ENVLTQSPAIMSASPGEKVTMTCSASSSVSYMYWYQQKPGS
SPRLLIYDTSNLASGAPVRFSGRGSGTSYSLTISSMEAEDAAT
YYCQQWSNNPLTFGAGTKLELKR 



329 
 
 

BF12 351 CAGGTGAAACTGCAGCAGTCTGGGGCTGAGCTTGTGATGCCTGG
GGCTTCAGTGACGCTGTCCTGCAAGGCTTCTGGCTACACCTTCA
CCAGCTACTGGATGCACTGGGTGAAGCAGAGGCCTGGAAAAGG
CCTTGAGTGGATTGGAATGACTCATCCTAAAAGTAGTACTACTGA
CTACAATGAGAAGTTCAAGAGCAAGGCCACACTGACTGCAGACA
AATCCTCCAGCACGGCCTACATGCAGCTCAGCAGCCTGACTTCT
GAGGACTCTGCGGTCTATTACTGTGCAAGAGGGGGCTACGGTAG
CCCCTTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 CAAATTGTTCTCACCCAGTCTCCAGCAATCCTGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGGTC
AAGTGTAAGTTACATGTACTGGTACCAGCAGAAGCCAAGA
TCCTCCCCCAAACCCTGGATTTATCTCACATCCAACCTGGC
TTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGGG
ACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAAGA
TGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTAACCCG
CTCACGTTCGGTGCTGGGACCAAGCTGGAGCTGAAACGG 

QVKLQQSGAELVMPGASVTLSCKASGYTFTSYWMHWVKQRPGKG
LEWIGMTHPKSSTTDYNEKFKSKATLTADKSSSTAYMQLSSLTSEDS
AVYYCARGGYGSPFDYWGQGTTVTVS 

SGGGGSGGGG
SGGGGS 

QIVLTQSPAILSASPGEKVTMTCSARSSVSYMYWYQQKPRSS
PKPWIYLTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAAT
YYCQQWSSNPLTFGAGTKLELKR 

BG4 351 CAGGTCAAACTGCAGGAGTCAGGGGCTGAGCTTGTGAAGCCTG
GGGCTTCAGTGAAGATGTCCTGCAAGGCTTCTGGCTACACCTTC
ACCAACTACTGGATTCACTGGGTGAAGCAGAGGCCTGGACAAG
GCCTTGAGTGGATTGGAATGATTCATCCTAAGAGTGGTAGTATTA
CTTACAATGAGAAGTTCACGACCAAGGCCACACTGACTGTCGAC
AAATCCTCCAGCACAGCCTACATGCAACTCAACAGCCTGACATCT
GAGGACTCTGCGGTCTATTACTGTGCAAGCGGGGGCTACGGTA
GTAGCCTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCTC
C 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCTCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATATCCTGCAGTGCCAGCTCA
AGTGTAAGTTACATGTACTGGTACCAGCAGAAGCCAGGAT
CCTCCCCCAAACCCTGGATTTATCGCACATCCAACCTGGC
TTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGGG
ACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAAGA
TGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTAACCCG
CTCACGTTCGGTGCTGGGACCAAGTTGGAAATAAAACGG 

QVKLQESGAELVKPGASVKMSCKASGYTFTNYWIHWVKQRPGQGL
EWIGMIHPKSGSITYNEKFTTKATLTVDKSSSTAYMQLNSLTSEDSA
VYYCASGGYGSSLDYWGQGTTVTVS 

 

 

 

 

 

SGGGGSGGGG
SGGGGS 

ENVLTQSPAIMSASPGEKVTISCSASSSVSYMYWYQQKPGSS
PKPWIYRTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAAT
YYCQQWSSNPLTFGAGTKLEIKR 



330 
 
 

BG5 351 CAGGTGAAGCTGCAGGAGTCTGGGGCTGAGCTTGTGATGCCTG
GGGCTTCAGTGAAGCTGTCCTGCAAAGCTTCTGGCTACACCTTC
ACCAGCTACTGGATGCACTGGGTAAAGCAGAGGCCTGGACAAG
GCCTTGAGTGGATCGGAATGATTGATCCAAAGAGTGGAAGTATT
AACTACAATGAGAAGTTCAGGAGCAAGGCCACACTGACTGTAGA
CAAGTCCTCCAGCACAGCCTACATGCAACTCAGCAGGCTGACAT
CTGAGGACTCTGCGGTCTATTACTGTGCAAGCGGGGGCTACGGT
AGTAGCCTTGACTACTGGGGCCAAGGGACCACGGTCACCGTCT
CC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GAAAATGTGCTCACCCAGTCCCCAGCAATCATGTCTGCATC
TCCAGGGGAGAAGGTCACCATGACCTGCAGTGCCAGCTC
AAGTGTAAGTTACATGTACTGGTACCAGCAGAAGCCAGGA
TCCTCCCCCAAACCCTGGATTTATCGCACATCCAACCTGG
CTTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGG
GACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAA
GATGCTGCCACTTATTACTGCCAGCAGTGGAGTAGTGACC
CGCTCACGTTCGGTGCTGGCACCAAGCTGGAAATCAAACG
G 

QVKLQESGAELVMPGASVKLSCKASGYTFTSYWMHWVKQRPGQG
LEWIGMIDPKSGSINYNEKFRSKATLTVDKSSSTAYMQLSRLTSEDS
AVYYCASGGYGSSLDYWGQGTTVTVS 

SGGGGSGGGG
SGGGGS 

ENVLTQSPAIMSASPGEKVTMTCSASSSVSYMYWYQQKPGS
SPKPWIYRTSNLASGVPARFSGSGSGTSYSLTISSMEAEDAA
TYYCQQWSSDPLTFGAGTKLEIKR 

BH6 345 CAGGTCAAACTGCAGCAGTCAGGGGCTGACCTGGTAAAGCCTGG
GGCTTCAGTGAAGTTGTCCTGCAAGGCTTCTGGCTACACTTTCA
CCAGCTACTGGATGCACTGGGTGAAGCAGAGGCCTGGACAAGG
CCTTGAGTGGATTGGAATGATTCATCCTAATAGTGATGGTACTAA
CTACAATGAGAAGTTCAAGAACAGGGCCACACTGACTGTGGACA
AATCCTCCAGCACGGCCTACATGCAACTCAACAGCCTGACATCT
GAAGACTCTGCGGTCTATTACTGTGCAAGATGGTCCTATGGTATG
GACTCCTGGGGCCAAGGGACCACGGTCACCGTCTCC 

TCAGGTGGAG
GCGGTTCAGG
CGGAGGTGGC
TCTGGCGGTG
GCGGATCG 

321 GACATTGTGCTAACCCAGTCTCCAGCTTCTTTGGCTGTGTC
TCTAGGGCAGAGGGCCACCATCACCTGCAGTGCCAGCTC
AAGTGTAAGTTACATGCACTGGTACCAGCAGAAGTCAGGC
ACCTCCCCCAAAAGATGGATTTATGACACATCCAAACTGG
CTTCTGGAGTCCCTGCTCGCTTCAGTGGCAGTGGGTCTGG
GACCTCTTACTCTCTCACAATCAGCAGCATGGAGGCTGAA
GATGCTGCCACTTATTACTGCCAGCAGTGGAGTCGTAACC
CACTCACGTTCGGTGCTGGGACCAAGTTGGAAATAAAACG
G 

QVKLQQSGADLVKPGASVKLSCKASGYTFTSYWMHWVKQRPGQG
LEWIGMIHPNSDGTNYNEKFKNRATLTVDKSSSTAYMQLNSLTSED
SAVYYCARWSYGMDSWGQGTTVTVS 

SGGGGSGGGG
SGGGGS 

DIVLTQSPASLAVSLGQRATITCSASSSVSYMHWYQQKSGTS
PKRWIYDTSKLASGVPARFSGSGSGTSYSLTISSMEAEDAAT
YYCQQWSRNPLTFGAGTKLEIKR 

 
 


