
 
 
 
 
 
 
 
Barrena Díaz, Antonio Jesús  (2021) A novel combined phage and yeast 
display-based approach to discover binding domains for CAR T-cell therapies: 
Focus on EBV-associated malignancies. PhD thesis. 
 
 
 
https://theses.gla.ac.uk/82611/ 
 
 
 

Copyright and moral rights for this work are retained by the author 

A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge 

This work cannot be reproduced or quoted extensively from without first 
obtaining permission from the author 

The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the author 

When referring to this work, full bibliographic details including the author, 
title, awarding institution and date of the thesis must be given 

 
 
 
 
 
 

Enlighten: Theses 
https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

mailto:research-enlighten@glasgow.ac.uk


 

 

 

A NOVEL COMBINED PHAGE AND YEAST 

DISPLAY-BASED APPROACH TO DISCOVER 

BINDING DOMAINS FOR CAR T-CELL 

THERAPIES: FOCUS ON EBV-ASSOCIATED 

MALIGNANCIES  

 BY  

ANTONIO JESÚS BARRENA DÍAZ, MSCI 

THESIS SUBMITTED IN FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY  

COLLEGE OF MEDICAL, VETERINARY AND LIFE SCIENCES  

SCHOOL OF LIFE SCIENCES  

UNIVERSITY OF GLASGOW 

 

 

 
JULY 2021 



 
 

2 
 

Abstract 

It is estimated that more than 90% of the adult population worldwide is infected 

with the Epstein-Barr virus (EBV). The infection is associated with certain 

lymphomas and carcinomas, causing around 1% of all cancers and these are 

challenging to treat. Cancer immunotherapy is an approach to help the patient’s 

body fight the disease by boosting antitumour immunity. A novel, cutting-edge 

immunotherapy treatment has been recently developed, among them the 

Chimeric Antigen Receptor T-cell therapy, also known as CAR T-cells.  

CAR T-cells are modified T-cells designed to carry a gene coding for an artificial 

protein receptor (the CAR) able to recognise a specific tumour-associated antigen 

(TAA) and deliver a signal of T-cell activation by an HLA-independent interaction. 

The CAR can be designed in several ways by combining different domains obtained 

from existing proteins, including receptors expressed in T-cells and antibodies. 

The antigen-binding domain is the CAR domain able to interact with the TAA 

(typically on the target cell surface), triggering the activation singling cascade in 

the T-cells and thereby eliciting a T-cell response to the cancer cell. Single chain 

variable fragments (scFvs) are composite proteins derived from antibodies that 

have been commonly used as antigen-binding domains for CARs. Murine scFvs, 

formatted from existing murine antibodies obtained by mouse immunisation, have 

been used for the currently most successful CAR T-cell therapies, treating B-cell 

malignancies. However, mouse scFvs also increase the therapy's immunogenicity 

and have a negative outcome in efficacy and safety. Therefore, human scFvs are 

being used to develop new CAR T-cells therapies, and scFvs can be obtained from 

phage display libraries synthesised using B-cells from human donors. 

In this research, a phage display library of human scFvs has been used to obtain 

scFvs to design CARs to treat EBV-associated malignancies. Three EBV TAAs, 

expressed in a wide range of EBV-associated malignancies, were selected to be 

targeted by the CARs: the human protein B7H4 and the viral proteins Latent 

membrane protein 1 (LMP1) and Latent membrane protein 2A (LMP2A). B7-H4 is a 

transmembrane immune checkpoint protein expressed on many cancer cells and 

tumour-associated macrophages. It acts to inhibit T-cell effector functions.  LMP1 

and LMP2A are viral proteins expressed on the plasma membrane of several EBV-
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associated malignancies, such as Nasopharyngeal carcinoma, Hodgkin lymphoma, 

or Diffuse large B-cell lymphoma.  

A novel combined phage and yeast display-based approach was developed to 

screen the phage display library. This new approach uses a yeast display platform 

as a source of antigen. The yeast express the membrane antigen on their surface, 

and the phage display library is panned against them. Then, after one or several 

rounds of phage selection and for the final steps of the selection, the system is 

flipped, and the selected pool of scFvs is expressed in the yeast display system. 

In these final steps, the yeast are exposed to adherent mammalian cells expressing 

the membrane antigen. The scFvs, on the surface of the yeast, bind to the antigen 

on the surface of the mammalian cells. The strength of interaction yeast-

mammalian cells is boosted by avidity due to the high number of scFvs expressed 

on the surface of the yeast. This increases the chances of holding the binding yeast 

after several washes and washing off the non-binding yeast. This method helps to 

overcome phage display biases, limitations and, cost-effectively, allows the 

selection of scFvs. Using this new methodology, eleven anti-B7H4 scFvs were 

successfully isolated and one potential anti-LMP1 scFv. The anti-B7H4 scFvs show 

different strengths of interaction with B7H4, providing a diverse set of clones that 

can be used to explore the optimal affinity for an anti-B7H4 CAR T-cell therapy. 

Preliminary CAR constructs were designed using these novel isolated scFvs to 

perform functional characterisation. However, the expression of the CARs in a 

reporter T-cell line was challenging and their utility as CAR components remains 

to be determined. The next steps in this work will be to investigate the capacity 

of these scFvs to induce antigen-specific signalling in CAR format. 
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1. Introduction 

1.1 Epstein-Barr virus 

The Epstein-Barr virus (EBV), or human herpesvirus 4 (HHV-4), is one of the most 

common viruses in humans. Seroepidemiologic studies indicate that more than 90% 

of adults worldwide have been infected with EBV (1). The infection usually takes 

place during childhood, and then the virus persists as a latent and asymptomatic 

infection of B-cells. EBV was discovered in 1964 in a B-cell line obtained from a 

Burkitt lymphoma, which was the first established cell line from human lymphoma 

(2). Later studies with the EBV also provided the first evidence of cellular 

transformation by a viral infection, as such, EBV was the first human tumour-

associated virus to be discovered (3). 

EBV has a double-stranded DNA genome approximately 172 kilobase (kb) in length 

with 87 genes, including 11 latent genes (4). Among the proteins coded by latent 

genes, the latent membrane proteins (LMP1 and LMP2) and the Epstein-Barr virus 

nuclear antigens (EBNA1, EBNA2, EBNA-Leader protein, EBNA3A, EBNA3B and 

EBNA3C) have an important role in EBV infection and persistence. The viral 

genome also produces a group of non-coding RNAs which include the Epstein–Barr 

virus-encoded small RNAs (EBERs), the BamHI A rightward transcripts (BARTs) 

miRNAs and the BHRF1 miRNAs. The early lytic protein BHRF1, an apoptosis 

regulator Bcl-2 homologue, is also expressed in some latently infected cells. 

In its life cycle, the virus can switch between lytic and latent infections. Primary 

infection takes place in the oropharyngeal region. However, the early events of 

infection are poorly understood. Thorley-Lawson and Babcock proposed a model 

of EBV infection and persistence where EBV enters via saliva, crossing the 

epithelial barrier, into lymphoepithelial structures of the Waldeyer's ring (5,6). 

There, EBV infects naive B-cells and induces differentiation to blast cells through 

expression of the growth programme (known as latency 3). The blast cells undergo 

proliferative expansion and differentiation into resting memory B-cells. The 

resting memory B-cells enter the germinal centres (GC) and switch to the default 

programme (known as latency 2), expressing limited viral information to ensure 

survival of the infected cell and maintenance of the viral genome. Subsequently, 
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the infected resting memory B-cells leave the lymphoepithelium and go into the 

peripheral circulation. There, viral expression is further reduced entering the 

latency programme (comprising two stages known as latency 1 and latency 0), 

where the cells express minimal or no viral information. This allows the infected 

memory B-cell to avoid recognition by the immune system responses, being 

maintained as apparently normal memory cells. The non-coding RNAs are 

expressed in all the transcription stages, apart from the BHRF1 miRNAs, expressed 

only during the growth program, and a subset of BART miRNAs that are absent 

from the GC and memory compartments (table 1.1).  

Latently infected cells can re-enter the lymphoepithelium from peripheral 

circulation where the default program is activated again in the GC. They can 

return to the peripheral circulation, where the latency programme is activated 

again, allowing the infecting cells to divide as memory B-cells. However, 

occasionally, a fraction of the infected cells fail to activate the default program 

in the lymphoepithelium and undergo terminal differentiation to become plasma 

cells, which initiates viral replication and the lytic cycle in the mucosal 

epithelium, expressing a total of 76 viral lytic genes (7). In this case, new viruses 

are produced by the infected cells and released by cell lysis into the saliva 

spreading the infection.  

Table 1.1 EBV latency programmes as described by the Thorley-Lawson model of EBV 
infection and persistence. 

Program Latency Site in vivo Viral genes expressed 

Growth Latency 3 Tonsil naïve B-cells EBNA1, EBNA2, EBNA-LP, 
EBNA3A, EBNA3B, EBNA3C, 
LMP1, LMP2, BHRF1, EBERs, 
BARTs and BHRF1 miRNAs 

Default Latency 2 Tonsil GC memory B-
cells 

EBNA1, LMP1, LMP2, EBERs 
and BARTs 

Latency Latency 1 Peripheral dividing 
memory B-cells 

EBNA1, EBERs and BARTs 

Latency 0 Peripheral resting 
memory B-cells 

EBERs and BARTs 

 

EBV infection is lifelong, and the virus is never entirely eradicated. However, 

immune surveillance mechanisms keep this infection to a very in low grade 

(between 50 and less than 1 EBV genome copies per 106 periphery B-cells) (8). 

Despite EBV infection predominantly being asymptomatic, EBV infection is 
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associated with several diseases, including infectious mononucleosis (IM) and 

autoimmune diseases. Moreover, due to the transforming activity of the virus and 

the accumulation of cancer-promoting events in the cell, EBV infection is also 

associated with particular cancers where the presence of the virus in latency is an 

important factor for cell immortalisation. Each of these cancers typically shows a 

viral expression pattern of one of the latency programs (table 1.2). 

Table 1.2 EBV-associated malignancies and EBV latency. 

EBV-associated malignancies EBV latent protein expression Latency 

Burkitt lymphoma EBNA1 Latency 1 

Nasal-type extranodal NK/T-cell 
lymphoma 

EBNA1 and LMP2B* - 

Diffuse large B-cell lymphoma EBNA1, LMP1 and LMP2 Latency 2 

Hodgkin lymphoma EBNA1, LMP1 and LMP2 Latency 2 

Post-transplant lymphoproliferative 
disorder/lymphoma 

EBNA1, EBNA2, EBNA-LP, 
EBNA3A, EBNA3B, EBNA3C, 
LMP1 and LMP2 

Latency 3 

AIDS-associated immunoblastic and 
primary central nervous system 
lymphoma 

EBNA1, EBNA2, EBNA-LP, 
EBNA3A, EBNA3B, EBNA3C, 
LMP1 and LMP2 

Latency 3 

Gastric adenocarcinoma EBNA1 and LMP2 - 

Nasopharyngeal carcinoma EBNA1, LMP1 and LMP2 Latency 2 

Lymphoepithelioma-like carcinoma EBNA1, LMP1 and LMP2 Latency 2 

Leiomyosarcoma EBNA1 and EBNA2 - 

*LMP2B is expressed in the absence of LMP2A.  
 

1.1.1 The EBV latent proteins  

1.1.1.1 Latent membrane protein 1 

The Latent membrane protein 1 (LMP1) (P03230, UniProtKB) is a viral protein 

expressed during latency 2 and 3 of EBV infection. It is comprised of 386 amino 

acids. Amino acids 1-24 form a short cytoplasmatic amino-terminal domain. Amino 

acids 25-186 form the transmembrane domain producing five loops (three 

extracellular in the case of plasma membrane localisation). Amino acids 187-386 

form the C-terminal signalling domain (figure 1.1). LMP1 acts as a constitutively 

active receptor, mimicking the stimulation given by CD4+ T-cells to B-cells through 

CD40-CD40L interaction and supporting the survival and proliferation of EBV-

infected B-cells. It forms homo-oligomers in the membrane through the 

transmembrane domains, giving rise to signal transduction by the cytoplasmatic 
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C-terminal signalling domains (9). The interactions between transmembrane 

domains 3–6 and an FWLY motif in the transmembrane domain 1 and 2 mediate 

the oligomerisation needed for the signalling (10,11). Within the C-terminal 

signalling domain, there are three regions involved in cell signalling. The C-

terminal activating region 1 (CTAR1) spans amino acids 194-232 and is responsible 

for the interaction of LMP1 with the cellular signalling molecules: Tumour necrosis 

factor (TNF) receptor associated factor (TRAF) 2 and TRAF3. The C-terminal 

activating region 2 (CTAR2) spans amino acids 351-386 and is accountable for the 

interaction with TRAF6 and TNF receptor type 1-associated death domain protein 

(TRADD). The C-terminal activating region 3 (CTAR3), amino acids 275-330, is 

responsible for the interaction with Ubc9 (12,13) and JAK3 (14) (figure 1.1). These 

three regions allow the activation by LMP1 of the signalling pathways NF-κB, 

MAPK/JNK, MAPK/ERK, P38 MAPK, PI3-K/AKT and IRF7. The activation of these 

signalling pathways is responsible for cell cycle progression, promotion of 

angiogenesis, inflammation and cell survival in B-cells and epithelial cells (15–17). 

  

Figure 1.1 Diagrammatic representation of LMP1 and LMP2A shown in the plasma membrane 
of an EBV-infected cell. In brown LMP1 with its three extracellular loops and the C-terminal 
signalling tail with CTAR1, CTAR2 and CTAR3 in red. CTAR1, CTAR2 and CTAR3 allow the 
activation of NF-κB, MAPK/JNK, MAPK/ERK, P38 MAPK, PI3-K/AKT and IRF7.  In green LMP2A 
with its six extracellular loops and the N-terminal signalling tail with the proline-rich PY and ITAM 
motifs in red. ITAM motif generates the BCR-like signalling through the recruitment of the cellular 
Lyn and Syk kinases and the PY motifs interact with E3 ubiquitin ligases. 

 

1.1.1.2 Latent membrane protein 2 

The Latent membrane protein 2 (LMP2) gene of EBV is expressed in latency 2 and 

3 in EBV infection and produces two different transcripts from two separate 



  Chapter 1 

31 
 

promoters: LMP2A and LMP2B, the latter differs from the former by the absence 

of the first exon. LMP2A (P13285-1, UniprotKB) is the longest isoform with 497 

amino acids. Amino acids 1-119 form the amino-terminal signalling domain, amino 

acids 120-470 the twelve transmembrane domains with eleven loops (six 

extracellular in the case of plasma membrane localisation), and amino acids 471-

497, the cytoplasmatic C-terminal domain (figure 1.1). LMP2A forms a homo-

oligomeric complex due to the presence of a clustering signal located at the C-

terminal domain (18,19). The formation of homo-oligomeric structures is required 

for LMP2A signalling activation. The isoform LMP2B (P13285-2, UniprotKB) lacks 

the amino-terminal signalling domain, encoded by exon 1 of LMP2A. LMP2B acts 

as a regulator of LMP2A activity by contributing to the formation of homo-

oligomeric structures and inhibiting the phosphorylation of LMP2A (20). Signalling 

through LMP2A appears to mimic the B-cell receptor (BCR) signal (21,22). During 

an immune response in the germinal centres, EBV-infected B-cells undergo 

multiple rounds of antigen-driven proliferation and somatic hypermutation (5,23). 

The N-terminal cytoplasmatic domain of LMP2A has two proline-rich PY motifs and 

several phosphorylated tyrosine residues. Adjacent to the phosphorylated tyrosine 

residues, there is an immunoreceptor tyrosine-based activation motif (ITAM). 

Signalling via the ITAM motif generates the BCR-like signalling through the 

recruitment of the cellular Lyn and Syk kinases. The PY motifs also interact with 

E3 ubiquitin ligases, initiating ubiquitination-dependent proteasomal degradation 

of targeted cellular proteins (18,24,25). Together with the signalling of LMP1, 

LMP2A enhances the survival of EBV-infected B-cells in the competitive 

environment of the lymph nodes and promotes their differentiation into memory 

B-cells. 

1.1.1.3 EBNAs 

The EBV genome codes for six EBV nuclear antigens: EBNA1, EBNA2, EBNA-LP, 

EBNA3A, EBNA3B and EBNA3C.  

It is involved in maintaining the viral episome in the cell and through replication 

and segregation (26) and contributes to the regulation of the expression of other 

latent genes. EBNA2 affects the host cell gene expression and has a central role 

in B-cell transformation. It induces the expression of the protooncogene C-Myc 

after infection, suggesting a critical role in the induction of B-cell proliferation 
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(27). It also acts as a transcriptional regulator of LMP1 and LMP2(28,29). EBNA-LP 

(aka EBNA5) cooperates with EBNA2 in the activation of the host cell and viral 

gene expression (30,31). The EBNA3 family is composed by EBNA3A (aka EBNA3), 

EBNA3B (aka EBNA4) and EBNA3C (aka EBNA6) and act as transcriptional regulators 

(32). EBNA3A and EBNA3C repress EBNA2 mediated transactivation (33). EBNA3A 

also prevents MIZ-1 (Myc-interacting DNA-binding zinc finger protein 1) from 

binding to its coactivator NPM (nucleophosmin), resulting in a transcription 

decrease of the cell cycle inhibitor CDKN2B (34). The role of EBNA3B is yet not 

clear, complete deletion from the EBV genome does not affect transformed B-cell 

growth in vitro (35), but the lack of EBNA3B promotes B-cell lymphomagenesis in 

vivo (36). EBNA3C can upregulate the expression of LMP1 and interact with pRb 

(retinoblastoma tumour suppressor protein) promoting cell transformation 

(37,38). 

1.1.2 EBV-associated malignancies 

The group of malignancies associated with EBV infection is comprised mostly of 

lymphomas but also carcinomas. It includes Burkitt lymphoma, diffuse large B-cell 

lymphoma, gastric adenocarcinoma, Hodgkin lymphoma, nasopharyngeal 

carcinoma, lymphoepithelioma-like carcinoma, nasal type extranodal NK/T-cell 

lymphoma, post-transplant lymphoproliferative disorder/lymphoma, acquired 

immune deficiency syndrome (AIDS)-associated immunoblastic and primary 

central nervous system lymphomas and leiomyosarcoma (39) (table 1.2). 

EBV-associated malignancies vary in their typical age of onset, and the incidence 

varies with geographic location, environment and probably ethnicity. Poor hygiene 

and the high-density housing conditions more prevalent in developing countries, 

promote higher rates of primary infection in early life (1). The age of onset of the 

primary infection has potential relevance in the epidemiology of IM and EBV-

associated cancers. Different patterns of expression of the EBV latent proteins 

have been observed in these malignancies, generally correlating with a specific 

latency program, however, there is some variability in this (table 1.2). 
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1.1.2.1 Burkitt lymphoma 

Burkitt lymphoma (BL) is a B-cell lymphoma found in the germinal centre, 

generally presenting as oropharyngeal or abdominal tumour masses. BL cancers 

are classified into three types: endemic, sporadic, and AIDS-associated. Endemic 

BL is primarily a paediatric disease, strongly associated with malaria infection and 

prevalent in equatorial Africa and Papua New Guinea. Sporadic BL has a much 

lower incidence, wide age of onset range and worldwide occurrence. EBV is 

detected in 95% of endemic BL, but the association of EBV with sporadic cases is 

lower (5% to 10% EBV association). AIDS-related BL is more common in the general 

population, it occurs in the early stages of human immunodeficiency virus (HIV) 

immunosuppression, 30% to 40% of the cases are associated with EBV infection 

(40). BL is characterised by deregulation of c-Myc expression by a chromosomal 

translocation involving the MYC gene (location 8q24) and one of the three 

immunoglobulin loci. 80% of BL cases present the MYC translocation with the 

immunoglobulin heavy chain locus (14q32) and 20% with the kappa (2p12) or 

lambada (22q11) light chain loci (41–43). 

1.1.2.2 Nasal-type extranodal NK/T-cell lymphoma 

EBV infection is detected in approximately 90% of cases of nasal-type extranodal 

NK/T-cell lymphoma (ENKTCL). ENKTCL is relatively common in East Asia and Latin 

America, comprising around 3-10% of the non-Hodgkin lymphoma’s cases, with 

onset in a wide range of ages. In Western countries, cases are uncommon, 

contributing less than 1% of the cases of non-Hodgkin lymphomas (44). 

1.1.2.3 Diffuse large B-cell lymphoma 

EBV infection is detected in 8-12% of all diffuse large B-cell lymphoma (DLBCL) in 

patients older than 50 years in Asian countries and less than 5% in Western 

countries. The median age for EBV-positive DLBCL is 71. It can affect young 

people, but the prevalence is low. EBV+ status in DLBCL in the elderly patient is 

associated with poor prognosis, but this is not observed in younger patients (45–

49). The main biological feature that differentiates EBV+ DLBCL from EBV- DLBCL 

is the activation of the NF-kB and JAK/STAT signalling pathways in the former 

(50,51). 
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1.1.2.4 Hodgkin lymphoma 

Hodgkin lymphoma (HL) is a B-cell lymphoma characterised by the presence of 

Reed-Sternberg cells in an inflammatory environment. EBV infection has been 

detected in 40-50% of the cases of classical HL, but this proportion differs both 

geographically and with different sub-types. EBV infection has been detected in 

100% of AIDS-related HL (52,53). 

1.1.2.5 Post-transplant lymphoproliferative disorder/lymphoma 

Post-transplant lymphoproliferative disorder/lymphoma (PTLD) comprises a group 

of diseases, primarily B-cell lymphomas, associated with induced 

immunosuppression, for example after organ transplantation. EBV infection is 

detected in 95% of these lymphomas. During immunosuppression, the immune 

system is unable to control EBV-infection and suppress viral loads. This is the 

primary contributing factor for the development of PTLD. In some cases, following 

the cessation of immunosuppression, regression of PTLD is observed. The risk of 

PTLD is elevated in patients that are negative for EBV infection before 

transplantation but where the transplant is EBV positive. PTLD is rare, but the 

incidence has risen with the increase in transplantation and the availability of 

novel immunosuppressive agents (54,55). 

1.1.2.6 AIDS-associated immunoblastic and primary central nervous system 
lymphoma 

AIDS-associated immunoblastic and primary central nervous system lymphomas 

are malignancies that can occur in the later stages of AIDS after HIV infection.  

EBV infection has been detected in approximately 90% of primary central nervous 

system lymphomas and up to 70% of immunoblastic lymphomas. No HIV infection 

is detected in these lymphomas, suggesting that there is not a direct involvement 

of HIV in the tumour development and that it is the consequent 

immunosuppression that is causal (56,57). 

1.1.2.7 Gastric adenocarcinoma 

Gastric adenocarcinoma (GA) represents 95% of the malignancies of the stomach, 

and it is the third leading cause of cancer deaths worldwide. EBV is detected only 

in approximately 10% of GA cases, but due to the prevalence, GA is one of the 
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most common EBV-associated malignancies. EBV+ GA is two times more common 

in males than in females, but little is known about the epidemiology (58). 

1.1.2.8 Nasopharyngeal carcinoma 

Nasopharyngeal carcinoma (NPC) is a rare type of cancer affecting the 

nasopharynx (the upper part of the throat behind the nose) endemic in Southern 

China and Southeast Asia. While the incidence rate in most regions is <1 per 

100,000 person-year, in Hong Kong the incidence is >20 cases per 100,000 person-

year. Non-keratinizing NPC is the most common histological subtype comprising 

over 95% of NPC in high-incidence areas. In this subtype of NPC EBV is detected in 

100% of the cases. Factors that influence NPC pathogenesis include EBV infection, 

but also environmental factors and genetic susceptibility. Among the 

environmental factors, consumption of salt-preserved fish and other preserve 

food, alcohol and smoking are noted risk factors. Regarding the genetic 

susceptibility, there is a strong association between NPC risk and the HLA (Human 

leukocyte antigen) loci and adjacent genes in the MHC (Major histocompatibility 

complex) region on chromosome 6p21 (59–61). HLA-A2, B14, B17 and B46 have 

been associated with increased NPC risk (62,63). HLA alleles leading to reduced 

ability to present EBV antigens may be linked with increase in risk for developing 

NPC. Furthermore, an NPC susceptibility locus containing the HLA-A region located 

between the D6S510 and D6S211 microsatellite markers has been identified (64).  

1.1.2.9 Lymphoepithelioma-like carcinoma 

Lymphoepithelioma-like carcinoma (LEC) is a rare malignancy with morphologic 

features like undifferentiated NPC, but it occurs outside of the nasopharynx. EBV 

infection has been detected in LEC of the stomach, salivary gland, lung and 

thymus. It also occurs at lower incidence in the skin, uterine cervix, tonsil, oral 

cavity, trachea, larynx, urinary bladder and vagina. The genetic and 

environmental factors associated with NPC may also influence the risk of 

developing EBV-associated LEC. The association of EBV with LEC is not well 

characterised (65). 
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1.1.2.10 Leiomyosarcoma 

Leiomyosarcoma is a rare type of cancer that affects smooth muscle tissue. It 

typically occurs in the uterus, gastrointestinal tract and in soft tissues, where it 

is classified as cutaneous or subcutaneous. EBV infection has been detected in 

leiomyosarcomas of immunocompromised patients. However, leiomyosarcomas 

among immunocompetent individuals are EBV-negative. EBV is detected especially 

in the case of children with AIDS, and it is the second most common cancer in this 

patient group. HIV is not found in leiomyosarcoma tumour tissue, suggesting it is 

not directly related to carcinogenesis (66,67). 

1.1.3 The immune response against EBV 

The immune response against EBV infection involves innate, the adaptive cellular 

and the adaptive humoral immunity. In immunocompetent hosts, the immune 

system controls the infection during both lytic and latency programmes (68). 

1.1.3.1 The cellular response to EBV infection 

During primary infection, the lytic and latent proteins induce the expansion of 

EBV-specific CD4+ and CD8+ T-cells and the activation of Natural killer (NK) cells 

(68) (figure 1.2.A). Lytic peptides are the main drivers of the T-cell response, but 

latent peptides also trigger an antigen-specific T-cell response. The latent 

peptides belong predominantly to the EBNA3 family and less frequency to LMP2. 

LMP1-specific T-cell responses are very rare and strong EBNA-1-specific T-cell 

responses associated with specific HLA types have also been observed, but the 

frequency is low (69–71). After the T-cell response to EBV, a small population of 

memory T-cells persist as tissue-resident memory cells and circulating memory 

cells maintaining the immune surveillance and controlling the infection (72).  

NK cells are characterised for their cytotoxicity against viral infected and tumour 

cells. The expansion of Killer-cell immunoglobulin-like receptor (KIR) negative NK 

cells during EBV infection have been described (73), but not the expansion of KIR+ 

NK cells (74). The expression of CD94/NKG2 family receptors controls the 

activation (NKG2D, NKG2C, NKG2E, NKG2H and NKG2F) or inhibition (NKG2A, 

NKG2B) of the cytotoxic activity of NK cells. NKG2D homodimers recognize 

MICA/B, nonclassical MHC glycoproteins class I. NKG2A or NKG2C heterodimers 
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recognize HLA-E, which often presents classical MHC class I heavy chain signal 

peptides (75,76). 

CD8+ NK T-cells (NKT cells) displaying cytotoxicity against HL and NPC cells have 

been identified, suggesting that NKT cells can also restrict EBV-induced 

tumorigenesis (77). NKT cells recognise glycolipids presented on the non-classical 

MHC class I molecule CD1d by the Vα24-Jα18/Vβ11 T-cell receptor (78,79). Data 

suggest that during EBV infection, CD1d ligands are expressed, and NKT cells could 

be a significant barrier in early innate control of EBV infection. Then, a 

downregulation of CD1d may allow circumvention of the NKT cell-mediated 

cytotoxicity (80). 

T-cells of γδ subtype, specifically Vγ9Vδ2 and Vδ1, are also expanded when they 

are exposed in vitro to EBV-infected cells (81,82). Vγ9Vδ2 T-cells recognise 

diphosphate-containing metabolites, also named phosphoantigens (pAgs), in 

complex with the receptor BTN3A1. The nature of the interaction between the 

Vγ9Vδ2 T-cell receptor (TCR), pAgs and their receptors is still a matter of study 

(83). So far, it is known that the pAgs bind the B30.2 intracellular domain of 

BTN3A1 and then, the Vγ9Vδ2 TCR engages the BTN2A1–BTN3A1 complex via two 

different binding sites: the Vγ9 framework regions bind to BTN2A1, while the 

Complementarity-determining region 2 (CDR2) of the Vδ2 chain and the CDR3 of 

the Vγ9 possibly bind the BTN3A1 (84). Vγ9Vδ2 and Vδ1 T-cells also recognised 

target cells by the expression of the receptor NKG2D. 

1.1.3.2 The humoral response to EBV infection 

During EBV primary infection different individual antigen complexes are observed 

driving the humoral response. These complexes have been defined by Burkitt 

lymphoma cell-based immunofluorescence antibody testing (IFT). Antigen 

complexes could be formed by proteins and polypeptide fragments, protein–

DNA/protein–RNA complexes, glycoproteins and glycolipids. The main antigen 

complexes that drive the humoral response during EBV primary infection are the 

virus capsid antigens (VCA), the early antigen complexes (EA) and the EBNA 

complexes. The VCA are composed of virion structural proteins. EA complexes are 

composed of regulatory proteins synthesised to allow the production of viral DNA, 

the virion structural proteins and membrane proteins. EBNA complexes consist of 
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different DNA-binding proteins (EBNA1, EBNA-LP, EBNA2, EBNA3A, EBNA3B and 

EBNA3C), but of these, the humoral response is dominated by EBNA1. The 

evolution of EBV-specific antibody response during primary infection, 

convalescence and latent infection and reactivation is well described (figure 

1.2.B) (85,86). 

  

Figure 1.2 The immune response against EBV.  A) Cellular response to EBV infection. Figure 
adapted from Taylor et al. 2015. B) Humoral response to EBV infection. The dashed lines for EBNA1 
IgG indicate possible alteration in when developing chronic (loss) or malignant (gain) disease. For 
EA IgG indicates increase in chronic or malignant disease. Figure adapted from Middeldorp et al. 
2015 (86). 

 

1.1.3.3 Immune evasion strategies of EBV 

The immune response can control EBV infection, but the virus is not eliminated 

and persists in a latent state. During the lytic cycle, EBV has developed strategies 

to overcome the immune response. During latency, EBV limits viral protein 

expression, which restricts the immune response. Furthermore, the expressed 

proteins also display immunomodulatory functions (87) (table 1.3). 

B 

A 
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Table 1.3 Immunomodulatory functions of EBV lytic and latent proteins. 

EBV protein Infection stage Immunomodulatory functions* 

BNLF2a Lytic  Depletes peptides from the ER through 
inhibiting peptide transport 

BGLF5 Lytic HLA class I and class II downregulation 
Downregulates TLR2 and TLR9 

BILF1 Lytic Downregulates HLA class I 

gp42 Lytic Downregulates HLA class II 

BZLF1 Lytic Downregulates HLA class II 
Inhibits IFNα4 and IFNβ promoters  
Inhibits NF-κB expression 
Reduces expression of TNFα and IFNγ receptor  
Favour type I IFN irresponsiveness  
Induces immunosuppressive TGFβ expression  

BRLF1 Lytic Reduces expression of IRF3 and IRF7 

BILF4 Lytic Inhibits IRF7 to suppress IFNα production 

BGLF4 Lytic Inhibits IRF3 activity 
Reduces IFNβ production  
Suppresses NF-κB activity 

BPLF1 Lytic Interferes with TLR- and LMP1-mediated NF-κB 
activation 

BARF1 Lytic Neutralises effects of CSF-1 

BLLF3 Lytic Compromises lymphocyte responses and 
proliferation 
Induces NF-κB activity through TLR2 
Induces production of pro-inflammatory 
cytokines and IL-10 

BCRF1 Lytic Inhibits antiviral CD4+ T-cell responses 
Inhibits co-stimulatory molecules on human 
monocytes 

EBNA1 Latent Inhibition of its translation and degradation 
Inhibition of the NF-κB pathway  
Modulation of STAT1 and TGFβ pathways 

ENBA2 Latent Induces low level of IFNβ production 
Inhibits production of selective ISGs 
Enhances STAT3 activity 
Upregulates IL-18 receptor 

LMP1 Latent Mimic CD40 signalling 
Induces type I IFN production 
Induces STAT1 and STAT2 activity 
Upregulates IRF7 
Reduces TLR9 expression 

LMP2A Latent Inhibits NF-κB activity 
Inhibits IL-6 production 
Induces NF-κB activity 
Accelerates turnover of IFN receptors 

LMP2B Latent Accelerates turnover of IFN receptors 

*Reviewed in Ressing et al. 2015 (87). 
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1.1.4 Current status of vaccination and therapies to treat EBV 
infection and EBV-associated diseases 

The prevention of EBV infection would probably have a significant impact on public 

health, given the diversity of diseases linked to EBV infection. However, despite 

thorough research, there is still not clinically approved EBV vaccine able to 

prevent EBV infection of B-cell and epithelial cells or eliminate infected cells. 

Another strategy for EBV vaccination is the development of non-prophylactics 

vaccines to treat EBV-associated diseases (88). 

1.1.4.1 Prophylactic EBV vaccination 

A prophylactic vaccination has as a goal the induction of a neutralising antibody 

response against a pathogen or a toxin. In the case of EBV, T-cell immunity plays 

an essential role in restricting viral growth during primary exposure. Therefore, 

two different approaches have been tried for EBV prophylactic vaccination: 

vaccines directed to promote humoral immunity and vaccines directed to promote 

cellular immunity (89). 

The main target for humoral prophylactic vaccination against EBV is the virion 

surface glycoprotein gp350. gp350 initiates virion attachment to the host B-cell 

by binding the Complement receptor type 2 (CR2) and facilitates the interaction 

of the viral protein gp42 to HLA class II, then triggering membrane fusion and the 

invasion of the cell. A gp350 deficient virus can still infect the cell, but this is less 

efficient. In a phase II clinical study with 181 seronegative adults and using 

recombinant gp350 purified from the supernatant of Chinese hamster ovary cells 

(CHO), 97% of the vaccinated group showed gp350 seroconversion and reduced 

incidence of IM compared to the placebo group. 8 of 90 individuals in the placebo 

group developed IM while only 2 of 86 did it in the sample group. However, these 

numbers cannot be considered as evidence of protection against asymptomatic 

infection. The study suggested that this vaccine is safe, but its formulation is a 

limitation, three doses were needed to generate a neutralising antibody response 

(90). A tetrameric gp350 formulation has shown improvement in the antibody titre 

compared to the monomeric formulation, also boosting T-cell immunity in 

preclinical studies (91).  
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Other approaches for EBV vaccination have been also studied. Vaccination with 

EBNA3 HLA-B8 restricted epitope was well tolerated and induced T-cell epitope-

specific responses in phase I clinical trials. Nevertheless, all the vaccinated 

individuals were asymptomatically infected post-vaccination (92). Pavlova et al. 

generated EBV-like particles for EBV vaccination. These particles are created in 

mammalian cell lines expressing EBV genes but with no capacity to package the 

viral DNA into virions (93). 

Importantly, once EBV infection is established, the humoral response has little 

influence in controlling the latently infected B-cells beyond EBV reactivation. It is 

also unlikely that a pre-existing T-cell immunity would have the capacity to 

prevent the establishment of latent infection, based on the low frequency of T-

cells responding to EBV latent antigens. 

1.1.4.2 Vaccine therapy to treat EBV-associated diseases 

The potential of the EBV latent proteins to promote oncogenic transformation 

limit the use of the full-length versions in any EBV vaccine using coding DNA. Using 

truncated proteins or just epitopes is an approach to overcome this problem. 

Dendritic cell (DC) based vaccines have been tested in clinical trials with LMP 

antigens for NPC patients. These vaccines consisted of the infusion of EBV peptide-

pulsed monocyte-derived DC or adenovirus modified DC to express a truncated 

version of EBV antigens (94,95). Chia et al. tested their vaccine in sixteen patients 

with advance NPC, the vaccine was safely administered but the efficacy was 

limited. They observed induction of an LMP1 and LMP2 specific T-cell response in 

vitro with DC vaccination but fail to observe increase in the frequency of 

peripheral LMP1 and LMP2 specific T-cells in the patients (95). Furthermore, the 

difficulties in preparing DC vaccines (especially in mass format) make this 

approach impractical to treat NPC. 

The use of recombinant antigens offers safety advantages compared to other 

approaches using coding DNA, but its efficacy depends on the capacity of the 

preparation to be efficiently taken and processed by antigen-presenting cells 

(APC). EBNA1 is expressed in all EBV-associated malignancies and it is the minimal 

EBV gene product able to drive oncogenicity (96). DC express endocytic receptors 
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to deliver antigens for HLA presentation to CD8+ and CD4+ T-cells. The receptor 

DEC-205 was used to deliver EBNA1 by the creation of a fusion protein with the C-

terminus of the antibody heavy chain of anti-human DEC-205 (αDEC-E1) with the 

amino acids 400-641 of EBNA1. Immunisation of humanised mice with the fusion 

protein promoted DC-activation of EBNA1-specific CD4+ and CD8+ T-cell responses 

and induction of anti-EBNA1 antibodies. Nevertheless, the CD4+ T-cell responses 

were prominent compared to the CD8+ T-cell responses (97). 

The incorporation of viral epitopes from LMP1, LMP2 or EBNA1 delivered by viral 

vectors may be more viable to treat EBV-associated malignancies. Due to its good 

safety profile and capacity to induce T-cell and B-cell responses in humans, the 

Modified Vaccinia Ankara (MVA), an attenuated strain of the vaccinia virus, has 

been used to test EBNA1 and LMP2 targeting vaccines. An MVA vaccine was 

designed to encode a fusion protein of the C-terminal half of the EBNA1 protein 

and the full-length LMP2 protein. Its safety and its capacity to expand both EBNA1- 

and LMP2-specific CD4+ and CD8+ T cells in NPC patients have been evaluated in 

two phase I clinical trials with encouraging results (98,99). Hui et al. treated 18 

patients with three doses over a period of 9 weeks, 12 of 18 patients and 9 of 18 

patients showed an increase in their IFN-γ response to EBNA1 and LMP2 

respectively and response rates were higher in patients who received the highest 

dose. Hui et al. showed that the vaccine is both safe and immunogenic and they 

postulated that it could be used to maintain remission following primary 

treatment (98). 

Furthermore, Rühl et al. found that adenoviral delivery of EBNA1 allowed higher 

CD8+ T-cell stimulation than αDEC-E1 or MVA-encoding EBNA1. It was observed 

that heterologous prime-boost vaccinations for CD4+ T-cell priming by either 

αDEC-E1 or MVA-encoding EBNA1 need to be combined with CD8+ T-cell priming by 

EBNA1-encoding adenovirus to establish efficient long-term immune control of 

EBNA1-expressing lymphomas in mouse models, demonstrating that heterologous 

vaccination against EBNA1 is effective in treating EBNA1+ T and B-cell lymphomas 

in the model systems (100). 
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1.1.4.3 T-cell therapy to treat EBV-associated diseases 

T-cell immunity plays an important role in the control of EBV infection. EBV-

associated malignant cells express viral proteins that contribute to the malignant 

transformation.  Therefore, these viral proteins are potential targets for T-cell 

immunotherapy. The latent nuclear proteins EBNA1, EBNA2, EBNA3A, EBNA3B, 

EBNA3C and EBNALP are expressed intracellularly, and they are challenging to 

target adequately with an antibody-mediated therapy. However, they can be 

processed to peptides and be presented via the HLA class I and II molecules on the 

surface of infected cells. The membrane proteins LMP1 and LMP2 are located in 

the membranes of organelles and also the plasma membrane. They are also 

processed intracellularly into peptides and presented via in the HLA class I and II 

complexes. The EBV latent proteins are an attractive target for viral antigen-

specific T-cells. Nevertheless, their recognition is dependent on HLA expression 

(101).  

It has been reported that the infusion of peripheral lymphocytes from an EBV-

positive donor contains enough EBV specific T-cells to induce complete responses 

(disappearance of all signs of cancer in response to treatment) in patients with 

donor-derived PTLD after allogeneic stem cell transplantation. However, this 

infusion also included large numbers of alloreactive T-cells and caused severe 

graft-versus-host disease (GVHD) (102). Infusing non-alloreactive EBV specific T-

cells, generated by stimulating donor lymphocytes with EBV-transformed 

lymphoblastoid cells derived from donors, led to a complete response with no 

significant acute or chronic GVHD (103,104). 

EBV-associated malignancies with EBV infection in latency 2, only express the viral 

proteins EBNA1 and LMP1 and LMP2. EBNA1 peptides are poorly presented by HLA 

Class I molecules because of the internal glycine-alanine repeats regions. These 

repeats inhibit translation and proteasomal degradation of EBNA1 by interfering 

the processing by the 19S proteasomal subunit, thus low levels of EBNA1 are 

expressed to maintain the viral genome while minimising the antigen presentation 

(105–109). Several peptides derived from LMP1 and LMP2 have been identified to 

be cognate in some HLA class I alleles, but the number of circulating LMP1 and 

LMP2 reactive T-cells in an individual is low. Treating latency 2 tumours with EBV 

specific T-cells is therefore challenging. Nevertheless, T-cells specific for LMP1 
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and LMP2 have been expanded and used for adoptive therapy in patients with 

different EBV-associated lymphomas with EBV infection in latency 2. From 21 

patients with active EBV-associated lymphoma at the time of the infusion, 13 had 

clinical responses (improvement of the risk/benefit ratio in response to 

treatment), including 11 complete responses (110). LMP1 and LMP2 specific T-cells 

have also been engineered to express the dominant-negative transforming growth 

factor-beta type II receptor (dn-TGFβRII) and used to treat patients with relapsed 

HL (111,112). TGFβ (transforming growth factor-beta) is secreted by these 

malignant cells and the stroma surrounding the tumorigenic cells, thereby 

promoting tumour growth and metastasis and inhibiting APCs and the effector 

function of T-cells and NK-cells (113). Expressing dn-TGFβRII would block 

signalling by all three TGFβ isoforms in T-cells, avoiding the suppression of the T-

cell immunosurveillance. 4 of the 7 patients evaluated in this clinical trial 

achieved clinical responses and 2 of them complete and ongoing response for more 

than four years. There was also one patient who had only a partial response to 

unmodified LMP1 and LMP2 specific T-cells (111). 

EBV-associated malignancies with EBV infection in latency 1 only express the 

latent protein EBNA1, which is poorly presented by the HLA class I system, and 

therefore, the CD8+ effector T-cells cannot carry out an effective cytotoxic action. 

However, EBNA1 contains numerous epitopes effective in the HLA class II (114). It 

has been shown that EBNA1 can also be presented by some specific HLA class I 

alleles (115). Therefore, EBNA1 can induce both CD4+ helper and CD8+ T-cells 

(116). Nevertheless, the clinical efficacy of expanded EBV specific T-cells has not 

been evaluated yet for BL. 

Furthermore, there is increasing evidence of a role played by EBV in the 

pathogenesis of multiple sclerosis (MS) (117–119). In a clinical study treating 

progressive MS patients with in vitro-expanded autologous EBV-specific T-cells 

targeting EBNA1, LMP1 and LMP2, seven out of ten patients treated showed clinical 

improvement and no toxicities (120). This suggests that EBV-specific T-cells could 

also be used for treating MS. 
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1.1.4.4 Antibody therapy to treat EBV-associated diseases 

LMP1 and LMP2A are the most suitable EBV proteins to be targeted with an 

antibody due to their location on the plasma membrane of the EBV-infected cell. 

However, both proteins have several transmembrane domains and small 

extracellular loops (figure 1.1). The development of antibodies targeting these 

extracellular loops is a challenging affair due to the low exposure of these loops 

on the cell. Therefore, antibodies targeting the complex peptide-HLA have been 

developed for targeting LMP1 and LMP2A, showing antitumor activity against EBV 

malignancies (121,122). These antibodies recognise specific cognate peptides in 

conjunction with specific HLAs, limiting their use to patients carrying these HLA 

alleles. 

Two antibodies targeting extracellular loops of LMP1 and LMP2 have been 

developed, and their potential use as therapeutic tools revealed in preclinical 

studies (123–126). Chen et al. isolated, from a Fab phage display library previously 

developed by Jiao et al., an anti-LMP1 Fab targeting an extracellular loop of LMP1. 

The specific loop targeted by this antibody is unknown as they used in their phage 

selection a preparation composed of all three extracellular loops from LMP1. They 

also demonstrated that by conjugating this Fab with mitomycin C it could inhibit 

the growth rate of NPC xenografts in a mouse model (123,127). Cao et al. isolated 

from the same phage display library an anti-LMP2 Fab targeting an extracellular 

loop of LMP2. The specific loop is also unknown as the phage display selection was 

performed by panning with cells expressing LMP2A and the isolated clones 

screened by ELISA with a mix of polypeptides comprising all the extracellular loops 

of LMP2. They also show this Fab can inhibit the proliferation of LMP2A-positive 

NPC cells in vitro (125). Furthermore, Ammous-Boukhris et al. isolated from a 

peptide phage display library a peptide named B1.12, with amino acid sequence 

ACPLDLRSPCG, able to bind to the extracellular loop 1 of LMP1. NPC cells 

expressing LMP1 treated with B1.12 showed decreased cell viability and G0/G1 

cell cycle arrest (128). 

1.1.5 B7H4 as tumour associated antigen 

B7H4 (aka B7S1, B7X or B7h.5) is encoded by the gene VTCN1 and belongs to the 

B7 family of immunoregulatory proteins. The B7 family is a set of membrane 
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proteins with extracellular immunoglobulin-like domains, necessary for the 

interaction with their ligands (table 1.4). They are expressed in different cell 

types, including APC, T-cells, and tumour cells.  

Table 1.4 B7 family proteins. 

Name Alternative name Ligand 

B7-1 CD80 CD28, CTLA-4  

B7-2 CD86 CD28, CTLA-4  

B7DC PDCD1L2, PD-L2 and CD273 PD-1 

B7H1 PD-L1 and CD274 PD-1 

B7H2 ICOSL, B7RP1 and CD275 ICOS 

B7H3 CD276 Unknown 

B7H4 VTCN1 Unknown 

B7H5 VISTA, Platelet receptor Gi24 and SISP1 Unknown 

B7H6 NCR3L1 NKp30 

B7H7 HHLA2 CD28H 

 

B7H4 was identified in 2003 by three independent groups (129–131). While mouse 

B7H4 (Q7TSP5, UniprotKB) is a glycosyl-phosphatidylinositol-anchored membrane 

protein (130,132), human B7H4 (Q7Z7D3, UniprotKB) is described as a type I 

membrane protein. Despite this, the proteins share approximately 87% amino acid 

identity, and the functionality appears to be the same (129). Human B7H4 is a 282 

amino acid protein that includes a signal peptide (amino acids 1-24), an 

extracellular domain (amino acids 25-259), a transmembrane domain (amino acids 

260-280), and a short intracellular domain (amino acids 281 and 282). The 

extracellular domain is composed of two different immunoglobulin-like domains: 

Ig-like V-type 1 (amino acids 35-146) and Ig-like V-type 2 (amino acids 153-241) 

(figure 1.3).  

https://en.wikipedia.org/w/index.php?title=CD28H&action=edit&redlink=1
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Figure 1.3 B7H4 in the plasma membrane of an expressing cell, in this case an EBV-infected 
cell. Domain Ig-like V-type 1 is believed to interact with the B7H4 unknown receptor. 

 

An increase in the expression of B7H4 has been detected in multiple cancers, 

including: breast cancer, ovarian cancer, uterine endometrioid adenocarcinoma, 

prostate cancer, melanoma, oesophageal squamous cell carcinoma, gastric 

cancer, non-small cell lung cancer, pancreatic cancer, cervical carcinoma, oral 

squamous cell carcinoma, gallbladder carcinoma, non-Hodgkin lymphoma, pleural 

adenocarcinoma, hepatocellular carcinoma and colorectal cancer (133,134,143–

149,135–142). Moreover, its expression has also been reported in an 

immunosuppressive population of macrophages present in tumour 

microenvironment (TME) (146,150,151). The protein termed B and T-lymphocyte 

attenuator (BTLA) has been proposed as the receptor for B7H4, but an interaction 

of recombinant soluble B7H4 with cells expressing BTLA could not be 

demonstrated (152,153). Therefore, the receptor for B7H4 has not yet been 

identified unambiguously. Nevertheless, it is accepted that the receptor is 

expressed on activated T-cells and has an immunoregulatory role (154) (figure 

1.4). 
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Figure 1.4 B7H4 expression and interaction with its receptor in the TME. APCs (tumours cells 
or macrophages) express B7H4 that interacts with its unknown receptor expressed on T-cells, 
delivering an inhibitory co-stimulation to the T-cell. Evidence of B7H4 signalling to the APC through 
this interaction has been also reported, but it is not well characterised yet. 

 

B7H4 is considered an attractive target for possible antibody-related therapy. In 

2014, a study revealed the crystal structure of the Ig-like V-type 1 domain of 

human B7H4. In this study, a mouse monoclonal antibody (mAb) against human 

B7H4, and cross-reactive with the Ig-like V-type 1 domain of mouse B7H4, was 

used for preclinical studies (clone 1H3). Clone 1H3 showed significant growth 

inhibition of B7H4 expressing tumours in vivo using an induced pulmonary 

metastasis mice model by injecting B7H4 expressing CT26 cells into BALB/c mice. 

The tumour growth inhibition activity of anti-B7H4 clone 1H3 was due to two 

different mechanisms of action: antibody-dependent cellular cytotoxicity (ADCC) 

and partial blocking of B7H4-mediated T-cell inhibition (155). Another mouse mAb 

targeting human B7H4 has been used conjugated to an anti-tumour agent (Clone 

h1D11 conjugated to monomethyl auristatin E). The studies with this drug-

conjugated antibody showed durable tumour regression in triple-negative breast 

cancer cell lines and a patient-derived xenograft mouse model (156). 

FPA150 is a human afucosylated IgG1 targeting human B7H4. Human IgGs are 

glycoproteins bearing a two N-linked biantennary complex-type oligosaccharide 

attached to Asn297 of the Fc and essential for antibody effector functions. Shields 

et al. described the impact of core oligosaccharide fucosylation in the capacity of 

the IgGs to bind the FcγRIIIa and its implications in ADCC (157). The fucose residue 

disrupts optimum intermolecular carbohydrate-carbohydrate interactions 

between the oligosaccharide linked to Asn297 of the Fc and the oligosaccharide 
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linked to Asn162 of the FcγRIIIa (158). FcγRIIIa have been proven a critical 

receptor to be activated for successful elimination of tumours through ADCC (159). 

Afucosylation is achieved by engineering the cell line producing the IgGs to avoid 

the presence of fucose sugar in the oligosaccharides present in the Fc region. CHO 

cells are frequently used for commercial production of therapeutic antibodies. 

The production of afucosylated IgG1 in CHO has been accomplished by establishing 

CHO cell lines with tetracycline-regulated expression of the enzyme GnTIII (160) 

or Knock-out of the gene FUT8 (161), increasing the affinity of binding of the IgGs 

to the FcγRIIIa and therefore the ADCC activity. FPA150 redirects FcγRIIIa+ 

effector cells (NK cells and macrophages) to eliminate B7H4 expressing tumour 

cells while at the same time blocks the inhibition by B7H4 of T-cells. FPA150 

showed a favourable safety profile in a Phase 1a clinical trial (162,163). 

1.1.5.1 B7H4 expression in EBV-associated malignancies 

B7H4 could also be an attractive target to treat EBV-associated malignancies. Its 

expression is induced on B-cells infected with EBV in vitro and EBV-positive B-cell 

lines (figure 1.3). In patients, expression of B7H4 has been shown so far in EBV-

associated DLBCL and NPC (164–166) and expression might extend to other EBV-

malignancies. B7H4 expression was detected in the EBV-positive lymphoma cell 

lines Raji and IM-9, but was not on the EBV-negative lymphoma cell line Ramos 

(167). B7H4 expression has also been detected in NPC cell line, and its expression 

decreased by shRNA, leading to inhibit cell proliferation and invasion. shRNA 

downregulation of B7H4 induced cell cycle arrest and apoptosis through 

inactivation of p-JAK2 and p-STAT3, promotion of BAX and caspase-3 and 

reduction of Bcl-2, MMP-2 and MMP-9 (168).  

B7H4 seems to function as both a ligand and a receptor (figure 1.4). Although 

there are only two amino acids comprising the intracellular domain, B7H4 induces 

Fas-mediated and caspase-dependent apoptosis of EBV-transformed B-cells (167). 

However, it is still not clear how B7H4 deliver its signal to the interior of the cell. 

The role of B7H4 in apoptosis inhibition was revealed by treating an EBV+ DLBCL 

cell line with an anti-B7H4 antibody. The treatment reduced the phosphorylation 

of Erk1/2 and Akt, decreasing cell viability and enhancing apoptosis. This study 

established the role of B7H4 in activating Erk1/2 and Akt signalling pathways 

(165). Moreover, the engagement of B7H4 with anti-B7H4 antibody reduced the 
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growth of Raji and IM-9 cell lines, leading to cell cycle arrest at the G0–G1 phase 

in a dose and time-dependent manner, through down-regulation of the AKT 

pathway. This raises the possibility that the engagement of B7H4 could affect 

these signalling pathways in APCs (169). 

1.2 Chimeric antigen receptor T-cell therapy 

A chimeric antigen receptor (CAR) is an artificial membrane protein designed to 

combine functional protein domains from two entities: an antibody and membrane 

receptors, the latter typically expressed on αβ T-cells (figure 1.5.A). At least four 

separated domains are fused to generate the chimera: an antigen-binding domain 

and a hinge domain (for dimerization) from an antibody, along with a 

transmembrane domain and intracellular signalling domains from a T-cell 

membrane receptor. Such a CAR has been typically expressed in αβ T-cells 

introduced by retroviral transduction or the Sleeping Beauty transposon system 

(figure 1.5.B). 

 

Figure 1.5 CAR design. A) Protein domains used to create a CAR. From an antibody, the binding 

domain, composed by the VH and the VL chains, and the hinge domain for dimerization by disulphide 
bridges are used. The dimerization domain could also be obtained from other proteins, for example, 
CD8. From the αβ T-cell, different domains from different receptors typically expressed in these cells 
are used. The activation domain typically is the CD3ζ chain of the TCR complex. The transmembrane 

A 

B 
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domain is obtained from T-cell co-stimulatory molecules, such as CD8 or CD28. The co-stimulation 
domains are also obtained from co-stimulatory molecules with a role in the regulation of T-cell 
activation, such as CD28 or 4-1BB. B) CAR structure and expression in T-cells. Depiction of the 
structure of a CAR chain composed by its different domains. The chains form CAR dimers when 
expressed in T-cells.  

 

The objective of this approach is to deliver a signal of activation through the 

recognition of a specific antigen, and independent of MHC antigen presentation, 

to a T-cell. In so doing, it is aimed to generate a T-cell response to a specific 

antigen. As well as the specificity of each domain used in the CAR, several factors 

are critical for efficient CAR engagement and T-cell activation: the density of 

expression of the antigen in the target cell, the affinity of the binding domain for 

its target, the level of expression of the CAR, the position of the epitope in the 

target antigen and the length and flexibility of the hinge region (170–173). 

1.2.1 CAR domains 

A standard CAR is composed of an antigen-binding domain, a hinge domain, a 

transmembrane domain and an intracellular domain. Each of the four CAR 

components is considered below. 

1.2.1.1 Antigen-binding domain 

The antigen-binding domain has been selected by the interaction of antibody with 

the target (usually a protein), and therefore determines the specificity of the CAR. 

It is then designed to incorporate the antigen binding features to the CAR. The 

antigen-binding domain is located at the N-terminal end of the CAR molecule. This 

domain is commonly a single-chain variable fragment (scFv). An scFv is a fusion 

between the variable heavy chain (VH) region and the variable light chain (VL) 

region of the relevant antibody, connected with a linker peptide (174,175). There 

are two possible conformations for scFvs, with either the VH at or the VL at the 

N-terminal end. Other antigen-binding domains configurations have been used to 

create CARs, for example, VH-only CARs, nanobody-based CARs or NK receptor-

based CARs (176–179). 
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1.2.1.2 Hinge domain 

This region connects the antigen-binding domain with the transmembrane domain. 

It is involved in dimerization of the molecules and provides flexibility, but also 

defines the length, and therefore, the distance between the antigen-binding 

domain and the plasma membrane. Hinge regions obtained from CD8α, CD28 and 

IgGs (mainly IgG1, IgG2 and IgG4) have been used in CARs. A short distance to the 

plasma membrane is achieved using the hinge regions of CD8 and CD28. Medium 

and long hinge domains have been generated by incorporating to the hinge region 

plus the CH2 and CH3 domains from IgG1 and IgG4, either CH3 alone for a medium 

length, or both for a longer domain (180,181). The extracellular length of the CAR, 

together with the position of the target epitope, has been shown to be critical for 

the optimal delivery of an activation signal (182,183). 

1.2.1.3 Transmembrane domain 

The transmembrane domain links the extracellular domain of the CAR (binding 

domain and hinge region) to the intracellular domain (endodomain). The most 

common transmembrane domains used for CARs are derived from CD8α, CD28 and 

CD3ζ. The selection of a transmembrane domain for a CAR is considered in 

conjunction with the selected hinge domain and the endodomain. For example, 

for a CAR with a hinge region derived from CD8α, a CD8α-derived transmembrane 

domain is usually selected (184,185). In another example, a CAR receptor with a 

CD28-derived endodomain, a CD28-derived transmembrane domain and hinge 

region is chosen (186,187). Several publications have shown the use of 

interchangeable transmembrane domains. However, the transmembrane domain 

does provide an important contribution to the functionality of the CAR. It can 

affect its expression and localisation on the cell surface and impact the T-cell 

activation and function by altering the level of inflammatory cytokines produced 

upon activation or, in the case of non-standard transmembrane domains, provide 

new biological proprieties (179,188–190). 

Moreover, Ying et al. demonstrated that altering the length of the CD8α derived 

hinge and the transmembrane domain could lead to the production of lower levels 

of cytokines, expression of higher levels of antiapoptotic molecules and slower 

cell proliferation. It translates in lower toxicity than the prototype CAR and the 
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same efficacy. The CAR T-cell with modified CD8α hinge and transmembrane 

domain were able to proliferate and differentiate into memory cells in vivo and 

produces a potent and durable anti-tumour response (191).  

1.2.1.4 Intracellular domain (or endodomain) 

The intracellular domain of a CAR is usually composed of several domains from 

different receptors. Two different groups of endodomains have been used in CARs: 

activation domains and co-stimulation domains. Activation domains deliver a 

signal to the CAR T-cell to activate its cytotoxic response against the target cell. 

The most common activation domain used in CARs is derived from CD3ζ. However, 

activation domains derived from the Fc receptor for IgE-γ (FcεRI) and the DNAX-

activating protein 12 (DAP12) have also been used (192,193). Activation through 

CD3ζ, FcεRI and DAP12 depend on the phosphorylation of ITAMs (194). The 

engagement of the CAR with its ligand leads to phosphorylation of the ITAMs and 

induction of a signalling cascade resulting in the activation of the CAR T-cell (195). 

Co-stimulation domains are usually derived from two protein families: the CD28 

family receptors (CD28 and ICOS) and the tumour necrosis factor receptor 

superfamily (4-1BB, OX40 and CD27). Additionally, the DNAX-activating protein 10 

(DAP10) and Toll-like receptor 2 (TLR2) have been used as co-stimulation domains 

in CARs. The signalling motifs present in the co-stimulatory domains provide a 

supportive signal to the ITAM signalling for T-cell activation (195).  

1.2.2 CAR T-cell activation and co-stimulation 

One single CAR can deliver several signals to the T-cell through the recognition of 

a ligand (the antigen). The majority of the CARs currently studied, and the ones 

already with clinical approval, have the CD3ζ activation signalling domain. For co-

stimulation, choosing the right domain is vital for the efficacy and safety of the 

therapy. The most commonly used co-stimulatory domains are CD28 or 4-1BB. 

1.2.2.1 T-cell activation through CD3ζ 

The TCR is a heterodimer formed by the α and β TCR chains with ligand binding 

specificity but without signal-transducing activity. The TCR is noncovalently 

associated with the signal-transducing subunits CD3γ, CD3δ and CD3ε and CD3ζ 
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(figure 1.6.A). CD3γ, CD3δ and CD3ε contain a single ITAM, while CD3ζ contains 

three in tandem. The TCR complex is composed by the TCR heterodimer, two CD3ε 

chains, one CD3γ, one CD3δ and two CD3ζ following the stoichiometry TCRαβ–

CD3εγ–CD3εδ–CD3ζζ. A total of ten ITAMs are present in the final complex, six of 

them in the CD3ζ homodimer. It is still unknown how all these ITAMs works 

together, or if they perform different signalling functions. The major event for T-

cell activation occurs at the CD3ζ chains. Therefore, the CD3ζ chain is the most 

relevant subunit of the TCR complex for CAR design. Following TCR clustering by 

MHC-peptide recognition and coreceptor (CD4 or CD8) interaction with the MHC, 

the lymphocyte-specific protein tyrosine kinase (Lck) phosphorylates the TCR 

complex ITAMs, and these are then recognised by the two SH2 domains 

(phosphorylated tyrosine recognition domains) present in the Zeta-chain-

associated protein kinase 70 (ZAP70). ZAP70 locates near the surface membrane 

of T-cells and its interaction with the phosphorylated ITAMs of the TCR complex 

leads to the phosphorylation of the transmembrane protein linker for activation 

of T-cells (LAT). Phosphorylated LAT then serves as a docking site to trigger the 

activation of serine-threonine kinases, including MAPK and PKC family proteins to 

activate the pathways NFAT, NF-κB, AP-1 and ATF-2 (196) (figure 1.6.A). 
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Figure 1.6. T-cell activation and co-stimulation. A) TCR activation cascade followed by HLA-peptide recognition. During MHC-peptide TCR activation, the TCR 

complex recognises the MHC-peptide complex and the coreceptor (CD4 or CD8) interacts with the MHC, leading to phosphorylation of the TCR ITAMs by Lck. Then, the 
phosphorylated ITAMs are recognised by ZAP70, leading to LAT phosphorylation and NF-κB, NFAT and AP-1 activation. B) CD28 co-stimulation of TCR signalling. In 
addition to MHC-peptide TCR activation, CD28 co-stimulation could be trigger by integration with CD80 and CD86. The YMNM and PYAP motifs trigger signalling that 
support NF-κB, NFAT and AP-1 activation. Furthermore, PYAP also supports the recruitment of Lck for TCR activation. C) 4-1BB co-stimulation of TCR signalling. 4-1BB 
co-stimulation could be trigger by integration with 4-1BBL. The two cytoplasmatic TRAF-binding motifs QEE and PEEEE trigger signalling that support NF-κB, AP-1 and 
ATF-2 activation. D) OX40 co-stimulation of TCR signalling. OX40 co-stimulation could be trigger by integration with OX40L. The cytoplasmatic TRAF-binding motif QEE 
trigger signalling that support NF-κB activation and the PI3K-binding motif PXXP support NFAT activation.
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1.2.2.2 T-cell co-stimulation 

The functional outcome of the TCR signalling is also determined by the signalling 

by the T-cell co-receptors (co‑stimulatory and co‑inhibitory receptors). There is a 

broad diversity of these receptors involved not only in TCR signalling regulation, 

but also in T-cell differentiation (197). So far, the most used co-stimulatory 

domains for CAR design have been CD28, 4-1BB, OX40 (198–200) (considered 

below), but novel co-stimulatory domains as ICOS, CD27, DAP10 and TLR2 have 

been also studied (195,201–204). 

• CD28 co-stimulation  

CD28 gives its name to a family of receptors that include CD28, CTLA4, BTLA, ICOS 

and PD1. CD28 is the receptor for the ligands CD80 (B7-1) and CD86 (B7-2). It is 

expressed as homodimer on CD4+ and CD8+ naive T-cells and its expression declines 

with the individual’s age. During activation, some T-cells lose the expression of 

CD28. These CD28- T-cells are generally antigen-experienced and highly 

differentiated T-cells with heterogeneous functions (cell cytotoxicity or immune 

regulation). 

CD80 and CD86 are induced by different stimuli in different cell types. The 

expression of CD86 is constitutive in APCs, and it is rapidly upregulated under 

stimuli, while CD80 is transiently expressed and slowly upregulated in activated 

APCs. CD80 and CD86 can also interact with CTLA-4, an immune checkpoint 

receptor upregulated after T-cell activation and involved in inhibiting further 

activation. CD80 and CD86 may have different biological functions due their 

difference in binding kinetics to CD28 and CTLA-4 and their differences in 

induction and expression on APCs. Some evidence suggests that CD80 could have 

preferential interaction to CTLA-4 over CD28 (205–207). Qureshi et al. 2011 

suggested that CTLA-4 may capture CD80 and CD86 on the surface of the APCs by 

trans-endocytosis, a process where material created by one cell is endocytosed by 

a different cell, resulting in impairment of CD28 co-stimulation (208). 

Furthermore, CTLA-4 transmit an inhibitory signal to the cell, but the mechanism 

is still unclear. Some studies suggest that stimulation of CTLA-4 leads to TCR 

signalling attenuation and others modulation of cell motility and/or signalling 

through PI3 kinase (209,210). 
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CD28 modulates proliferation, differentiation and effector functions in T-cells. It 

has two cytoplasmic motifs, YMNM and PYAP. The YMNM motif is involved in the 

recruitment of the proteins PI3K, GRB2 and GADS. PI3K signalling leads to 

activation of NFAT and the adaptor proteins GRB2 and GADS to the activation of 

NF-κB. The PYAP motif is responsible for recruiting Lck, supporting NFAT 

activation. Moreover, it also recruits GRB2 for activation of AP-1 (211) (figure 

1.6.B). 

• 4-1BB co-stimulation 

4-1BB (aka CD137), is a member of the tumour necrosis factor receptor (TNFR) 

family expressed on lymphoid cells and also in non-hematopoietic cells. In 

lymphoid cells, 4-1BB is expressed on activated T-cells and not expressed in naïve 

T-cells. 4-1BB is expressed to a higher extent on activated CD8+ compared to 

activated CD4+ T-cells. It recognises the homotrimer 4-1BB ligand (4-1BBL), 

expressed on activated APCs.  

4-1BB is a co-stimulatory molecule with roles in expansion, effector function and 

development of memory T-cell phenotype. 4-1BB has two cytoplasmatic TRAF-

binding motifs (QEE and PEEEE) for the interaction of TRAF1, TRAF2 and TRAF3 

(212,213), leading to the activation of NF-κB, AP-1 and ATF-2 (figure 1.6.C). 

• OX40 co-stimulation 

OX40 (aka CD134), is a member of the TNFR family expressed on activated T-cells 

and not expressed in naïve T-cells. It recognises the homotrimer OX40 ligand 

(OX40L) expressed on activated APCs. OX40 has a cytoplasmatic TRAF-binding 

motif (QEE) for the interaction of TRAF2, TRAF3 and TRAF5. Mouse OX40 also 

contains a potential PI3K-binding motif (PXXP), but this motif is not observed in 

human OX40. However, human OX40 recruit PI3K by an unknown mechanism (214).  

OX40 is a co-stimulatory molecule with roles in expansion, effector function and 

development of memory T-cell phenotype. OX40 co-stimulation leads to the 

activation of NF-κB and NFAT (214,215) (figure 1.6.D). 
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1.2.3 Conventional CAR T-cell therapy 

Three approaches have been used in the design of conventional CAR therapies. 

The first design sought to induce antigen-dependent T-cell activation, giving rise 

to the first-generation of CARs. Subsequently, it was observed that for better 

antigen-dependent activation, a co-stimulation signal needed to be incorporated 

into the system, and the second-generation of CARs was developed. The third-

generation of CARs seeks to boost the co-stimulation of second-generation CARs, 

increasing T-cell activation (figure 1.7). 

 

Figure 1.7 Conventional CAR T-cell therapy. The CAR used for the first-generation CAR T-cells 

comprises in its intracellular signalling domain the activation domain of CD3ζ, although FcRγ has 
been also used. For the second-generation, the intracellular signalling domain the CAR encloses the 
activation domain of CD3ζ plus a co-stimulatory domain. For the third-generation, two co-stimulation 
domains are used. Co-stimulation domains are obtained from the intracellular signalling domain of 
co-stimulatory receptors such as CD28, 4-1BB or OX40. 

 

1.2.3.1 First-generation CAR T-cells 

The first CAR, developed in 1989, named scFvRγ/ζ, was made using a scFv specific 

to the antigen trinitophenyl and fused to CD3ζ (216). In the same publication, 

another CAR design was reported using the γ chain of the antibody Fc receptor 

(FcRγ) instead of CD3ζ. This receptor was expressed in a cytotoxic T lymphocyte 

(CTL) hybridoma, which had no expression of the TCR/CD3 complex, 

demonstrating antigen-specific T-cell stimulation (216,217). However, first-

generation CARs such as these, failed to promote T-cell proliferation and survival. 

It was concluded that this failure was because they lacked co-stimulatory 

signalling (figure 1.7). 

1.2.3.2 Second-generation CAR T-cells 

In 2003, a first-generation CAR anti-CD19 was used, and the T-cells were expanded 

in the presence of CD80 co-stimulation and IL-15. This was shown to eradicate Raji 
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(B-cell) tumour cells and persisted in the body in a xenograft mouse model. The 

anti-tumour activity was dependent on in vivo CD80-mediated co-stimulation, this 

was demonstrated with another xenograft model using CD19+ NALM-6 pre-B-cells 

(cell line no expressing CD80 and CD86) comparing with CD80 transduced CD19+ 

NALM-6 pre-B-cells (218). Consequently, second-generation CARs were designed 

by adding an intracellular co-stimulatory domain to the first-generation CAR 

(figure 1.7) (219–221). Different co-stimulatory domains have been used for 

second-generation CARs, each of them providing specific co-stimulation and 

conferring different biological properties to the CAR. Among them are CD28, 

CD134 (OX40), CD137 (4-1BB), CD27, ICOS and DAP10 

(198,199,201,202,220,222,223). The efficacy of adding these co-stimulatory 

domains to second-generation CARs has been demonstrated in multiple preclinical 

studies using different cancer models (223–227).  

Several clinical trials have been performed with second-generation CAR T-cell 

therapies targeting the tumour associated antigen (TAA) CD19 in paediatric 

(184,228–230) and adult patients (231–233). In 2017, the FDA (Food and Drug 

Administration) granted the first approval of second-generation autologous CAR T-

cell therapy to treat acute lymphoblastic leukaemia (ALL). Tisagenlecleucel, aka 

CTL019 or Kymriah, targets CD19 with a CAR carrying the endodomains the CD3ζ 

and 4-1BB. 75 patients were treated with Tisagenlecleucel, and 60% of them had 

a complete response after 9 months follow up (184). In May 2018, the FDA granted 

a second approval using Tisagenlecleucel  to treat relapsed or refractory DLBCL  

following a trial with 81 patients showing 32% patients with complete response 

after 9 months follow up (234). In October 2017, another second-generation 

autologous CAR T-cell therapy targeting CD19 with the endodomains CD3ζ and 

CD28, Axicabtagene ciloleucel aka as KTE-C19 or Yescarta, was approved by the 

FDA for DLBCL after a trial with 101 patients showing 58% complete response after 

15 months follow up (186). In July 2020, the FDA granted approval for 

Brexucabtagene autoleucel, aka Tecartus, for the treatment of mantle cell 

lymphoma (MCL) in adults. Brexucabtagene autoleucel differs from Axicabtagene 

ciloleucel in the manufacturing process. Brexucabtagene autoleucel has an 

additional step to remove circulating tumour cells from immune cells (blood cell 

enrichment). This step is necessary for certain types of B-cell cancers. In February 

2021, the FDA granted approval for Lisocabtagene maraleucel, aka Breyanzi. 
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Lisocabtagene maraleucel, which include a non-functional truncated epidermal 

growth factor receptor (EGFRt) co-expressed with the second-generation CAR. The 

objective is to reduce the number, or eliminate, the CAR T-cells using an antibody 

anti-EGFR after treatment. To date, all the approved CAR T-cell therapies target 

the TAA CD19. 

1.2.3.3 Third-generation CAR T-cells 

The third-generation CARs include the addition of an extra co-stimulatory domain 

to the second-generation CAR to contributing to signalling with additional 

stimulation and enhance T-cell activation through the CAR (figure 1.7). They have 

been shown to increase cytokine production and tumour growth inhibition in mice 

(173,200,235–237). In the design of a third-generation CAR, the distance of each 

endogenous domain to the plasma membrane and their configuration has an 

impact on T-cell activation. For example, a third-generation CAR with an 

intracellular domain consisting of CD28/OX40/CD3ζ has been shown to enhance 

the production of IL2 and IL10 (200), whereas the CAR CD28-CD3ζ-OX40 showed 

the opposite effect (238). This has also been shown with ICOS/4-1BB/CD3ζ 

compared with 4-1BB/ICOS/CD3ζ, where the fist configuration enhances the 

production of IL7 and IL10, while the second instead enhances the production of 

IL6 and IL13 (239). It is not clear why this happens, but the position in the CAR 

could have an impact on the ability of the intracellular domain to recruit the 

necessary protein to transmits the signalling correctly. DAP10 and TLR2 have also 

been used as co-stimulatory domain in third-generations CARs together with CD3ζ 

and CD28 endodomains,  proving enhancement of the antitumor efficacy when 

compared with the second generation CARs (203,204).  

1.2.4 Manufacture of clinical-grade CAR T-cell therapies 

To safely treat patients with CAR T-cell therapies, they need to be manufactured 

under good manufacturing practices (GMP). GMP describes the standard required 

to satisfy the guidelines recommended by the regulatory agencies such the FDA in 

the United States, the European Medicines Agency (EMA) or Medicines and 

Healthcare products Regulatory Agency (MHRA) in United Kingdom. These agencies 

oversee the authorisation and licensing of manufacturing and distribution of 

pharmaceutical products. During the procedure, we can identify the following 
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steps: the collection of starting material, T-cell selection and activation, genetic 

modification, CAR T-cell expansion, formulation and cryopreservation (240–242) 

(figure 1.8). 

 

Figure 1.8 Manufacturing of clinical-grade autologous CAR T-cell therapies. The manufacturing 

of an autologous CAR T-cell therapy starts with the collection of blood from the patient and the 
isolation of the PBMC. These two steps are clusters in the process named leukapheresis and 
performed with an apheresis system. The cells are cryopreserved and shipped to the manufacturing 
facility, where the cells are selected, activated for initial expansion, and infected with a retrovirus that 
delivers the genetic material coding for the CAR to the cell. The infected T-cells (CAR T-cells) and 
the residual amount of non-infected T-cells are then expanded on a larger scale. Finally, the cells 
are washed and subjected to the establish quality checks before being cryopreserved and shipped 
back to the treatment centre to be infused into the patient bloodstream. 

 

1.2.4.1 Collection of starting material 

The currently approved CAR T-cell therapies use autologous material (i.e., cells 

derived from the patient) to avoid immune rejection of the modified cells. In 

adoptive therapy, the blood is collected from the patient and the peripheral blood 

mononuclear cells (PBMC) are isolated by apheresis. In some cases, the patient 

could have a low count of white blood cells due to the disease or previous 

treatments, negatively affecting the collection of a good quality starting material 

and the T-cell expansion (243–245). Early collection and cryopreservation could 
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ensure a good quality starting material, and the cells could be cryopreserved for 

2.5 years before CAR T-cell therapy manufacturing. 

Allogenic material (from donors) is also being used in clinical trials, and several 

technologies strive to improve the safety and efficacy of this approach. Allogenic 

therapies are often called “off-the-shelf”, and the main objective is to reduce the 

time consuming and costly process of developing individual treatments (246,247). 

1.2.4.2 T-cell selection, activation and initial expansion 

T-cells are enriched from the PBMC usually by depletion of other populations. 

Commonly, the entire population of T-cells (CD3+ T-cells) is used for CAR T-cell 

therapies. Nevertheless, the possibility of using specific subsets of T-cells could 

improve the therapeutic effect and reduce toxicity (248,249). 

To achieve ex vivo expansion of T-cells an activation signal through the TCR 

complex and a co-stimulation signal, usually through CD28 or by stimulation with 

IL-2, are required. This activation signal is typically given using clinical-grade 

beads coated with anti-CD3 and anti-CD28 (Tisagenlecleucel) (184), but anti-CD3 

and IL2 stimulation is also used (Axicabtagene ciloleucel) (186).  

EBV antigens can also be used to activate and expand viral-specific T-cells using 

EBV-transformed lymphoblastoid B-cell lines as APCs for T-cell stimulation. These 

cells are then modified with a CAR targeting the TAA of interest. This is an 

attractive approach for allogeneic CAR T-cell therapy, as TCRs restricted to EBV 

antigens have been shown to have a low incidence of GVHD (250,251). 

Furthermore, CAR-dependent activation and expansion of T-cells has been 

achieved using non-viable artificial APCs (aAPCs) presenting the TAA targeted by 

the CAR. This method of activation and initial expansion of T-cells is performed 

after the genetic modification with the CAR. aAPCs are genetically modified K562 

cells (a human erythroleukemia cell line), designed to express co-stimulatory 

molecules such as CD86 or 4-1BBL and the TAA. The cells are lethally irradiated 

(hence non-viable) and used in co-culture with the CAR-modified T-cells. K562 

cells lack expression of HLA-A and HLA-B, so T-cells are exclusively expanded 

through CAR stimulation (252). 
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1.2.4.3 CAR genetic modification of T-cells 

Currently, the system for T-cell modification with CARs is using retroviral vectors 

to introduce the expression construct, although transposon/transposase systems 

have been also used. The use of elements randomly integrated into the cell 

genome like retrovirus or transposons leads to insertional mutagenesis and 

polyclonal preparations. The insertional mutagenesis can have an effect on CAR 

T-cell proliferation and persistence (253,254). 

CAR T-cells have been mainly generated using two retroviral systems, γ-retroviral 

and lentiviral vectors. γ-retroviral vectors are highly efficient at infecting dividing 

cells while lentiviral vectors are also able to infect non-dividing cells. Both have 

the advantage of high and stable gene expression and have shown long-term safety 

when used in hematopoietic stem cells (HSC) and T-cell therapy.  Both can pack 

∼3kb of insert (larger size leads to less efficient packaging). However, titer and 

transduction efficiency are typically lower in γ-retroviral vectors than lentiviral 

vectors. Retroviral vectors can also induce a moderate inflammatory reaction of 

target cells, even though the inflammatory potential is low (255–258).  

Transposon/transposase systems require cell electroporation. Two main systems 

are being used for mammalian cells, Sleeping beauty and PiggyBac. These systems 

have the advantage of simple manufacture and reduced cost and immunogenicity 

compared to retroviral vectors. However, the integration of the genetic material 

is random, and there is a potential associated risk of oncogenesis. Furthermore, 

the unlikely but existing possibility of the integration of the transposase-encoding 

plasmid could result in the remobilisation of the inserted transposon. Even so, an 

Sleeping beauty transposon/transposase system with intermediate activity 

(transposase SB11) has shown long term safety and efficacy in CAR T-cell therapy 

(256,259,260).  

Furthermore, the expression of the CAR constructs has been archived by mRNA 

electroporation, in this case the CAR T-cell are not genetically modified. mRNA 

electroporation leads to transient expression of the CAR for about one week. 

Hence the cell infusions must be repeated several times. This system has no 

associated immunogenicity and there is no genetic integration involved, therefore 

negligible risk of genotoxicity (261). 
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1.2.4.4 CAR T-cell final expansion 

During the final CAR T-cell expansion, the number of cells is progressively 

increased. Therefore, the volume of the culture medium must increase 

accordingly. The characteristics of the final product are influenced by the CAR T-

cell construct, the gene-editing system and the culture conditions during ex vivo 

T-cell expansion. Media supplementation with cytokines is an important factor 

influencing the cell phenotype in the final product. The optimal cytokine 

composition for CAR T-cell expansion is yet to be determined. Currently, IL2, IL7, 

IL15 are the main cytokines used. A combination of IL7 and IL15 show enhanced 

proliferation and a positive less differentiated phenotype compared to IL2 (262–

265). 

Different CD4+ and CD8+ populations, according to the level of T-cell 

differentiation, are evident after CAR T-cell expansion and before patient 

infusion: naïve CAR T-cells, stem-like memory CAR T-cells, central memory CAR 

T-cells, effector memory CAR T-cells, effector CAR T-cells and exhausted CAR T-

cells (264,266) (table 1.5). The frequency of CD8+ CD45RA+ CCR7+ T-cells (naïve 

and stem-like memory) correlates with CAR–T-cell expansion and a favourable 

outcome in patients with lymphoma (263). Exhausted CAR T-cells are 

characterised by a decrease in effector functions and an increase in the expression 

of inhibitory receptors, such as PD-1, LAG-3, CTLA4 and TIM3 (267). Their presence 

in the final formulation has a negative impact on the outcome of CAR T-cell 

therapies. 

Table 1.5 CD4+ and CD8+ populations after CAR T-cell expansion. 

Population* CD45RA CCR7 CD95 CD62L IL2Rβ LAG3 PD1 

Naïve + + - + - - - 

Stem-like memory + + + + + - - 

Central memory - + + + + - - 

Effector memory - - + - + - - 

Effector + - + - + - - 

Exhausted + - + - + + + 
* Ordered from less differentiated (naïve) to more differentiated (exhausted). 

 

1.2.4.5 Formulation and cryopreservation 

After the final expansion, the cells must be washed, concentrated and suspended 

in an appropriate medium for intravenous infusion into the patient. The washing 
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is performed with 0.9% sodium chloride in water (isotonic saline). Then, the cells 

are suspended for cryopreservation in 0.9% isotonic saline supplemented with 

human serum albumin (HAS) and a cryopreservation agent, for example, CS10. 

CS10 is a DMSO based solution used for clinical-grade cell cryopreservation. 

PlasmaLyte A can also be used instead of 0.9% isotonic saline. The components of 

the cryopreservation media are optimised to maximise the cell viability. The 

infusion into patients of the required amount of DMSO for cryopreservation is safe 

(268,269). 

1.2.4.6 Release tests 

Different tests are necessary before releasing CAR T-cells for infusion (270). These 

tests differ with the manufacturing strategy, but all are aimed to ensure safety, 

purity and potency (241). For assessing the safety, the absence of bacteria, 

mycoplasma and endotoxin must be confirmed. With retroviral modified CAR T-

cells, the number of copies inserted of the transgene and the presence of 

replication-competent viruses must also be assessed. For purity assessment, the 

percentage of CD3+ cells, the percentage of CAR+ T-cells and the residual tumour 

cells (in the case of autologous therapy) must be determined. The residual 

activation beads or residual aAPCs also need to be assessed. The potency must be 

defined in vitro by cytotoxicity assay or IFN-γ release assay (259,261,271). 

1.2.4.7 Infusion into the patient 

The number of CAR T-cells infused into the patient variates depending on the 

therapy. For example, a single dose of Tisagenlecleucel contains 0.6 to 6 x 108 

CAR-positive viable T-cells, while the maximum single dose for Axicabtagen 

ciloleucel is 2 x 108 CAR-positive viable T-cells. In the case of Tisagenlecleucel, 

the single dose could be suspended in one to three infusion bags with volumes 

ranging from 10 ml to 50 ml. For Axicabtagen ciloleucel, just a single infusion bag 

is necessary with approximately 68 ml. 

Previous lymphodepletion chemotherapy is given to patients in most CAR T-cell 

therapy protocols to create a favourable immune environment for adopting the 

infused CAR T-cells. Lymphodepletion leads to lymphocytopenia (low or null 

lymphocyte count in the bloodstream) that affects T-cells, B-cells and NK cells. 

Previous lymphodepletion treatment to the therapy could have multiple positive 
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effects. Lymphodepletion could lead to modification of the TME by reducing the 

number of T-reg cells and other tumour-promoting phenotypes. Also, it could alter 

the tumour phenotype by changes in the expression of costimulatory receptors or 

a decrease in the production of some metabolites. In addition, it decreases the 

therapy's immunogenicity and could remove endogenous cells that act as sinks for 

cytokines such IL2, IL7 or IL15. The negative aspect effects of lymphodepletion 

include the higher risk of infections and the toxicity associated with the 

lymphodepletion chemotherapy. Some of the chemotherapy agents used for 

lymphodepletion are cyclophosphamide and fludarabine (272). 

1.2.5 CAR T-cell therapy-related side effects and toxicity 

1.2.5.1 Cytokine release and macrophage activation syndromes 

The most prevalent toxicity reported following the infusion of CAR T-cells resulted 

from a cytokine release syndrome (CRS). CRS symptoms result from the large and 

rapid release of cytokines into the blood associated with T-cell engagement and 

proliferation, such as IFNγ. CRS symptoms include nausea, headache, tachycardia, 

hypotension, rash and shortness of breath and can be fatal (273).  

In addition to CRS, some patients receiving CAR T-cell therapy have also shown 

symptoms related to hemophagocytic lymphohistiocytosis (HLH), such as 

hepatosplenomegaly, liver dysfunction, coagulopathy, profound hyperferritinemia 

and hypofibrinogenemia. Whereas high level of IFN-γ are expected in CRS, the 

elevation of IL6, IL10 and GM-CSF in these patients are better explained by 

macrophage activation syndrome (MAS), a subset of HLH (274). IL6 is produced by 

macrophages, monocytes and DCs and can act via two signalling pathways, cis or 

trans-signalling. In the classic signalling, or cis-signalling pathway, IL6 binds to 

membrane-bound IL6R in complex with the gp130 dimer activating JAKs and STAT3 

pathways. gp130 is ubiquitously expressed, whereas membrane-bound IL6R 

expression is restricted to immune cells. Cis-signalling results in B-cell activation, 

T-helper 17 (Th17) and T-follicular helper (Tfh) cell differentiation and CD8+ T-

cell proliferation. In the trans-signalling pathway, IL6 binds to soluble IL6R, 

forming a complex with a gp130 dimer potentially on the surface of all the cells. 

Trans-signalling has an impact at two different levels. In blood vessels, it leads to 

an increase of vascular permeability, monocyte and neutrophil recruitment and 
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vascular leaks. In the liver, an increase of ferritin, fibrinogen, hepcidin, serum 

amyloid A, C-reactive protein, thrombopoietin, complement C3 and decrease of 

albumin. IL6R blockade via mAb therapy has proven highly effective in treating 

MAS. In addition to cis and trans-signalling, IL6 also has a third model of signalling 

named trans-presentation. During trans-presentation, DCs produce IL6 and it binds 

to membrane-bound IL6R within the cell, therefore DCs present the complex IL6-

IL6R on the surface to gp130-expressing T-cells, this presentation is required for 

priming of pathogenic Th17 cells. Anti-IL6 is unable to block this interaction, while 

anti-IL6R can block cis-signalling, trans-signalling and trans-presentation. 

Therefore, targeting the receptor instead of the ligand leads to more effective 

blockade of the pleiotropic activity of IL6 (275–278). 

A direct relationship between the severity of CRS and MAS and the disease burden 

at the time of the CAR T-cell infusion was reported (232,279). Most patients who 

responded to the therapy exhibited at least mild CRS (high fever). Corticosteroids 

have also shown to rapidly reverse severe CRS without compromising the 

antitumor response (229,231,279–282). CRS and MAS have also been reported after 

administration of other immunotherapies such as infusion of therapeutic mAbs 

anti-CD3, anti-CD20, anti-CD28 or Blinatumomab (a bi-specific T-cell engager 

targeting CD19) and systemic infusion of IL2 (283–288). 

1.2.5.2 Neurological toxicity 

Neurological toxicity is the second significant side effect of CAR T-cell treatment 

and it is characterised by tremor, dysgraphia, mild difficulty with expressive 

speech, impaired attention, apraxia and mild lethargy (229,231,273,282). The 

causes are unclear, but it has been hypothesised that it could also be due to 

elevated cytokine levels. In some cases, it may have a different pathophysiology 

than CRS and requires different management. Similar symptoms were also 

reported with the treatment with Blinatumomab (289). Neurological toxicities 

during anti-CD19 CAR T-cell therapies could be enhanced by on-target off-tumour 

CAR T-cell activation. Parker et al. 2020 have shown expression of CD19 in human 

brain mural cells, a cell population critical for blood-brain-barrier integrity (290). 
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1.2.5.3 Anaphylaxis 

Anaphylaxis is a severe and potentially life-threatening systemic reaction to a 

substance that has become an allergen (a substance that can cause allergic 

reactions). Tissues around the body release histamine and other molecules leading 

to breathing difficulties, fast heartbeat, confusion and anxiety and ultimately 

collapsing or losing consciousness, most likely through IgE antibodies specific to 

the CAR. Some of the CAR T-cell therapies in clinical trials use binding domains 

derived from murine antibodies, which could lead to humoral and cellular 

rejection of the CAR T-cells (291). IgEs anti-murine CAR crosslink the high-affinity 

receptor FcεRI expressed on the surface of mast cells and basophils leading to 

release of histamine, tryptase, carboxypeptidase A and proteoglycans. 

Humanisation of the murine binding domain is needed to avoid an anaphylactic 

reaction and improve persistence and efficacy (292). Another option is to use 

binding domains obtained from libraries of human antibodies created from human 

B-cells. 

1.2.5.4 Insertional oncogenesis 

During a gene therapy trial using HSC, γ-retroviral vector integration in the 

proximity of the LMO2 proto-oncogene promoter lead to aberrant transcription 

and expression of LMO2, ultimately giving rise to T-cell transformation (293). No 

cases of transformation have been reported after infusion of CAR T-cells yet. The 

gene LMO2 is silent in T-cells, making this locus an unlikely place for retroviral 

integration. However, there remains a risk of insertional mutagenesis and 

consequently transformation using such vectors. It is crucial to follow the patients 

involved in CAR T-cell therapies with this possibility in mind. Ultimately, it would 

be preferable if vectors could be designed to target and integrate to known safe 

sites such as the TCR itself. 

1.2.5.5 Graft versus host disease and rejection 

Trials with autologous patient-derived CAR T-cells have proven efficacious and to 

have clinical benefits. Nevertheless, establishing an “off-the-shelf” cell bank is an 

attractive solution to reduce the time of production, the cost of the treatment, 

avoid contamination with tumour cells and problems with patient T-cell 

dysfunction (246). There are two main issues in the use of allogenic CAR T-cells: 



  Chapter 1 

69 
 

GVHD, where the donor cells attack the recipient tissues by recognition of 

recipient MHCs with their TCRs; and rejection, when the patient T-cells attack the 

CAR T-cells by recognition of the latter MHCs. Some approaches have been used 

to avoid GVHD and rejection. For example, the use of virus-specific allogeneic 

CAR T-cells or gene-edited allogeneic CAR T-cells with the knockout of their TCRs 

and MHC (247). 

1.2.5.6 On-target off-tumour and off-target off-tumour antigen recognition 

A signal of activation can be triggered through a CAR by three possible routes. 

During the on-target response, the CAR is activated by the antigen expressed on 

the tumour cell. This is the ideal situation for an effective antitumor activity 

without side effects. Alternatively, the off-target off-tumour response is a 

consequence of poor characterisation of the binding domain whereby a different 

antigen on a normal cell activates the CAR due to lack of specificity. With the on-

target off-tumour response, the CAR is activated by the correct antigen, but this 

is also expressed in a normal cell which stimulates the CAR T-cell response. On-

target off-tumour response is a common situation for CARs targeting human TAAs. 

One of the first examples of on-target off-tumour toxicity in a CAR T-cell trial was 

reported using CAR T-cells against carbonic anhydrase IX (CAIX), overexpressed in 

renal cancer cells, to treat patients with renal cell carcinoma. After several CAR 

T-cell infusions liver toxicity developed, and a liver biopsy revealed the presence 

of CAIX expression on the bile duct epithelium(294). In another study, CAR T-cells 

targeting carcinoembryonic antigen (CEA) were used to treat patients with 

metastatic colorectal cancer, inducing severe transient inflammatory colitis due 

to the expression of CEA in intestinal crypt epithelial cells (295). 

Immunohistochemical staining for CEA in these biopsies demonstrated near-

complete loss of CEA in the denuded colon specimens, but this protein was re-

expressed in the regenerating tissue. Regarding the first approved CAR T-cell 

therapies targeting CD19 expressed on malignant B-cells, the treatment resulted 

in B-cell aplasia due to the recognition of CD19 also in normal B-cells (296).  

CAR T-cell therapy also has shown toxicity in a preclinical study targeting B7H4 

with second-generation CAR T-cells. Smith et al. 2016 saw tumour regression 

following infusion of anti-B7H4 CAR T-cell therapy in a preclinical mouse model, 
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but also lethal toxicity 6–8 weeks after therapy. Assessment of murine B7H4 

expression distribution in different tissues showed expression in ductal and 

mucosal epithelial cells in normal tissues; the expression of B7H4 in human tissues 

is similar to mice. On-target off-tumour toxicity antigen recognition was 

established as the cause of toxicity. Smith et al. chose for their in vivo studies the 

murine scFv 3#68. Clone 3#68 showed high reactivity against moderate B7H4 

expression in vitro, indicating high affinity of binding between 3#68 and B7H4 

(297).  

Chmielewski et al. 2004 showed that high affinity scFvs exhibit less discrimination 

than low affinity scFvs, between target cells with high or low antigen expression 

levels (298). Moreover, if the affinity of the CARs is compared with the affinity of 

TCRs, for TCRs there is a threshold of affinity where higher affinities does not 

translate to enhancement of the T-cell functionality (299). TCR affinity also 

correlates with the speed of the T-cell response, enhancing TCR affinity can 

accelerate the T-cell activation (300). Tuning the affinity of an scFv used in CAR 

T-cells seems to be critical for the efficacy and safety of the therapy.  

Furthermore, Ghorashian et al. 2019 showed that low-affinity second-generation 

anti-CD19 CAR T-cells increased proliferation and cytotoxicity in vitro compared 

to CAR T-cells using the scFv previously used for Tisagenlecleucel and 

Axicabtagene ciloleucel. The clinical data showed that 12/14 patients with 

relapsed/refractory paediatric ALL achieved a complete response; the data were 

compared with the previously reported clinical study with second-generation anti-

CD19 CAR T-cells. Enhanced CAR T-cell expansion compared with Tisagenlecleucel 

and good persistence was observed. No severe CRS was reported, although it needs 

to be interpreted with caution since 10/14 patients had a low disease burden 

(301).  

In conclusion, adjusting the affinity of the binding domain for the target antigen 

could be an approach to discriminate malignant cells (overexpressing the antigen) 

from healthy cells (expressing physiological levels of antigen) (302–307). If T-cell 

activation is affected by the reduction of the binding affinity, a third-generation 

design to increase co-stimulation may be more suitable for these affinity tuned 

CARs, and an extra co-stimulatory domain can significantly improve their anti-
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tumour cytotoxic function (308). Thus, onset toxicity may be avoided during anti-

B7H4 CAR T-cell therapy by affinity tuning of the scFv. 

1.2.6 Current limitations in CAR T-cell therapy  

Second-generation anti-CD19 CAR T-cell are currently showing high efficacy in the 

treatment of relapsed B-cell malignancies (184,186,234). Therefore, CAR T-cell 

therapies are a promising approach to tackle haematological malignancies. 

However, there are some current limitations regarding the manufacture and 

distribution, the application in different type of cancers and the safety of the 

therapy. 

1.2.6.1 Limitations regarding manufacture 

The manufacture of autologous CAR T-cell therapies requires the collection by 

apheresis of PBMC from patients and its shipment to the manufacturing facility. 

There, a complicated procedure is necessary to obtain the final therapy, which 

finally needs to be cryopreserved and shipped to the hospital for subsequent 

infusion (240–242). The whole procedure requires between 17 and 22 days 

(Axicabtagen ciloleucel and Tisagenlecleucel, respectively). The current price of 

the therapy is also a handicap. In the USA, treatment with Tisagenlecleucel costs 

up to USD 475,000 and Axicabtagen ciloleucel USD 373,000 per patient. In Europe, 

the price is lower due to negotiations with the national health services but is 

nevertheless high (309,310). 

Currently, patients treated with CAR T-cells therapies have been previously 

heavily pre-treated, and there is the possibility of not having enough time to wait 

for the manufacture of the therapy. Furthermore, the disease stage of the patient 

could also impact the quality of the starting material and lead to failures in 

meeting the transduction, cell number and phenotype criteria during manufacture 

(311,312). 

Closed systems for cell therapy manufacturing are being developed to reduce the 

need for experienced researchers, expensive GMP facilities, time of production, 

delivery and costs. One example is the platform CliniMACS Prodigy (Miltenyi 

biotec), which has been used successfully for CAR T-cell therapy production and 

can be installed in the same hospital where the patient will receive the therapy, 
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or a laboratory nearby, allowing academic institutions to perform clinical trials 

with CAR T-cells (313–317). 

Allogenic “off-the-shelf” CAR T-cell therapies could also be a game-changer to 

increase the flexibility of CAR T-cell therapies by reducing time, risk during 

production, availability and prices. Several technologies have been developed to 

improve the safety of allogeneic infusion of CAR T-cells with the objective to avoid 

GVHD and rejection (246,247,318). 

1.2.6.2 Limitations regarding safety and scope of the therapy  

One of the limitations of CAR T-cell therapies is the identification of suitable TAAs 

to be targeted by the therapy. The majority of the TAA proposed for CAR T-cell 

therapies are human proteins also expressed in healthy tissue. Therefore, there is 

a high probability of on-target off tumour recognition leading to toxicity.  

A suitable TAA for CAR T-cell therapy would ideally be widely and stably expressed 

in the cancer cells to guarantee the efficacy of the therapy. It should also have a 

profile of clinically manageable and no lethal on-target off-tumour toxicities to 

ensure the safety of the therapy (319). These TAAs have restricted expression to 

a cell linage and this expression is conserved in malignancies. They do not seem 

to give a survival advantage to the tumour and offer a stable expression and safety 

profile. Some examples are the TAAs present in haematological malignancies such 

as CD19, CD20, CD22 and BCMA. The TAA CD19 is the chosen targeted for 

Tisagenlecleucel and Axicabtagen ciloleucel (indicated to treat B-cell 

malignancies) and widely and stable expressed during B-cell development. On-

target off-tumour recognition of healthy cells expressing CD19 leads to long term 

B-cell aplasia that can be managed effectively by clinicians. Other CAR T-cell 

therapies targeting different TAA are being tested for haematological 

malignancies in clinical trials (table 1.6).  

Table 1.6 Most common TAAs currently targeted in CAR T-cell clinical trials. 

Malignancies TAAs 

Haematological malignancies CD19, BCMA, CD20, CD22, CD30, CD33, CD123 
and CD138. 

Solid tumours MSLN, GD2, GPC3, MUC1, CD38, EGFRvIII and 
CEA. 
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Expanding the use of CAR T-cells therapies to solid tumours is also one of the 

challenges for CAR T-cell therapies. The main issues to tackle are the effective 

infiltration, expansion and persistence of the CAR T-cells into a fibrotic tumour 

stroma with an immunosuppressive TME (320–322). Suitable TAAs need to be 

identified for the treatment of solid tumours with CAR T-cells. These TAAs are not 

usually expressed in the cell lineage but expressed during malignancies. The 

expression of these TAAs confer a survival advantage to the malignant cells by 

immunomodulation of the TME or increment of the growth rate. Some examples 

are PDL1, PDL2, B7H4, B7H3, Her2/neu or EGFRvIII. In these cases, a wide and 

stable expression of the TAA in all the malignant cells in the solid tumour is not 

always observed. However, CAR T-cells also trigger a complementary anti-tumour 

endogenous response within the TME (323). Several TAAs are being explored for 

solid tumours in clinical trials (table 1.6). 

CAR T-cell therapies have proven to be more successful in haematological 

malignancies. Nevertheless, new approaches have been developed to increase the 

efficacy and safety in solid and haematological malignancies and to expand the 

scope to the second group of TAAs. 

1.2.7 New generation of CAR T-cells to improve efficacy and 
flexibility 

Different CAR T-cell technologies have been developed to boost the efficacy and 

flexibility of conventional CAR T-cell therapies (figure 1.9). The aims are 

developing approaches for an effective and wide use of CAR T-cells in 

haematological and solid malignancies and improve the safety and efficacy of 

allogeneic infusion. 
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Figure 1.9 New generation of CAR T-cells to improve efficacy and flexibility. A) The fourth-

generation of CAR T-cells use the signalling delivered by the CAR to activate the expression of 
factors to enhance expansion, persistence, anti‑tumoral activity or migration into the TME. CAR T-
cell directly expressing those factors are also considered fourth-generation CAR T-cells. B) The 
genome-edited CAR T-cells introduce additional genetic modifications to promote the knock-out of 
endogenous TCRs or HLAs to increase the safety of allogenic therapies or co-inhibitory receptors or 
transcription factors to improve efficacy. C) The CAR activation of modular CAR T-cells depends on 
a soluble drug (CAR-adaptor) that binds specifically to the modular CAR (modCAR), the drug 
contains the binding domain to the target antigen. D) Tandem CAR T-cells simultaneously target two 
or more TAAs by a CAR composed of two or more scFvs in tandem. For descriptions of the different 
elements in this figure, refer to figure 1.5. 
 

1.2.7.1 Fourth-generation CAR T-cells 

The fourth-generation CAR T-cells have the aim of reprogramming the TME to 

escape immunosuppression (figure 1.9.A). They are also known as armoured CARs 

or CAR T-cells redirected for universal cytokine killing (TRUCKs) and have been 

developed to include factors to enhance expansion, persistence, anti‐tumoral 

activity or migration into the TME. CAR-TRUCK cells use NFAT activation upon CAR 

antigen recognition, to induce cytokine expression (genes encoded by a cassette). 

In another strategy, the cytokines are expressed with the CAR, separated by 2A 

“self-cleaving” peptides (18–22 amino acids long viral peptides that mediate 

cleavage of polypeptides in eukaryotic cells) (324). The cytokines IL7, IL12, IL15, 

IL18, IL21 and/or IL36γ have been expressed in CAR T-cells using these approaches 

(325–333). Co-expression of IL15 and IL21 in CAR T-cells targeting the TAA 

Glypican-3 have shown superior ex-vivo expansion and antitumor activity in 

xenograft model of hepatocellular carcinoma compared to CAR T-cell expressing 

IL15 or IL21 (334).  

A B 

C D 
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Furthermore, the expression of a constitutively activated IL7R increased 

persistence and antitumor activity in preclinical models (335). Moreover, a CAR 

has been designed with a truncated cytoplasmic domain of IL-2Rβ to recruit STAT5 

(induced by IL-2, IL7 and IL-15) and a STAT3-binding YXXQ motif (induced by IL21) 

able to deliver antigen-dependent JAK-STAT3/5 pathway activation, 

demonstrating superior antitumor effects with minimal toxicity in xenograft 

mouse models compared to conventional second-generation CAR (336).  

Chemokines or their receptors have also been used in CAR T-cells to enhance their 

migration into the TME. The receptors CCR4, CCR2b, CXCR2 and CXCR1 have been 

co-expressed in CAR T-cells to make them respond to tumour-related chemokines 

(337–341). CAR T-cells have been engineered to express the chemokines CCL19, 

CCL5 and CXCL9, but their ability to interact with endogenous chemokine receptor 

needs to be taken in consideration (330,342).  

CAR T-cells have also been modified to co-express co-stimulatory ligands such as 

4-1BBL and CD40L to introduce extra CAR-independent co-stimulation (343,344). 

When 4-1BBL (naturally expressed on APCs) is co-expressed on CAR T-cell, it can 

stimulate 4-1BB on its surface and the surface of others CAR T-cells giving extra 

stimulation to a second-generation CAR with the endodomains CD3ζ and CD28. 

These CAR T-cells had increased tumour cytotoxicity and persistence and induced 

less PD-1 expression compared with the second-generation CAR(343). The co-

expression of CD40L (expressed on activated T-cells) on CAR T-cells increased 

proliferation and secretion of proinflammatory Th1 cytokines and augmented the 

immunogenicity of patient-derived CD40+ leukaemia cells(344). Moreover, 

dominant-negative receptors of PD1, TGF-β receptor II and CD95 (FasR) have also 

been expressed on CAR T-cells. These dominant-negative variants lack the 

intracellular signalling domain and compete for the interaction with the ligand 

with the endogenous receptors to combat the immunosuppressive environment 

(345–347).  

The use of chimeric IL4 receptors has also been explored in CAR T-cells. IL4 may 

be present in the TME to redirect the immune response to a Th2-type inflammation 

instead of the anti-tumour Th1. A chimeric IL4R, with the extracellular domain of 

IL4R and the intracellular domains of IL7R or IL21R, have been designed to take 

advantage of IL4 presence to deliver favourable signalling to the CAR T-cells 
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(348,349). This approach has also been explored with the extracellular domain of 

the co-inhibitory molecule PD1 and the intracellular domain of co-stimulatory 

CD28 (350). 

1.2.7.2 Genome-edited CAR T-cells  

New designs of CAR T-cells have introduced additional genetic modifications to 

promote the knock-out of endogenous TCRs, HLAs, co-inhibitory receptors or 

transcription factors related to cytotoxicity dysfunction (figure 1.9.B). Several 

clinical trials are being conducted with genome-edited CAR T-cells (351). 

Knocking-out endogenous TCR and HLA is an approach to improve the performance 

of allogeneic CAR T-cell therapies. The knock-out of TCR and HLA class I have been 

achieved using a zinc finger nuclease (ZFN) (352,353). Also, Poirot et al. 2015 

knocked-out the TCR, by disrupting the TCRα constant gene (TRAC), and CD52 

using transcription activator-like effector nucleases (TALEN) and tested these CAR 

T-cells in a GVHD preclinical model. CD52 is expressed on mature lymphocytes and 

its function is not yet well understood (354). It is a common target used for 

lymphocyte depletion. CD52 was knocked-out by Poirot et al. 2015 in their 

allogenic CAR T-cells to be able to support their engraftment by depleting the T-

cells before infusion. Treatment with alemtuzumab (an anti-CD52 therapeutic 

antibody) achieves T-cells depletion without affecting the gene-edited CAR T-cells 

(355). 

The CRISPR (Clustered regularly interspaced short palindromic repeats)/Cas9 

system has also been used to knock-out PD1, the TCR (gene TRAC), the HLA class 

I genes (gene B2M), LAG3, CTLA4, GM-CSF and TGF-β receptor II (356–364). 

Another approach using CRISPR/Cas9 is the development of CAR T-cells against 

TAAs expressed on T-cells, for example CD7. In this case, CD7 was knocked-out on 

the CAR T-cells to avoid CAR induced self-activation and anti-CAR T-cell 

cytotoxicity (mediated by the same CAR T-cells) (365). CRISPR/Cas9 can also be 

used to inactivate genes involved in the regulation of T-cell effector function or 

T-cell differentiation, such as DGKA and PTPN2 (366,367).  
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Current targets for gene edited CAR T-cell are summarised in table 1.7. Other 

possible interesting genes to targets are TET2 and the genes encoding the 

transcription factors NR4A and TOX (253,368,369). 

Table 1.7 Genes edited in CAR T-cells. 

Gene Protein Objective Reference 

CD52 Campath-1 antigen 
(CD52) 

Lymphocyte depletion with 
Anti-CD52 before allogenic 
CAR T-cell infusion 

355 

TRAC TCR α-chain constant 
region 

Disruption of endogenous TCR 
expression for allogenic CAR 
T-cell therapy 

355, 358, 
359, 360 

PDCD1 PD1(CD279) Disruption of the inhibitory 
interactions with PDL1 and 
PDL2 

356,357, 
359,360 

B2M β2 microglobulin Disruption of MHC class I 
molecules expression for 
allogenic CAR T-cell therapy 

359, 360 

LAG3 LAG3 (CD223) Disruption of the inhibitory 
interactions with MHC class II 

361 

CTLA4 CTLA4 (CD152) Disruption of the inhibitory 
interactions with CD80 and 
CD86 

362 

CSF2 GM-CSF Control the development of 
inflammation and toxicities 

363 

TGFBR2 TGF-β receptor II Disruption of TGF-β inhibitory 
stimulation 

364 

CD7 CD7 Development of Anti-CD7 CAR 
T-cells 

365 

DGKA Diacylglycerol kinase α Disruption of the negative 
regulation of CAR T-cell 
activation through the 
metabolism of diacylglycerol 

366 

PTPN2 Protein tyrosine 
phosphatase non-
receptor type 2 

Disruption of the negative 
regulation of CAR T-cell 
activation through by 
dephosphorylation of Lck 

367 

 
 
1.2.7.3 Modular CAR T-cells 

The modular CAR T-cell technology, also known as universal CAR T-cell 

technology, aims to develop flexible CAR T-cell systems able to target different 

TAAs by separating the antigen-binding domain and the receptor into two different 

entities: the modular CAR (modCAR, to deliver the signal to the cell) and the CAR-

adaptor (to recognise the TAA and interact with the modCAR) (figure 1.9.C). 

Therefore, “off-the-shelf” modCAR T-cells could be developed and used in 
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combination with a drug (the CAR-adapter) to target different TAAs. Several 

methodologies have been reported in this area. In most of them, the CAR-adaptor 

is based on antibodies or antibody fragments fused with domains or tags able to 

bind with high affinity to the extracellular domain of the modCAR and trigger the 

intracellular signal in the CAR T-cell (370). This tag in the CAR-adaptor can consist 

of a peptide, an antibody fragment or a coupled molecule. In the modCAR, the 

adaptor binding domain could also be an antibody fragment able to recognise the 

tag at the CAR-adaptor. However, other entities have also been used, for example, 

FcγRIIIa (CD16) (371). This technology can be used with antibodies already 

approved for clinical use. One limitation of this approach is the interaction with 

circulating antibodies, able to bind to the CD16 modCAR. To efficiently compete 

with circulating antibodies, glycoengineered antibodies with increased affinity to 

CD16 could be used as a CAR-adaptor.  

Biotin-binding immunoreceptors (BBIR) have also used as tags in modCARs. BBIR 

have an avidin or streptavidin-based binding domain able to bind to biotinylated 

antibodies used as a CAR-adaptor (372,373). Furthermore, modCAR tags based on 

the leucine zipper AZip (zipCAR) have been designed to recognised CAR-adaptors 

labelled with the leucine zipper BZip (zipFv). This system has been named SUPRA 

(Split, universal and programmable) CAR T-cells (374). 

1.2.7.4 Tandem CAR T-cells 

CAR targeting simultaneously two or more TAAs have been designed to avoid 

tumour escape and relapse. Patients treated with anti-CD19 CAR T-cells therapies 

have shown a high rate of relapse. The main reason for relapse is the loss of 

expression of CD19 on the tumour cells (375). Bispecific Tandem CARs consist in 

two scFvs in tandem linked by a peptide (figure 1.9.D). Tandem CAR T-cells 

targeting CD19 in combination with HER2/neu, CD20, CD133, CD22 or BCMA have 

been developed (376–380). Furthermore, a bispecific Tandem CAR has been 

designed using the anti-HER2/neu scFv linked to IL13 mutein (IL13 with high 

affinity of binding to IL13Rα2). This CAR can simultaneously recognise HER2/neu 

and IL13Rα2 on the surface of the tumour cells (381). Tandem CARs could also be 

trispecific, a CAR has also been designed using the scaffold anti-HER2/neu scFv-

IL13 mutein by adding an extra scFv targeting EphA2 (382). Some Tandem CARs 
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have been already tested in clinical trials, for example, targeting CD19/CD20 or 

BCMA/CD38 (383,384). 

1.2.8 New generations of CAR T-cells to improve safety 

As mentioned before, adjusting the affinity of the binding domain could have a 

significant effect on the discrimination of healthy cells and it could avoid on-

target off-tumour activation of CAR T-cell (298,301–307). Furthermore, various 

techniques have been proposed to avert the side-effects related to on-target off-

tumour responses and increase the safety of the therapy (figure 1.10). 

 

Figure 1.10 New generations of CAR T-cells to improve safety. A) Chimeric co-stimulatory 

receptor (CCR) CAR T-cells co-express two CARs recognising two different TAAs. One CAR delivers 
the activation signal while the other the co-stimulation, leading to full activation with cells expressing 
both TAAs. b) CAR T-cells with extra inhibitory CAR (iCAR CAR T-cells) co-express two CARs 
recognising two different TAAs (TAA1 and TAA2). One CAR delivers the activation and co-
stimulation signals while the other provides an inhibitory signal, leading to the CAR T-cell activation 
with cells expressing TAA1 but not expressing TAA2. C) Death-inducible CAR T-cells co-express a 
suicide gene expressing a protein that can dimerise under the presence of a drug, leading to cell 
death. D) On-switch CAR T-cells co-express a CAR with a co-stimulation domain and a dimerization 
domain together with a membrane protein adaptor, with an activation domain and a dimerization 
domain (an extra co-stimulation domain can also be included). Under the presence of a drug, the 
CAR and the membrane adaptor dimerise forming a functional on-switch CAR. E) Drug-inducible 
CAR T-cells express the CAR only under the presence of a drug. F) Synthetic Notch CAR T-cells 
express a synthetic Notch receptor that recognise a first target protein (target 1) and induce the 
receptor cleavage in S2 and S3, releasing its intracellular domain. The cleaved intracellular domain 
induces the expression of a CAR targeting a second protein, in this case a TAA. The CAR is just 
expressed in presence of target 1. The Notch core region is composed by the heterodimerisation 
domain (pick and orange squares), the Lin12-Notch repeats (purple spheres) and the cleavage 
domains. For descriptions of the different elements in this figure, refer to figure 1.5. 
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1.2.8.1 CAR T-cell with a chimeric co-stimulatory receptor 

The co-expression of two CARs recognising two different TAA (one delivering the 

activation and the other the co-stimulation signal) could lead to the activation of 

CAR T-cells in the context of cells overexpressing both TAAs, minimising targeting 

healthy cells. This co-stimulatory type receptor has been named Chimeric Co-

stimulatory Receptor (CCR) (figure 1.10.A) (385). 

1.2.8.2 CAR T-cells with extra inhibitory CAR 

This approach employs the co-expression of two CARs, the CAR with activation 

signalling targeting a TAA and an inhibitory CARs (iCARs) with co-inhibition 

signalling (signalling for example from CTLA-4 or PD-1) targeting an antigen 

expressed on healthy cells but not on tumour cells (figure 1.10.B). However, 

appropriate targets for an iCAR need to be identified (386). 

1.2.8.3 Death-inducible CAR T-cells 

The introduction of suicide genes or elimination genes has been proposed to 

deplete CAR T-cells from the patient’s body after treatment (figure 1.10.C).  The 

integration of an inducible caspase-9 (iCasp9) is an exciting proposal. Caspase-9 

is a pro-apoptotic molecule coded by the gene CASP9. iCasp9 comprises of a fusion 

protein between ΔCaspase9 (a caspase-9 without its caspase activation domain 

known as CARD) and the human FK506-F36V domain, aka FK506, binding protein 

domain (FKBP). FK506-F36V allows conditional dimerization of the fusion protein 

using Rimiducid (AP1903), an FKBP activator. ΔCaspase-9 is activated by 

dimerisation leading to rapid autocatalytic cleavage and the production of the two 

individual subunits of caspase-9 (p35/p12), which activate caspase-3 promoting 

apoptosis. A single dose of Rimiducid injected into patients could eliminate from 

the patient’s body 90% of the modified T-cells in 30 minutes (387–390). 

Herpes simplex virus type 1 thymidine kinase (HSV-tk) is a well characterised 

suicide gene (in combination with ganciclovir) that can also be used in CAR T-cell 

therapy (391). HSV-tk can phosphorylate nucleoside analogues such the drug 

ganciclovir (GCV), turning the drug into a toxic compound (GCV-triphosphate) 

leading to inhibition of DNA synthesis and cell death (392). The main disadvantage 
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compared with iCasp9 is the potential immunogenicity of the system (HSV-tk is a 

viral protein) and the slower cell killing rate. 

A different approach is the co-expression of a cell surface antigen that can be 

targeted by a cytotoxic mAb. One example is the expression of CD20 that could 

be targeted with the clinical mAb Rituximab (393). In another example, a 

truncated version of human EGFR is targeted with the clinical mAb Cetuximab. 

The truncated human EGFR retains the transmembrane cell surface localisation 

and the conformational epitope recognised by Cetuximab (394). 

1.2.8.4 On-switch CAR T-cells 

Wu et al. 2015 have described an on-switch CAR T-cell system based on the 

combination of a CAR with a drug to trigger CAR T-cell activation in the presence 

of the drug and the target antigen (figure 1.10.D). The drug switch is based on the 

dimerization at the plasma cell membrane of two different subunits, the CAR and 

the adaptor, to form a full competent on-switch CAR composed by two CARs and 

two adaptors. The CAR consists of the antigen-binding domain, hinge domain, 

transmembrane domain, co-stimulatory domain and a drug-induced dimerization 

domain. The adaptor consists of a transmembrane domain, drug-induced 

dimerization domain and activation domain, with the possibility of also 

introducing co-stimulatory domains between the transmembrane domain and the 

drug-induced dimerization domain. The drug-induced dimerization domain at the 

CAR is the FKBP domain, also used in the iCasp9 system. The drug-induced 

dimerization domain at the adaptor is the T2089L mutant of FKBP (FRB*). FRB* 

heterodimerizes with FKBP in the presence of the rapamycin analogue AP21967, 

leading to the formation of the full competent on-switch CAR able to trigger 

antigen-dependent T-cell activation (395). Another strategy has been developed 

introducing the dimerization domains extracellularly between the binding domain 

and the hinge domain (396), providing a potentially promising strategy to boost 

the avidity of low-affinity CARs by crosslinking with AP21967.  

1.2.8.5 Drug-inducible CAR T-cells 

A tetracycline-inducible expression system has been used to control and modulate 

the expression of CARs in CAR T-cells (figure 1.10.E). This system consists of a Tet-

responsive promoter that binds the Tet-On 3G transactivator protein in the 
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presence of doxycycline. The Tet-On 3G transactivator protein is expressed 

constitutively while the CAR is controlled by the Tet-responsive promoter. 

Doxycycline (a synthetic antibiotic derived from tetracycline) is added to induce 

the expression of the CAR. The Tet-On 3G system is highly sensitive to doxycycline 

with reduced basal expression compared with other tetracycline-inducible 

systems. Multiple intratumorally administration of doxycycline allowed the local 

expression of the anti-CD147 CAR and local antitumor activity in a xerograph 

model of hepatocellular carcinoma (397). 

1.2.8.6 Synthetic Notch CAR T-cells 

Synthetic Notch (synNotch) receptors are fusion proteins that use the singular 

transmembrane domain of Notch proteins (398). Notch family members are 

proteolytically induced receptors with an important role in embryonic 

development, controlling cell fate. In T-cells, Notch signalling is crucial during 

thymic T-cell development and remains important in peripheral T-cells (399). The 

engagement of a Notch receptor with its ligand leads to intramembrane 

proteolysis and release of the intracellular domain, which is a transcription factor 

that can then go into the nucleus to function (400).  

SynNotch receptors use the intermembrane domain of a Notch receptor, a 

customised intracellular domain and an antigen-binding extracellular domain 

(398). The use of SynNotch receptors activates transcription in response to the 

recognition of specific antigens. Roybal et al. 2016 developed a new approach for 

CAR T-cell therapy based on the use of a synNotch receptor targeting the first 

antigen to control the expression of a CAR targeting a second antigen (figure 

1.10.F). This receptor was configured with a binding domain (scFv), the Notch 

core region (compose by the Lin12-Notch repeats, the heterodimerization domains 

and the transmembrane domains) and the intracellular transcription factor (401). 

The Notch core region contains three cleavage domains: S1, S2 and S3. The 

cleavage of S1 occurs during protein maturation in the trans-Golgi, mediated by a 

furin-like convertase and giving rise to two subunits that then form a heterodimer 

at the plasma cell membrane. Interaction with the ligand leads to ADAM 

metalloprotease mediate cleave of S2, removing the extracellular fragment of the 

heterodimer. Then, the γ-secretase complex mediates the intracellular release of 

the transcription factor (S3) (402). The engagement of the synNotch receptor with 
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its antigen would lead to the release of the transcription factor able to induce the 

expression of the CAR. Therefore, the CAR would only be expressed in the 

presence of the first antigen (401).  

A CAR targeting the TAA ROR1 has been used in xenograft models of ROR1+ human 

tumours with synNotch receptors targeting EpCAM or B7H3. Anti-ROR1 CAR T-cell 

therapy induced lethal toxicity due to the expression of ROR1 in the bone marrow 

and splenic stromal cells. ROR1+ stroma cells are EpCAM- and B7H3-. To overcome 

the toxicity anti-EpCAM or anti-B7H3 synNotch receptors were used for local 

induction of anti-ROR1 CAR within the tumour. The strategy resulted in tumour 

regression without toxicity (403). Moreover, SynNotch receptors can be used to 

locally induce the expression of cytokines, T-cell differentiation, cell death or 

delivering of biological drugs (404). 

1.2.9 Use of CAR in other cells 

Aside from the αβ T-cells, CARs have also been expressed in different cells such 

as T-reg cells, iPSC, NK cells, γδ T-cells and macrophages (table 1.8). 

Table 1.8 Other CAR-modified cells and applications. 

Other CAR-modified cells Applications References 

CAR T-reg cells Therapy to treat GVHD and 
inflammatory diseases 

405-425 

T-iPSC CAR T-cells Allogenic therapy using cell lines as a 
source of starting material 

426-432 

CAR NK cells Allogenic therapy based on the 
characteristic of NK cells 

433 

CAR NK-92 cells Allogenic CAR NK cell therapy using a 
cell line as a source of starting 
material 

433,435, 
436, 437 

CAR NKT cells Allogenic therapy based on the 
characteristic of NKT cells 

438, 439 

CAR γδ T-cells Allogenic therapy based on the 
characteristic of the γδ T-cells 
populations 

442-449 

CAR macrophages Therapy based on the antigen-specific 
enhancement of macrophage 
phagocytosis 

450 
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1.2.9.1 CAR T-reg cells 

CD4+ αβ T-reg cells are immunosuppressive lymphocytes that can be engineered 

with a CAR to promote antigen-specific immunotolerance and homeostasis in 

inflammatory diseases or transplantations. Antigen-specific CAR T-reg cells usually 

carry a standard second-generation CAR. Although CAR T-reg cells can be induced 

in vitro, they are generally contaminated with effector T-cells. Therefore, the 

current expansion methodology for CAR T-reg cells uses T-reg cells purified from 

patients (autologous) or donors (allogenic) PBMC. Standardising a robust method 

for CAR T-reg cells expansion is challenging. Naïve T-reg cells can be isolated, 

stimulated with anti-CD3, anti-CD28 and IL2 to create a master product. Then, 

these cells are transduced with a CAR and expanded in the presence of IL2 (405). 

Furthermore, CAR transduced T-reg cells can be sorted to be expanded in the 

presence of donor’s PBMC, anti-CD3 antibody and OND (oligodeoxynucleotides) 

(406) to stabilize Helios+ Foxp3+ cells (407). 

Foxp3 is a crucial transcriptional regulator for the development and inhibitory 

function of Treg (408–410). Two population of Foxp3+ Tregs cells can be 

differentiated based on the expression of the transcription factor Helios (encoded 

by the gene IKZF2). Helios+ Foxp3+ T-reg cells are thymic-derived T-reg cells while 

Helios- Foxp3+ T-reg cells are induced in the periphery, around 70% of the T-reg 

cells in the periphery are Helios+ Foxp3+ T-reg cells (411,412). Helios+ Foxp3+ T-

reg cells are the optimal subpopulation of T-reg cells for cellular therapy due to 

their capacity to produce effector cytokines and their stability of Foxp3 expression 

during ex-vivo expansion (407). A Foxp3 transgene has been used in CAR 

constructions to drive CD4+ T-cell differentiation into T-reg cells (413). 

Several antigens have been targeted with CAR T-reg cells in different diseases 

models (414). In transplantation, anti-HLA-A2 CAR T-reg cells have been used to 

treat GVHD and skin rejection showing promising results (415–417). In haemophilia 

A, a recessive X-linked coagulation disorder caused by a defect in the gene F8, 

Factor VIII (FVIII) has also been targeted, suppressing anti-FVIII antibody response 

(418). Anti-CEA CAR T-reg cells have also been used to treat colitis and asthmas 

being more effective than unmodified T-reg cells (419,420). In colitis disease 

models, CAR T-reg cells targeting trinitrophenyl (TNP) have also shown improved 

activity compared to T-reg cells (421,422). In multiple sclerosis, targeting the 
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myelin oligodendrocyte glycoprotein (MOG) have demonstrated improved disease 

suppression than unmodified T-reg cells (413). Most of these CARs are second-

generation CAR with CD28 and CD3ζ intracellular domains (413,415–420), but the 

combination CD28 and FcRγ have also been used (421,422). 

Dawson et al. 2020 compared ten different second-generation CARs with CD3ζ and 

different co-stimulation domains for CAR T-reg cells in a model of GVHD. They 

tested the intracellular signalling domains of CD28, CD28-Y173F (mutant with 

diminished PI3K pathway activity) (423), 4-1BB, OX40, ICOS, CTLA4, CTLA4-Y165G 

(mutant with increased cell surface expression) (424), PD1, TNFR2 and TNFRSF18 

(aka GITR, glucocorticoid-induced TNFR-related protein). Second-generation CAR 

with CD3ζ and CD28 were superior to the other constructions, and they concluded 

that inclusion of CD28 in the construction was essential CAR T-reg cells function 

(425). 

1.2.9.2 T-iPSC CAR T-cells 

Induced pluripotent stem cells (iPSC) are very exciting platform for “off-the-shelf” 

CAR T-cells (426). iPSC are generated from a somatic cell by the introduction of 

genes coding for four specific transcription factors (Myc, Oct3/4, Sox2 and Klf4) 

(427). iPSC are immortal, and different iPSC lines can be established. Then, these 

cell lines can be used to be differentiated into any cell linage, including 

lymphocytes (428). T-iPSC, iPSC generated from peripheral T-cells, bear the TCR 

rearrangement of the parental cell (429,430). For example, a T-iPSC line has been 

generated from a virus-specific T-cell targeting the EBV antigen LMP2 (431). The 

use of a virus-specific T-iPSC for cell therapy is an interesting method to avoid 

GVHD (103,104). iPSCs also have the advantage that they can be easily genetically 

edited, resulting in a stable and invariant modified clonal line. Functional CAR T-

cells targeting CD19 have been generated from T-iPSC, an anti-CD19 CAR T-iPSC 

line was established and differentiated into anti-CD19 T-iPSC CAR T-cells. 

Curiously, the phenotype acquired after differentiation by the anti-CD19 T-iPSC 

CAR T-cells was closer to a γδ T-cell rather than an αβ T-cell, even though they 

carried an αβ TCR. The acquisition of this phenotype was not related to the CAR 

modification, but may be the premature expression of the αβ TCR during 

development (T-iPSC expresses αβ TCR)  could polarise the development toward 

the γδ-like lineages (432). Maturation of T-iPSC–derived T-cells need further 
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optimisation to be able to shape the differentiation to the desired phenotype. T-

iPSC can also be genetically modified to include gene knock-out or expression of 

cytokines or chemokines, allowing easy establishment of T-iPSC lines with the 

most sophisticated CAR technology for redirecting phenotype, and could be used 

in “off-the-shelf” allogeneic CAR T-cell therapy. 

1.2.9.3 CAR expression in NK, NK-92 and NKT cells 

Preclinical studies have shown antitumor activity of CAR-modified NK cells, and 

several clinical trials are currently underway, most of them targeting the TAA 

CD19. Furthermore, the NK cell line NK-92 is being also used for CAR-modified NK 

cells clinical trial targeting CD19, CD7, CD33 and HER2/neu (433). NK-92 was 

established in 1994 from a 50-year-old male patient non-Hodgkin lymphoma and 

showed in vitro cytotoxicity against K562 and Daudi cells (434). For their use in 

patients, to overcome the handicap of their malignant origin, the NK-92 cells are 

irradiated to suppress proliferation but maintain the cytotoxic activity (435). 

Infusion of irradiated NK-92 cells in patients has been shown to be safe (436). No 

major rejection has been shown with NK-92 cells, but patients treated with NK-92 

cells have normally been pre-treated and as consequence they may have some 

level of immunocompromise (437). CAR-modified NKT cells (aka CIK cells, 

cytokine-induced killer cells) have also shown efficacy in preclinical models 

(438,439).  

1.2.9.4 CAR γδ T-cells 

The γδ T-cells population is composed of functionally distinct subsets, each of 

them with different characteristics. They also share features typically present in 

the innate immunity repertoire. They express receptors usually present in NK cells 

and show tissue-specific localisation of oligoclonal subpopulations sharing the 

same TCR chains (440). Also, they can behave as APC by opsonisation of targets 

cells and upregulation of costimulatory molecules and HLA-DR (441). 

γδ T-cells have also been modified to express CARs. Rischer et al. 2004 expanded 

and transduced Vγ9Vδ2 T-cells with a first-generation CAR. Two first-generation 

CARs were investigated: anti-GD2 CAR and anti-CD19 CAR. Target specific 

activation by the CAR and cytotoxicity against antigen-expressing tumour cells was 

shown. The capacity of γδ T-cells to be activated by pAgs was proposed as a tool 
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for in vivo selective re-expansion during cell therapy (442). Furthermore, a 

polyclonal population of γδ T-cells was modified to express a second-generation 

CAR targeting CD19, demonstrating their efficacy in a mouse xenograft model. 

These cells were defined as bispecific based on the concept of stimulation by the 

CAR and their polyclonal γδ TCRs (443). 

Fisher et al. 2017 used Vγ9Vδ2 T-cells to express a co-stimulatory CAR with an 

endodomain derived from DAP10 to target the TAA GD2. The receptor NKG2D 

(expressed in NK cells and Vγ9Vδ2 T-cells) is a hexametric complex composed of 

an extracellular homodimer and two intracellular homodimers of DAP10. After the 

interaction with the ligands, phosphorylation of the tyrosine-based signalling 

motif YINM of DAP10 triggers cell-mediated cytotoxicity and cytokine production 

(444,445). They showed cytotoxic activity dependent on the double engagement 

of Vγ9Vδ2 TCR and CAR, and no activity when the receptors were engaged 

individually. This double engaging technology has been proposed as a method to 

avoid on-target off-tumour toxicities (446).  

Capsomidis et al. 2018 used a second-generation CAR (CD3ζ and CD28) also 

targeting GD2 to transfect Vδ1 and Vγ9Vδ2 T-cells. They showed that CAR-

modified γδ T-cells could enhance their cytotoxicity by CAR engagement while 

also retaining their functionality as APC. Their APC function would be expected to 

help promote the intratumoral immune response by the presentation of tumour 

antigens in their MHC to αβ T-cells (447). 

Furthermore, non-signalling CARs have also been used in γδ T-cells, enhancing 

cytotoxicity unlike when used in αβ T-cells. The introduction of a high-affinity 

interaction mediated by CAR and the native γδ T-cell cytotoxicity leads to a boost 

of the anti-tumour activity without CAR activation (448). 

1.2.9.5 CAR macrophages 

Klichinsky et al. 2020 have modified macrophages with a first-generation anti-

HER2/neu CAR with a CD3ζ endodomain. CD3ζ has three ITAMs highly homologous 

to the single ITAM present in FcεRIγ, a signalling molecule involved in antibody-

dependent cellular phagocytosis (ADCP) in macrophages. CAR macrophages 

showed pro-inflammatory M1 phenotype polarisation (pro-inflammatory 
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phenotype with pathogen-killing abilities) (449), antigen-specific phagocytosis, 

and tumour clearance in culture. The efficacy was also tested in vivo in xenograft 

and humanised mouse models, showing M1 macrophage phenotype in the TME that 

leads to Th1 polarization of CD4+ T-cells, the production of pro-inflammatory 

antitumor cytokines and chemokines, upregulation of the antigen presentation 

machinery and a boost of the anti-tumour T-cell activity (450). 

1.2.10 CAR T-cell to treat EBV-associated malignancies 

CAR T-cells have been used in preclinical studies with xenograft mouse models to 

treat EBV-associated malignancy, targeting the viral TAAs LMP1 and LMP2A. In the 

first study, a second-generation CAR with the endodomains CD3ζ and CD28 was 

generated using an anti-LMP1 antibody, specific for an unknown extracellular loop 

of LMP1, reformatted to scFv. These CAR T-cells displayed LMP1 specific 

cytotoxicity and produced IFN-γ and IL-2 in response to NPC cells (HNE2) 

expressing LMP1 in culture. Also, a significant reduction in tumour growth was 

observed when the CAR T-cells were injected intratumorally into a subcutaneous 

NPC xenograft model using SUNE1 cells expressing LMP1 (123,124). This CAR was 

also used as a third-generation CAR with the endodomain CD28 and 4-1BB to 

enhance the antitumor activity, exhibiting better antitumor activity and longer 

survival in vivo compared with the second-generation format (451). 

Another antibody targeting an unknown extracellular loop of LMP2A was 

reformatted to scFv and used for similar studies using a third-generation CAR with 

the endodomains CD3ζ, C28 and 4-1BB. It showed cytotoxicity to NPC cells 

expressing LMP2A (C666-1) and partial inhibition of tumour growth in a xenograft 

model using CNE1 cell expressing LMP2A (125,126). Targeting LMP1 and LMP2A 

with a CAR is an especially attractive approach to treat EBV-associated 

malignancies since they are viral TAAs with epitopes located on the surface of the 

infected cell. Therefore, there should not be on-target off-tumour related 

toxicities associated with the therapy. 

A second-generation CAR targeting the lytic viral protein gp350 has been also 

designed with scFvs derived from the neutralising antibody clone 72A1 and the 

endodomains CD28 and CD3ζ to treat PTLD. These CAR T-cells showed in vitro 

cytotoxicity against the cell line EBV+ B95-8 and prophylactic and therapeutic 
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action in a humanized mouse model of EBV infection, controlling or reducing EBV 

spread and impeding EBV+ lymphoproliferation and lymphomagenesis (452). 

CARs targeting EBV peptide-HLA complexes have also been developed. Dragon et 

al. 2020 designed an anti-EBNA3C fourth-generation CAR with the endodomains 4-

1BB and CD3ζ and an scFv derived from the monoclonal antibody TU165, able to 

recognise the EBNA3C-derived peptide LPPHDITPY in complex with HLA-B*35, and 

an IL-12 inducible system under CAR activation. The authors demonstrated in vitro 

cytotoxicity against peptide-loaded K562-B*35 cells and improved function and 

recruitment and activation of immune cells by incorporating the IL12 inducible 

system, proposing a new possible approach to treat PTLD (453). 

Furthermore, B7H4 has also shown potential as a TAA to treat EBV-associated 

malignancies with CAR T-cell therapy. Smith et al. 2016 demonstrated that their 

second-generation anti-B7H4 CAR using the CD28 and CD3ζ intracellular domains 

induced CAR-driven cytotoxicity against an EBV-transformed B-cell line (named 

EBV-B) in culture (297). 

1.3 Display technologies for the selection of antibody 
fragments 

Since 1975 it has been possible to isolate and produce mAbs, thanks to the 

development of hybridoma technology by César Milstein and Georges J. F. Köhler 

(454). By injecting an animal with an antigen of interest, a humoral immune 

reaction is elicited. Then, the B-cells are harvested and fused with a myeloma cell 

line, a non-antibody producing immortal B-cell line. The resulting cells are termed 

hybridomas and have the antibody-producing ability of the primary B-cell and the 

longevity and the reproductive capacity of the myeloma cell line. Individual 

hybridoma cell clones can be isolated, and their antibodies characterised. In 1984, 

Köhler and Milstein were awarded a Nobel Prize in physiology or medicine for the 

development of hybridoma technology. This technology is still extensively used to 

develop mAbs for clinical and research use and other applications. 

In 1985, the first mAb was approved for immunosuppression to reduce acute 

rejection in patients with organ transplants. Muromonab (OKT3) is a mouse IgG2a 

CD3-specific antibody (455,456). However, mouse antibodies are highly 
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immunogenic in humans and the use of Muromonab was associated with 

development of neutralising antibodies (457). Muromonab was withdrawn from the 

market in 2010 due to the substantial risk of infection, severe cytokine release, 

the high immunogenicity of mouse antibodies in humans and the availability of 

alternative therapies. 

In 1994, the FDA approved the second mAb for clinical use. Abciximab is a chimeric 

human/mouse Fab fragment specific to the glycoprotein IIb/IIIa indicated as a 

platelet aggregation inhibitory drug. It was the first humanised mouse antibody 

obtained from a hybridoma.  The constant regions of the mouse antibody were 

replaced with equivalent regions from a human antibody to reduce 

immunogenicity (458,459). 

Meanwhile, in 1990, an alternative method to obtain mAbs was developed by Greg 

Winter and John McCafferty. This method is based on a technology previously 

developed by George P. Smith in 1985, where a library of peptides is created and 

displayed on the filamentous phage M13 by fusion with a virus capsid protein (460). 

Winter and McCafferty generated a phage library to display human scFvs created 

from antibody sequences obtained from human B-cells. Specific scFvs can be 

selected from the library based on their interaction with a specific antigen 

(174,175,461,462). This technology, called antibody phage display, enabled the 

isolation of the third mAb approved by the FDA in 2002 for clinical use and the 

first humanised antibody. Adalimumab was obtained by humanisation guided by 

phage display selection. This humanised antibody acts as an anti-TNF-α and it is 

used to treat inflammatory diseases and is currently the world’s best-selling drug 

due to its wide range of applications (463,464). Smith and Winter received a 

shared Nobel Prize in chemistry in 2018 for the phage display of peptides and 

antibodies together with Frances H. Arnold for the directed evolution of enzymes. 

Since then, other technologies have been developed for the display of antibodies 

or antibody fragments. The most prominent are yeast display, mammalian display 

and ribosome display. Together with hybridoma technology, antibody 

humanisation and the development of antibody humanised transgenic mice they 

have enabled the isolation and production of a large repertoire of clinical 

antibodies currently in the market. 
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1.3.1  Phage display of human scFvs 

Phage display uses a modified filamentous bacteriophage M13 as a mediator 

between the protein displayed at the surface of the phage and the DNA sequence 

inside the phage and encoding this protein. Therefore, by recovering a selected 

phage or an infected bacterium, the amino acid sequence of the displayed protein 

can be determined by sequencing the phage’s DNA. By protein-protein interaction, 

the phage displaying a protein of interest can be selected and isolated and the 

protein DNA and amino acids sequences obtained (460–462). The phage M13 is a 

filamentous phage with a 6407 nt long circular single-stranded DNA genome. The 

main protein comprising its capsid is termed PVIII. In a modified phage, the length 

of the genome determines the dimensions of the phage, which depends on the 

number of PVIII units assembled. Structurally, at the first end of the phage (first 

assembled end during the phage synthesis in E. coli) there are five copies of the 

protein PIX and five copies of the less exposed PVII. At the second end, five copies 

of the PIII protein and five copies of the less accessible PVI are located (figure 

1.11). 

 

Figure 1.11 Diagrammatic structure of M13 phage from a phagemid library displaying scFv. 
At the first end of the phage (first assembled end during phage synthesis in E. coli), there are five 
copies of PIX (dark green) and five copies of PVII (orange). At the second end of the phage, there 
are five copies of PVI (blue) and five copies of PIII (clear green) one of them linked to an scFv. The 
rest of the capsid is composed of copies of PVIII comprising. The phage particle packages the 
phagemid supercoiled circular single-stranded DNA. 

 

PIII is required for a two-step infection. The first interaction of the phage with 

the bacterium is via PIII and the bacterial F pilus. Then the complex interacts with 

the bacterial proteins TolQ, TolR and TolA and mediate an uncoating DNA 
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penetration (465). Attaching another protein to the N-terminus of PIII does not 

appear to affect the infection. Hence, PIII is the protein commonly used in phage 

display to create fusion proteins, with the recombinant protein segment at the N-

terminus of PIII (figure 1.11). 

1.3.1.1 Phage libraries versus phagemid libraries  

There are two kinds of phage display libraries, distinguished by the vector system 

used: phage libraries and phagemid libraries (466). The plasmid used for phage 

libraries contains all the information for assembly of a functional M13 phage and 

at the N-terminus of PIII a cloning site for the creation of recombinant fusion 

proteins. Once the bacterial host is transfected with the plasmid, it produces 

functional phage with all five PIII copies displaying the foreign protein. 

A phagemid contains an f1 origin of replication (for DNA package into the phage 

particle) and a bacteria origin of replication as pMB1 or pUC (for phagemid 

synthesis). The plasmid for phagemid libraries encodes only one phage protein, 

the PIII, with a cloning site for the recombinant fusion protein. Bacteria 

transfected with this vector are unable to produce functional phage. For the 

production of functional phage the bacteria need to be infected with a helper 

phage. The helper phage provides the rest of the elements to create a functional 

M13 phage, including the native PIII. As such, not all the PIII proteins on the 

produced phage display the recombinant protein. One of the most commonly used 

helper phage is M13KO7, which carries two modifications: a mutation Met40Ile in 

PII (a nickase involved in replication) and the origin of replication from p15A along 

with a kanamycin-resistance gene inserted within the M13 origin of replication. 

The insertion of the p15A origin and the kanamycin-resistance gene create a less 

efficient M13 origin working in conjunction with the mutated PII. Together with 

the high copy number of the phagemid, this leads to the preferential packaging of 

phagemid DNA, over helper phage DNA, into viral particles. The mutated PII 

functions sufficiently well with the altered M13 origin to produce a high enough 

titter of helper phage when grown alone, allowing for the expansion of the helper 

phage (467). Even so, virions prepared with M13KO7 have a phagemid/helper ratio 

of around 10:1. 
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The main difference between a phage library and a phagemid library is the number 

of copies of the fusion protein displayed. While the phage library displays five 

copies of the fusion protein (all the PIII are fused with the foreign protein), the 

phagemid library display fewer copies, since the helper phage also carries a wild 

type (wt) PIII (figure 1.11). The advantage of using phagemid libraries is that it 

results in a reduction of avidity during the selection, increasing the chances of 

isolation of candidates with higher binding affinities (468). The disadvantage is 

the presence in the phage library of some virions without fusion protein, but this 

can be overcome by increasing the number of phage used during the selection 

process. 

1.3.1.1 Phage display libraries of antibody fragments 

The phage libraries can be differentiated with respect to the displayed protein: 

peptides, scFv, Fab or single-domain antibody molecules such as VHH (variable 

heavy homodimers) or vNAR (variable new antigen receptor domain) (469). 

Antibody-based phage display libraries can be made in different ways giving rise 

to distinct libraries with different proprieties. Naïve libraries are generated using 

B-cells from a non-immunised source. These libraries contain antibodies able to 

bind to non-human antigens, but also to novel antibodies with binding possibilities 

including human antigens, since the reorganisation of VH and VL creates new 

specificities. The construction and production of non-immune phagemid library of 

human scFvs are described in figure 1.12. Immune libraries are created from B-

cells from an immunised source, increasing the chances of obtaining a high-affinity 

antibody against a selected foreign antigen. Synthetic libraries are created from 

a specific antibody framework by in vitro randomisation of the CDRs, creating 

artificial loops that otherwise would probably not be part of the antibody 

repertoire of an individual. Semi-synthetic libraries consist of in vitro 

randomisation of CDRs of antibody chains obtained from B-cells from non-

immunised donors. The diversity is primarily obtained from natural sources, while 

the CDR randomisation introduces extra diversity and new specificities. Each 

library has its advantages and disadvantages, and the use of one or another should 

be considered in each situation (470). 
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Figure 1.12 Construction and production of non-immune phagemid library of human scFvs. 

B-cells are isolated from PBMC obtained from non-immunized human donors, the RNA extracted, 
and the cDNA synthesized. The VH and VL segments are amplified from the cDNA and linked by 
PCR (Polymerase Chain Reaction) with a linking peptide for subsequent cloning into a phagemid 
vector. The phagemid vector is transfected into Escherichia coli F’ to produce the bacterial library. 
To produce the phage library, the bacteria is infected with a helper phage. 

 

1.3.2 Yeast display 

In 1997, Boder and Wittrup developed a new display method using Saccharomyces 

cerevisiae EBY100 where the foreign protein is fused to the a-agglutinin adhesion 

receptor of the yeast. A-agglutinin is a cell wall-associated glycoprotein that 

interacts with α-agglutinin on the yeast wall and is involved in cell adhesion during 

mating in S. cerevisiae (471). A-agglutinin is composed of two subunits, Aga1 is a 

GPI anchored glycoprotein in the cell wall that creates a heterodimer with the 

Aga2 protein through two disulphide bonds. Aga2 is presented from the cell wall 

by its interaction with Aga1 and used to generate fusion proteins in the yeast 

display system (472). S. cerevisiae EBY100 is a Leu- and Trp- strain developed 

explicitly for yeast display. It has a genomic insertion of the gene AGA1 regulated 
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by the GAL promoter with a URA3 selectable marker. Most of the plasmids used 

for yeast display use the C-terminal end of Aga2 as a cloning site to display the 

foreign protein. The fusion gene AGA2 is controlled in these plasmids by a GAL 

promoter, the same promoter controlling the gene AGA1 inserted in S. cerevisiae 

EBY100. The yeast display system Aga1-Aga2-fusion proteins are inducible by the 

presence of galactose in the growing medium. The most commonly used and first 

developed plasmid for yeast display is pYD1 (473). A derived plasmid has been 

generated from pYD1 for fusion at the N-terminal region of Aga2, this plasmid was 

named pYD5 (474) (figure 1.13). 

 

Figure 1.13 Galactose induction of pYD5 and pYD1 yeast display systems. A) N-terminal display 
of protein with the pYD5 yeast display system. B) C-terminal display of protein with the pYD1 yeast 
display system. 

 

1.3.3 Yeast display versus phage display 

Yeast display has been mainly used to create libraries of antibody fragments, 

having different features compared with phage display libraries. In phage display, 

the foreign protein is limited to prokaryotic post-translational modifications. 

Therefore, some mammalian proteins are not well expressed or appropriately 

modified in the system. In yeast display, post-translational modifications are 

closer to mammalian. Yeast display also allows detection of low-affinity binders 

due to the expression of thousands of antibodies on the surface of the yeast 

working together by avidity. Phage display expresses a maximum of five antibodies 

per phage with phage vectors or as few as one with phagemid vectors. Depending 

A 

B 
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on the objective of the antibody selection (level of affinity and diversity of 

antibodies desired), the use of phage display or yeast display need to be 

considered in each situation. Phage display, and especially phage display with a 

phagemid library, generally selects for high-affinity antibodies, although some of 

low affinity can also be promoted in the selection. With yeast display, selection 

of low-affinity antibodies together with high-affinity ones is possible. This system 

gives a competitive chance in the selection to the low-affinity antibodies due to 

enhanced avidity. 

The main advantage of phage display over yeast display is the library complexity. 

Transformation of bacteria is relatively easy, creating large phage libraries with 

more than 1010 different clones. Working with a high number of phage (ten times 

the diversity of the library) is possible in a low volume of library sample (just a 

few µl of the library preparation). Yeast transformation is less efficient compared 

to bacterial, making it harder to create a complex yeast display library, therefore, 

typical library clone number are closer to 109. Additionally, working with more 

than 109 different yeast clones requires a high volume of library sample (hundreds 

of ml), making the first round of selection challenging when working with high 

complexity libraries. 

1.4 Aims of the project 

EBV-associated malignancies are a diverse group of cancers with different 

characteristics, some with low patient survival rates (39). The host immune system 

controls EBV infection and viral load and plays an essential role in defence against 

malignancy (68). By boosting the host immune response against viral factors, or 

other factors associated with EBV infection, it might be possible to improve 

patient outcome in the treatment of EBV-associated malignancies, offering an 

alternative therapy to patients that are not responding to first-line treatment. 

One of the most novel approach in cancer immunotherapy is CAR T-cell therapy. 

CAR T-cell therapies are producing outstanding results in clinical trials, mainly for 

the treatment of refractory haematological malignancies (184,186,234). The 

success of this type of therapy in clinical trials and the fact that there is a clear 

T-cell response of the body to EBV infection makes developing a CAR T-cell therapy 

to treat EBV-associated malignancies a worthwhile route to investigate. In 
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addition, this therapy could also be applied to other diseases associated with EBV 

infection, such as MS (117–119). 

Aside from the viral proteins, the human protein B7H4 is an attractive target 

candidate to treat EBV-associated malignancies (164–169). Even though Smith et 

al. 2016 reported onset toxicity with anti-B7H4 CAR T-cell therapy (297), the 

possibility of using low-affinity scFvs for the CAR design keeps a door open to this 

approach (301–305). To do this, it would be necessary to test a pool of scFv 

targeting human B7H4 with different affinities and differentiate the ones able to 

functionally discriminate in vitro high expressing cells from low and medium 

expressing cells. Another approach is the targeting of viral TAAs. Theoretically, 

few on-target off-tumour toxicities should be associated with such therapy. The 

main targets selected in this study for this approach are the viral proteins LMP1 

and LMP2, since they have extracellular loops that could be potentially recognised 

by an antibody (123,125) and used in CARs (124,126). Therefore, the project 

aimed to isolate human scFvs targeting B7H4, LMP1 and LMP2A for their use in 

developing potential CAR T-cell therapies to treat EBV-associated malignancies. 

The goal of the project (beyond the work described herein) was the expression of 

these scFvs in CAR format in a human reporter T-cell line to study their 

functionality with the ultimate goal of developing a CAR T-cell therapy to treat 

EBV-associated malignancies. 

1.5 Approach 

For the isolation of the human scFv, a naïve phagemid phage display library of 1010 

human heavy chain linked to kappa light chain scFvs has been used. For the 

selection of the scFv candidates from this library, a novel method was established 

during this research. A conventional phage display selection consists of using a 

soluble recombinant antigen with a protein tag. The use of the recombinant 

antigens during the initial stages of the selection can be problematic due to the 

presence of immunogenic tags that can promote selection of unwanted scFvs. In 

the case of membrane proteins, the quality of the recombinant preparation is a 

concern, with the creation of new unwanted epitopes due to protein aggregation. 

The cost of production or the price of a commercial antigen is also an important 

limitation. Furthermore, membrane proteins with several transmembrane 

domains tend not to conserve their native structure in solution. 
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To overcome these difficulties and to establish an economically viable approach, 

we used a yeast display system to display the antigen. In the first stage of the 

selection, the phage library was the source of scFvs and the yeast display the 

source of antigens (475). In this way, the strength of the large size of a phage 

display library was used for the selections. The phage selections were conducted 

with several rounds of library depletion against wt yeast surface proteins followed 

by selection against yeast expressing the antigen (figure 1.14). 

 

Figure 1.14 Phage depletion and selection. A) Phage depletion with induced pYD5 yeast following 
by selection with yeast expressing B7H4. B) Phage depletion with induced pYD1 yeast following by 
selection with yeast expressing LMP loops. 

 

Then, after the completion of the first rounds of selections, the scFvs were 

transferred from the phagemid vector to a yeast display vector for their expression 

in a yeast display system, taking advantage of the strength of the yeast display of 

antibodies (476) (figure 1.15). 

 

Figure 1.15 Yeast transformation and scFv homologous recombination into pYD5. 
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The yeast expressing the selected scFvs were exposed to interaction with 

mammalian cells expressing the antigen and selected by yeast-cell interaction 

(477–479). Thus, yeast mimicked the CAR T-cell recognising the antigen in native 

conformation expressed on the surface of mammalian cells (figure 1.16). 

 

Figure 1.16 Selection of yeast expressing scFv by interaction with cells expressing B7H4 (A) 

or LMPs (B). 

 

Next, the selected scFvs binding specifically to the target could be identified by 

two methods, by fluorescence-activated cell sorting (FACS), using a commercial 

recombinant antigen when possible, or by next-generation sequencing (NGS), 

where no recombinant antigen is available. Finally, the identified scFvs were used 

for the design of CARs. To test the functionality of these CARs, a reporter T-cell 

line has been used to assess the levels of antigen-driven CAR activation (figure 

1.17). 

  

Figure 1.17 Reporter T-cell line expressing CAR to study antigen-driven CAR activation. An 
NF-κB reporter human T-cell line modified to express a second-generation CAR. CAR antigen-
dependent stimulation leads to the activation of the reporter gene and secretion of a molecule to the 
medium. The quantity of the reporter molecule present in the media is directly related to the level of 
T-cell activation. 

B A 
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2. Materials and methods 

2.1 Table of reagents 

Table 2.1 Antibiotics for bacteria, yeast and mammalian cell culture. 

Antibiotic Working 
concentration 

Company Catalogue 

Ampicillin 100 µg/ml Sigma Aldrich A0166-5G 

Kanamycin 50 µg/ml Sigma Aldrich K1377-5G 

Tetracycline 10 µg/ml Sigma Aldrich T7660-5G 

Penicillin-streptomycin 100 U/ml Sigma Aldrich P4333-100ML 

Zeocin 100 µg/ml InvivoGen ant-zn-05 

Blasticidin 15 and 10 µg/ml InvivoGen ant-bl-05 

Hygromycin B 400 and 200 µg/ml InvivoGen ant-hg-1 

 

Table 2.2 Antibodies used in flow cytometry and western blotting. 

Antibody Host Woking dilution Company Catalogue 

Anti-Xpress tag Mouse 1:250 (FC) TFS R910-25 

Anti-mouse IgG Alexa 488 Goat 1:250 (FC) TFS A28175 

Anti-V5 tag FITC Mouse 1:500 (FC) TFS R963-25 

Anti-V5 tag Alexa 647 Mouse 1:250 (FC) TFS 451098 

Anti-human Fc FITC Mouse 1:40 (FC) Bio-Rad MCA647F 

Anti-5HIS tag Alexa 647 Mouse 1:250 (FC) Qiagen 35370 

Anti-human B7H4 PE Mouse 1:20 (FC) BD 562507 

Mouse IgG1 kappa 
isotype PE 

Mouse 1:40 (FC) BD 554680 

Hybridoma supernatant 
Anti-LMP1 clone 1G6 

Rat 1:25 (WB) In-house - 

Hybridoma supernatant 
Anti-LMP2 clone 14B6 

Rat 1:25 (WB) In-house - 

Anti-rat IgG HRP Goat 1:2000 (WB) CTS 7077S 

Anti-human β-actin Rabbit 1:4000 (WB) CTS 8457S 

Anti-rabbit IgG HRP Goat 1:4000 (WB) CTS 7074S 

*FC= Flow cytometry, WB= Western Blot, TFS= Thermo Fisher Scientific, CST= 
Cell Signaling Technology, BD=Becton Dickinson 

 

Table 2.3 Recombinant proteins. 

Recombinant protein Company Catalogue 

human B7H4-human Fc R&D Systems 8870-B7-050 

human Fc R&D Systems 110-HG-100 

mouse B7H4-mouse Fc R&D Systems 4206-B7-100 

human B7H4-10HIS R&D Systems 6576-B7-050 

mouse B7H4-10HIS R&D Systems 2154-B7-050 

 

Table 2.4 DNA Oligonucleotides. 

Name DNA sequence Tm (°C) 

(-)NheI-F TGG TTC TGA TAG CAT GAC T 48 

(-)NheI-R AGT CAT GCT ATC AGA ACC A 43 
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(+)NheI-F TCA ATA TTT TCT GTT ATT GCT AGC GTT 
TTA GCA CAG GAA CTG ACA ACT ATA TGC 

60 

(+)NheI-R GCA TAT AGT TGT CAG TTC CTG TGC TAA 
AAC GCT AGC AAT AAC AGA AAA TAT TGA 

59 

pYDN Cassette-F AAA CTG CAT AAC CAC TTT AAC 50 

pYDN Cassette-R AAG TAT ATT GTA TTT TGT ACG AGC 50 

pYDN Check-F AGA TGC AGT TAC TTC GCT G 53 

pYDN Check-R AAG TAC AGT GGG AAC AAA GTC 53 

pYD1 Check-F AGT AAC GTT TGT CAG TAA TTG C 53 

pYD1 Check-R GTC GAT TTT GTT ACA TCT ACA C 51 

HR-F TGT TTT TCA ATA TTT TCT GTT ATT GCT 
AGC GTT TTA GCA GCT GGT CAG CCG GCC 
ATG GC 

72 

HR-R TAG AGT CCA AAC CCA ACA ATG GAT TTG 
GAA TTG GTT TAC CAG AAC CAC CGC CTT 
GGC C 

73 

HR amp-F CTT CGC TGT TTT TCA ATA TTT TCT G 53 

HR amp-R AGT AGA GTC CAA ACC CAA CAA TGG 58 

pcDNA5/FRT Check-F CGC AAA TGG GCG GTA GGC GTG 65 

pcDNA5/FRT Check-R CGG CGA ACG TGG CGA GAA AGG 64 

SeqB7H4-F TGC CGG AAG TGA ATG TGG AC 58 

LMP1-F GAT GCA AGC TTG CCG CCA CCA TGG AAC 
ACG ACC TTG AGA G 

73 

LMP1-R CAT GTG CGG CCG CCC ATC TCG AGA GTG 
AGG CAC 

73 

SeqLMP1-F ATT ACC ATG GAC AAC GAC ACA G 56 

Seq2LMP1-F CAC CAC ACA GGT AGC AAG GAC 58 

LMP2A-F GAA TGC AAG CTT GCC GCC ACC ATG GGG 
TCC CTA GAA ATG GTG 

73 

LMP2A-R CAT GTG CGG CCG CTT ATT ATA CAG TGT 
TGC GAT ATG GGG 

69 

SeqLMP2A-F TAG TAC CGT TGT GAC CGC C 57 

Seq2LMP2A-F GGA CAC TTG GTA AGT TTT CCC TTC C 58 

ClnHR 1-F ATT GCT AGC GTT TTA GCA CAG GTG CAG 
CTG GTG CAG T 

70 

ClnHR 2-F ATT GCT AGC GTT TTA GCA CAG GTG CAG 
CTG CAG GAG T 

69 

ClnHR 3-5-F ATT GCT AGC GTT TTA GCA CAG ATC ACC 
TTG AAG GAG 

70 

ClnHR 4-6-7-8-9-10-11-F  ATT GCT AGC GTT TTA GCA GAG GTG CAG 
CTG GTG GAG 

70 

ClnHR 1-2-4-5-6-8-9-11-
R 

ATT TGG AAT TGG TTT ACC TTT GAT CTC 
CAG CTT GGT CCC 

71 

ClnHR 3-10-R ATT TGG AAT TGG TTT ACC GCC GAG GAC 
GGT CAG CTG G 

70 

ClnHR 7-R ATT TGG AAT TGG TTT ACC TTT GAT TTC 
CAC CTT GGT CCC 

71 

ClnHR amp-F CTG TTT TTC AAT ATT TTC TGT TAT TGC 
TAG CGT TTT AGC A 

61 

ClnHR amp-R TAG AGT CCA AAC CCA ACA ATG GAT TTG 
GAA TTG GTT TAC C 

61 
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pcDNA3.1 Hygr Check-F GCC CAG TTC CGC CCA TTC TC 61 

pcDNA3.1 Hygr Check-R CCG ACT GGA AAG CGG GCA G 62 

SeqHygr-F CAT CCG GAG CTT GCA GGA TC 59 

pcDNA3.1 Check-F GAG AAC CCA CTG CTT ACT GGC 58 

pcDNA3.1 Check-R GAG TGG CAC CTT CCA GGG TC 60 

IgG4CAR seq-F GGT GCG AAC TGA GGG TCA AG 59 

EF1a Check-F GGG AGA GAA TGC AGG TCA GAG 57 

EF1a Check-R GCT ATC GTT GGA GCT GGT GTC 59 

ClnCAR 1-F CTC CAT GCG GCG CGC CCG CAG GTG CAG 
CTG GTG CAG 

80 

ClnCAR 2-F CTC CAT GCG GCG CGC CCG CAG GTG CAG 
CTG CAG GAG 

80 

ClnCAR 3-5 -F CTC CAT GCG GCG CGC CCG CAG ATC ACC 
TTG AAG GAG 

79 

ClnCAR 4-6-7-8-9-10-11-
F 

CTC CAT GCG GCG CGC CCG GAG GTG CAG 
CTG GTG GAG 

81 

ClnCARCD8 1-2-4-5-6-8-
9-11-R 

GTC TAG GCG CCG GCG TTG TTG TTT TGA 
TCT CCA GCT TGG TCC C 

74 

ClnCARCD8 3-10-R GTC TAG GCG CCG GCG TTG TTG TGC CGA 
GGA CGG TCA GCT G 

75 

ClnCARCD8 7-R GTC TAG GCG CCG GCG TTG TTG TTT TGA 
TTT CCA CCT TGG TCC C 

75 

ClnCARCD8 1lmp-R GTC TAG GCG CCG GCG TTG TTG TTT TAA 
TCT CCA GTC GTG TCC C 

75 

ClnCARIgG4 4-R GAC ACG GGG GCC CGT ACT TAC TTT CTT 
TGA TCT CCA GCT TGG TCC C 

73 

ClnCARIgG4 1lmp-R GAC ACG GGG GCC CGT ACT TAC TTT CTT 
TAA TCT CCA GTC GTG TCC C 

75 

ClnCAR amp-F CTC CAT GCG GCG CGC CCG 65 

ClnCARCD8 amp-R GTC TAG GCG CCG GCG TTG TTG T 65 

ClnCARIgG4 amp-R GAC ACG GGG GCC CGT ACT TAC TTT C 64 

CAR Check-F GTC AGA TCG CCT GGA GAC G 58 

pCD8-CAR Cl Check-R CCT CCG GTC GCA AAG ACA AAG 59 

pIgG4-CAR Cl Check-R GTT ACC TCG GGG GTG CGA C 61 

AAVS1 Check-F GGC AGA GTG GTC AGC ACA GAG 60 

AAVS1 Check-R CGG TGC GAT GTC CGG AGA G 61 

AAVS1 HDR Check-F GCA AGA GGA TGG AGA GGT GGC 60 

AAVS1 HDR Check-R CGG TTA CAG GCA GGG CCA TG 61 

*All the oligos were ordered from Sigma Aldrich and diluted to 10µM in deionised 
H2O (dH2O). 

 

Table 2.5 DNA related reagents. 

Reagent Company Catalogue 

Q5 site-directed mutagenesis kit NEB E0554S 

GoTaq G2 hot start green master mix Promega M7422 

Q5 high-fidelity DNA polymerase NEB M0491S 

Deoxynucleotide (dNTP) solution mix NEB N0447S 

MssI (PmeI) (5 U/µL) TFS ER1341 

FastDigest NheI TFS FD0973 

FastDigest EcoRI TFS FD0274 

FastDigest Acc65I TFS FD0274 
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FastDigest HindIII TFS FD0504 

FastDigest NotI TFS FD0593 

XmaI  NEB R0180S 

BstZ17I-HF NEB R3594S 

FastDigest SgsI TFS FD1894 

FastDigest MreI TFS FD2024 

FastDigest ApaI TFS FD1414 

FastDigest BglII TFS FD0083 

FastDigest MluI TFS FD0564 

Shrimp alkaline phosphatase (rSAP) NEB M0371S 

T4 DNA ligase TFS 15224/017 

Monarch DNA gel extraction kit NEB T1020S 

DNA clean & concentrator-5  Zymo Research  D4013 

QIAquick PCR purification kit Qiagen 28106 

Sodium acetate solution (3M), pH 5.2 TFS R1181 

QIAprep spin Midi-prep kit Qiagen 12143 

UltraPure agarose TFS 16500500 

SYBR safe DNA gel stain TFS S33102 

1 kb Plus DNA ladder TFS 10787018 

Gel loading dye, Orange (6X) NEB B7022S 

DH5α competent Escherichia coli TFS 18265017 

QuickExtract DNA Extraction Solution  Lucigen QE0905T 

T7 Endonuclease I NEB M0302 

40% Acrylamide (w/v) ratio 37.5:1 Severn Biotech 20-3600-05 

Ammonium persulfate Fisher 10020020 

TEMED GE 17-1312-01 

UltraPure ethidium bromide TFS 15585011 

100 bp DNA ladder NEB N3231 

*NEB= New England Biolabs 
 

Table 2.6 Protein related reagents. 

Reagent Company Catalogue 

Mini EDTA-free protease inhibitor cocktail Roche 11836170001 

Pierce phosphatase inhibitor mini tablets TFS A32957 

Protein assay dye reagent concentrate Bio-Rad 5000006 

10X NuPAGE sample reducing agent  TFS NP0004 

4X Bolt LDS Sample Buffer TFS B0007 

SeeBlue Plus2 pre-stained protein standard TFS LC5925 

NuPAGE 12% Bis-Tris Protein Gels, 1.0 mm, 10-
well 

TFS NP0341BOX 

20X NuPAGE MOPS SDS running buffer TFS NP0001 

Whatman 3 MM CHR cellulose papers GE 3030-917 

PVDF Transfer Membrane, 0.45 µm TFS 88518 

20X Bolt transfer buffer TFS BT0006 

Restore PLUS western blot stripping buffer TFS 46428 

Ponceau S Sigma Aldrich P3504-10G 

Pierce ECL western blotting substrate TFS 32106 
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Table 2.7 Phage display related reagents. 

Reagent Company Catalogue 

scFvs library and E. coli XL1-Blue RX Biosciences P06-PD001-10-kappa 

IPTG Melford MB1008 

PEG 8000 Sigma Aldrich 89510-250G-F 

NaCl VWR 27810.295 

Tween20 Sigma Aldrich P9416 

Non-fat milk powder (NFM) Marvel ---  

Foetal bovine serum (FBS) TFS 10500-056  

0.2µm syringe filter Sartorius 16534k 

Nunc square bioassay dishes TFS 240845 

 

Table 2.8 Yeast display related reagents. 

Reagent Company Catalogue 

Saccharomyces cerevisiae Meyen ex E.C. 
Hansen (EBY100) 

ATCC MYA-4941 

Deoxyribonucleic acid sodium salt from 
salmon testes 

Sigma Aldrich D1626-250MG 

Lithium acetate dihydrate Sigma Aldrich 450189-5G 

PEG 3350  Sigma Aldrich 202444-250G 

Lyticase from Arthrobacter luteus Sigma Aldrich L4025-50KU 

DTT 1M in dH2O Sigma Aldrich 43816-10ML 

BSA GERBU Biotechnik 1501,0100 

Poly-D-Lysine Sigma Aldrich P7886-10MG 

DPBS Ca++ Mg++ TFS 14040117 

 

Table 2.9 Cell lines. 

Cell line Company Catalogue 

HEK293 Flp-In T-REx cells TFS R78007 

Jurkat-Dual cells InvivoGen jktd-isnf 

 

Table 2.10 Cell culture, transfection reagents and cell assay reagents. 

Reagent Company  Catalogue 

Dulbecco's phosphate-buffered saline 
(DPBS) 

TFS 14190144 

Cell dissociation solution Sigma Aldrich C5914 

Trypsin-EDTA (0.05%), phenol red TFS 25300054 

D-MEM (high Glucose) Sigma Aldrich D5671 

Foetal bovine serum (FBS) Sigma Aldrich F9665 

L-glutamine Sigma Aldrich G7513 

FBS-Tet Free (Lot. 42G1079K) TFS 10270-106 

IMDM, 2 mM L-glutamine, 25 mM 
HEPES 

TFS 12440061 

Trypan blue stain (0.4%) TFS T10282 

Countess chamber slides TFS C10228 

PolyFect transfection reagent Qiagen 301105 

TransIT-Jurkat transfection reagent Mirus Bio MIR 2124 

EnGen Spy Cas9 NLS NEB M0646T 

CRISPR-Cas9 tracrRNA IDT 1072532 

CRISPR-Cas9 crRNA for AASV1 IDT Hs.Cas9.PPP1R12C.1.AC 
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Nuclease-free duplex buffer IDT 11-01-03-01 

Opti-MEM I reduced serum medium TFS 31985062 

SCR7 Stemcell 
Technologies 

74102 

L755507 Stemcell 
Technologies 

73992 

Cell line nucleofector kit V Lonza VCA-1003 

QUANTI-Luc Gold InvivoGen rep-qlcg2 

Concanavalin A TFS 00-4978-93 

 

Table 2.11 Equipment. 

Equipment Company  Catalogue 

Wide mini ready sub-cell GT cell Bio-Rad 1704468EDU 

PowerPac basic power supply Bio-Rad 1645050 

MiniGel tank and blot module set TFS NW2000 

PowerEase 500 power supply TFS EI8675 

Mini-PROTEAN tetra handcast systems Bio-Rad 1658003FC 

Mini Trans-Blot cell Bio-Rad 1703930 

Nucleofector I Lonza - 

 

2.2 Buffers and broths 

Buffers were prepared using dH2O and the pH was adjusted with HCl or NaOH as 

appropriate. The broths were autoclaved 15 minutes at 121°C. 

TAE 
40 mM Tris 
20 mM acetic acid 
1 mM EDTA 
 

RIPA buffer 
150 mM NaCl 
50 mM Tris-HCl pH7.5 
1% (v/v) triton x-100 
1% (w/v) deoxycholic acid 
0.1% (w/v) SDS 
Pierce phosphatase inhibitor mini tablets (1 tablet/10 ml each) 
Mini EDTA-free protease inhibitor cocktail (1 tablet/10 ml each) 
 

TBS 
50 mM Tris-Cl, pH 7.5 
150 mM NaCl 
 

TBE 
89 mM Tris, pH 7.6 
89 mM H3BO3 

2 mM EDTA 
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10X PCR custom buffer 
45 mM Tris-HCL (pH 8.8 at 25°C) 
11 mM Ammonium sulphate 
4.5 mM MgCl2 

0.113 mg/ml BSA 
4.4 µM EDTA 
0.48 % (v/v) 2-Mercaptoethanol 

 
Lysogeny broth (LB), pH 7.5 

1% (w/v) tryptone 
0.5% (w/v) yeast extract 
1% (w/v) NaCl 
 

Terrific broth, pH 7.2 
2.4% (w/v) yeast extract 
2% (w/v) tryptone 
0.4% (v/v) glycerol 
0.23% (w/v) potassium phosphate monobasic 
1.25% (w/v) potassium phosphate dibasic 

 
YPD broth, pH 6.5 

1% (w/v) yeast extract 
2% (w/v) peptone 
2% (w/v) dextrose 

 
SD-CAA and SG-CAA broths, pH 6 

0.5% (w/v) bacto casamino acids 
0.17% (w/v) yeast nitrogen base 
0.53% (w/v) ammonium sulphate 
0.86% (w/v) sodium phosphate monobasic monohydrate 
1.02% (w/v) sodium phosphate dibasic heptahydrate 
SD-CAA 
2% (w/v) dextrose  
SG-CAA 
2% (w/v) galactose 
0.2% (w/v) dextrose  
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2.3 Plasmid and phage vectors 

Table 2.12 Vectors and source plasmids. 

Name Lab ID  Size (bp) Host Replication ori Expression 
promoter 

Resistance** Company/cat or reference 

pUC57 na 2579 E. coli DH5α pBR322 na Kan GeneWiz 

pYD1 861 5009 E. coli DH5α 

S. cer EBY100 
pUC 
CEN/ARS 

GAL1 Amp 
TRP1 

Adgene/Add#73447 

pRXB-100 na 3943 E. coli XL1-Blue pMB1 
f1 

lacZ Amp RX Biosciences 

M13KO7 na 8669 E. coli XL1-Blue p15A 
mutated M13 

na Kan NEB/ N0315S 

pcDN5/FRT 834 5137 E. coli DH5α pUC CMV/TetO2 Amp 
Hyg* 

TFS/V601020 

pOG44 835 5785 E. coli DH5α pUC CMV Amp TFS/V600520 

pPyLMP1 139 6600 E. coli DH5α pBR322 Py early Amp Wilson et al 1990 (497) 

pSG5-c/gLMP2A 182 6055 E. coli DH5α pBR322 SV40 Amp Caldwell et al 1998 (21) 

pcDNA3.1 (+) 497 5428 E. coli DH5α pUC CMV Amp and Neo TFS/V79020 

pmaxGFP na 3486 - pUC CMV Kan Lonza/VCA-1003 

**Kan=kanamycin, Amp = ampicillin, Hyg = hygromycin, Neo = Neomycin *for selection in mammalian cells. See below 2.2.1 to 2.2.9 
for further details. 
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Table 2.13 pUC57-Kan derivatives used during this investigation. 

Derivative vector Lab ID  Size (bp) Vector Cloning sites Synthetic gene carried 

pUC57-pYDN-Cassette na 2903 pUC57 5’NheI - 3’PmeI DNA cassette for pYDN development 

pB7H4-D1 864 2960 pUC57 5’Acc65I - 3’EcoRI B7H4 IgG-like V-type 1 domain (aa Phe29-Gly148) 

pLMP1-lp2F 868 2649 pUC57 5’Acc65I - 3’EcoRI LMP1 Loop2 F variant (aa Ile95-Gly108) 

pLMP1-lp2Y 869 2649 pUC57 5’Acc65I - 3’EcoRI LMP1 Loop2 Y variant (aa Ile95-Gly108) 

pLMP2-lp2 870 2664 pUC57 5’Acc65I - 3’EcoRI LMP2 Loop2 (aa Thr198-Leu213) 

pLMP2-lp5 871 2664 pUC57 5’Acc65I - 3’EcoRI LMP2 Loop5 (aa Ser374-Pro390) 

pB7H4 878 3454 pUC57 5’HindIII - 3’NotI Human B7H4 cDNA 

pHygr na 3547 pUC57 5’XmaI - 3’BstZ17I Hygromycin resistance gene 

pUC57-CD8CAR 893 3337 pUC57 5’HindIII - 3’PmeI DNA cassette for pCD8-CAR development 

pUC57-IgG4CAR 894 3898 pUC57 5’HindIII - 3’PmeI DNA cassette for pIgG4-CAR development 

pAAVS1-HR na 3489 pUC57 5’BglII – 3’MluI DNA cassette with HR regions in AAVS1 locus for 
pCD8-CAR and pIgG4-CAR development 

pEF1αP na 3165 pUC57 5’MluI – 3’SgsI DNA cassette with EF1α promoter for pCD8-CAR and 
pIgG4-CAR development 

Table 2.14 pYD1 derivatives generated during this investigation. 

Derivative vector Lab ID  Size (bp) Vector Cloning sites* Insertion or modification 

pY-LMP1-lp2F 873 5053 pYD1 5’Acc65I - 3’EcoRI LMP1 Loop2 F variant from pUC57-LMP1-lp2F 

pY-LMP1-lp2Y 874 5053 pYD1 5’Acc65I - 3’EcoRI LMP1 Loop2 Y variant from pUC57-LMP1-lp2Y 

pY-LMP2-lp2 875 5068 pYD1 5’Acc65I - 3’EcoRI LMP2 Loop2 from pUC57-LMP2-lp2 

pY-LMP2-lp5 876 5068 pYD1 5’Acc65I - 3’EcoRI LMP2 Loop5 from pUC57-LMP2-lp5 

pY-NheI-del na 5009 pYD1 na NheI site deleted 

pY-NheI-mod na 5009 pYD1 na NheI site moved 

pYDN 862 4846 pYD1-Nhe-mod 5’NheI - 3’PmeI N-terminal AGA2 fusion expression 

pY-B7H4 866 5212 pYDN 5’NheI - 3’EcoRI B7H4 IgG-like V-type 1 domain from pUC57-B7H4-D1 

pY-scFv na ≅5620 pYDN EcoRI Pool of scFvs from phage display selections and 
individual scFv clone 
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Table 2.15 pcDNA5/FRT derivatives generated during this investigation. 

Derivate vector Lab ID  Size (bp) Vector Cloning sites Insertion or modification 

pB7H4-FRT 880 5937 pcDN5/FRT 5’HindIII - 3’NotI Human B7H4 cDNA obtained from pUC57-B7H4 

pLMP1-FRT 882 7077 pcDN5/FRT 5’HindIII - 3’NotI Viral LMP1 obtained by PCR from pPyLMP-1 

pLMP2A-FRT 883 7067 pcDN5/FRT 5’HindIII - 3’NotI Viral LMP2A obtained by PCR from pSG5-c/gLMP2A 

Table 2.16 pcDNA3.1 (+) derivatives generated during this investigation. 

Derivate vector Lab 
ID  

Size (bp) Vector Resistance* Cloning sites Insertion or modification 

pcDNA3.1-hygr na 5298 pcDNA3.1 (+) Amp and Hygr 5’XmaI - 3’BstZ17I Hygromycin resistance gene from 
pHygr 

pCD8-Cassette na 6073 pcDNA3.1-hygr Amp and Hygr 5’HindIII - 3’PmeI CD8 hinge-based CAR framework 
from pUC57-CD8CAR-Cassette 

pIgG4-Cassette na 6634 pcDNA3.1-hygr Amp and Hygr 5’HindIII - 3’PmeI IgG4 hinge-based CAR framework 
from pUC57-IgG4CAR-Cassette 

pCD8-Cass-HR na 7763 pCD8-Cassette Amp and Hygr 5’BglII – 3’MluI HR region in AAVS1 locus from 
pAAVS1-HR 

pIgG4-Cass-HR na 8324 pIgG4-Cassette Amp and Hygr 5’BglII – 3’MluI HR region in AAVS1 locus from 
pAAVS1-HR 

pCD8-CAR na 7599 pCD8-Cass-HR Amp and Hygr 5’MluI – 3’SgsI CMV substitution for EFα1 from 
pEF1αP 

pIgG4-CAR na 8160 pIgG4-Cass-HR Amp and Hygr 5’MluI – 3’SgsI CMV substitution for EFα1 from 
pEF1αP 

pCD8-CAR Clone X 898-
909 

≈8359 pCD8-CAR Amp and Hygr 5’SgsI - 3’MreI scFv inserted in CD8 cassette 

pIgG4-CAR Clone X 910 ≈8920 pIgG4-CAR Amp and Hygr 5’SgsI - 3’- ApaI scFv inserted in IgG4 cassette 

CMV-modified pCD8-
CAR Clone 4 B7H4 

913 8524 pCD8-CAR 
Clone 4 

Amp and Hygr 5’SgsI - 3’MreI Modified pCD8-CAR Clone 4 B7H4 
with the original CMV promoter 

CMV-modified IgG4-
CAR Clone 4 B7H4 

914 9085 pCD8-CAR 
Clone 4 

Amp and Hygr 5’SgsI - 3’- ApaI Modified pIgG4-CAR Clone 4 B7H4 
with the original CMV promoter 

*Hygr = hygromycin  
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2.3.1 pUC57 

pUC57 is a bacterial cloning vector which is the backbone used by GeneWiz to 

supply the synthetic DNA used in several cloning experiments. 

2.3.2 pYD1 

pYD1 is a yeast expression vector designed for expression, secretion, and display 

of proteins on the extracellular surface of Saccharomyces cerevisiae EBY100 cells 

(for map and sequence see figure 1 in the appendix). pYD1 was used to display 

several peptides on the surface of yeast, including LMP1 loop 2F, LMP1 loop 2Y, 

LMP2 loop 2 and LMP2 loop 5. It was also used to derive pYDN. The GAL promoter 

drive the expression of AGA2 fusion protein. The cloning site to generate a fusion 

protein is at the C-terminus of AGA2. Between an AGA2 and the cloning site, a T7 

encoded peptide, and an Xpress tag have been inserted which can be used to 

confirm the display of the recombinant fusion protein. pYD1 contains an ARS 

(autonomously replicating sequence) and a CEN (yeast centromere). It replicates 

like a chromosome with an average of a single plasmid per yeast cell. During this 

investigation, several plasmids were generated using pYD1 as the backbone (table 

2.14). 

2.3.3 pYDN 

pYDN is a modification of pYD1 based in the previously described vector pYD5 

(474) for N-terminal display of an AGA2 fusion protein (for map and sequence see 

figure 2 in the appendix). It was used to display B7H4 IgG-like V-type 1 domain 

and the scFvs selected by phage display, on the surface of the yeast (table 2.14). 

The cloning site for the fusion protein is at the N-terminus of AGA2, with an 

intervening V5 tag. The V5 tag can be used to confirm the display of the 

recombinant fusion protein. pYDN was developed by site-directed mutagenesis 

and cloning from pYD1. 

2.3.4 pRXB-100 

pRXB-100 is a phagemid vector used for phage display of antibody libraries (for 

map and sequence see figure 3 in the appendix). The phage display library used 
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was cloned into pRXB-100. It contains a cloning site at the N-terminus of the phage 

protein PIII. 

2.3.5 M13KO7 helper phage 

M13KO7 is a helper phage is used in conjunction with a phagemid vector (for map 

see figure 4 in the appendix). It contains all the elements necessary to produce 

functional M13 phage but has a mutation in the nickase pII gene and an insertion 

of the origin of replication p15A and a kanamycin resistance gene within the M13 

origin of replication. In the presence of a phagemid pRXB-100, single-stranded 

phagemid DNA is packaged preferentially in the M13 phage capsids. 

2.3.6 pcDNA5/FRT and derivatives 

pcDNA5/FRT is a mammalian expression vector used to express recombinant 

proteins with a tetracycline-inducible system (for map and sequence see figure 5 

in the appendix). pcDNA5/FRT was used to clone B7H4, LMP1 and LMP2A sequences 

to create tetracycline-inducible HEK293 expressing the antigens of interest (table 

2.15). It contains an FLP recombination target (FRT) site for Flp recombinase-

mediated integration of the vector into the HEK293 Flp-In T-REx. It contains a CMV 

promoter regulated by tetracycline for the expression of the introduced gene of 

interest. During this investigation, several plasmids were generate using 

pcDNA5/FRT as backbone (table 2.15). 

2.3.7 pOG44 

pOG44 is a mammalian expression vector which expresses the Flp recombinase 

(for map see figure 6 in the appendix). When co-transfected with pcDNA5/FRT 

into HEK293 Flp-In T-REx, the Flp recombinase mediates integration of the 

pcDNA5/FRT into FRT sites present in the genome. 

2.3.8 pPyLMP1  

pPyLMP1 is a mammalian expression vector containing the viral sequence of LMP1. 

It was used as DNA template for the amplification by PCR of the viral DNA sequence 

of LMP1 with the objective of cloning into pcDNA5/FRT (table 2.15). 
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2.3.9 pSG5-c/gLMP2A 

pSG5-c/gLMP2A is a mammalian expression vector containing the viral sequence 

of LMP2A. It was used as DNA template for the amplification by PCR of the viral 

DNA sequence of LMP2A with the objective of cloning into pcDNA5/FRT (table 

2.15). 

2.3.10 pcDNA3.1 (+) 

pcDNA3.1 (+) is a mammalian expression vector (for map and sequence see figure 

7 in the appendix). It was used to obtain pcDNA3.1-hygr. Several plasmids were 

generated using pcDNA3.1 (+) as the backbone with the objective of the expressing 

CAR in Jurkat Dual cells. 

2.3.10.1 pcDNA3.1-hygr 

pcDNA3.1-hygr is a modification of the pcDNA3.1 (+) mammalian expression vector 

(table 2.16). The neomycin resistance gene was replaced by a hygromycin 

resistance gene (for map and sequence see figure 8 in the appendix). 

2.3.10.2 pCD8-Cassette 

pCD8-Cassette is a modification of pcDNA3.1-hygr (table 2.16). It incorporates a 

DNA cassette encoding the CD8 signal peptide, the hinge domain of CD8, the 

transmembrane domain of CD8 and the stimulation intracellular domains of 4-1BB 

and CD3ζ, together comprising a CAR. It also includes two restriction sites, 5’-SgsI 

and 3’-MreI, for the in-frame cloning of scFvs between the signal peptide and the 

hinge domain. 

2.3.10.3 pIgG4-Cassette 

pIgG4-Cassette is a modification of pcDNA3.1-hygr (table 2.16). It incorporates a 

DNA cassette encoding the CD8 signal peptide, the hinge domain of IgG4, the 

transmembrane domain of CD8 and the stimulation intracellular domains of 4-1BB 

and CD3ζ, together comprising a CAR. It also includes two restriction sites, 5’-SgsI 

and 3’-ApaI, for the in-frame cloning of scFvs between the signal peptide and the 

hinge domain. 
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2.3.10.4 pCD8-Cass-HR 

pCD8-Cass-HR is a modification of pCD8-Cassette (table 2.16). It incorporates a 

DNA cassette with 400 bp homology arms to the safe harbour gene Adeno-

Associated virus integration site 1 (AAVS1) separated by the restriction site NheI. 

These homology arms were incorporate to knock-in the plasmid into the cell 

genome using Cas9 nuclease directed to AAVS1. 

2.3.10.5 pIgG4-Cass-HR 

pIgG4-Cass-HR is a modification of pIgG4-Cassette (table 2.16). It incorporates a 

DNA cassette with 400 bp homology arms to the safe harbour gene AAVS1 

separated by the restriction site NheI. These homology arms were incorporate to 

knock-in the plasmid into the cell genome using Cas9 nuclease directed to AAVS1. 

2.3.10.6 pCD8-CAR 

pCD8-CAR is a modification of pCD8-Cass-HR (table 2.16). The CMV promoter was 

replaced by the EF1α promoter. Several plasmids were generated using pCD8-CAR 

as the backbone, these plasmids consist in the in-frame cloning of an scFv 

(between the signal peptide and the hinge domain of the CAR) using the restriction 

sites 5’-SgsI and 3’-MreI (for map and sequence see figure 9 in the appendix). 

2.3.10.7 pIgG4-CAR 

pIgG4-CAR is a modification of pIgG4-Cass-HR (table 2.16). The CMV promoter was 

replaced by the EF1α promoter. Several plasmids were generated using pIgG4-CAR 

as the backbone, these plasmids consist in the in-frame cloning of an scFv 

(between the signal peptide and the hinge domain of the CAR) using the restriction 

sites 5’-SgsI and 3’-ApaI (for map and sequence see figure 10 in the appendix). 

2.4 Bacterial and yeast strains 

2.4.1 Escherichia coli DH5α  

Escherichia coli DH5α cells were used for expansion of plasmid DNA. The strain 

contains mutated endA1 and hsdR17 genes to inhibit plasmid degradation. 
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2.4.2 Escherichia coli XL1-Blue 

Escherichia coli XL1-Blue were used to create phage display libraries and for the 

infection of phage outputs obtained from phage display selection. It contains the 

mutated endA1 and hsdR17 endonuclease genes which inhibit the degradation of 

plasmid DNA. It also contains the F pilus, required for phage infection, on a 

tetracycline-selectable episome. 

2.4.3 Saccharomyces cerevisiae EBY100 

Saccharomyces cerevisiae EBY100 was used for yeast display of fusion proteins 

when transformed with vectors encoding AGA2 regulated by a GAL promoter and 

with a TRP1 selectable marker, including, pYD1 and pYDN. The Leu- and Trp- strain 

has also a genomic insertion of AGA1 regulated by a GAL promoter with a URA3 

selectable marker. This insertion is integrated in tandem with the endogenous 

AGA1. EBY100 conserves the endogenous AGA2. 

2.5 Mammalian cell lines 

2.5.1 HEK293 Flp-In T-REx and derivates 

HEK293 Flp-In T-REx was established from the human embryonic kidney cell line 

HEK293 by stable integration in the genome of pFRT⁄lacZeo and pcDNA6⁄TR 

plasmid sequences. A single copy of pFRT/lacZeo is stably integrated at a 

transcriptionally active genomic locus and maintained by selection with zeocin. 

When HEK293 Flp-In T-REx cells are co-transfected with pcDNA5/FRT and pOG44 

vectors, the Flp recombinase expressed by pOG44 mediates homologous 

recombination between the FRT sites of pcDNA5/FRT and the integrated 

pFRT/lacZeo. In so doing, the zeocin resistance gene is lost and a hygromycin 

resistance gene from pcDNA5/FRT incorporated. The genome integrated 

pcDNA6⁄TR is maintained by selection with blasticidin and it expresses a Tet 

repressor protein (TetR) under the CMV promoter. TetR represses the inducible 

CMV/TetO2 promoter of pcDNA5/FRT in the absence of tetracycline/doxycycline. 
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2.5.1.1 HEK293-B7H4 

HEK293-B7H4 is a cell line established by co-transfection of HEK293 Flp-In T-REx 

with pOG44 and pcDNA5/FRT-B7H4 (table 2.15). The HEK293-B7H4 cells are 

resistant to blasticidin (15 µg/ml) and hygromycin (400 µg/ml) and expresses the 

membrane protein B7H4 when cultured with tetracycline. 

2.5.1.2 HEK293-LMP1 

HEK293-LMP1 is a cell line established by co-transfection of HEK293F lp-In T-REx 

with pOG44 and pcDNA5/FRT-LMP1 (table 2.15). The HEK293-LMP1 cells are 

resistant to blasticidin and hygromycin and expresses the membrane protein LMP1 

when cultured in the presence of tetracycline. 

2.5.1.3 HEK293-LMP2A 

HEK293-LMP2A is a cell line established by co-transfection of HEK293 Flp-In T-REx 

with pOG44 and pcDNA5/FRT-LMP2A (table 2.15). The HEK293-LMP2A cells are 

resistant to blasticidin and hygromycin and expresses the membrane protein 

LMP2A when cultured in the presence of tetracycline. 

2.5.2 Jurkat-Dual and derivates 

The Jurkat-Dual cell line was derived from the Jurkat cell line established from 

human leukaemia T-cells, by stable integration of two inducible reporter 

constructs. It has a luciferase reporter gene controlled by the IFN-β promoter 

fused upstream to five copies of the NF-κB consensus transcriptional response 

element (kappa-B site) with three copies of the c-Rel binding site each. It also 

encodes a secreted embryonic alkaline phosphatase (SEAP) reporter gene under 

the control of an ISG54 promoter in conjunction with five IFN-stimulated response 

elements. Jurkat-Dual cells allow simultaneous study of the NF-κB pathway, by 

monitoring the activity of luciferase, and the interferon regulatory factor (IRF) 

pathway, by assessing the activity of SEAP. The reporter constructs are maintained 

by selection with blasticidin (10 µg/ml) and zeocin. 
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2.5.2.1 Jurkat-rep-CAR Clone X cell lines 

Jurkat-rep-CAR are cell lines derived from Jurkat-Dual by stable integration of 

plasmids generated using pCD8-CAR Clone X plasmids or pIgG4-CAR Clone X 

plasmids (table 2.16). Jurka-rep-CAR are maintained by selection with blasticidin, 

zeocin and hygromycin. The activation through the CAR was examined by the 

activity of the Lucia luciferase reporter gene as described below. 

2.6 DNA preparation and purification 

2.6.1 Plasmid purification 

In order to obtain plasmid DNA from E. coli DH5α or E. coli XL1-Blue, plasmid 

extraction was conducted using the QIAGEN plasmid midi kit. 50 ml overnight 

bacterial culture was centrifuged at 4,000 xg for 30 minutes at 4°C. The 

supernatant was discarded, and the bacterial pellet was resuspended in 4 ml of 

suspension buffer P1. 4 ml of lysis buffer P2 was added and mixed by inverting the 

tube gently. 4 ml of cool neutralising buffer P3 was added and mixed by inverting 

the tube gently followed by centrifugation at 20,000 xg for 30 minutes. During the 

centrifugation, a QIAGEN-tip-100 was equilibrated with 4 ml of buffer QBT, 

allowing it to move through the QIAGEN-tip by gravity flow. The supernatant was 

applied to the equilibrated QIAGEN-tip-100. The flow-through was discarded, and 

10 ml of wash buffer QC was added to the column. This step was performed twice. 

Then the flow-through was discarded, and the column was placed onto a 50 ml 

falcon tube and eluted with 5 ml of buffer QF. The plasmid DNA was precipitated 

by adding 3.5 ml of room temperature isopropanol, vortexed and centrifuged at 

4,000 xg, 1 hour at 4°C. The supernatant was removed, and the DNA pellet washed 

with 1 ml of 70% ethanol and vortexed. The sample was centrifuged in a microfuge 

at 16,000 xg for 10 minutes at 4°C and the supernatant removed. The DNA pellet 

was air-dried for 5–10 minutes and dissolved in a suitable volume of dH2O (usually 

100 µl). 

2.6.2 Purification of DNA from agarose gels 

Monarch DNA gel extraction kit was used to purify DNA from agarose gels 

previously used for DNA electrophoresis. The agarose gel slices were excised and 

weighed. Four volumes of Gel dissolving buffer were added to the gel slice (e.g., 
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400 μl buffer per 100 mg agarose) and incubated at 50°C with periodic vortexing 

until the gel slice was completely dissolved. A column was inserted into a 

collection tube, and the sample loaded onto the column and centrifuged for 30 

seconds at 10,000 xg, the flow-through was discarded. The column was placed 

into a new collection tube, and 200 μl of DNA wash buffer was added onto the 

column and centrifuged for 30 seconds at 10,000 xg, the flow-through was 

discarded and this step repeated. The column was transferred to a 1.5 ml 

microfuge tube, and 6-20 µl of dH2O was added onto the column to elute the DNA. 

The column was centrifuged for 1 minute at 10,000 xg and the flow-through with 

the eluted DNA collected. 

2.6.3 Purification and concentration of DNA 

DNA clean & concentrator-5 was used to clean or concentrate the DNA for use in 

cloning. For DNA fragments larger than 2 kb two volumes of DNA binding buffer 

were added to the DNA sample, for fragments smaller than 2 kb five volumes were 

added. The solution was mixed briefly by vortexing. A column was inserted into a 

collection tube, and the sample loaded onto the column and centrifuged for 30 

seconds at 10,000 xg, the flow-through was discarded. The column was placed 

into a new collection tube, and 200 μl of DNA wash buffer was added onto the 

column and centrifuged for 30 seconds at 10,000 xg, the flow-through was 

discarded and this step repeated. The column was transferred to a 1.5 ml 

microfuge tube, and 10 µl of dH2O was added onto the column to elute the DNA. 

The column was centrifuged for 1 minute at 10,000 xg and the flow-through with 

the eluted DNA collected. 

2.6.4 Purification of PCR products 

QIAquick PCR purification kit was used to purify DNA from PCR products. Five 

volumes of Buffer PB and 10 µl of 3 M sodium acetate pH 5.0 were added to the 

PCR reaction mix. The solution was mixed briefly by vortexing. A column was 

inserted into a collection tube, and the sample loaded onto the column and 

centrifuged for 30 seconds at 10,000 xg, the flow-through was discarded. The 

column was placed into a new collection tube, and 750 μl of Buffer PE was added 

onto the column and centrifuged for 30 seconds at 10,000 xg, the flow-through 

was discarded. The column was placed into a new collection tube and centrifuged 
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for 1 minutes at 10,000 xg, and the remaining flow-through was discarded. The 

column was transferred to a 1.5 ml microfuge tube, and 50 µl of dH2O was added 

onto the column to elute the DNA. The column was centrifuged for 1 minute at 

10,000 xg and the flow-through with the elute DNA collected. 

2.6.5 DNA precipitation with isopropanol and ethanol 

For DNA precipitation of linearised vectors, after the endonuclease digestion, one 

volume of isopropanol was added to the digestion mix, followed by 15 seconds of 

vortexing. The solution was then centrifuged at 13000 xg for 10 minutes at room 

temperature and the supernatant removed. The DNA pellet was washed with 500 

µl of 75% ethanol and centrifuged at 13000 xg for 10 minutes at room temperature. 

The supernatant was removed the DNA pellet air dry. Finally, the DNA pellet was 

resuspended in TE buffer and the DNA concentration was determined by Nanodrop. 

2.6.6 Genomic DNA extraction 

Approximately 106 cells were harvested for genomic DNA (gDNA) extraction with 

60 µl of QuickExtract DNA extraction solution. The cells were lysed in the solution, 

vortexed for 15 seconds, heated at 65°C for 6 minutes (followed by another 15 

seconds of vortexing), heated at 98°C for 2 minutes and cooled down to room 

temperature. Then, the solutions were diluted with 120 µl of TE buffer, 

centrifuged at 13000 xg for 3 minutes and the supernatants collected. The DNA 

concentration was determined by Nanodrop using as blank a solution composed of 

60 µl of QuickExtract DNA extraction solution plus 120 µl of TE buffer. The samples 

were diluted to 100 ng/µl with TE buffer and stored at -80°C. 

2.6.7 DNA quantification 

The concentration and purity of double-stranded DNA obtained in the above 

protocols (2.6.1, 2.6.2, 2.6.3, 2.6.4, 2.6.5 and 2.6.6) were determined by 

measuring the OD260 and the ration OD260/OD280 with a NanoDrop 1000. The DNA 

was stored at -20°C or -80°C until use. 
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2.7 Polymerase chain reaction (PCR) 

2.7.1 pYD1 site-directed mutagenesis PCR 

In order to obtain pYDN, pYD1 was modified by site-directed mutagenesis using Q5 

site-directed mutagenesis kit to remove the endogenous NheI restriction site and 

introduce a new NheI restriction site. To remove the NheI restriction site in pYD1, 

PCR was first performed using pYD1 as DNA template and the primers (-)NheI-F 

and (-)NheI-R (table 2.4). The reaction mix was prepared with 12.5 µl of Q5 hot 

start 2X master mix, 1.25 µl of 10 µM solution of each primer, 10 ng of pYD1 and 

dH2O up to 25 µl and PCR conducted (table 2.18). Next, a KLD (Kinase, Ligase and 

DpnI) reaction was performed using 1 µl of the first PCR product, 5 µl of 2X KLD 

reaction buffer, 1 µl of 10X KLD enzyme mix and 3 µl of dH2O. The KLD reaction 

mix was incubated 5 minutes at room temperature. E. coli DH5α were transformed 

(2.9.4) using 5 µl of the KLD reaction and plated onto a plate with 1% (w/v) agarose 

in LB with ampicillin (table 2.1) and incubated overnight at 37°C. pY-NheI-del was 

purified from a bacterial colony (2.6.1) and was used in a second PCR with the 

primers (+)NheI-F and (+)NheI-R (table 2.4). A second KLD reaction was performed 

with the second PCR product, and this then transformed into E. coli DH5α. The 

derived pY-NheI-mod was purified (2.6.1) and used to derive pYDN. 

Table 2.17 PCR conditions for directed mutagenesis of pYD1. 

Step Temperature Time 

Initial denaturalisation 98°C 30 seconds 

25 cycles 98°C 10 seconds 

Annealing temperature 20 seconds 

72°C Extension time 

Final extension 72°C 2 minutes 

Hold 10°C - 

Oligo couples Annealing temperature Extension time 

-NheI-F 
-NheI-R 

42°C 2 minutes 30 seconds 

+NheI-F 
+NheI-R 

56°C 2 minutes 30 seconds 

 

2.7.2 PCR for sequencing 

In order to amplify DNA for sequencing, PCR was conducted using the GoTaq G2 

hot start green master mix. The reactions were performed with 25 µl of 2X GoTaq 

hot start green master mix, 5 µl of each 10 µM forward and reverse oligos, 1-10 ng 
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of DNA or a bacterial colony as template and dH2O up to 50 µl. The reaction 

parameters for each Taq PCR are detailed in table 2.18. 

Table 2.18 Taq PCR conditions. 

Step Temperature Time 

Initial denaturalisation 95°C 2 minutes 

30 cycles 95°C 20 seconds 

Annealing temperature 30 seconds 

72°C Extension time 

Final extension 72°C 5 minutes 

Hold 10°C - 

Oligo couples Annealing temperature Extension time 

pYDN Cassette-F 
pYDN Cassette-R 

47°C 1 minute 

pYDN Check-F 
pYDN Check-R 

50°C 1 minute 

pYD1 Check-F 
pYD1 Check-R 

50°C 1 minute 

pcDNA5/FRT Check-F 
pcDNA5/FRT Check-R 

60°C 2 minutes 

pcDNA3.1 Hygr Check-F 
pcDNA3.1 Hygr Check-R 
 

58°C 1 minute 

pcDNA3.1 Check-F 
pcDNA3.1 Check-R 

57°C 1 minute 

EF1a Check-F 
EF1a Check-R 

56 1 minute 

CAR Check-F 
pCD8-CAR Check-R 

57°C 1 minute 

CAR Check-F 
pIgG4-CAR Check-R 

57°C 1 minute 

AAVS1 HR Check-F 
AAVS1 HR Check-R 

56 1 minute 

 

2.7.3 High-fidelity PCR for cloning and homologous 
recombination 

In order to amplify DNA for cloning including use in homologous recombination, 

PCR was conducted using Q5 high-fidelity DNA polymerase. The reaction mixtures 

comprised 5 µl of 10X PCR custom buffer, 1 µl of 10 mM dNTPs, 2.5 µl of each 10 

µM forward and reverse oligos, 10 ng of DNA template, 0.5 µl of Q5 high-fidelity 

DNA polymerase and dH2O up to 50 µl. The reaction parameters for each PCR 

performed with the Q5 high-fidelity DNA polymerase are detailed in table 2.19. 
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Table 2.19 High-fidelity PCR for cloning and homologous recombination. 

Step Temperature Time 

Initial denaturalisation 98°C 30 seconds 

34 cycles 98°C 10 seconds 

Annealing temperature 30 seconds 

72°C Extension time 

Final extension 72°C 2 minutes 

Hold 10°C - 

Oligo couples Annealing temperature Extension time 

HR-F 
HR-R 

72°C 30 seconds 

HR amp-F 
HR amp-R 

55°C 40 seconds 

LMP1-F 
LMP1-R 

55°C 1 minute 

LMP2A-F 
LMP2A-R 

55°C 1 minute 

ClnHR 1-F 
ClnHR 1-2-4-5-6-8-9-11-R 

55°C 40 seconds 

ClnHR 2-F 
ClnHR 1-2-4-5-6-8-9-11-R 

55°C 40 seconds 

ClnHR 3-5-F 
ClnHR 3-10-R 

55°C 40 seconds 

ClnHR 3-5-F 
ClnHR 1-2-4-5-6-8-9-11-R 

55°C 40 seconds 

ClnHR 4-6-7-8-9-10-11-F 
ClnHR 1-2-4-5-6-8-9-11-R 

55°C 40 seconds 

ClnHR 4-6-7-8-9-10-11-F 
ClnHR 3-10-R 

55°C 40 seconds 

ClnHR 4-6-7-8-9-10-11-F 
ClnHR -7-R 

55°C 40 seconds 

ClnHR amp-F 
ClnHR amp-R 

58°C 40 seconds 

ClnCAR 1-F 
ClnCARCD8 1-2-4-5-6-8-9-11-R 

55°C 40 seconds 

ClnCAR 2-F 
ClnCARCD8 1-2-4-5-6-8-9-11-R 

55°C 40 seconds 

ClnCAR 3-5-F 
ClnCARCD8 3-10-R 

55°C 40 seconds 

ClnCAR 3-5-F 
ClnCARCD8 1-2-4-5-6-8-9-11-R 

55°C 40 seconds 

ClnCAR 4-6-7-8-9-10-11-F 
ClnCARCD8 1-2-4-5-6-8-9-11-R 

55°C 40 seconds 

ClnCAR 4-6-7-8-9-10-11-F 
ClnCARCD8 3-10-R 

55°C 40 seconds 

ClnCAR 4-6-7-8-9-10-11-F 
ClnCARCD8 7-R 

55°C 40 seconds 

ClnCAR 1-F 
ClnCARCD8 1lmp-R 

55°C 40 seconds 

ClnCAR 1-F 
ClnCARIgG4 1lmp-R 

55°C 40 seconds 
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ClnCAR 4-6-7-8-9-10-11-F 
ClnCARIgG4 4-R 

55°C 40 seconds 

ClnCAR amp-F 
ClnCARCD8 amp-R 

60°C 40 seconds 

ClnCAR amp-F 
ClnCARIgG4 amp-R 

60°C 40 seconds 

 

2.7.4 PCR for T7EI mismatch detection assay and tracking of 
indels by decomposition (TIDE) 

In order to amplify DNA for the T7EI mismatch detection assay and TIDE, PCR was 

conducted using Q5 high-fidelity DNA polymerase. The reaction mixtures 

comprised 10 µl of 5X Q5 reaction buffer, 1 µl of 10 mM dNTPs, 2.5 µl of each 10 

µM forward and reverse oligos, 100 ng of gDNA, 0.5 µl of Q5 high-fidelity DNA 

polymerase and dH2O up to 50 µl. The reaction parameters are the same as the 

ones described in table 2.19. The primers used for this PCR, annealing 

temperature and extension time are described in table 2.20. 

Table 2.20 Primers and conditions used in the high-fidelity PCR for T7EI mismatch detection 
assay and TIDE. 

Oligo couples Annealing temperature Extension time 

AAVS1 HDR Check-F 
AAVS1 HDR Check-R 

72°C 20 seconds 

 

2.8 DNA gel electrophoresis 

2.8.1 Agarose gel electrophoresis 

In order to separate DNA fragments according to size and visualise these, agarose 

gel electrophoresis was conducted using TAE buffer in a Wide mini ready sub-cell 

GT cell (Bio-Rad) connected to a PowerPac basic power supply (Bio-Rad). The 1% 

agarose was prepared and melted in TAE buffer and allowed to cool until 

handleable. Then, SYBR safe DNA gel stain was added at a ratio of 1:10,000 and 

mixed well. This was poured into a sealed gel tray with a comb a left to solidify. 

The gel was placed into the electrophoresis chamber with TAE buffer, the comb 

removed and loaded with the DNA ladder and samples. The DNA ladder sample 

was prepared with 2.5 µl of 1 kb Plus DNA ladder, 4 µl of Orange G loading dye 

and dH2O to a final volume of 25 µl. 1X Orange G loading dye was added to the 
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DNA samples except those obtained by PCR with GoTaq G2 hot start green master 

mix. The DNA fragments were separated at 100 V for 1 hour, visualised using an 

LED blue light transilluminator (470 nm) and collected if required for further 

analysis. 

2.8.2 Polyacrylamide gel electrophoresis 

In order to separate DNA fragments according to size and visualise these after 

digestion with T7 endonuclease I for the T7EI mismatch detection assay, a 

polyacrylamide gel electrophoresis was performed. A 1 mm 8% DNA-PAGE gel was 

casted using Mini-PROTEAN tetra handcast systems (Bio-Rad). 1.2 ml of 40 % 

Acrylamide (37.5:1) (Severn Biotech) was diluted in 3.6 ml of dH2O plus 1.2 ml of 

5X TBE buffer and 100 µl of 10 % ammonium persulfate. Then, 5 µl of the 

polymerisation agent TEMED was added. The acrylamide was allowed to 

polymerise for at least 30 minutes at room temperature. The DNA fragments were 

separated at 70 V for 90 minutes using Mini Trans-Blot cell (Bio-Rad) and PowerPac 

basic power supply. For visualisation, the gel was incubated in a container with 

200 µl of 0.5% TBE plus 4 µl of ethidium bromide in dark for 20 minutes with gently 

shaking and visualised using c600 imaging system (Azure biosystems). 

2.9 DNA Cloning 

2.9.1 Restriction endonucleases digestion 

Restriction endonuclease reactions were performed with different enzymes during 

the investigation. For FastDigest, Buffer B and Cutsmart, reactions were set up in 

a total volume of 50 µl or 100 µl, using 1-5 µg DNA, the appropriate volume of 10X 

buffer (to a final 1X concentration) and generally 5 µl endonuclease, and 

incubated at 37°C for 10 minutes to 2 hours (table 2.21). 

In the case of sequential digestion with two endonucleases, after inactivation of 

the first enzyme, an extra 50 µl of final volume with the appropriate buffer and 

endonuclease were added and incubated. Alternatively, 1 µl of the second 

endonuclease was added directly to the first reaction and incubated. In the case 

where different buffers were required, the first digestion was performed and the 

DNA purified (2.6.3) for its use in the second endonuclease reaction. 
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After the completing the digestion with restriction enzymes, the sample was 

electrophoresed and the DNA fragment of interest collected from the gel and 

purified (2.6.2). 

Table 2.21 Endonucleases, buffers and conditions for digestion and inactivation. 

Enzyme Buffer Digestion Inactivation 

Time Temperature  Time Temperature 

Acc65I FastDigest 10 minutes 37°C 5 minutes 65°C 

ApaI FastDigest 10 minutes 37°C 5 minutes 65°C 

BstZ17I CutSmart 10 minutes 37°C na na 

BglII FastDigest 25 minutes 37°C na na 

EcoRI FastDigest 20 minutes 37°C 5 minutes 80°C 

HindIII FastDigest 20 minutes 37°C 10 minutes 80°C 

MreI FastDigest 10 minutes 37°C 5 minutes 80°C 

MluI FastDigest 10 minutes 37°C 5 minutes 80°C 

NheI FastDigest 20 minutes 37°C 5 minutes 65°C 

NotI FastDigest 35 minutes 37°C 5 minutes 80°C 

PmeI Buffer B 2 hours 37°C 20 minutes 65°C 

SgsI FastDigest 10 minutes 37°C 20 minutes 65°C 

XmaI CutSmart 10 minutes 37°C 20 minutes 65°C 

 

2.9.2 DNA dephosphorylation  

After plasmid digestion with endonucleases and prior to ligation, a 

dephosphorylation reaction was carried out to remove the 5´phosphates of each 

fragment end. The aim was to inhibit the recircularisation of the single cut vector 

in the sample during the ligation reaction. Shrimp alkaline phosphatase (rSAP) was 

used, incubated at 37°C overnight in a final volume of 60 µl with 6 µl of 10X 

CutSmart buffer and 3 µl of rSAP. rSAP was inactivated at 65°C for 5 minutes and 

then the DNA was purified (2.6.2). 

2.9.3 DNA ligation 

The digested and dephosphorylated vector and the DNA insert with compatible 

sticky ends, were ligated using T4 DNA ligase. The DNA inserts and vector were 

mixed at a molar ratio of 3:1 respectively, with 1 µl of T4 DNA ligase and 4 µl of 

5X ligase reaction buffer in a final volume of 20 µl. The reaction was incubated at 

14°C overnight, and then inactivated at 65°C for 20 minutes. 



Chapter 2 
 

125 
 

2.9.4 Bacterial transformation 

In order to transform plasmid DNA into bacteria, Escherichia coli DH5α competent 

cells were thawed on ice and 10 ng of plasmid or 5 µl of the ligation reaction was 

added to 50 µl of competent cells. The cells were incubated on ice for 30 minutes 

followed by a heat shock at 42°C for 20 seconds and incubation on ice for 2 

minutes. Then, 1 ml of LB was added to the cells followed by incubation at 37°C, 

with shaking at 200 rpm for 1 hour. 100 µl of the bacterial culture was spread on 

an LB agar plate containing the appropriate antibiotic and incubated at 37°C 

overnight. 

2.10 Protein related procedures 

2.10.1 Protein extraction with RIPA buffer 

In order to extract proteins from mammalian cell pellets, 200 µl of RIPA buffer 

containing protease and phosphatase inhibitors was added to 107 cells. The cells 

were disrupted by vortex and kept on ice for 30 minutes. The tissue or cell lysate 

was then centrifuged at 14,000 xg, 4°C for 10 minutes. The supernatant was 

transferred to a fresh tube, and the protein concentration was determined by 

Bradford assay. 

2.10.2 Bradford assay 

In order to determine the protein concentration in cell lysates, a Bradford assay 

was performed using Protein assay dye reagent concentrate. The Bradford red dye 

solution contains an acidic (cationic) form of coomassie brilliant blue G-250. The 

dye is converted to the blue anionic form when it binds to arginine and aromatic 

amino acid residues, thus the OD595 can be determined and related to protein 

concentration. A standard curve was prepared by serial dilutions from a 2 mg/ml 

BSA (Bovine serum albumin) stock solution and RIPA buffer. 10 µl of each serial 

dilution was transferred into a flat bottom 96-well plate preparing three 

replicates. 10 µl of each protein lysate was also transferred to the plate in three 

replicates. The dye was prepared by diluting 1:4 the Protein assay dye reagent 

concentrate with dH2O, vortexing and filtering to remove particles. 200 µl of the 

dye reagent was added to each well and mixed by pipetting up and down. The 

samples were left 5 minutes at room temperature for the reaction to take place. 
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Then, to avoid the presence of bubbles in the sample, 100 µl of the sample was 

transferred to a new flat-bottom 96-wells plate. The addition of the dye reagent, 

sample mixing and transfer were performed with a multichannel pipette. The 

values of OD595 for each well were obtained using a plate reader, the standard 

curve was plotted with GraphPad prism 6 and a linear regression performed. The 

OD595 values from the cell lysates were converted into protein concentration using 

the equation obtained from the linear regression. 

2.10.3 Polyacrylamide gel electrophoresis 

In order to separate proteins by size, a MiniGel tank and blot module set and a 

PowerEase 500 power supply were used with a 10-well NuPAGE 12% Bis-Tris protein 

gel. The protein samples were prepared using 10 µg of protein, 5 µl of 4X Bolt LDS 

sample buffer, 2.5 µl of 10X NuPAGE sample reducing agent and RIPA buffer up to 

a volume of 25 µl. The mix was vortexed, centrifuged 10,000 xg for 2 minutes and 

heated at 95°C for 1 minute. The Mini Gel Tank and 10-well NuPAGE 12% Bis-Tris 

gel were set up for electrophoresis and filled with 1X dilution in dH2O of 20X 

NuPAGE MOPS SDS running buffer. 10 µl SeeBlue Plus2 pre-stained protein standard 

and 15 µl (6 µg of total protein) of the 25 µl of protein sample were loaded into 

the gel. The electrophoresis was run for 1 hour at 125 V, 100 mA and 18 W. The 

gel was removed for western blotting. 

2.10.4 Western blotting 

In order to transfer the proteins from a polyacrylamide gel to a PVDF membrane 

by electrophoresis, the MiniGel tank and blot module set and a PowerEase 500 

power supply were used. The PVDF membrane was activated by soaking 1 minute 

in methanol. The blot module was set up with the PVDF membrane placed on top 

of the gel and filter paper, then sponge pad covering both sides of the 

gel/membrane. The blot module was placed into the MiniGel tank, filed with 1X 

dilution in dH2O of 20X Bolt transfer buffer. Electrophoresis was run for 1 hour at 

30 V, 300 mA and 25 W using a PowerEase 500 power supply. 

2.10.5 Ponceau membrane staining for protein visualisation 

In order to assess the successful protein transfer to the PVDF membrane, the blot 

was stained with Ponceau solution: 0.1% (w/v) ponceau S and 5% (v/v) acetic acid 
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in dH2O. The membrane was incubated in 10-15 ml of Ponceau staining solution at 

room temperature until bands became visible. Then, the unbound stain was 

washed off the membrane with two washes of 1 minute with 15 ml of dH2O. The 

photographic image was recorded. The membrane was then washed three times 

with 0.1% (v/v) Tween20 in TBS for 5 minutes with shaking before probing. 

2.10.6 Membrane blocking and antibody probing 

The membrane was blocked with 5% (w/v) non-fat milk powder (NFM) 0.1% 

Tween20 in TBS at room temperature for 1 hour with shaking. After the blocking, 

the membrane was incubated with the primary antibody (table 2.2) diluted in 2% 

NFM 0.1% Tween20 in TBS overnight 4°C with shaking. The following day, the 

membrane was washed three times for 5 minutes with shaking with 0.1% Tween20 

in TBS. The membrane was then incubated with the secondary antibody diluted in 

2% NFM 0.1% Tween20 in TBS for 1 hour at room temperature with shaking. After 

the incubation, the membrane was washed three times for 5 minutes with shaking 

with 0.1% Tween20 in TBS. The membrane was kept wet in TBS. 

2.10.7 Protein chemiluminescence detection 

In order to detect secondary antibodies linked to HRP (horseradish peroxidase 

enzyme), Pierce ECL western blotting substrate was used together with an ECL 

(enhanced chemiluminescence) system. Pierce ECL western blotting substrate is 

composed of two solutions, detection reagent 1 (peroxide solution) and detection 

reagent 2 (luminol enhancer). 12 ml of detection reagent was prepared by mixing 

detection reagent 1 and detection reagent 2 in equal parts at room temperature. 

The membrane was incubated with the detection reagent for 1 minute at room 

temperature and luminescence computed using a c600 imaging system. 

2.10.8 Membrane stripping and reprobing 

In order to detect a second protein in the membrane, the antibodies and detection 

reagent were removed by washing the membrane three times for 5 minutes with 

shaking with 0.1% Tween20 in TBS at room temperature, followed by incubating 

with Restore PLUS western blot stripping buffer 15 minutes at room temperature. 

The membrane was washed with three times for 5 minutes with shaking with 0.1% 
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Tween20 in TBS. The membrane could then be blocked and reprobed as described 

in sections 2.10.6 and 2.10.7 or stored sealed in plastic at 4°C until further use. 

2.11 Yeast display related procedures 

2.11.1 Yeast transformation 

In order to transform S. cerevisiae EBY100, the lithium acetate/single-stranded 

carrier DNA/polyethylene glycol method was followed. S. cerevisiae EBY100 was 

spread on a plate with 1% agarose in YPD plus penicillin and streptomycin and 

incubated for 2 days at 30°C. A colony was picked and grown overnight in 5 ml of 

YPD broth plus penicillin and streptomycin at 30°C and 220 rpm. Next day, a 50 

ml culture was prepared at a yeast density of OD600 0.5 and was grown to a density 

of OD600 1 equating to 2x107 yeast cells/ml. The yeast were harvested by 

centrifugation at 2000 xg for 3 minutes, washed twice with sterile dH2O and 

resuspended in 1 ml of sterile dH2O. 100 µl of this yeast suspension was used for 

each transformation. The yeast sample was centrifuged at 2000 xg for 3 minutes, 

the supernatant removed and the pellet resuspended in 360 µl of transformation 

mix: 240 µl of 50% (w/v) PEG3350, 36 µl of 1M lithium acetate, 50 µl of 2 mg/ml 

boiled salmon sperm DNA, sample DNA and sterile dH2O to a final volume of 360 

µl. The sample DNA was 500 ng of circular plasmid DNA, or 1.4 µg of linearised 

plasmid plus 0.4 µg of DNA insert (when using homologous recombination mediated 

insertion). The yeast with the transformation mix were vortexed vigorously, then 

incubated at 42°C for 45 minutes. Next, the yeast were centrifuged at 2000 xg for 

3 minutes and the supernatant removed. The yeast were resuspended in 1 ml of 

YPD and incubated 1 hour, 30°C and 220 rpm. After incubation, the yeast were 

pelleted by centrifugation at 2000 xg for 3 minutes and YPD broth was removed 

and the yeast were washed twice with sterile dH2O and resuspended in 50 µl of 

SD-CAA selection broth supplemented with penicillin and streptomycin. The 

samples were finally plated in a Petri dish with 1% agarose in SD-CAA 

supplemented with penicillin and streptomycin or resuspended in SD-CAA broth 

with penicillin and streptomycin in the case of yeast transformation for 

homologous recombination of DNA insert into a pYDN. In both cases the yeast were 

incubated 2 days at 30°C. 
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In the case of yeast transformation for homologous recombination into pYDN, a 

titration was performed with serial dilutions of the selection both (undiluted and 

dilutions of 10-1, 10-2, 10-3, 10-4, 10-5, 10-6 and 10-7). 10 µl of each dilution were 

plated on 1% agarose in SD-CAA supplemented with penicillin and streptomycin 

SD-CAA and incubated at 2 days at 30°C. The colonies from the highest dilution 

with more than 20 colonies were counted for calculation of the total number of 

colony-forming units (CFU). 

𝐶𝐹𝑈/𝑚𝑙 =
𝑁° 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑 𝑖𝑛 𝑚𝑙
𝑥

1

𝐷𝐹
 

2.11.2 Preparation of yeast lysates 

In preparation for PCR, S. cerevisiae EBY100 samples were lysed in yeast lysate 

buffer: 50 mM Tris-Cl (pH 8), 10 mM EDTA, 0.01 M DTT and 300 U/ml of lyticase. 

106 yeast were resuspended in 100 µl of lysate buffer and incubated 40 minutes at 

37°C, followed by 10 minutes at 80°C. The debris was pelleted at 10,000 xg for 

10 minutes and 0.5 µl of the supernatant was used for a 50 µl PCR. 

2.11.3 Yeast display: growth and induction 

In order to expand the yeast and induce the expression of the recombinant fusion 

proteins on S. cerevisiae EBY100 transformed yeast, cultures were grown in 50 ml 

of SD-CAA broth with penicillin and streptomycin at 30°C and 220 rpm from a 

density of OD600 0.5 to a final density of OD600 1. Then, the yeast were centrifuged 

at 2000 xg for 3 minutes, the pellet resuspended in 50 ml of SG-CAA broth with 

penicillin and streptomycin and the yeast grown overnight at 20°C 220 rpm for the 

induction of the fusion protein. SG-CAA has the same formulation as SD-CAA with 

the exception that the carbon source is galactose instead dextrose, activating the 

GAL promoter and thus inducing the expression of the genomic AGA1 and the 

plasmid AGA2-fusion protein for subsequent display. 

2.11.4 Yeast panning depletion prior to selection 

In order to select yeast displaying scFvs able to interact with the target antigen 

on the surface of mammalian cells, the induced yeast display outputs obtained by 

transfer from the phage display selections were exposed to HEK293 cells 
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expressing the target antigen. Prior to this, to promote the antigen specificity, 

the induced yeast underwent two depletion steps, first with the surface of the 

flask (to remove any yeast-expressing flask-reactive scFv) and second with control 

HEK293 cells (to remove any yeast-expressing HEK293-reactive scFv). For the first 

depletion, the yeast were grown and the scFvs induced. BSA was used as a blocking 

agent to block non-specific binding. The yeast were pelleted, resuspended to a 

density of OD600 3 in 2% (w/v) BSA in PBS and incubated 1 hour at room 

temperature with rocking. Then, 5x108 yeast were resuspended in 15 ml of 2% BSA 

in PBS Ca++ Mg++ and exposed to the surface of a 150 cm2 flask for 1 hour with 

gentle intermittent swirling. For the second depletion, to increase the adherence 

of the HEK293 cells to the flask, the 75 cm2 flask were previously coated for 5 

minutes with 5 ml of 0.2 mg/ml solution of Poly-D-Lysine in sterile dH2O. Then, 

the solution was removed and the surface rinsed with sterile dH2O and left to dry. 

HEK293 cells were seeded in 50% confluence and used for yeast-cell panning 

selection when the confluence reached 80-100%. The HEK293 cell were blocked 

with 10 ml of 2% BSA PBS Ca++ Mg++ for 1 hour. The blocking solution was removed 

from the flask and the yeast suspension was transferred from the first depletion 

flask to the flask with the HEK293. The yeast were incubated for 1.5 hours at room 

temperature with gentle swirling every 30 minutes.  

2.11.5 Yeast selection and expansion 

During the second depletion step, to prepare the selection step, a 75 cm2 cell 

culture poly-D-lysine coated flask with 80-100% confluent HEK293 expressing the 

target antigen were blocked by replacing the medium with 10 ml of 2% BSA in PBS 

Ca++ Mg++ for 1 hour. Next, the blocking solution was removed from the antigen-

expressing HEK293 cells, and the depleted yeast suspension was transferred to the 

flask, incubating for 1.5 hours at room temperature with gentle swirling every 30 

minutes. The yeast suspension was removed and the HEK293 cells washed four 

times with 15 ml of 2% BSA in PBS Ca++ Mg++ and once with 15 ml of PBS with gentle 

swirling. The flask was examined under the microscope to detect the presence of 

yeast binding to the cells. The selected yeast and HEK293 cells were scraped from 

the surface of the flask in 15 ml of SD-CAA plus 100 U/ml of penicillin and 

streptomycin and transferred to a 250 ml flask were they were grown in a total 

volume of 50 ml medium for 2 days at 30°C and 220 rpm. Then, the culture was 

passed through a 40 µm cell strainer to remove the mammalian cell debris and 
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centrifuged at 2000 xg, 4°C for 3 minutes. The yeast pellet was resuspended in 4 

ml of 15% glycerol in PBS and stored at -80°C for the next selection round. 

2.12 Phage display related procedures 

2.12.1 Phage library production 

In order to produce the phage library, a bacterial glycerol stock of E. coli XL1-Blue 

transfected with the library cloned into a phagemid vector was purchased and 

used (table 2.7). 1011 E. coli XL1-Blue (ten times the library diversity) were grown 

at 37°C and 220 rpm from OD600 0.3 to OD600 0.6 (OD600 1 with E. coli is equivalent 

to 8x108 bacteria/ml) in Terrific broth supplemented with ampicillin, tetracycline 

and 0.1 M glucose. Then, 2x1011 M13KO7 helper phage were added, and the culture 

was incubated 30 minutes at 37°C without shaking for the infection. After the 

infection, the bacteria were centrifuged 4000 xg, 4°C for 30 minutes and the 

pellet was resuspended at a density of OD600 1 in Terrific broth supplemented with 

ampicillin, tetracycline, kanamycin and 0.25 mM of IPTG. The infected bacteria 

were grown overnight at 30°C and 220 rpm. The bacteria were then centrifuged 

at 4000 xg, 4°C for 30 minutes and the phage containing supernatant collected. 

10 ml of a solution composed of 20% (w/v) PEG8000 and 2.5 M NaCl was added to 

40 ml of phage supernatant in a 50 ml falcon tube, mixed well and cooled on ice 

for 1 hour. Then, the phage suspension was centrifuged at 4000 xg, 4°C for 30 

minutes. The supernatant was discarded, and the phage pellet resuspended in 1 

ml of PBS. The phage suspension was centrifuged 10,000 xg, 4°C for 10 minutes 

and the supernatants collected and filtered through a 0.2 µm syringe filter. The 

phage density was determined using a NanoDrop 1000 by measuring OD268. The 

value of OD268 1 is equivalent to 5x1012 M13 phage/ml. This procedure was 

followed to produce the initial library for phage selection and the output phage 

obtained from each selection step. 

2.12.2 Phage display selection using yeast expressing antigen 

Several rounds of selection were performed and each round consisted of two 

steps, depletion and selection. In order to perform a phage display selection using 

yeast as a source of antigen, two different samples of induced yeast were 

prepared (2.11.3), 1.5x108 induced yeast expressing the display system AGA1-
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AGA2 and 1.5x108 induced yeast expressing the display system with the fusion 

protein, AGA1-AGA2-fusion protein. Prior to the selection procedure, the yeast 

were blocked with 2% BSA in PBS at OD600 3 and the phage in 1 ml of 2% NFM in 

0.5% Tween20 in PBS, both for 1 hour at room temperature with rocking.  

2.12.2.1 Phage depletion and selection 

For the depletion step, the blocked phage were incubated with the blocked 

induced yeast expressing AGA1-AGA2, in phage blocking solution for 1.5 hours at 

room temperature with rocking. The yeast were pelleted at 10,000 xg for 5 

minutes and the supernatant collected for the selection step. The supernatant 

was mixed with the blocked induced yeast expressing AGA1-AGA2-fusion protein 

for 1.5 hours at room temperature with rocking. The yeast were pelleted at 2000 

xg for 3 minutes at room temperature, the supernatant discarded and the yeast 

collected for the washing steps. A total of eight washes were performed, seven 

with 1 ml of 0.1% of Tween20 in PBS and the last one with 1 ml of PBS. For every 

wash, the yeast were swirled in the tube then centrifuged at 2000 xg for 3 minutes 

at room temperature.  

2.12.2.2 Phage elution 

The phage were digested away from the yeast using 800 µl of 0.02 mM trypsin for 

15 minutes at room temperature with rocking. After the incubation, the trypsin 

was blocked with 200 µl of FBS (Foetal bovine serum) and the 1 ml solution used 

for infection of E. coli XL1-Blue. Short trypsinisation treatments can elute the 

phage without affecting their infectivity. 

2.12.2.3 E. coli infection, phage titration and expansion 

To infect E. coli XL1-Blue with the selected phage, the day before the selection a 

colony was picked from an agar plate with LB supplemented with tetracycline and 

grown in 50 ml of Terrific broth supplemented with tetracycline overnight 37°C 

at 220 rpm. The next day, a new culture was prepared starting at 0D600 0.1 and 

grown at 37°C at 220 rpm to OD600 0.6. 5 ml of this culture was used for infection 

with the eluted phage. The eluted phage (1 ml) was added to the 5 ml of culture, 

and the total 6 ml of infection mix was incubated in a water bath for 30 minutes 

at 37°C with gentle mixing every 10 minutes. A titration was performed with serial 
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dilutions of the infection mix (undiluted and dilutions of 10-1, 10-2, 10-3, 10-4, 10-

5, 10-6 and 10-7). 10 µl of each dilution were plated on LB plus 10 µg/ml tetracycline 

plus 100 µg/ml ampicillin plates and incubated at 37°C overnight. The colonies 

from the highest dilution with more than 20 colonies were counted for calculation 

of the total number of colony-forming units (CFU). 

𝐶𝐹𝑈/𝑚𝑙 =
𝑁° 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑 𝑖𝑛 𝑚𝑙
𝑥
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After the titration, the bacteria were pelleted from the infection mix by 

centrifugation at 4000 xg, 30 minutes at 4°C and resuspended in 1 ml of Terrific 

broth supplemented with tetracycline and ampicillin. Then, this was plated on a 

square bioassay plate with 1% agar in Terrific broth supplemented with 

tetracycline and ampicillin. The bioassay plate was incubated at 37°C overnight. 

Then, the bacteria were collected from the bioassay plate and resuspended in 4 

ml of Terrific broth plus 25% of glycerol, generating four 1 ml glycerol stocks. The 

percentage of phage recovered in each round of selection was calculated by 

comparison between the number of phage obtained after selection with the 

number of phage used at the beginning of the selection. The results were plotted 

with GraphPad Prism 6. 

2.13 Flow cytometry analysis 

All flow cytometry data were analysed with FlowJo v10. In the case of working 

with yeast, the same volume was used for blocking, staining, washing and 

resuspension. This volume changes with the quantity of yeast needed for the 

analysis, but the yeast density was constant in all the steps (OD600 3). 

2.13.1 Yeast display expression 

In order to analyse the expression of the displayed protein on the yeast surface, 

the transformed yeast were grown and induced, then blocked in 2% BSA in PBS for 

1 hour at room temperature with rocking. To stain yeast transformed with pYD1-

derived plasmids, a staining solution was prepared with the antibodies Mouse-anti-

Xpress and Goat-anti-mouse Alexa 488 conjugated, both diluted 1:250 in 2% BSA 

in PBS. To stain yeast transformed with pYDN-derived plasmids, a staining solution 

was prepared with the antibody Mouse-anti-V5 FITC conjugated diluted 1:500 in 
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2% BSA in PBS. The yeast were resuspended in the staining solution and incubated 

for 1 hour at 4°C with rocking, covered with aluminium foil. The yeast were then 

centrifuged at 2000 xg, 4°C for 3 minutes and the pellet washed twice with cold 

2% BSA in PBS. The yeast were finally resuspended in cold PBS and kept on ice till 

their analysis using MACSQuant analyser 10 (Miltenyi biotec). 

2.13.2 B7H4 expression in HEK293-B7H4 

In order to characterise the expression of B7H4 in HEK293 cells, a 75 cm2 flask at 

80-100% confluence with HEK293 cells was used and the cells detached with 10 

minutes incubation in 5 ml of Cell dissociation solution, the dissociation reaction 

was stopped with 15 ml of PBS. The cells were collected and centrifuged for 5 

minutes at 500 xg and 4°C, the pellet resuspended in 2 ml of cold PBS and filtered 

through a 40 µm cell strainer. The cell density was determined and adjusted to 

107 cells/ml in PBS and kept on ice. 100 µl of the cell suspension was used for each 

cell staining. The staining was performed by adding 5 µl of Mouse-anti-B7H4 PE 

conjugated to 100 µl of cells (1:20 dilution). An isotype control was performed by 

adding 2.5 µl of Mouse IgG1 kappa isotype PE conjugated to 100 µl of cell 

suspension (1:40 dilution). Both samples were incubated for 1 hour at 4°C with 

rocking and covered by aluminium foil. After the incubation, the cells were 

washed twice with cold PBS, resuspended in 100 µl of cold PBS and kept on ice till 

their analysis using MACSQuant analyser 10. 

2.13.3 Yeast Fluorescence-activated cell sorting (FACS) 

In order to analyse and isolate scFvs binding to B7H4 after the yeast-cell panning 

selection, the interaction between the yeast displaying scFvs and recombinant 

antigen B7H4-Fc was examined by flow cytometry. B7H4-Fc is a recombinant 

fusion protein composed of the extracellular domain of B7-H4 and the Fc domain 

of an antibody (comprising the CH1 and CH2 domains) forming a homodimer. 

The yeast from the different panning selection outputs were grown and induced, 

then blocked in 2% BSA in PBS for 1 hour at room temperature with rocking. The 

blocked yeast were resuspended in a solution of 100 nM of B7H4-Fc in 2% BSA in 

PBS and incubated for 1 hour at room temperature with rocking. Another sample 

of blocked yeast was used as control and incubated with 100 nM of Fc. Next, the 
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yeast were centrifuged at 2000 xg for 3 minutes and washed twice with 2% BSA in 

PBS. Then, they were incubated with a staining solution composed of 1:250 

dilution of Mouse-anti-V5 Tag Alexa 647 conjugated and 1:40 dilution of Mouse-

anti-human Fc FITC conjugated in 2% BSA in PBS. The samples were incubated for 

1 hour at 4°C with rocking and covered by aluminium foil. After the incubation, 

they were washed twice with cold 2% BSA in PBS and finally resuspended in cold 

PBS and kept on ice until their analysis and sorting using BD FACSAria III (Becton 

Dickinson) and the software BD FACSDiva. The double-positive labelled yeast, 

FITC+ and Alexa 647+, were sorted into a 15 ml falcon tube containing 7 ml of SD-

CAA supplemented with penicillin and streptomycin. They were transferred to a 

250 ml flask for growth in a final volume of 50 ml for 2 days at 30°C and 220 rpm. 

A second sorting was performed and plated onto agar plates of SD-CAA 

supplemented with penicillin and streptomycin, sorting 96 double-positive single 

yeast. The plates were incubated for 2 days at 30°C for single colony growth. 

2.13.4 Yeast single clone binding analysis 

In order to study the interaction of single yeast clones expressing scFv with dimeric 

and monomeric recombinant B7H4, the yeast were exposed to the antigens and 

the binding assessed by flow cytometry. The individual yeast clones were grown 

and induced, then in 2% BSA in PBS for 1 hour at room temperature with rocking. 

To study the scFv expression, blocked yeast were incubated in a staining solution 

with 1:500 Mouse-anti-V5 tag FITC conjugated in 2% BSA in PBS for 1 hour at 4°C 

with rocking and covered in aluminium foil. Separately, blocked yeast were 

incubated in four different antigen solutions in 2% BSA in PBS for 1 hour at room 

temperature with rocking: [1] 100 nM of Human B7H4-humanFc, [2] 100 nM of 

Mouse B7H4-mouseFc, [3] 100 nM of Human B7H4- Polyhistidine tag and [4] 100 nM 

of Mouse B7H4-Polyhistidine tag. After the incubation with the recombinant 

antigens, the yeast were centrifuged at 2000 xg 3 minutes, washed twice with 

cold 2% BSA in PBS and stained with staining solution. The staining solutions were 

composed of 1:40 dilution in cold 2% BSA in PBS of Mouse-anti-human Fc FITC 

conjugated (in the case of yeast incubated with HumanB7H4-humanFc), 1:250 

dilution in cold 2% BSA in PBS of Goat-anti-Mouse IgG Alexa 488 conjugated (in the 

case of MouseB7H4-mouseFc) or 1:250 dilution in cold 2% BSA in PBS of Mouse-anti-

Polyhistidine Alexa 647 conjugated (in the cases of Human B7H4-Polyhistidine tag 

and Mouse B7H4-Polyhistidine tag). The yeast were incubated with the staining 
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solution 1 hour at 4°C with rocking and covered with aluminium foil. Next, the 

yeast were centrifuged at 2000 xg for 3 minutes and washed twice with cold 2% 

BSA in PBS and finally resuspended in cold PBS and kept on ice till their analysis 

using MACSQuant analyser 10. 

2.13.5 CAR expression in Jurkat-rep-CAR Clone X cell lines 

In order to study the level of expression of CARs in the established Jurkat-rep-CAR 

Clone X cell lines, the cells were exposed to dimeric recombinant B7H4 and the 

binding assessed by flow cytometry. 106 Jurkat-rep-CAR Clone X cells were 

incubated in 200 µl of 950 nM of Human B7H4-humanFc in PBS with 0.2% sodium 

azide, which blocks 80% to 90% of receptor internalisation, for 1 hour at 4°C. Next, 

the cells were centrifuged at 90 xg for 10 minutes and incubated in 200 µl of 1:40 

dilution in PBS with 0.2% sodium azide of Mouse-anti-human Fc FITC conjugated 

for 1 hour at 4°C covered with aluminium foil. Finally, the cells were centrifuged 

at 90 xg for 10 minutes, washed twice with 200 µl PBS with 0.2% sodium azide and 

kept on ice until their analysis using MACSQuant analyser 10. 

2.14 Cell culture related procedures 

2.14.1 Cell culture and cell passaging conditions 

2.14.1.1 HEK293 Flip-In T-REx 

The HEK293 Flip-In T-REx cell line was grown in high glucose D-MEM supplemented 

with 10% inactivated FBS, 2 mM of L-glutamine, zeocin, 15 µg/ml of blasticidin 

and penicillin and streptomycin. The cells were incubated in tissue culture flasks 

at 37°C and 5% CO2. HEK293 Flip-In T-REx are adherent cells which were passaged 

by trypsinisation. The medium was decanted from the flask and the cells were 

washed twice with sterile PBS. The PBS was decanted, and an appropriate volume 

of 0.02 mM trypsin was added to the flask to cover the growth surface completely. 

The flask was left 5 minutes at room temperature and gently shaken to detach the 

cells from the flask. The trypsin was diluted 1:3 with sterile PBS and the cells were 

centrifuged at 500 xg and 4°C for 5 minutes, the supernatant then discarded. The 

cell pellet was resuspended in 10 ml fresh medium and the cell viability and 

density determined. Cells were passaged to a new flask using 6x103 viable 

cells/cm2 and an appropriate volume of fresh medium. 
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2.14.1.2 HEK293-B7H4, HEK293-LMP1 and HEK293-LMP2A 

HEK293-B7H4, HEK293-LMP1 and HEK293-LMP2A cells were grown in high glucose 

D-MEM supplemented with 10% inactivated tetracycline free FBS, 2 mM L-

glutamine, blasticidin (15 µg/ml), hygromycin B (400 µg/ml), penicillin and 

streptomycin. The cells were incubated in tissue culture flasks at 37°C and 5% 

CO2. For the induction of the tetracycline-inducible protein, the medium was 

supplemented with tetracycline. For B7H4 the induction was performed with 10 

µg/ml tetracycline for 24 hours. For LMP1 and LMP2A, induction was for 16 hours 

with 0.5 µg/ml and 1 µg/ml tetracycline respectively, due to the toxicity of these 

proteins in HEK293 when expressed in high amounts. These cells were passaged as 

described above in section 2.14.1.1. 

2.14.1.3 Jurkat-Dual 

The Jurkat-Dual cell line was grown in IMDM, 2 mM L-glutamine, 25 mM HEPES 

supplemented with 10% inactivated FBS, zeocin, 10 µg/ml of blasticidin and 

penicillin and streptomycin. The cells were incubated in tissue culture flasks at 

37°C and 5% CO2. Jurkat-Dual cells are suspension cells, and they were passaged 

by dilution in fresh medium in a new flask at 2x105 viable cells/ml, not allowing 

the cell density to exceed 2x106 cells/ml. 

2.14.1.4 Jurkat-rep-CAR Clone X cell lines 

Jurkat-rep-CAR Clone X cell lines were grown in IMDM, 2 mM L-glutamine, 25 mM 

HEPES supplemented with 10% inactivated FBS, zeocin, blasticidin, hygromycin 

(200 µg/ml) and penicillin and streptomycin. The cells were incubated in tissue 

culture flasks at 37°C and 5% CO2. The cells were passaged as described in section 

2.14.1.3. 

2.14.2 Cell counting with trypan blue 

Trypan blue is a polar dye that can cross the membrane of necrotic and apoptotic 

cells but not the intact membrane of viable cells. This property allows dead cells 

to be distinguished from viable cells. Under the microscope, the viable cells 

appear clear white, whereas dead cells are blue in colour. The density of viable 

cells in a cell suspension was determined by diluting 10 µl of the cell suspension 
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in 10 µl of 0.4% trypan blue and loading 10 µl in a chamber slide. The cell viability 

and density were determined with Countess II automated cell counter (TFS). 

2.14.3 Freezing and thawing of viable cells 

Cells were centrifuged, and the supernatant was discarded. The cell pellet was 

resuspended with 1 ml of freezing medium composed of 10% (v/v) DMSO in FBS. 

The cell suspension was transferred to a labelled cryovial and placed in a Mr. 

Frosty freezing container (TFS, 5100-0001) filled with isopropanol at -80°C for 1 

day. Then the tube was transferred to liquid nitrogen. In order to thaw the cells 

stored in liquid nitrogen, the cryovial was quickly transferred to a 37°C water bath 

and incubated until the ice disappeared. The cell suspension was transferred to 

10 ml of fresh medium and centrifuged. The pellet was resuspended in fresh 

medium and incubated at 37°C and 5% CO2. 

2.14.4 Mammalian cell transfection and selection 

2.14.4.1 HEK293 transfection 

PolyFect transfection reagent was used to transfect HEK293 Flip-In T-REx with the 

plasmids pcDNA5/FRT derivatives and pOG44. The reagent consists of dendrimer 

molecules that assemble DNA into compact structures by charged amino groups 

interacting with negatively charged phosphate groups of nucleic acids. The DNA 

compact structures bind to the cell surface and are taken into the cell by 

nonspecific endocytosis. 2.6x106 HEK293 Flip-In T-REx were seeded in a 25 cm2 

flask with 5 ml of growth medium (defined above). The culture was grown to 40-

80% confluence and the medium removed and the cells washed with PBS. Then, 3 

ml of high glucose D-MEM supplemented with 10% inactivated tetracycline free 

FBS was added to the cells. A transfection mix was prepared by diluting 3.6 µg of 

pOG44 plus 0.4 µg of pcDNA5/FRT derived vector in 150 µl of high glucose D-MEM, 

then vortexed. 40 µl of PolyFect transfection reagent was added to the mix and 

vortexed for 10 seconds (and briefly centrifuged to collect at the bottom of the 

tube). The mix was incubated 5-10 minutes at room temperature to allow the 

formation of the DNA complexes. After the incubation, 1 ml of high glucose D-MEM 

supplemented with 10% inactivated tetracycline free FBS was added to the mix, 

and the mix transferred to the 3 ml culture and swirled gently. The cells were 

incubated for 2 days at 37°C and 5% CO2, replacing the medium after 1 day with 
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fresh D-MEM supplemented with 10% inactivated tetracycline free FBS. After 2 

days, the cells were trypsinised and seeded in a new 25 cm2 flask with 5 ml of 

fresh D-MEM supplemented with 10% inactivated tetracycline free FBS. The culture 

was incubated for 4 hours at 37°C and 5% CO2 until the cells attached to the 

surface of the flask. Then, the medium was replaced with 5 ml of high glucose D-

MEM supplemented with 10% inactivated tetracycline free FBS, 2 mM of L-

glutamine, blasticidin, hygromycin B and penicillin and streptomycin. The 

antibiotic selection was established for several weeks changing the selection 

medium every 3 days until several resistant colonies established. Finally, the 

resistant clones were trypsinised together, and the cells expanded in the presence 

of antibiotic. Frozen cell stocks were made to preserve the newly establish cell 

lines. The cell population was isogenic as the pcDNA5/FRT derived plasmid 

integrates into the same locus in every clone. 

2.14.4.2 Jurkat transfection and Cas9-mediated homology-directed repair 
(HDR) of pCD8-CAR Clone X and pIgG4-CAR Clone X plasmids 

TransIT-Jurkat transfection reagent was used to transfect Jurkat-Dual with the 

NheI linearised plasmids pCD8-CAR Clone and pIgG4-CAR Clone plus the Cas9 

ribonucleoprotein (RNP). A day before the transfection, 1 ml of Jurkat-Dual cells 

were seeded at a cell density of 3x105 cells/ml in a 24-well cell culture plate in 

IMDM, 2 mM L-glutamine, 25 mM HEPES supplemented with 10% inactivated FBS. 

Four hours before the transfection, 20 μM of the SCR7, an inhibitor of the non-

homologous end-joining DNA repair pathway, was added to the media. During 

these four hours, the crRNA (CRISPR RNA) and tracrRNA (trans-activating crispr 

RNA) were annealed to form the gRNA (guide RNA) by mixing both at 1 µM in 

Nuclease-free duplex buffer and heating them at 95°C for 5 minutes, and then 

slow cooling to room temperature. The 1 µM gRNA solution could be then stored 

at -20°C for future use. Before the transfection, a 3 µM solution of EnGen Spy Cas9 

NLS was prepared in 1X NEB 3.1 Buffer. To form the Cas9 RNP, the Cas9 and the 

gRNA were mixed 6 nM to 12 nM in Opti-MEM I reduced serum medium. 12 µl of 1 

µM gRNA solution were diluted in 86 µl of Opti-MEM I, mixed and incubated at 

room temperature for 10 minutes. Then, 2 µl of 3 µM Cas9 solution was added to 

the mix and incubated at room temperature for 10 minutes (1-to-2 ratio of Cas9 

and gRNA, 6 nM:12 nM). Afterwards, 1 µg of linearised plasmid was added to the 

mix followed by 3 µl of TransIT-Jurkat transfection reagent. The final solution was 



Chapter 2 
 

140 
 

mixed gently and incubated for 25 minutes at room temperature. During the 25 

minutes incubation, 5 µM of the DNA HDR enhancer L755507 was added to the 

culture and mixed gently. Then, the transfection mix was added drop by drop to 

the culture in different areas, and the plate gently rocked for better distribution. 

The culture was incubated for 3 days at 37°C and 5% CO2. After 3 days, the 

transfection media was removed and the cells resuspended at 5x105 cell/ml in 

IMDM, 2 mM L-glutamine, 25 mM HEPES supplemented with 10% inactivated FBS, 

penicillin and streptomycin, zeocin, blasticidin and hygromycin. The cells were 

expanded in the presence of antibiotics for several months until the cell growth 

and viability were similar to the parental cell line. Frozen cell stocks were made 

to preserve the newly established cell lines. 

2.14.4.3 Jurkat electroporation for CAR transient expression 

Cell line nucleofector kit V and Nucleofector I were used to transfect Jurkat-Dual 

with the pCD8-CAR Clone X and pIgG4-CAR Clone X plasmids. A culture of 2x105 

viable cells/ml was established prior to electroporation and grown for 2 days. 

Then, the viability was measured to ensure values higher than 80% and 1x106 cells 

were used for each electroporation. The volume of medium containing 1x106 cells 

was centrifuged at 90 xg for 10 minutes and the supernatant removed. The 

electroporation mix was prepared with 2 µg of plasmid DNA, 82 μl of Nucleofector 

solution V and 18 μl of Supplement solution, the mix was vortexed. The cells were 

resuspended in the electroporation mix and transferred into the electroporation 

cuvette. The program X-001 was selected in Nucleofector I and the 

electroporation was performed. The electroporated cells were resuspended gently 

in 500 µl of 37°C prewarmed IMDM, 2 mM L-glutamine, 25 mM HEPES supplemented 

with 10% inactivated FBS and transferred to a well in a 24-well cell culture plate 

with 500 µl of the same prewarmed medium and incubated 24 hours at 37°C and 

5% CO2. 

2.14.5 Cas9 RNP activity assays 

TransIT-Jurkat transfection reagent was used to transfect Jurkat-Dual with the 

Cas9 RNP as described in section 2.14.4.2. Note that the linearised plasmid and 

the SCR7 and L755507 reagents were not used for this transfection. As negative 

control, Jurkat-Dual cells were exposed to TransIT-Jurkat transfection reagent in 



Chapter 2 
 

141 
 

the same conditions, but without the presence of the Cas9 RNP. The cells 

(approximately 106 cells) were harvested after 2 days at 37°C and 5% CO2 for gDNA 

extraction. The gDNA was used for PCR with the primers AAVS1 Check-F and AAVS1 

Check-R (section 2.7.4). 

2.14.5.1 T7EI mismatch detection assay  

The T7EI mismatch detection assay was performed with the DNA obtained from 

the Cas9 RNP activity assays. First, a denaturation and annealing step was 

performed with 100 ng of purified PCR product in 3 µl, 1 µl of 10X NEB Buffer 2 

and 6 µl of dH2O. The mix was subjected to the thermocycler protocol described 

in table 2.22. 

Table 2.22 Denaturation and annealing. 

Temperature Time 

95°C 5 minutes 

95°C – 85°C -2°C/seconds 

85°C – 25°C -0.1°C/seconds 

10°C - 

 

Then, the T7EI reaction was performed by adding to the previous 10 µl solution 1 

µl of 10X NEB Buffer 2, 0.5 µl of T7EI and 8.5 µl of dH2O. The final mix was 

incubated at 37°C for 30 minutes and used immediately for polyacrylamide gel 

electrophoresis (section 2.8.2) using the 100 bp DNA ladder. 

2.14.5.2 Tracking of indels by decomposition (TIDE) 

Non-templated repair pathways introduce indels (insertion or deletion of a 

nucleotide) at the target site. TIDE software identifies the predominant types of 

indels and quantifies the editing efficacy using the data from two standard 

capillary sequencing reactions. TIDE analysis for non-templated Cas9 editing was 

performed with .ab1 files from the sequencing of the previous PCR products with 

the primer AAVS1 Check-F (http://shinyapps.datacurators.nl/tide/) (480,481). 

2.14.6 Co-culture NF-kB activation luciferase reporter assay 

Jurkat-Dual cells transfected with CMV-modified pCD8-CAR Clone 4 B7H4 and 

pIgG4-CAR Clone 4 B7H4 plasmids for transient expression of CARs (section 

http://shinyapps.datacurators.nl/tide/
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2.14.4.3) were used for functional assessment of CARs by co-culture with 

tetracycline induced HEK293-B7H4 cells. Target cells (HEK293-B7H4 cells) were 

previously induced with 10 µg/ml of tetracycline and used for the co-culture assay 

24 hours after induction, together with transfected Jurkat-dual cells after 24 hours 

of transfection. 5x105 target cells were co-cultured with 1x106 transfected Jurkat-

Dual in IMDM, 2 mM L-glutamine, 25 mM HEPES supplemented with 10% inactivated 

FBS, penicillin and streptomycin and 10 µg/ml of tetracycline. HEK293 Flp-In T-

REx were also incubated with 10 µg/ml of tetracycline and used antigen negative 

control cells (negative control). As a positive control, 1x106 electroporated but no 

transfected Jurkat-Dual were incubated with 50 μg/ml of Concanavalin A. The co-

culture was incubated 48 hours at 37°C and 5% CO2. Then, 20 µl of the culture 

(including cells with the medium) were mixed with 50 µl of QUANTI-Luc Gold 

solution to assess Lucia luciferase activity by measuring the Relative Light Units 

(RLUs) with the multi-mode plate reader CLARIOstar Plus using the luminescence 

end-point readings settings. The data were finally analysed using GraphPad prism 

6. 
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3. Results: Development of a yeast system for 
antigen display 

3.1 Rationale 

Soluble membrane protein preparations are commonly associated with the 

presence of aggregates. Aggregates could also be present in peptide preparation. 

The presence of these aggregates is a known handicap of recombinant protein for 

phage display selection, having a critical impact on the selection experiment. For 

this reason, the quality of the recombinant protein is one of the essential points 

for a successful phage display selection experiment. To avoid the presence of 

these aggregates and reduce the cost of the selection experiments, a yeast display 

approach to express the antigens was implemented.   

Yeast display has been commonly used for the expression of antibodies and 

antibody fragment libraries, as well as the expression of antigens for phage display 

selection (475). The original yeast display system was based on the vector pYD1, 

designed for C-terminal expression of the foreign protein by fusion with the C-

terminal region of Aga2 (472). However, the extracellular domains of some plasma 

membrane proteins are located within the N-terminal region, which would lead to 

a shift in the orientation when displayed using the pYD1 yeast display system. 

Ideally, these proteins should be displayed in the correct orientation at the N-

terminus of the Aga2 fusion. Wang et at. 2005 developed the vector pYD5, a 

modification of pYD1, for N-terminal yeast display of proteins (474). The design 

of pYD5 from Wang et al. has been used in this project, but a different approach 

for developing the plasmid was applied. 

Unlike the Wang et al. pYD5 vector, for the vector developed here, the nucleotide 

sequence coding for the Aga2 fusion protein was codon optimised for expression 

in S. cerevisiae. As a result, a vector functionally similar to pYD5 was generated 

but with different nucleotide sequence. This vector has been named pYDN (to 

reflect yeast display N-terminal). To circumvent the use of recombinant antigen 

of soluble peptides during the selection, pYDN has been used to display the B7H4 

IgG-like V-type 1 domain at the N-terminus of Aga2 and pYD1 to display the LMPs 

extracellular loops at the C-terminus of Aga2. 
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B7H4 is a 282 amino acids protein acting as immunomodulatory ligand with an 

unknown receptor. In the B7 protein family, the Ig-like V-type 1 domain interacts 

with the receptor. It is the case for B7-1 (CD80), B7-2 (CD86), B7H1 (PD-L1), B7DC 

(PD-L2), B7H2 (ICOSL) and B7H6 (NCR3L1) (482–487), and there is evidence 

indicating that this is also the case for B7H4 (155). The Ig-like V-type 1 domain of 

B7H4 (Phe29 to Gly148) has been used for its fusion to the N-terminus of Aga2 with 

a yeast display system based on pYDN (figure 3.1.A).  

 

Figure 3.1 Yeast display of antigen. A) pYDN N-terminal display of B7H4 Ig-like V-type 1 domain 

by fusion with the heterodimer Aga1-Aga2. B) pYD1 C-terminal display of the extracellular loops of 
LMP1and LMP2 by fusion with the heterodimer Aga1-Aga2. 

 

The goal using this construct is to obtain scFvs that target B7H4 and at the same 

time improve the chances of blocking of the ligand with its receptor, thereby 

avoiding a possible immunosuppressor signal to the CAR T-cell. The sequence of 

B7H4 Ig-like V-type 1 domain displayed at the N-terminus of Aga2 is shown in figure 

3.2. 

Figure 3.2 B7H4 Ig-like V-type 1 domain amino acid sequence displayed on yeast using pYDN. 

 

For LMP1 and LMP2A, the extracellular loops LMP1 loop 2F, LMP1 loop 2Y, LMP2 

loop 2 and LMP2 loop 5 have been displayed at the C-terminus of Aga2 using pYD1 

(figure 3.1.B). The loops have been chosen considering their size, using the largest 

of the extracellular loops of LMP1 and LMP2. LMP1 loop 2 is reported to comprise 

ten amino acids (Leu97 to Phe106), LMP2 loop 2 and LMP2 loop 5 each are thirteen 

B7H4 Ig-like V-type 1 domain 

FGISGRHSITVTTVASAGNIGEDGILSCTFEPDIKLSDIVIQWLKEGVLGLVHEFKEGKDELSE
QDEMFRGRTAVFADQVIVGNASLRLKNVQLTDAGTYKCYIITSKGKGNANLEYKTG 

A B 
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amino acids long (Arg199 to Ala211 and Leu376 to Phe388). There are two variants 

in different EBV strains of LMP1 loop 2 at the amino acid position 388 in different 

EBV strains, Phe388 or Tyr388. Therefore, two different LMP1 loops 2 versions 

were used: LMP1 loop 2F (Phe388) and LMP1 loop 2Y (Tyr388). The size of all the 

loops sequences used were extended by including one or two amino acids of the 

adjacent sequence at each end. Furthermore, to facilitate creating a loop 

structure (through potential disulphide bonds) two cysteines were added, one at 

each end. The final sequence of amino acids used for each loop is shown in table 

3.2. 

Table 3.1 Latent membrane proteins extracellular loops and finale amino acid sequence 
displayed on yeast using pYD1. 

Loop Amino acids Final amino acid sequence 

LMP1 loop 2F Ile95-Gly108 CIALWNLHGQALFGC 

LMP1 loop 2Y Ile95-Gly108 CIALWNLHGQALYGC 

LMP2 loop 2 Thr198-Leu213 CTWRIEDPPFNSLLFALLC 

LMP2 loop 5 Ser374-Pro390 CSILQTNFKSLSSTEFIPC 

 

3.2 Development of pYDN 

To obtain pYDN from pYD1, the NheI restriction site present in pYD1 was removed 

by site-directed mutagenesis using the primers (-)NheI-F and (-)NheI-R (figure 

3.3.A). The resulting vector was named pY-NheI-del. Next, pY-NheI-del was used 

for the second mutagenesis with the primers (+)NheI-F and (+)NheI-R (figure 3.3) 

to introduce a new NheI restriction site at the signal peptide of Aga2 (figure 

3.3.B). A PCR with the primers pYD1 Check-F and pYD1 Check-R was performed 

and the amplicon purified and send for Sanger sequencing with the primer pYD1 

Check-F. The sequence editing was confirmed, and the resulting vector named pY-

NheI-mod.  
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Figure 3.3 Site-directed mutagenesis strategy of pYD1 for the development of pY-NheI-mod. 

A) Primers for synthesis of pY-NheI-del using pYD1 as template. B) Primers for synthesis of pY-
NheI-mod using pY-NheI-del as template. Plasmid features and open reading frames (ORFs) are 
coloured and denoted: white feature represent the end of the T7 promoter, the orange ORF 
represents AGA2 signal peptide DNA, yellow ORF AGA2 DNA, grey ORF (G4S)3 linker DNA and 
pink ORFs the T7 and Xpress tags DNA. Primers used for (+)NheI PCR and (-)NheI PCR denoted. 
 
 

pY-NheI-mod was digested with NheI and PmeI (figure 3.4) and used for 

introducing a new DNA cassette including the DNA for a piece of the AGA2 signal 

peptide, the cloning sites NheI and EcoRI, the V5 tag, the (G4S)3 linker and AGA2 

DNA (figure 3.5), giving rise to pYDN. This synthetic DNA cassette was obtained 

from GeneWiz and supplied in the pUC57 vector (plasmid pUC57-pYDN-Cassette). 

It was designed with a codon optimised sequence for its expression in S. 

cerevisiae. The DNA cassette was obtained by pUC57-pYDN-Cassette digestion 

with NheI and PmeI. Both digested plasmids DNA preparations, vector and insert, 

were electrophoresed and gel purified for their ligation (figure 3.6). 

A 

B 
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Figure 3.4 pY-NheI-mod. NheI and PmeI were used to remove the DNA fragment from pY-NheI-
mod and the cloning of the new DNA cassette giving rise to pYDN. Plasmid features and ORFs are 
coloured and denoted: the white feature represent the end of the T7 promoter, the orange ORF 
represents AGA2 signal peptide, the yellow ORF AGA2, the grey ORF (G4S)3 linker, the pink ORFs 
the T7, Xpress tag, V5 and 6xHi tags and the red square the codon stop. Primers used for (+)NheI 
PCR and (-)NheI PCR denoted. 

 

Figure 3.5 Synthetic DNA cassette used for the development of pYDN. NheI and PmeI restriction 
sequence highlighted in green. 

DNA cassette for pYDN obtained from pUC57-pYDN-Cassette 

GCT AGC GTT TTA GCA GAA TTC GGT AAA CCA ATT CCA AAT CCA TTG TTG GGT 
TTG GAC TCT ACT GGT GGT GGT GGT TCT GGT GGT GGT GGT TCT GGT GGT 
GGT GGT TCT CAG GAA TTG ACT ACT ATT TGC GAA CAA ATT CCA TCT CCA ACT 
TTG GAA TCT ACT CCA TAC TCT TTG TCT ACA ACT ACT ATT TTG GCT AAT GGT 
AAA GCT ATG CAA GGT GTT TTT GAA TAT TAT AAA TCT GTT ACT TTT GTT TCT 
AAT TGT GGT TCT CAC CCA TCT ACT ACT TCT AAA GGT TCT CCA ATT AAT ACT 
CAA TAT GTT TTT TGA TGA GTT TAA AC 

 
 

After DNA ligation, E. coli transformation and plating onto LB agar plates 

containing ampicillin, three colonies were grown and used for colony PCR with the 

primers pYDN Cassette-F and pYDN Cassette-R. The PCR amplicons were purified 

and Sanger sequenced (by GATC, Eurofins) with the primer pYDN Cassette-F. All 

three sequencing reactions showed the correct sequence (figure 3.5), and one 

colony was used for subsequent plasmid production. 



Chapter 3 
 

148 
 

 

Figure 3.6 pYDN development. Digested plasmid DNA was electrophoresed through 1% agarose. 

A) Purification of the 4522 bp DNA band of NheI and PmeI digested pY-NheI-mod. B) Purification of 
the 329 bp DNA band of NheI and PmeI digested pUC57-pYDN-Cassette. The dashed boxes show 
DNA band excision for purification. 

 

The cloning sites NheI and EcoRI were used to introduce the protein to be 

displayed by fusion with the N-terminal of Aga2 (figure 3.7). 

 

Figure 3.7 pYDN. The AGA2 fusion protein cassette with the cloning sites NheI and EcoRI is shown. 
Plasmid features and ORFs are coloured and denoted: the white feature represent the end of the T7 
promoter, the orange ORF represents AGA2 signal peptide, the red ORF the restriction site EcoRI, 
the dark red ORF the V5 tag, the grey ORF the (G4S)3 linker, the yellow ORF AGA2 and the red 
squares the codon stop. 

 

3.3 B7H4 Ig-like V-type 1 domain DNA cloning into pYDN 
to develop pY-B7H4 

A synthetic gene cassette containing the codon optimised sequence of B7H4 Ig-

like V-type 1 domain for S. cerevisiae was designed (obtained from GeneWiz) and 

named pB7H4-D1 (figure 3.8). It includes a fragment of the Aga2 signal peptide 

and also the amino acids alanine and glycine at the N-terminus of the B7H4 Ig-like 

V-type 1 domain (Phe29 to Gly148). These amino acids are required for optimal 

cleavage of the Aga2 signal peptide(474). 
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Figure 3.8 Synthetic DNA cassette used for the development of pY-B7H4. NheI and EcoRI 
restriction sequence highlighted in green. 

DNA cassette for pY-B7H4 obtained from pB7H4-D1 

GCT AGC GTT TTA GCA GCT GGT TTT GGT ATT TCT GGT AGA CAT TCT ATT ACT 
GTT ACT ACT GTT GCT TCT GCT GGT AAT ATT GGT GAA GAT GGT ATT TTG TCT 
TGT ACT TTT GAA CCA GAT ATT AAA TTG TCT GAT ATT GTT ATT CAA TGG TTG 
AAA GAA GGT GTT TTG GGT TTG GTT CAT GAA TTT AAA GAA GGT AAA GAT GAA 
TTG TCT GAA CAA GAT GAA ATG TTT AGA GGT AGA ACT GCT GTT TTT GCT GAT 
CAA GTT ATT GTT GGT AAT GCT TCT TTG AGA TTG AAA AAT GTT CAA TTG ACT 
GAT GCT GGT ACT TAT AAA TGT TAT ATT ATT ACT TCT AAA GGT AAA GGT AAT 
GCT AAT TTG GAA TAT AAA ACT GGT GAA TTC 

 

The cassette was isolated from the vector by digestion with NheI and EcoRI (figure 

3.9) and used for ligation with NheI and EcoRI digested pYDN to obtain the final 

plasmid pY-B7H4. 

 

Figure 3.9 pY-B7H4 development. The digested plasmid DNA was electrophoresed through 1% 

agarose. NheI and EcoRI digested pB7H4-D1 and purification of the 387 bp DNA band for cloning 
into NheI and EcoRI digested pYDN, giving rise to pY-B7H4. The dashed box shows DNA band 
excision for purification. 

 

After DNA ligation, E. coli transformation and plating onto LB agar plates 

containing ampicillin, three colonies were grown and used for colony PCR with the 

primers pYDN Check-F and pYDN Check-R. The PCR amplicons were purified and 

Sanger sequenced with the primers pYDN Check-F (GATC, Eurofins). All three 

sequencing reactions showed the correct sequence (figure 3.10), and one colony 

was used for subsequent plasmid production and experiments. pY-B7H4 was used 

for transformation of S. cerevisiae EBY100 and expression of the fusion protein (as 

depicted in figure 3.1.A). 
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Figure 3.10 DNA sequence of pY-B7H4. B7H4 Ig-like V-type 1 domain fused with the N-terminal of 

Aga2. Plasmid features and ORFs are coloured and denoted: the orange ORF represents AGA2 
signal peptide, the red ORF the amino acids AG and the restriction site EcoRI, the blue region the 
B7H4 Ig-like V-type 1 domain and the dark red ORF the V5 tag. 

 

3.4 Cloning of LMP loops and development of pY-LMP1-
lp2F, pY-LMP1-lp2Y, pY-LMP2-lp2 and pY-LMP2-lp5 

Synthetic DNA codon optimised for S. cerevisiae expression of the extracellular 

LMP loops (table 3.2) were designed (cassette vectors obtained from GeneWiz) 

and termed plasmids pLMP1-lp2F, pLMP1-lp2Y, pLMP2-lp2 and pLMP2-lp5. The 

sequences were flanked by the restriction sites Acc65I and EcoRI for subsequent 

cloning into pYD1 (table 3.11). 

Figure 3.11 DNA cassette for extracellular loops of the latent membrane proteins for cloning 
into pYD1. Acc65I and EcoRI restriction sequence highlighted in green. 

DNA cassette for pY-LMP1-lp2F obtained from pLMP1-lp2F 

GGT ACC ATG TAT TGC TTT GTG GAA TTT GCA TGG TCA AGC TTT GTT TTT GGG 
TTG TTA ATA AGT G GAA TTC 

DNA cassette for pY-LMP1-lp2Y obtained from pLMP1-lp2Y 

GGT ACC ATG TAT TGC TTT GTG GAA TTT GCA TGG TCA AGC TTT GTA TTT GGG 
TTG TTA ATA AGT G GAA TTC 

DNA cassette for pY-LMP2-lp2 obtained from pLMP2-lp2 

GGT ACC ATG TAC TTG GAG AAT TGA AGA TCC ACC ATT TAA TTC TTT GTT GTT 
TGC TTT GTT GTG TTA ATA AAA GCT TGT G GAA TTC 

DNA cassette for pY-LMP2-lp5 obtained from pLMP2-lp5 

GGT ACC ATG TTC TAT TTT GCA AAC TAA TTT TAA ATC TTT GTC TTC TAC TGA 
ATT TAT TCC ATG TTA ATA AAA GCT TGT G GAA TTC 

 

The DNA cassettes were digested with Acc65I and EcoRI (figure 3.12) and used for 

ligation with Acc65I and EcoRI digested pYD1 to obtain the final plasmids LMP1-

lp2F, LMP1-lp2Y, LMP2-lp2 and LMP2-lp5. 
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Figure 3.12 Development of pY-LMP1-lp2F, pY-LMP1-lp2Y, pY-LMP2-lp2 and pY-LMP2-lp5. 

The digested plasmid DNA was electrophoresed through 1% agarose. Acc65I and EcoRI digested 
LMPs loops for cloning into pYD1. The dashed boxes show DNA band excision for purification. 
 

After DNA ligation, E. coli transformation and plating onto LB agar plates 

containing ampicillin, three colonies were grown and used for colony PCR with the 

primers pYD1 Check-F and pYD1 Check-R. The PCR amplicons were purified and 

Sanger sequenced with the primer pYD1 Check-F (GATC, Eurofins). All three 

sequencing reactions for each plasmid showed the correct sequence (figure 3.13), 

and one colony of each was used for DNA plasmid production and subsequent 

experiments. 

 

Figure 3.13 DNA sequence of pY-LMP1-lp2F, pY-LMP1-lp2Y, pY-LMP2-lp2 and pY-LMP2-lp5. 

A) pY-LMP1-lp2F with LMP1 loop 2F fused with the C-terminal of Aga2. B) pY-LMP1-lp2Y with LMP1 
loop 2Y fused with the C-terminal of Aga2 C) pY-LMP2-lp2 with LMP2 loop 2 fused with the C-
terminal of Aga2 D) pY-LMP2-lp5 with LMP2 loop 5 fused with the C-terminal of Aga2. Plasmid 
features and ORFs are coloured and denoted: the grey ORFs (G4S)3 linker, the pink ORFs the T7 
tag, the dark red ORFs Xpress tag, the yellow ORFs the amino acids VP, the blue ORFs the LMP 
loops and red squares the codon stop. 

 

pY-LMP1-lp2F, pY-LMP1-lp2Y, pY-LMP2-lp2 and pY-LMP2-lp5 were used for 

transformation of S. cerevisiae EBY100 and expression of the fusion protein (as 

depicted in figure 3.1.B). 

 

A 

B 

C 

D 
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3.5 Yeast clone transformation, selection and expression 
of the fusion proteins 

To obtain single yeast clones for yeast display of B7H4 and the LMP loops, S. 

cerevisiae EBY100 cultures were separately transformed with pY-B7H4, pY-LMP1-

lp2F, pY-LMP1-lp2Y, pY-LMP2-lp2 and pY-LMP2-lp5 using the lithium 

acetate/single-stranded carrier DNA/polyethylene glycol method(488) and 

selected in SD-CAA agar. EBY100 is a Trp- strain and pYD1 derived vectors have 

the selectable marker TRP1 for tryptophan biosynthesis. EBY100 transformed with 

these plasmids can grow in the SD-CAA is a selection media. Single colonies for 

each plasmid were then grown in SD-CAA broth and the yeast DNA isolated by 

treatment with lysate buffer containing lyticase. The lysate was used to perform 

a PCR with the primers pYDN Check-F and pYDN Check-R, in the case of yeast 

transformed with pY-B7H4, or pYD1 Check-F and pYD1 Check-R, in the cases of 

yeast transformed with pY-LMP1-lp2F, pY-LMP1-lp2Y, pY-LMP2-lp2 or pY-LMP2-

lp5. The PCR amplicons were purified and Sanger sequenced with the primers 

pYDN Check-F and pYD1 Check-F (GATC, Eurofins). All sequencing reactions 

showed the presence of the correct sequence (as depicted in figures 3.8 and 3.11). 

In order to express the fusion proteins, the yeast cultures were induced using SG-

CAA broth, with the same formulation of SD-CAA but the carbon source is galactose 

instead of dextrose. Therefore, SG-CAA can induce the GAL promoters of the 

genomic AGA1 and the AGA2-fusion genes. During the induction, Aga1 forms a 

heterodimer with the Aga2 fusion protein in the yeast wall. pYDN and pYD1 based 

expression of the Aga2 fusion protein can be assessed using antibodies specific for 

the amino acid tag present into the fusion protein: V5 tag in the case of pYDN and 

Xpress tag in the case of pYD1 (as depicted in figure 3.1). The expression of the 

B7H4 fusion protein was assessed by flow cytometry with the antibody mouse anti-

V5 Tag FITC conjugated, which recognises the V5 tag present within the Aga2 

fusion protein of pYDN and pY-B7H4 (as depicted in figure 3.1.A). Expression of 

the LMP loops was assessed using a combination of mouse anti-Xpress and goat 

anti-mouse IgG Alexa488 conjugated, which recognises the Xpress tag present in 

the Aga2 fusion protein of pYD1, pY-LMP1-lp2F, pY-LMP1-lp2Y, pY-LMP2-lp2 and 

pY-LMP2-lp5 (as depicted in figure 3.1.B). Yeast were stained and analysed. In 

each case, the percentage of yeast showing positive surface expression of the 

fusion Aga2 fusion protein was at least 76% (figure 3.14). 
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Figure 3.14 Aga2 fusion protein expression. Flow cytometry dot plots of Aga2 fusion protein 
expression. Aga2 fusion protein was detected with mouse anti-Xpress plus anti-mouse Alexa 488 in 
A to F and with mouse anti-V5 FITC in G to I. A) Induced yeast transformed with pY-LMP1-lp2F. B) 
Induced yeast transformed with pY-LMP1-lp2Y. C) Induced yeast transformed with pY-LMP2-lp2. D) 
Induced yeast transformed with pY-LMP2-lp5. E) Induced yeast transformed with pYD1. F) No 
induced yeast transformed with pYD1. G) Induced yeast transformed with pY-B7H4. H) Induced 
yeast transformed with pYDN. I) No induced yeast transformed with pYDN. 

 

3.6 Conclusion 

Yeast displaying the antigens on the surface were obtained successfully, including 

control yeast displaying Aga2 fused with the described tags, but without the 

additional fused antigens. Previous use of pYD5 was restricted to scFv N-terminal 

expression. In this chapter, it has been proved efficient Aga2 N-terminal display 

of antigens using pYDN (similar to pYD5). 
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4. Results: Phage display selection using a non-
immune library and yeast expressing antigens 

4.1 Introduction 

A phage display library with a diversity of 1010 human scFvs was used for screening 

using yeast displaying the antigens described in chapter 3. The phage scFv library 

comprises VH and κVL (kappa variable light chain) sequences linked by a 20 amino 

acid peptide (VH-linker-κVL) cloned into the SfiI restriction sites of the phagemid 

vector pRXB-100, which carries an ampicillin-resistant gene. A lacZ promoter 

controls the expression of the fusion protein scFv-PIII. The amino acid sequence 

of the linker between VH and κVL is GSSGSSSGTSSGGSSSSGSG. The non-immune 

phagemid library was made from human B-cells obtained from non-immunised 

donors (figure 1.15). The library was transfected into E. coli XL1-Blue, which 

contains the F pilus, required for phage infection, on a tetracycline-selectable 

episome.  

To produce the phage, the phagemid system requires the coinfection with helper 

phage. The M13KO7 helper phage was used for library production. When M13KO7 

infects the E. coli XL1-Blue carrying the phagemid vector, it delivers a helper 

phage vector coding for the proteins necessary to produce functional phage and a 

kanamycin resistance gene. E. coli XL1-Blue carrying the phagemid vector and 

infected with M13KO7 able to produce the phage display library when they are 

growing in broth with tetracycline, ampicillin and kanamycin. 

First, to remove non-specific clones that might bind to yeast but not the desired 

antigens, the phage display library was panned against yeast expressing the 

display system but not the antigen. This process was denoted library depletion. 

Then, for selection of the scFvs able to bind to the antigen, the depleted library 

was selected against the yeast expressing the display system with the antigen 

fused with Aga2. The recovered phage were used to infect bacteria with objective 

of expanding them before being used in the next round. Several rounds of 

depletion and selection were performed as described below. 
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4.2 Cleavage of the displayed protein from the yeast 
surface with trypsin 

After the incubation in the selection step, the phage that have interacted with 

the yeast need to be eluted from the yeast surface for subsequent E. coli XL1-Blue 

infection and phagemid propagation. The infected E. coli are then used to produce 

the phage for the next round. The elution was conducted by treatment with 

trypsin, cleaving the antigen from the surface of the yeast.  

To determine the optimal concentration of trypsin and time of digestion to digest 

100% of the Aga2 fusion protein displayed, a flow cytometry analysis was 

performed. First, the trypsin treatment was performed with pY-LMP1-lp2F induced 

yeast. The yeast were incubated in a solution with 0.02 mM trypsin for 15 minutes 

at room temperature with rotation. After the incubation, FBS was added to stop 

the trypsinisation, and the yeast were washed twice with PBS. Then, the yeast 

were stained with mouse anti-Xpress and goat anti-mouse IgG Alexa488 

conjugated to detect the Xpress tag present in the Aga2 fusion protein. 81.8% of 

induced pY-LMP1-lp2F yeast expressed Aga2 fusion protein, after 15 minutes of 

trypsinisation, just 0.21% maintain the presence of induced Aga2 fusion protein in 

the yeast wall (figure 4.1). This result indicates that this protocol is an effective 

method of eluting the phage interacting with the Aga2 fusion protein. However, 

to avoid the negative effect of trypsinisation in phage infectivity, the incubation 

should not last more than 20 minutes (489).  

 

Figure 4.1 Flow cytometry dot plot of trypsin digested pY-LMP1-lp2F induced yeast. A) Control 

induced yeast without trypsinisation and stained with mouse anti-Xpress and goat anti-mouse 
Alexa488. B) Trypsinised induced yeast stained with mouse anti-Xpress and goat anti-mouse 
Alexa488. 

A B 

Induced pY-LMP1-lp2F yeast 
no trypsin treatment 
Xpress tag detection 

Induced pY-LMP1-lp2F yeast 
15 minutes trypsin treatment 

Xpress tag detection 



Chapter 4 
 

156 
 

4.3 Phage production for phage display selection 

The library was produced from a commercially supplied bacteria glycerol stock of 

E. coli XL1-Blue transfected with the phagemid library. Ten times the diversity 

(1011 bacteria) was grown, infected with the M13KO7 helper phage and incubated 

overnight for phage production. The phage were then isolated from the culture 

supernatant and the complete library was used for the first round of selection. 

The subsequent rounds of selection were performed with the phage output 

obtained from the previous round using a convenient number of phage for each. 

For each round, the number and the % of phage recovered were calculated and 

increase in the phage recovery at the end of the selection indicating that the 

selection process was working. 

4.3.1 Phage display selection using B7H4 Ig-like V-type 1 domain 
expressing yeast 

Two different samples of induced yeast were prepared for each round of selection: 

pYDN expressing yeast and pY-B7H4 yeast. Each round of selection consisted of 

two steps, depletion and selection (Figure 4.2). 

 

Figure 4.2 Depletion and selection steps during the phage selection with induced pY-B7H4 
yeast. A) Phage depletion using induced pYDN yeast. B) Phage selection using induced pY-B7H4 
yeast. 

 

During the depletion, the phage were incubated with the pYDN yeast, the yeast 

removed and the supernatant collected for the selection round. For the selection, 

the supernatant was mixed with the blocked pY-B7H4 yeast. The unbound phage 

were removed and the yeast collected for the eight washing steps. Then, the 

elution step was performed with trypsin as described above. The yeast were 

Depletion of phage binding 
to induced pYDN yeast 

Selection of phage binding 
to induced pY-B7H4 yeast 

A B 
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removed and the eluted phage used for infection of E. coli XL1-Blue. For each 

round, the recovered phage were used to infect bacteria. The resulting culture 

was titrated, and the serial dilution plated in LB agar plus the correspondent 

antibiotics. The value of CFU obtained after infection (designated as output) was 

used to calculate the % of phage recovered based in the phage input used for each 

round of selection (table 4.1). A sharp increase in phage recovery was observed in 

Round 4 (figure 4.3), suggesting enrichment in phage interacting with B7H4 Ig-like 

V-type 1 domain. 

Table 4.1  Phage selection using induced pY-B7H4 yeast as a source of antigen. 

Phage display selection using B7H4 Ig-like V-type 1 domain expressing yeast 

Round (R) Phage input Output (CFU) Recovery (%) 

Phage R1 B7H4 5x1012 3.9x107 0.00078 

Phage R2 B7H4 1012 1.32x105 0.0000132 

Phage R3 B7H4 1012 9x105 0.00009 

Phage R4 B7H4 5x1010 8.4x106 0.0168 

*The selection outputs have been named using the following format: Platform 
(Phage or Yeast) RX (round number) Antigen (B7H4 or LMP loops). 

 

 

Figure 4.3 Percetange of phage recovery from the four rounds of phage selection using 

induced pY-B7H4 yeast as source of antigen. 

 

4.3.2 Phage display selection using LMP1 loop 2F, LMP1 loop 2Y, 
LMP2A loop 2 or LMP2A loop 5 expressing yeast 

As for B7H4, each round of selection consisted of two steps, depletion and 
selection (figure 4.4). 



Chapter 4 
 

158 
 

 

Figure 4.4 Depletion and selection steps during the phage selection with induced yeast 
expressing the extracellular loops of LMP1 and LMP2A. A) Phage depletion using induced pYD1 
yeast. B) Phage selection using induced pY-LMP1-lp2F, pY-LMP1-lp2Y, pY-LMP2-lp2 or pY-LMP2-
lp5 yeast. 

 

4.3.2.1 Phage display selection for LMP1 loop 2F 

As with B7H4, pYD1 yeast were used as the control for the LMP1 loop 2F selection 

(table 4.2).  A sharp increase in phage recovery was observed in Round 4 (figure 

4.5), suggesting enrichment in phage interacting with LMP1 loop 2F. 

Table 4.2 Phage selection using induced pY-LMP1-lp2F yeast as a source of antigen. 

Phage display selection using LMP1 loop 2F expressing yeast 

Round (R) Phage input Output (CFU) Recovery (%) 

Phage R1 LMP1-l2F 1012 3.9x105 0.000039 

Phage R2 LMP1-l2F 1012 9x105 0.00009 

Phage R3 LMP1-l2F 5x1010 2x105 0.0004 

Phage R4 LMP1-l2F 5x1010 6x107 0.12 

 

 

Figure 4.5 Percetange of phage recovery during the different rounds of phage selection using 
induced pY-LMP1-lp2F yeast as source of antigen. 

 

A B 

Depletion of phage binding 
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4.3.2.2 Phage display selection for LMP1 loop 2Y 

The same process was used for the LMP1 loop 2Y selection (table 4.3). A sharp 

increase in phage recovery was observed in Round 3 (figure 4.6), suggesting 

enrichment in phage interacting with LMP1 loop 2Y. 

Table 4.3 Phage selection using induced pY-LMP1-lp2Y yeast as a source of antigen. 

Phage display selection using LMP1 loop 2Y expressing yeast 

Round (R) Phage input Output (CFU) Recovery (%) 

Phage R1 LMP1-l2Y 1012 3.6x104 0.0000036 

Phage R2 LMP1-l2Y 1012 6x104 0.000006 

Phage R3 LMP1-l2Y 5x1010 6x107 0.12 

 

 

Figure 4.6 Percetange of phage recovery during the different rounds of phage selection using 
induced pY-LMP1-lp2Y yeast as source of antigen. 

 

4.3.2.3 Phage display selection for LMP2 loop 2 

The same process was used for the LMP2 loop 2 selection (table 4.4). A sharp 

increase in phage recovery was observed in Round 3 (figure 4.7), suggesting 

enrichment in phage interacting with LMP2 loop 2. 

Table 4.4 Phage selection using induced pY-LMP2-lp2 yeast as a source of antigen. 

Phage display selection using LMP2A loop 2 expressing yeast 

Round (R) Phage input Output (CFU) Recovery (%) 

Phage R1 LMP2-l2 1012 2x105 0.00002 

Phage R2 LMP2-l2 1012 5.1x104 0.0000051 

Phage R3 LMP2-l2 5x1010 1.3x106 0.0026 
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Figure 4.7 Percetange of phage recovery during the different rounds of phage selection using 

induced pY-LMP2-lp2 yeast as source of antigen. 
 

4.3.2.4 Phage display selection for LMP2 loop 5 

The same process was used for the LMP2A loop 5 selection (table 4.5). An increase 

in phage recovery was observed in Round 4 (figure 4.8), suggesting enrichment in 

phage interacting with LMP2 loop 5. 

Table 4.5 Phage selection using induced pY-LMP2-lp5 yeast as a source of antigen. 

Phage display selection using LMP2A loop 5 expressing yeast 

Round (R) Phage input Output (CFU) Recovery (%) 

Phage R1 LMP2-l5 1012 1.7x105 0.000017 

Phage R2 LMP2-l5 1012 1.74x106 0.000174 

Phage R3 LMP2-l5 1012 6x106 0.0006 

Phage R4 LMP2-l5 5x1010  1.26x106 0.00252 

 

 

Figure 4.8 Percetange of phage recovery during the different rounds of phage selection using 
induced pY-LMP2-lp5 yeast as source of antigen. 
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4.4 Conclusion 

All the phage selections performed showed a substantial increase in the phage 

recovery in the third or fourth round. This suggested that the selection from the 

library was working and that the output of each selection could be assessed 

further. The following format have been stablished to name the selection outputs 

obtained during this research: Platform (Phage or Yeast) RX (round number) 

Antigen (B7H4 or LMP loops). 
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5. Results: Transfer of selected scFvs to the yeast 
display system 

5.1 Introduction 

The selection in the phage display system is biased towards scFvs with better 

expression in a prokaryotic system and with more stable fusion with the protein 

PIII. Therefore, the promotion of very few clones can mask the full diversity of 

the binders in the library. The expression of scFvs in a eukaryotic system would 

allow us to overcome this bias of the phage display platform. It provides outputs 

in an organism with protein posttranslational modifications closer to the 

mammals. Furthermore, the yeast mimics the final display of the scFvs in a CAR 

T-cell, acting by avidity with the target and making it possible to select the scFv 

clones by interaction with the antigen expressed on the surface of mammalian 

cells (figure 5.1). For these reasons, to continue selecting scFvs, the sequence 

from the penultimate round (rather than the final round) of each phage selection 

(described in chapter 4) was transferred to the vector pYDN for expression on the 

yeast surface at the N-terminus of Aga2. 

 

Figure 5.1 Transfer of phage display selected scFv sequences to N-terminal yeast display 
system by homologous recombination into the vector pYDN. scFvs are represented by coloured 
tags on the end of the filamentous phage (shown to the left) which are then transferred to the surface 
of the yeast fused to N-terminus of Aga2 (blue) which associates with Aga1 (green). 

 

To do this, the scFv sequences from the phage selection outputs were amplified 

with primers with tags that introduced (at the ends of the selected scFv 

sequences) 40 nt of complementarity with the vector pYDN to allow homologous 

recombination into the pYDN vector in S. cerevisiae EBY100. 

Homologous recombination 
into pYDN 
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5.2 Output amplification and homologous recombination 
into pYDN 

The homologous recombination pathway is activated in eukaryotes for error-free 

repair of double-stranded DNA when single or double-strand breaks occur (490). 

We can take advantage of homologous recombination to introduce inserts into 

yeast plasmids without using restriction endonucleases. Therefore, we can create 

libraries in yeast with highly diverse inserts, where the presence of endonuclease 

restriction sites in the inserts is probable and thus the use of these enzymes for 

cloning would affect diversity. For efficient homologous recombination of inserts 

into a yeast plasmid, at least 40 bp of homology are required between the insert 

and the linearised yeast plasmid (491). 

5.2.1 Output amplification by homologous recombination PCR 

With the aim of transferring the scFvs selected by phage display to an N-terminal 

yeast display system (figure 5.1), two sequential PCRs were required to obtain the 

DNA to be inserted by homologous recombination into pYDN. The phagemid vector 

DNA, pRXB-100 with scFvs, from the penultimate round of each phage selection 

was purified by midi-prep to be used as the template for the first PCR with the 

primers HR-F and HR-R (figure 5.2 and 5.3). 

 

Figure 5.2 First homologous recombination PCR.  The primers HR-F and HR-R, complementary 
to pRXB-100, were used to amplify the scFvs selected during phage display experiments. Plasmid 
ORFs are coloured and denoted: the light orange ORF represents the PelB signal peptide, blue ORF 
the scFv, grey ORF the linker between the scFv and the PIII, yellow ORF the PIII phage protein. 
Primers used for HR PCR are indicated. The middle dashed line represents the diagrammatic 
discontinuity between the 5’ end (shown above) and the 3’ end (shown below) of the fragment. The 
full fragment size is expected to be approximately 850 bp. 
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Figure 5.3 First homologous recombination PCRs with the primers HR-F and HR-R. PCR 

products were electrophoresed through 1% agarose. The dashed boxes show DNA band excision 
for purification of the ≈850 bp DNA fragments. Note: primer-dimers can be seen at the bottom of 
each track. 

 

Part of HR-F is complementary to a sequence coding for the signal peptide used 

for the expression of scFv-PIII in pRXB-100. This complementary region introduces 

the extra amino acid sequence QPAMA at the N-terminus of the scFv. Furthermore, 

nucleotides coding for the amino acid AG were introduced at the N-terminus of 

QPAMA for improved digestion of the Aga2 signal peptide when recombined in 

pYDN and expressed in yeast (474). Therefore, the extra amino acid sequence at 

the N-terminus when expressed in yeast is AGQPAMA. HR-R is complementary to a 

nucleotide sequence of the linker between the scFv and PIII. The sequence codes 

for the amino acids GPGGQGGGS. It was postulated that these extra amino acids 

would have no, or little, impact on the binding of the selected scFvs to their 

targets (figure 5.2). 

The second PCR (figure 5.4) was performed using as template the purified DNA 

band (around 850 bp) obtained from the first recombination PCR (figure 5.3) and 

the primers HR amp-F and HR amp-R (figure 5.5). The main objective of this PCR 

was to amplify the quantity of DNA and reduce primer dimers by suing smaller 

primers. The product obtained from the second PCR was purified and used for 

yeast transformation together with EcoRI digested pYDN. The final homologous 

recombination product in pYDN is shown in figure 5.5. 
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Figure 5.4 Second homologous recombination PCRs with the primers HR amp-F and HR amp-

R primers. PCR products were electrophoresed through 1% agarose. A) Phage R3 LMP1-l2F. B) 
Phage R2 LMP1-l2Y. C) Phage R2 LMP2-l2. D) Phage R3 LMP2-l5. E) Phage R3 B7H4. Note: the 
absence of primer dimers in this amplification. 

 

 

Figure 5.5 Recombination of scFv into pYDN. A) pYDN vector. pYDN was linearised by digestion 
with EcoRI to be used for homologous recombination. B) Homologous recombined scFv into pYDN. 
Primers used for first and second homologous recombination PCRs complementary to the 
recombined fragment are shown. Plasmid ORFs are coloured and denoted: the orange ORF 
represents the AGA2 signal peptide, red ORF the linking amino acids AG, light orange ORF the 
segment of the PelB signal peptide complementary to the primer HR-F, blue ORF the scFv, grey 
ORFs the fragment of phage display linker complementary to the primer HR-R and the linker with 
the AGA2 protein and dark red ORF the V5 epitope. Primers used for HR PCR and HR amp PCR 
indicated. The middle dashed line represent the diagrammatic discontinuity between the 5’ end 
(shown above) and the 3’ end (shown below) of the fragment. 

 

 

B 

A 
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5.2.2 Yeast transformation, homologous recombination and scFv 
expression 

5.2.2.1 Yeast transformation, homologous recombination and selection 

Samples of S. cerevisiae EBY100 were transformed with EcoRI digested pYDN, 

cleaving between the Aga2 ORF and the V5 epitope (figure 5.5.A), and the purified 

PCR product following the lithium acetate/single-stranded carrier 

DNA/polyethylene glycol method (488). Within the yeast cell, the inserts 

recombine into the plasmid via the host error-free repair of double-strand breaks  

system (ie through homologous recombination) (490) to generated a recombinant 

circularised plasmid. After the transformation, the yeast were selected in SD-CAA 

broth, selection for circularised pYDN as with any linearised fragment (unlike the 

yeast chromosomes with telomers at the end), the linearised pYDN cannot be 

stably maintained. Several transformations were performed to obtain a 

satisfactory number of CFU (table 5.1). Glycerol stocks were generated with each 

yeast output. 

Table 5.1 Number of colony forming units (CFU) and % of homologous recombination (HR). 

Output* CFU % of HR 

Yeast EcoRI digested pYDN without insert 6x104 - 

Yeast R3 B7H4 1.83x106 96.78% 

Yeast R3 LMP1-l2F 2.1x106 97.17% 

Yeast R2 LMP1-l2Y 1.17x106 94.88% 

Yeast R2 LMP2-l2 1.77x106 96.62% 

Yeast R3 LMP2-l5 1.41x106 95.75% 

*R=Round 
 

6x104 CFU were obtained in Yeast EcoRI digested pYDN without insert. This could 

be due to remaining undigested plasmid or to plasmid recirculation by cell DNA 

repair mechanism. Even so, the percentage of homologous recombination 

obtained in each output was satisfactory. 

5.2.2.2 Yeast display of scFv fusions 

The yeast from the different outputs were grown and the scFv fusions induced to 

explore the expression of the fusion proteins scFv-Aga2 by flow cytometry, using 

the antibody anti-V5 Tag FITC-conjugated, which bind to the V5 tag present in the 



Chapter 5 
 

167 
 

fusion protein expressed by pYDN (figure 5.6). Roughly 2x104 yeast were analysed 

(figure 5.7). 

  

Figure 5.6 Yeast display of scFv obtained from the phage section and recombined into pYDN. 
pYDN N-terminal display of scFv (orange and blue tags) by fusion with the heterodimer Aga1-Aga2. 
The white star represent the V5 tag used to detect expression by flow cytometry with the antibody 
anti-V5 Tag FITC-conjugated.  
 

 

Figure 5.7 scFv-Aga2 expression. Flow cytometry dot plots of scFv-Aga2 protein expression. Aga2 
fusion protein was detected with mouse anti V5 FITC. A) Induced yeast expressing the scFvs 
selected after Phage R3 LMP1-l2F. B) Induced yeast expressing the scFv selected after Phage R2 
LMP1-l2Y. C) Induced yeast expressing the scFvs selected after Phage R2 LMP2-l2. D) Induced 
yeast expressing the scFvs selected after Phage R3 LMP2-l5. E) Induced yeast expressing the scFvs 
selected after Phage R3 B7H4. F) No induced pYDN yeast. The % positive cells (as shown in the 
gated section) is indicated in each case. Induced pYDN yeast can be found in figure 3.10.H with 
79.3% of positive cells. 
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It might be anticipated that 100% of the transformed yeast would express the Aga2 

fusion protein, expressed from the recombinant pYDN. However, the level of 

display of each output varied, with as low as 1.47% in one case. This could be due, 

in part, to linear pYDN that were closed/repaired aberrantly in the yeast without 

an insert. Alternatively, the presence in the outputs of scFv sequences with codon 

stops in the ORF could lead to the disrupted expression of the Aga2 fusion protein 

when they are transferred to the yeast display system. The promotion of these 

sequences during the phage selection is due to the presence of polyphages. This 

effect would have a different impact on each selection depending on the target 

protein, which explains the variability in the percentage of displayed Aga2 fusion 

protein for each analysed output. 

To investigate this possibility, ten PCRs from each output were performed with 

the primers pYDN Check-F and pYDN Check-R from single colony yeast lysates and 

Sanger sequenced with the primer pYDN Check-F. For Yeast R2 LMP2-l2, Yeast R3 

LMP2-l5 and Yeast R3 B7H4, all the sequence colonies had codon stops on the scFv 

ORF (figure 5.8).  

Figure 5.8 DNA and amino acid sequence of a non-ORF scFv found during yeast colony 
screening. The DNA and amino acid sequence of the linker has been highlighted in grey. The codon 
stop has been coloured in red. 

Example of a non-ORF scFv 

CAG GTG CAG CTG GTG CAG GGA GCG CAG GCA GAG CGG AGG AGA GCT CCC 
CAA ACC CAA ATG CGT GGG TCA CAC GGC CAG TCC TTC CCC GGA GCT CAG CGT 
GGA CAG AGG GAA GGG ACC TCA GGC AGA GAC ACC TGC CCC ACG CCC TCA CCA 
GGT GCC CTT GGC CCA AGA AGA CAG GAC AAC AGG GTC CTC CCG CCC AGG GTC 
CTC CAC CCA AAA CTC CTG CCC CAG TCT GAG GAA ACA CCA GCC CGA CTA CTC 
CAG GGC ATC CAC ACC ACC CGA CCA GCC CCA AGG TCG GCA GCA GCG GCA GCA 
GCA GCG GTA CCA GCA GCG GCG GCA GCA GCA GCA GCG GCA GCG GCG AGC 
TCA CAC TCA CGC AGT CTC CAG GCA CCC TGT CTT TGT CTC CAG GGG AAA GAG 
CCA CCC TCT CCT GCA GGG CCA GTC AGA GTG TCA GCA GCA ACT ACT TAG CCT 
GGT ACC AGC AGA CAC CTG GCC AGG CTC CCA GGC TCC TCA TTT ATG GTG CGT 
CCA GTA GGG CCA CTG GTG TCC CAG ACA GGT TCG GTG GCA GTG GGT CTG 
GGA CAG ACT TCA CTC TCA CCA TCA ACA GAC TGG AGC CGG AAG ATT CTG CAG 
TGT ATT ACT GTC AGC ACT ATG GTA GTT ATT CGT GGA CGT TCG GCC AAG GGA 
CCA AGC TGG AGA TCA AAG 

------------------------------------------------------------------------------------------------- 
QVQLVQGAQAERRRAPQTQMRGSHGQSFPGAQRGQREGTSGRDTCPTPSPGALGPRRQD
NRVLPPRVLHPKLLPQSEETPARLLQGIHTTRPAPRSAAAAAAAVPAAAAAAAAAAASSHSR
SLQAPCLCLQGKEPPSPAGPVRVSAATT*PGTSRHLARLPGSSFMVRPVGPLVSQTGSVAVG
LGQTSLSPSTDWSRKILQCITVSTMVVIRGRSAKGPSWRSK 
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For Yeast R3 LMP1-l2F and Yeast R2 LMP1-l2Y, the majority of the sequences had 

codon stops on the scFv ORF, but also a functional scFv with no codon stops was 

detected among the sequences in both outputs. The same scFv promoted during 

the phage selection in both selections. This could be indicative of a possible bona 

fide LMP1 loop 2 binder, as the loop displayed by pY-LMP1-lp2F yeast and pY-

LMP1-lp2Y yeast are highly similar and just differ in one amino acid. The scFv was 

named Clone 1 LMP1, and the DNA and the amino acids sequence is described in 

figure 11 in the appendix. 

5.3 Conclusion 

Following yeast transformation and using homologous recombination to 

incorporate scFv sequences into an Aga2 fusion, a fraction of the yeast expressed 

the Aga2 fusion protein and with different proportions in each case: 42.5% in Yeast 

R3 LMP1-l2F, 19.1% in Yeast R2 LMP1-l2Y, 3.58% in Yeast R2 LMP2-l2, 1.47% of 

Yeast R3 LMP2-l5 and 6.56% in Yeast R3 B7H4.  

Codon stops may have been introduced in the scFv DNA during the original library 

synthesis by shift in the ORF during the PCR, giving rise after cloning to phagemid 

without an ORF through the scFv-PIII due to the presence of in-frame codon stop. 

We have named these sequences as non-ORF scFvs. Non-ORF scFvs could have been 

present in the original phage display library. Alternatively, some may have been 

generated during the PCR cloning described above. The promotion of such 

sequences during the phage selection is usually observed when working with 

phagemid libraries based on the fusion of scFv with PIII (492–494). This bias is 

related to the promotion of polyphage during phage selection (as described 

below). Even so, the N-terminal yeast display system permitted the isolation of a 

proportion of ORF scFvs in the phage display outputs and continued selection 

without being affected by this bias. 

Nevertheless, a functional scFv could be identified by sequencing in the outputs 

Yeast R3 LMP1-l2F and Yeast R2 LMP1-l2Y. The selection of this sequence in two 

different phage selection using yeast displaying very similar loops could be 

indicative of a bona fide LMP1 loop 2 binder. 
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5.3.1 Polyphage bias during phage selection 

A polyphage is an extra-long M13 phage able to package a high quantity of single-

stranded DNA, being able to pack more than one genome. The PIII is essential for 

assembly; a low level of PIII increases the phage assembly time, increasing the 

size of the filamentous phage. In a phagemid system, the wt PIII is expressed at 

low levels from the helper phage. The expression is complemented by the scFv-

PIII expressed from the phagemid, the combination being sufficient to produce 

functional phage. If the scFv-PIII expression fails, it leads to the production of 

polyphage with several phagemids packaged inside (492–494).  

The promotion of polyphage carrying a non-ORF scFv in their phagemid during 

phage display selection is not currently well described in the scientific literature. 

A possible hypothesis is related to the metabolic cost of the scFv expressed in the 

bacteria host. Since polyphage can only promote during the phage selection by 

binding to the target antigen, the promoted polyphage must have scFv-PIII on their 

surface (able to bind to the antigen). These polyphage (with scFv-PIII in their 

surface but carrying a non-ORF scFv in its phagemid) could have been produced in 

bacteria carrying two different phagemids (the non-ORF scFv phagemid plus an 

ORF scFv phagemid, required for scFv-PIII expression). The presence of bacteria 

carrying both kinds of phagemids can be explained by the metabolic cost that 

scFv-PIII is to the bacteria. As the non-ORF scFv phagemid have less metabolic 

cost to the bacteria, it may be produced in higher copy number than the ORF scFv 

phagemid. Therefore, the phenotype needed from antibiotic resistance gene is 

provided by high copies number non-ORF scFv phagemid, while the low copy 

number ORF scFv phagemid express low level of scFv-PIII (required in the 

polyphage to promote during the phage display selection). Higher copies of non-

ORF scFv phagemid would also lead to packaging advantage in the polyphage. 

If the polyphage effect described above is occurring, it is difficult to avoid when 

using phagemid libraries. Working with the basal activity of the LacZ promoter 

(not using IPTG) could reduce the scFv expression in the bacteria reducing it 

metabolic cost and, therefore, this bias. However, the use of IPTG could also 

promote the selection of more stable expressed scFvs. The library design, 

especially the linker between VH and VL in the scFv, could also have an impact on 



Chapter 5 
 

171 
 

the promotion of polyphages, as GC-rich linkers can increase burden of the plasmid 

on the bacterial host (plasmid fitness cost) (495). 

 



Chapter 6 
 

172 
 

6. Results: Development of antigen-expressing 
mammalian cells 

6.1 Introduction 

Adherent antigen-expressing mammalian cells were developed to be used during 

the scFv selection and for CAR functional characterisation. A tetracycline-

inducible system was chosen because it enables modulation of the level of 

expression of the antigen by the addition of tetracycline. Antigen expression 

modulation is especially useful to facilitate the development of LMP1 and LMP2A 

expressing cells, as the overexpression of these oncogenic proteins could have a 

toxic effect on the cells making it difficult to select positive clones (496). 

Moreover, by regulating the expression of the antigen, low, medium and high 

expressing cells can be used for CAR functional characterisation. Therefore, 

HEK293 Flip-In T-REx cells and pcDNA5/FRT were used for cell line development 

and three cell lines were developed: HEK293-B7H4, HEK293-LMP1 and HEK293-

LMP2A (figure 6.1). 

 

Figure 6.1 HEK293-B7H4, HEK293-LMP1 and HEK293-LMP2A cell lines. The cell lines were 
developed using HEK293 Flip-In T-REx cells which has stable integration in the genome of 
pFRT⁄lacZeo and pcDNA6⁄TR. Co-transfection with pcDNA5/FRT derived vectors and pOG44 leads 
to homologous recombination of the pcDNA5/FRT based vector into the genome integrated 
pFRT/lacZeo. Addition of tetracycline to the media leads to expression of the gene of interest cloned 

HEK-B7H4 

HEK-LMP1 

HEK-LMP2A 

A 

B 

C 

Tet 

Tet 
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into pcDNA5/FRT. Diagrammatic representation of the plasmid Flip-In system is shown in figures 5 
and 6 in the appendix. 
 

6.2 Development of pB7H4-FRT, pLMP1-FRT and pLMP2A-
FRT 

To create the tetracycline-inducible antigen-expressing HEK293 the complete 

cDNA sequence of B7H4 and the viral DNA sequences of LMP1 and LMP2A (including 

introns) were cloned into pcDNA5/FRT giving rise to pB7H4-FRT, pLMP1-FRT and 

pLMP2A-FRT. Each of these plasmids was co-transfected with the plasmid pOG44 

into HEK293 Flip-In T-REx cells. 

6.2.1 Cloning of B7H4 into pcDNA5/FRT 

A synthetic DNA cassette was ordered from GeneWiz containing the complete 

cDNA sequence of human B7H4 (Uniprot Q7Z7D3). In addition, the sequence 

GCCGCCACC was added before the first ATG (methionine) of the signal peptide to 

generate a consensus Kozak sequence (GCCGCCACCATGG) to promote the 

initiation of protein translation. The sequence was flanked by HindIII and NotI for 

cloning into pcDNA5/FRT (figure 6.2). The DNA sequence (figure 6.2) was provided 

by the manufacturer in a plasmid (pB7H4) and codes for the amino acid sequence 

which encompasses the complete protein (figure 6.3). 

Figure 6.2 Synthetic DNA cassette used for the development of pB7H4-FRT by cloning into 
pcDNA5/FRT. HindIII and NotI restriction sequence highlighted in grey and extra sequence for 
Kozak’s sequence highlighted in yellow. 

B7H4 DNA cassette for pB7H4-FRT obtained by digestion from pB7H4 

AAG CTT GCC GCC ACC ATG GCT TCC CTG GGG CAG ATC CTC TTC TGG AGC ATA 
ATT AGC ATC ATC ATT ATT CTG GCT GGA GCA ATT GCA CTC ATC ATT GGC TTT 
GGT ATT TCA GGG AGA CAC TCC ATC ACA GTC ACT ACT GTC GCC TCA GCT GGG 
AAC ATT GGG GAG GAT GGA ATC CTG AGC TGC ACT TTT GAA CCT GAC ATC AAA 
CTT TCT GAT ATC GTG ATA CAA TGG CTG AAG GAA GGT GTT TTA GGC TTG GTC 
CAT GAG TTC AAA GAA GGC AAA GAT GAG CTG TCG GAG CAG GAT GAA ATG TTC 
AGA GGC CGG ACA GCA GTG TTT GCT GAT CAA GTG ATA GTT GGC AAT GCC TCT 
TTG CGG CTG AAA AAC GTG CAA CTC ACA GAT GCT GGC ACC TAC AAA TGT TAT 
ATC ATC ACT TCT AAA GGC AAG GGG AAT GCT AAC CTT GAG TAT AAA ACT GGA 
GCC TTC AGC ATG CCG GAA GTG AAT GTG GAC TAT AAT GCC AGC TCA GAG ACC 
TTG CGG TGT GAG GCT CCC CGA TGG TTC CCC CAG CCC ACA GTG GTC TGG GCA 
TCC CAA GTT GAC CAG GGA GCC AAC TTC TCG GAA GTC TCC AAT ACC AGC TTT 
GAG CTG AAC TCT GAG AAT GTG ACC ATG AAG GTT GTG TCT GTG CTC TAC AAT 
GTT ACG ATC AAC AAC ACA TAC TCC TGT ATG ATT GAA AAT GAC ATT GCC AAA 
GCA ACA GGG GAT ATC AAA GTG ACA GAA TCG GAG ATC AAA AGG CGG AGT CAC 
CTA CAG CTG CTA AAC TCA AAG GCT TCT CTG TGT GTC TCT TCT TTC TTT GCC 
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ATC AGC TGG GCA CTT CTG CCT CTC AGC CCT TAC CTG ATG CTA AAA TAA GCG 
GCC GC 

 

Figure 6.3 Amino acid sequence synthesised from the mRNA coded by B7H4 DNA cassette. 

Amino acid sequence of LMP1 

MASLGQILFWSIISIIIILAGAIALIIGFGISGRHSITVTTVASAGNIGEDGILSCTFEPDIKLSDIVIQ
WLKEGVLGLVHEFKEGKDELSEQDEMFRGRTAVFADQVIVGNASLRLKNVQLTDAGTYKCY
IITSKGKGNANLEYKTGAFSMPEVNVDYNASSETLRCEAPRWFPQPTVVWASQVDQGANFS
EVSNTSFELNSENVTMKVVSVLYNVTINNTYSCMIENDIAKATGDIKVTESEIKRRSHLQLLNS
KASLCVSSFFAISWALLPLSPYLMLK 

 
The DNA cassette released from the plasmid pB7H4 with HindIII and NotI digestion 

(figure 6.4) and used for ligation with HindIII and NotI digested pcDNA5/FRT to 

obtain the final plasmid pB7H4-FRT.  

 

Figure 6.4 pB7H4-FRT development. Digested plasmid pB7H4 DNA was electrophoresed through 

1% agarose. The HindIII and NotI fragment (872 bp DNA band) was purified and cloned into HindIII 
and NotI digested pcDNA5/FRT, giving rise to pB7H4-FRT. The dashed box shows the 872 bp DNA 
band excised for DNA purification. 

 

After E. coli transformation, three colonies were grown and used for colony PCR 

with the primers pcDNA5/FRT-F and pcDNA5/FRT-R. The PCR amplicons were 

purified and sequenced with the primers pcDNA5/FRT-F and SeqB7H4-F. The 

sequencing showed the correct sequence (figure 6.2) inserted in pcDNA5/FRT, 

giving rise to the plasmid pB7H4-FRT (figure 6.5). One colony was used for DNA 

plasmid production and glycerol stocks. 

1000 bp ▬ 

650 bp ▬ 

5000 bp ▬ 
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Figure 6.5 pB7H4-FRT. Plasmid features and ORFs are coloured and denoted: the white arrow 
represents the CMV promoter, green boxes the Tet operator, yellow box the Kozak sequence, blue 
box the B7H4 ORF, grey BOX the poly(A) signal and the red square shows the codon stop. The 
middle dashed line represents the diagrammatic discontinuity between the 5’ end (shown above) and 
the 3’ end (shown below) of the fragment. 

 

6.2.2 PCR amplification of LMP1 and cloning into pcDNA5/FRT 

The DNA containing the complete viral DNA sequence of LMP1 (including introns) 

with Phe388 and additional 3’ sequences was amplified from the plasmid pPyLMP1 

(497) with the primers LMP1-F and LMP1-R. LMP1-F introduces the restriction site 

HindIII and the sequence GCCGCCACC (to form a Kozak consensus sequence) at 

the 5’ end. LMP1-R introduces the restriction site NotI in the 3’ end. Five extra 

nucleotides were added at each end for the subsequent digestion with HindIII and 

NotI. The sequence of the resulting amplicon (figure 6.8) is shown in figure 6.6. 

The encoded amino acid sequence of LMP1 is shown in figure 6.7. 

Figure 6.6 DNA amplicon used for the development of pLMP1-FRT by cloning into 
pcDNA5/FRT. HindIII and NotI restriction sequence highlighted in grey, an extra sequence for Kozak 
sequence highlighted in yellow and extra EBV genome in grey. 

LMP1 DNA for pLMP1-FRT obtained by PCR from pPyLMP-1 

GAT GCA AGC TTG CCG CCA CCA TGG AAC ACG ACC TTG AGA GGG GCC CAC CGG 
GCC CGC GAC GGC CCC CTC GAG GAC CCC CCC TCT CCT CTT CCC TAG GCC TTG 
CTC TCC TTC TCC TCC TCT TGG CGC TAC TGT TTT GGC TGT ACA TCG TTA TGA 
GTG ACT GGA CTG GAG GAG CCC TCC TTG TCC TCT ATT CCT TTG CTC TCA TGC 
TTA TAA TTA TAA TTT TGA TCA TCT TTA TCT TCA GAA GAG ACC TTC TCT GTC 
CAC TTG GAG CCC TTT GTA TAC TCC TAC TGA TGA GTA AGT ATT ACA CCC TTT 
GCC CCA CAC CCC CTT TCC CTT ACT CTT CCT TCT CTA ACG CAC TTT CTC CTC 
TTT CCC CAG TCA CCC TCC TGC TCA TCG CTC TCT GGA ATT TGC ACG GAC AGG 
CAT TGT TCC TTG GAA TTG TGC TGT TCA TCT TCG GGT GCT TAC TTG GTA AGA 
TCT AAC ATT CCC TAG GAA TTA TTT ACC ACA CCC CCA CTT TTC CAA CCC TAA 
CAC TCT TTT TTC AAC GCA GTC TTA GGT ATC TGG ATC TAC TTA TTG GAG ATG 
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CTC TGG CGA CTT GGT GCC ACC ATC TGG CAG CTT TTG GCC TTC TTC CTA GCC 
TTC TTC CTA GAC CTC ATC CTG CTC ATT ATT GCT CTC TAT CTA CAA CAA AAC 
TGG TGG ACT CTA TTG GTT GAT CTC CTT TGG CTC CTC CTG TTT CTG GCG ATT 
TTA ATC TGG ATG TAT TAC CAT GGA CAA CGA CAC AGT GAT GAA CAC CAC CAC 
GAT GAC TCC CTC CCG CAC CCT CAA CAA GCT ACC GAT GAT TCT GGC CAT GAA 
TCT GAC TCT AAC TCC AAC GAG GGC AGA CAC CAC CTG CTC GTG AGT GGA GCC 
GGC GAC GGA CCC CCA CTC TGC TCT CAA AAC CTA GGC GCA CCT GGA GGT GGT 
CCT GAC AAT GGC CCA CAG GAC CCT GAC AAC ACT GAT GAC AAT GGC CCA CAG 
GAC CCT GAC AAC ACT GAT GAC AAT GGC CCA CAT GAC CCG CTG CCT CAG GAC 
CCT GAC AAC ACT GAT GAC AAT GGC CCA CAG GAC CCT GAC AAC ACT GAT GAC 
AAT GGC CCA CAT GAC CCG CTG CCT CAT AGC CCT AGC GAC TCT GCT GGA AAT 
GAT GGA GGC CCT CCA CAA TTG ACG GAA GAG GTT GAA AAC AAA GGA GGT GAC 
CAG GGC CCG CCT TTG ATG ACA GAC GGA GGC GGC GGT CAT AGT CAT GAT 
TCC GGC CAT GGC GGC GGT GAT CCA CAC CTT CCT ACG CTG CTT TTG GGT TCT 
TCT GGT TCC GGT GGA GAT GAT GAC GAC CCC CAC GGC CCA GTT CAG CTA AGC 
TAC TAT GAC TAA CCT TTC TTT ACT TCT AGG CAT TAC CAT GTC ATA GGC TTG 
CCT GAC TGA CTC TCC CTC CAT TTA CTG GGA ATG CCT TAG CTA ATC ACC TTA 
ACT GG CAC ACA CTC CCT TAG CCA CAC TGT CTG TCT AGG CTG AAA AGC CAC 
ATT CAT ATT CTA TTT CAA AAC AAG GGG AAA GGA GGA CAT GCG AGA ATT GGC 
AGA CAC CTT TAC CCA GCC CTT AAC ACA CCA CAC AGG TAG CAA GGA CCC GGG 
CGT TGC CAG ACT CCG CCA CCA ACG CCC CTG CGT TGA ACC CAC CCC TCC TAC 
ACA CAT CAG ACC TCT GCA CAA CAC AAC TAC CAG GCA GAT GAG GCC CCT TAC 
TTC CAC AGG GTA CTG GCA TAC CAG CGG GGG ACC ACA TAC ATC CCT GTC TCC 
CAC CCA GTA ACT CCA GCA ACT TTG CTT TCC ATC TTG TGC CAA TAC ACA TTT 
GGA TTC AGC CCA AGC CAC ACC TAA CTC ATG CCA GCA GAG GCA GGA ACA CCT 
GTT GTT GAC ACA TTC TTT GCG CAT AAG CAC TTT AAT CCC TCT CTC ACA CCC 
AGA AAC TAA GAG CTA GCC CAA AAC CTC CAC ACC TGT CCT CGC TCA TCT TTC 
CAC ATT CCT CTG GCC TTC TTT CCT TGT CCT TAC TGT ATA AAA GTC CAC GAA 
AAC AGC TGT GCC TCA CTC TCG AGA TGG GCG GCC GCA CAT G 

 

Figure 6.7 Amino acid sequence synthesised from the mature mRNA coded by LMP1 PCR 
amplicon after pre-mRNA processing. 

Amino acid sequence of LMP1 

MEHDLERGPPGPRRPPRGPPLSSSLGLALLLLLLALLFWLYIVMSDWTGGALLVLYSFALMLI
IIILIIFIFRRDLLCPLGALCILLLMITLLLIALWNLHGQALFLGIVLFIFGCLLVLGIWIYLLEMLW
RLGATIWQLLAFFLAFFLDLILLIIALYLQQNWWTLLVDLLWLLLFLAILIWMYYHGQRHSDE
HHHDDSLPHPQQATDDSGHESDSNSNEGRHHLLVSGAGDGPPLCSQNLGAPGGGPDNGP
QDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPHDPLPHSPSDSAGNDGGPPQLTEEVE
NKGGDQGPPLMTDGGGGHSHDSGHGGGDPHLPTLLLGSSGSGGDDDDPHGPVQLSYYD 
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Figure 6.8 pLMP1-FRT development. The PCR was conducted with the primers LMP1-F and 
LMP1-R and pPyLMP-1 as a template. The product was electrophoresed through 1% agarose. The 
2025 bp band was purified, digested with HindIII and NotI and used to generate pLMP1-FRT. 

 

The LMP1 PCR amplicon and the pcDNA5/FRT plasmid were digested with HindIII 

and NotI and ligated. Several resulting bacterial colonies were used for colony PCR 

with the primers pcDNA5/FRT-F and pcDNA5/FRT-R, correct ones selected, and 

sequenced with the primers pcDNA5/FRT-F, SeqLMP1-F and Seq2LMP1-F. A correct 

colony was selected and used for glycerol stock and plasmid production (figure 

6.9). 

 

Figure 6.9 pLMP1-FRT. Primers LMP1-F and LMP1-R were used to amplify LMP1 from pPyLMP1. 
Plasmid features and ORFs are coloured and denoted: the white arrow represents the CMV 
promoter, green boxes the Tet operator, yellow box the Kozak sequence, red box the LMP1 ORF 
and grey box the poly(A). The middle dashed line represents the diagrammatic discontinuity between 
the 5’ end (shown above) and the 3’ end (shown below) of the fragment. 

 

6.2.3 PCR amplification of LMP2A and cloning into pcDNA5/FRT 

The DNA containing the complete viral sequence of LMP2A (including introns) was 

amplified from the plasmid pSG5-c/gLMP2A (21) with the primers LMP2A-F and 
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LMP2A-R. LMP2A-F introduces the restriction site HindIII and the sequence 

GCCGCCACC (to form a Kozak consensus sequence) at the 5’ end. LMP2A-R 

introduces the restriction site NotI in the 3’ end. Five extra nucleotides were 

added at each end for the subsequent digestion with HindIII and NotI. The 

sequence of the resulting amplicon (figure 6.12) is shown in figure 6.10. The amino 

acid sequence of LMP2A encoded by the DNA sequence is shown in figure 6.11. 

Figure 6.10 PCR DNA amplicon used for the development of pLMP2A-FRT by cloning into 
pcDNA5/FRT. HindIII and NotI restriction sequence highlighted in grey and extra sequence for Kozak 
sequence highlighted in yellow. 

LMP2A DNA for pLMP2A-FRT obtained by PCR from pSG5-c/gLMP2A 

GAA TGC AAG CTT GCC GCC ACC ATG GGG TCC CTA GAA ATG GTG CCA ATG GGC 
GCG GGT CCC CCT AGC CCC GGC GGG GAT CCG GAT GGG TAC GAT GGC GGA 
AAC AAC TCC CAA TAT CCA TCT GCT TCT GGC TCT TCT GGG AAC ACC CCC ACC 
CCA CCG AAC GAT GAG GAA CGT GAA TCT AAT GAA GAG CCC CCA CCG CCT TAT 
GAG GAC CCA TAT TGG GGC AAT GGC GAC CGT CAC TCG GAC TAT CAA CCA CTA 
GGA ACC CAA GAT CAA AGT CTG TAC TTG GGA TTG CAA CAC GAC GGG AAT GAC 
GGG CTC CCT CCC CCT CCC TAC TCT CCA CGG GAT GAC TCA TCT CAA CAC ATA 
TAC GAA GAA GCG GGC AGA GGA AGT ATG AAT CCA GTA TGC CTG CCT GTA ATT 
GTT GCG CCC TAC CTC TTT TGG CTG GCG GCT ATT GCC GCC TCG TGT TTC ACG 
GCC TCA GTT AGT ACC GTT GTG ACC GCC ACC GGC TTG GCC CTC TCA CTT CTA 
CTC TTG GCA GCA GTG GCC AGC TCA TAT GCC GCT GCA CAA AGG AAA CTG CTG 
ACA CCG GTG ACA GTG CTT ACT GCG GTT GTC ACT TGT GAG TAC ACA CGC ACC 
ATT TAC AAT GCA TGA TGT TCG TGA GAT TGA TCT GTC TCT AAC AGT TCA CTT 
CCT CTG CTT TTC TCC TCA GTC TTT GCA ATT TGC CTA ACA TGG AGG ATT GAG 
GAC CCA CCT TTT AAT TCT CTT CTG TTT GCA TTG CTG GCC GCA GCT GGC GGA 
CTA CAA GGC ATT TAC GGT TAG TGT GCC TCT GTT ATG AAA TGC AGG TTT GAC 
TTC ATA TGT ATG CCT TGG CAT GAC GTC AAC TTT ACT TTT ATT TCA GTT CTG 
GTG ATG CTT GTG CTC CTG ATA CTA GCG TAC AGA AGG AGA TGG CGC CGT TTG 
ACT GTT TGT GGC GGC ATC ATG TTT TTG GCA TGT GTA CTT GTC CTC ATC GTC 
GAC GCT GTT TTG CAG CTG AGT CCC CTC CTT GGA GCT GTA ACT GTG GTT TCC 
ATG ACG CTG CTG CTA CTG GCT TTC GTC CTC TGG CTC TCT TCG CCA GGG GGC 
CTA GGT ACT CTT GGT GCA GCC CTT TTA ACA TTG GCA GCA GGT AAG CCA CAC 
GTG TGA CAT TGC TTG CCT TTT TGC CAC ATG TTT TCT GGA CAC AGG ACT AAC 
CAT GCC ATC TCT GAT TAT AGC TCT GGC ACT GCT AGC GTC ACT GAT TTT GGG 
CAC ACT TAA CTT GAC TAC AAT GTT CCT TCT CAT GCT CCT ATG GAC ACT TGG 
TAA GTT TTC CCT TCC TTT AAC TCA TTA CTT GTT CTT TTG TAA TCG CAG CTC 
TAA CTT GGC ATC TCT TTT ACA GTG GTT CTC CTG ATT TGC TCT TCG TGC TCT 
TCA TGT CCA CTG AGC AAG ATC CTT CTG GCA CGA CTG TTC CTA TAT GCT CTC 
GCA CTC TTG TTG CTA GCC TCC GCG CTA ATC GCT GGT GGC AGT ATT TTG CAA 
ACA AAC TTC AAG AGT TTA AGC AGC ACT GAA TTT ATA CCC AGT GAG TAT CTA 
TTT GTT ACT CCT GTT TAG TTG AAG AAA ACA AGC TAT TGG ATT GTA ACA CAC 
ATT TTA CGC TTT GTT CCT TAG ATT TGT TCT GCA TGT TAT TAC TGA TTG TCG 
CTG GCA TAC TCT TCA TTC TTG CTA TCC TGA CCG AAT GGG GCA GTG GAA ATA 
GAA CAT ACG GTC CAG TTT TTA TGT GCC TCG GTG GCC TGC TCA CCA TGG TAG 
CCG GCG CTG TGT GGC TGA CGG TGA TGT CTA ACA CGC TTT TGT CTG CCT GGA 
TTC TTA CAG CAG GAT TCC TGA TTT TCC TCA TTG GTA AGT GTG ACA CCA ACA 
GGT GTT GCC TTG TTA TGT CAC CGT TCT GAC ACA TGA CTT ACA TGG GTT TGG 
CTT TTG TAG GCT TTG CCC TCT TTG GGG TCA TTA GAT GCT GCC GCT ACT GCT 
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GCT ACT ACT GCC TTA CAC TGG AAA GTG AGG AGC GCC CAC CGA CCC CAT ATC 
GCA ACA CTG TAT AAT AAG CGG CCG CAC ATG 

 

Figure 6.11 Amino acid sequence synthesised from the mature mRNA coded by LMP2A PCR 
amplicon after pre-mRNA processing. 

Amino acid sequence of LMP2A 

MGSLEMVPMGAGPPSPGGDPDGYDGGNNSQYPSASGSSGNTPTPPNDEERESNEEPPPPY
EDPYWGNGDRHSDYQPLGTQDQSLYLGLQHDGNDGLPPPPYSPRDDSSQHIYEEAGRGSM
NPVCLPVIVAPYLFWLAAIAASCFTASVSTVVTATGLALSLLLLAAVASSYAAAQRKLLTPVTV
LTAVVTFFAICLTWRIEDPPFNSLLFALLAAAGGLQGIYVLVMLVLLILAYRRRWRRLTVCGG
IMFLACVLVLIVDAVLQLSPLLGAVTVVSMTLLLLAFVLWLSSPGGLGTLGAALLTLAAALAL
LASLILGTLNLTTMFLLMLLWTLVVLLICSSCSSCPLSKILLARLFLYALALLLLASALIAGGSIL
QTNFKSLSSTEFIPNLFCMLLLIVAGILFILAILTEWGSGNRTYGPVFMCLGGLLTMVAGAVW
LTVMSNTLLSAWILTAGFLIFLIGFALFGVIRCCRYCCYYCLTLESEERPPTPYRNTV 

 

 

Figure 6.12 pLMP2A-FRT development. The PCR product was electrophoresed through 1% 
agarose in TAE and stained with SYBR Safe. LMP2A PCR with the primers LMP2A-F and LMP2A-
R and pSG5-c/gLMP2A as a template. The 2016 bp band correspond with the DNA sequence 
described in table 6.3. The DNA obtained from the PCR reaction was purified, digested with HindIII 
and NotI and used for the development of pLMP2A-FRT. 

 

The cloning into pcDNA5/FRT was conducted exactly as described above for LMP1 

(figure 6.13). 
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Figure 6.13 pLMP2A-FRT. Primers LMP2A-F and LMP2A-R were used to amplify LMP2A from 
pSG5-c/gLMP2A. Plasmid features and ORFs are coloured and denoted: the white arrow represents 
the CMV promoter, green boxes the Tet operator, yellow box the Kozak sequence and the green box 
the LMP2A ORF. The middle dashed line represents the diagrammatic discontinuity between the 5’ 
end (shown above) and the 3’ end (shown below) of the fragment. 

 

6.3 HEK293 Flip-In T-REx transfection and antigen 
expression 

HEK293 Flip-In T-REx cells were co-transfected with one of the pcDNA5/FRT 

derived plasmids (pB7H4-FRT, pLMP1-FRT or pLMP2A-FRT) plus pOG44 (encoding 

the Flp recombinase). Three transfections with each plasmid pair (with 

polyfectamine) were performed to develop the cell lines HEK293-B7H4, HEK293-

LMP1 and HEK293-LMP2A. During the transfection tetracycline free and tested FBS 

was used (due to traces of tetracycline in standard commercial FBS) when required 

to avoid the induction of expression of the plasmid sequences. 

The HEK293 Flip-In T-REx system is designed to obtain an isogenic cell 

modification, leading to similar levels of protein expression by all modified clones. 

Therefore, the obtained antibiotic resistant colonies (resistant to hygromycin B 

and sensitive to zeocin) were collected as a pool of clones, expanded and stored 

in liquid nitrogen for their use in yeast-cell panning selections and functional 

characterisation of CARs. 

6.3.1 B7H4 expression by tetracycline induction of HEK293-B7H4 

HEK293-B7H4 cell were cultured to 80% confluence in media with standard FBS 

and then supplemented with 10 µg/ml of tetracycline for 24 hours for the 
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induction of the B7H4 expression. The cells were then detached and dissociated 

for their analysis by flow cytometry (figure 6.14). Low expression of B7H4 on 

uninduced HEK293-B7H4 (figure 6.14.B) is likely due to the trace presence of 

tetracycline in standard FBS. 

 

Figure 6.14 Tetracycline inducible expression of B7H4 in HEK293-B7H4 cells. Flow cytometry 
histograms of HEK293 cells unstained, stained with isotype control and stained with anti-human 
B7H4 (as indicated in the key). A) HEK293 Flip-In T-REx. B) Uninduced HEK294-B7H4. C) 
Tetracycline induced HEK293-B7H4. 

 

6.3.2 LMP1 expression by tetracycline induction of HEK293-LMP1 

HEK293-LMP1 cells were cultured to 80% confluence in media with tetracycline-

free FBS and then supplemented with 10 µg/ml of tetracycline for 24 hours for the 

induction of expression of LMP1. This protocol of induction proved to be highly 

toxic, with all the cells dying. Therefore, the induction of LMP1 was performed 

with 0.5 µg/ml tetracycline for 16 hours. 0.5 µg/ml was the maximum 

concentration of tetracycline that allows having variable cells attached to the 

flask after 16 hours of incubation. The cells were then detached and lysed for 

protein analysis. Lysates were also prepared from HEK293 Flip-In T-REx control 

cells (A) and uninduced HEK293-LMP1 (B) and samples were separated by SDS-

PAGE and western blotted (figure 6.15). 

HEK293 Flip-In T-REx 
HEK293-B7H4 

 No tetracycline 

HEK293-B7H4 

 10 µg/ml tetracycline 
24 hours A B C 
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Figure 6.15 Western blot result of LMP1 expression under tetracycline induction in HEK293-
LMP1 cells. 6 µg of protein lysates were separated by NuPAGE (Gel 4-12% polyacrylamide gradient 
Bis-Tris run in MOPS buffer). The gel was blotted and probed with antibody anti-LMP1 clone 1G6 
and secondary anti-rat HRP conjugated. The blot was then stripped and re-probed with antibody anti-
β-actin and secondary anti-rabbit HRP conjugated, as a loading control. The marker ladder sizes in 
kDa are shown. Lysate from HEK293 Flip-In T-REx control cells loaded in track A, lysate from 
uninduced HEK293-LMP1 loaded in track B and sample lysate loaded in track C.  Full size western 
blots, including the protein ladder, are shown in figure 12 in the appendix. 

 

6.3.3 LMP2A expression by tetracycline induction of HEK293-
LMP2A 

HEK293-LMP2A cells were cultured and analysed exactly as above for HEK293-LMP1 

cells. Induction with 10 µg/ml of tetracycline for 24 hours also proved to be highly 

toxic. Therefore, the induction of LMP2A was performed with 1 µg/ml of 

tetracycline for 16 hours. 1 µg/ml was maximum concentration of tetracycline 

that allows having attached viable cells after 16 hours incubation. Lysates were 

also prepared from HEK293 Flip-In T-REx control cells (A) and uninduced HEK293-

LMP2A (D) and samples were separated by SDS-PAGE and western blotted (figure 

6.16). 

 

Figure 6.16 Western blot result of LMP2A expression under tetracycline induction in HEK293-

LMP2A cells. 6 µg of protein lysates were separated by NuPAGE (Gel 4-12% polyacrylamide 
gradient Bis-Tris run in MOPS buffer). The gel was first blotted and probed with antibody anti-LMP2A 
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clone 14B6 and secondary anti-rat HRP conjugated. The blot was then, stripped and re-probed with 
antibody anti-β-actin and secondary anti-rabbit HRP conjugated, as a loading control. The marker 
ladder sizes in kDa are shown. Lysate from HEK293 Flip-In T-REx control cells loaded in track A, 
lysate from uninduced HEK293-LMP2A loaded in track D and sample lysate loaded in track E. Full 
size western blots, including the protein ladder, are shown in figure 13 in the appendix. 

 

6.4 Conclusions 

HEK293-B7H4, HEK293-LMP1 and HEK293-LMP2A were successfully developed, and 

expression confirmed. Cells were stored in lN2 for subsequent use. Due to the 

toxicity of high level of expression of LMP1 and LMP2A, the uninduced cells must 

be cultured in media with tetracycline-free FBS.  

The induction conditions chosen for subsequent experiments were: 10 µg/ml of 

tetracycline for 24 hours for HEK293-B7H4, 0.5 µg/ml of tetracycline for 16 hours 

for HEK293-LMP1 and 1 µg/ml of tetracycline for 16 hours for HEK293-LMP2A. Even 

though the expression of B7H4, LMP1 and LMP2A in this inducible mammalian 

expression system is most probably far higher than in EBV-associated tumour cell 

lines, overexpressing cells are more convenient for scFv selection and the first 

assessment of CAR functionality. Then, after confirming CAR activation, EBV-

associated tumour cell lines should be used for a final functional assessment of 

CAR activity.  

 



Chapter 7 
 

184 
 

7. Results: scFv selection by yeast panning using 
mammalian cells 

7.1 Introduction 

To continue with the selection of specific scFvs, the phage display outputs 

transferred to yeast display were used in yeast against mammalian cell panning 

experiments, using antigen-expressing tetracycline-inducible HEK293 cells (figure 

7.1). During the phage display selection, non-specific scFvs binding to the yeast 

surface were promoted, even though depletion was performed. Theoretically, the 

only identical protein shared between the surfaces of the yeast and mammalian 

cells in this system is the target antigen overexpressed in both. Therefore, these 

non-specific scFvs should not promote when using mammalian cells for the next 

selection steps. Together with the depletion steps performed during both 

selection process (phage selection using yeast as a source of antigen and yeast-

mammalian cell panning), the swap between antigen-expressing platforms during 

the selection should ensure the enrichment of scFvs binding specifically to the 

expressed target antigen. 

 

Figure 7.1 Yeast-mammalian cell panning. Yeast outputs expressing the fusion protein scFv-Aga2 
(yellow) are exposed to adherent mammalian cells (purple) expressing the target antigen. The yeast 
expressing scFvs able to interact with the antigen and adhere to the cells while the non-interacting 
yeast can be washed off. 

 

In the yeast-mammalian cell panning experiments and prior to every selection 

step, two depletion steps were performed: first to remove yeast with a tendency 

to interact with the surface of the flask, then to remove yeast with a tendency to 

interact with the surface of the mammalian cells. HEK293 Flip-In T-REx cells were 
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used for the second depletion steps. These cells do not express B7H4, LMP1 or 

LMP2A and were named as control HEK293. For the selection steps, tetracycline 

induced HEK293-B7H4, HEK293-LMP1, HEK293-LMP2A were used (as described in 

chapter 6). HEK293-LMP1 expresses the LMP1 variant with Phe388, and it was used 

for LMP1 loop 2F and LMP1 loop 2Y selections. LMP1 loop 2Y selection was 

performed to isolate scFvs reactive to both LMP1 variants found in the different 

strains of EBV (Phe388 and Tyr388). 

The number of rounds of selection performed was decided after assessing by light 

microscopy the number of non-specific binding yeast following each depletion (as 

low as possible) and comparing this to the number of binding yeast during the 

selection (as high as possible). At least three rounds of selection were conducted 

to ensure the promotion of scFvs binding to the antigen. 

7.2 Continuation of the B7H4 Ig-like V-type 1 domain 
selection by yeast-mammalian cell panning using 
HEK293-B7H4  

Induced Yeast R3 B7H4 (figure 5.7.E) were used as the first input for the yeast-

mammalian cell panning selection with tetracycline induced HEK293-B7H4 

(induction conditions described in chapter 6). Three rounds of induced yeast vs. 

induced HEK293-B7H4 selection were performed, giving rise to the yeast outputs 

Yeast R4 B7H4, Yeast R5 B7H4 and Yeast R6 B7H4. The yeast-mammalian cell 

interactions were not always evident when observed by light microscopy, being 

difficult to differentiate between yeast interacting with the cells from other 

morphological structures developed by HEK293 cells.  

Yeast interactions with the surface of the flask and the control HEK293 were 

observed during the depletion steps in Yeast R5 B7H4 and Yeast R6 B7H4 (figure 

7.2.A and 7.2.B) but not in Yeast R4 B7H4. During the selection step of Yeast R6 

B7H4, some clusters of yeast binding to the induced HEK293-B7H4 cells were 

observed (figure 7.2.C). However, due to the presence of yeast binding non-

specifically to the surface of the flask and the cells, it could not be concluded 

that these were yeast expressing scFvs with specific binding to B7H4. 
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Figure 7.2 Yeast-mammalian cell panning B7H4 Ig-like V-type 1 domain selection round 6. A) 
Flask depletion of Yeast R5 B7H4 showing yeast binding to the flask. B) Control HEK293 depletion 
of flask depleted Yeast R5 B7H4. Red arrows and circles indicate yeast binding to the control cells. 
C) Selection with tetracycline induced HEK293-B7H4 of flask and control HEK293 depleted Yeast 
R5 B7H4 giving rise to Yeast R6 B7H4. Blue arrows and circles indicate yeast binding to the antigen-
expressing cells. 

 

7.2.1 Aga2 fusion protein enrichment after yeast-mammalian cell 
panning 

Following the selection and enrichment of Aga2 fusion protein by yeast-

mammalian cell panning, the expression of the Aga2 fusion protein was studied by 

flow cytometry with anti-V5 Tag FITC conjugated and compared between the first 

input for yeast-mammalian cell panning (Yeast R3 B7H4) and the outputs Yeast R4 

B7H4 and Yeast R6 B7H4. 

Enrichment of yeast expressing the Aga2 fusion protein was observed through the 

rounds of yeast-mammalian cell panning, increasing from 6.54% of the original 

input (figure 7.3.A) to 15% after one round (figure 7.3.B) and 81% after three 

rounds (figure 7.3.C). This yeast-mammalian cell panning effectively provided a 

means to overcome the polyphage bias of the phage display selection.  

A B C 
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Figure 7.3 Enrichment of Aga2 fusion protein expressing yeast after yeast-mammalian cell 

panning. Flow cytometry dot plots of induced yeast stained with mouse anti-V5 FITC. A) Induced 
Yeast R3 B7H4. B) Induced Yeast R4 B7H4. C) Induced Yeast R6 B7H4. Note: Difference in 
population density between dot plots is due to the number of events acquired during the experiment: 
20,000 events for R3 while for R4 and R5 100,000 were acquired. 

 

7.3 Continuation of LMP1 loop 2 selection by yeast-
mammalian cell panning using HEK293-LMP1 

Induced Yeast R3 LMP1-l2F and Yeast R2 LMP1-l2Y scFv expressing yeast (figures 

5.7.A and 5.7.B) were used as the first input for the yeast-mammalian cells 

panning selection with tetracycline induced HEK293-LMP1. Four rounds of yeast-

induced HEK293-LMP1 panning were performed for each selection. The resulting 

outputs for the LMP1 loop 2F selection were named Yeast R4 LMP1-l2F, Yeast R5 

LMP1-l2F, Yeast R6 LMP1-l2F and Yeast R7 LMP1-l2F. For the LMP1 loop 2Y 

selection, the resulting outputs were Yeast R3 LMP1-l2Y, Yeast R4 LMP1-l2Y, Yeast 

R5 LMP1-l2Y and Yeast R6 LMP1-l2Y. Fewer yeast binding to the flask and the 

control HEK293 were detected during both selections compared with the B7H4 Ig-

like V-type 1 domain selection. However, no apparent interaction between yeast 

and the antigen-expressing mammalian cells was detected by light microscopy 

(figures 7.4 and 7.5).  

Induction of Yeast R3 B7H4 
V5 tag detection 

Induction of Yeast R4 B7H4 
V5 tag detection 

Induction of Yeast R6 B7H4 
V5 tag detection 

B C A 
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Figure 7.4 Yeast-mammalian cell panning LMP1 loop 2F selection round 7. A) Flask depletion 
of Yeast R6 LMP1-l2F. B) Control HEK293 depletion of flask depleted Yeast R6 LMP1-l2F. C) 
Selection with tetracycline induced HEK293-LMP1 of flask and control HEK293 depleted Yeast R6 
LMP1-l2F giving rise to Yeast R7 LMP1-l2F. 

 

 

Figure 7.5 Yeast-mammalian cell panning LMP1 loop 2Y selection round 6. A) Flask depletion 

of Yeast R5 LMP1-l2Y. B) Control HEK293 depletion of flask depleted Yeast R5 LMP1-l2Y. C) 
Selection with tetracycline induced HEK293-LMP1 of flask and control HEK293 depleted Yeast R5-
LMP1-l2Y giving rise to Yeast R6 LMP1-l2Y. 

 

7.4 Continuation of LMP2 loop 2 and loop 5 selection by 
yeast-mammalian cells panning using HEK293-LMP2A 

Induced Yeast R2 LMP2-l2 and Yeast R3 LMP2-l5 scFv expressing yeast (figures 

5.7.C and 5.7.D) were used as the first input for the yeast-mammalian cells 

panning selection with tetracycline induced HEK293-LMP2A. Five rounds of yeast-

induced HEK293-LMP2A panning were performed for each selection. The resulting 

outputs for the LMP2 loop 2 selection were named Yeast R3 LMP2-l2, Yeast R4 

LMP2-l2, Yeast R5 LMP2-l2, Yeast R6 LMP2-l2 and Yeast R7 LMP2-l2. For the LMP2 

loop 5 selection, the resulting outputs were Yeast R4 LMP2-l5, Yeast R5 LMP2-l5, 

Yeast R6 LMP2-l5, Yeast R7 LMP2-l5 and Yeast R8 LMP2-l5. A high level of yeast 

binding to the flask was detected by light microscopy during the selection. 

A B C 

A B C 
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Moreover, no clear interaction between the yeast and mammalian cells was 

detected (figures 7.6 and 7.7). 

 

Figure 7.6 Yeast-mammalian cell panning LMP2 loop 2 selection round 7. A) Flask depletion of 
Yeast R6 LMP2-l2. B) Control HEK293 depletion of flask depleted Yeast R6 LMP2-l2. C) Selection 
with tetracycline induced HEK293-LMP2A of flask and control HEK293 depleted Yeast R6 LMP2-l2 
giving rise to Yeast R7 LMP2-l2. Note: Different view than previous pictures due to inability to change 
the microscope setting at this moment. 

 

Figure 7.7 Yeast-mammalian cell panning LMP2 loop 5 selection round 8. A) Flask depletion of 
Yeast R7 LMP2-l5. B) Control HEK293 depletion of flask depleted Yeast R7 LMP2-l5. C) Selection 
with tetracycline induced HEK293-LMP2A of flask and control HEK293 depleted Yeast R7 LMP2 -l5 
giving rise to Yeast R8 LMP2-l5. 

 

7.5 Non-specific binding of yeast to the flask surface and 
control HEK293 

To investigate the characteristic of the yeast showing binding to the flask, the 

yeast in the flask used in figure 7.2.A were grown. Ten colonies were used for 

single colony yeast lysate, PCR with the primers pYDN Check-F and pYDN Check-R 

and Sanger sequencing with the primer pYDN Check-F. Such yeast have been 

detected in all the selection performed and they competed with the possible bona 

fide antigen-specific yeast during the selection, possibly having a strong negative 

effect in the final outcome. 

A B C 

A B C 
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The analysis showed that all the sequenced yeast clones carried an Aga2 fusion 

protein with a non-functional scFv, composed of an aberrant VH chain (different 

amino acids than a VH chain) linked to a functional VL chain and Aga2 fusion. The 

presence of non-functional scFv can be explained by two frameshift mutations in 

the ORF during the library synthesis PCRs, one at the 5’ end of the VH and another 

at the 3’ end of the VH or the linker. The second shift in the reading frame returns 

the ORF to the original reading frame. While the frameshift resulting in the ending 

of the reading frame (with stop codons) within the scFv leads to no expression of 

the fusion protein (described in chapter 5), the two ORF shifts in non-functional 

scFvs seen here lead to an aberrant VH chain linked to an in-frame VL-Aga2 fusion 

(figure 7.8). These sequences appear to interact non-specifically and are 

promoted during the phage and yeast selection even though depletion was 

performed in every step. 

Figure 7.8 DNA and amino acid sequence of a non-functional scFv found after yeast panning. 
The DNA and amino acid sequence of the linker has been highlighted in grey. The amino acids of 
the non-functional VH chain are coloured in red. The CDRs follow a colour code for identification: 
CDR1L in orange, CDR2L in pink and CDR3L golden yellow. 

Example of a non-functional scFv 

CAG GTG CAG CTA CAG CAG TGG GGT GGT GAG GGT CTG CAC AGC GCT CCG 
GGG TGG TCC GCC TCT CCC CTC CCC CAG GAC AAC TCC CGG CCG GGC CGG 
GAG CGC TCA CCG TCG AAA CGC TTC CTC CAG CAG GGT GCA GGA GGG GCC 
CGC CGT GGA ATT GGG GCT GTG GCT GAT GTA GAA GTT CTC CGG GGC GAG 
ATG CAG CAG GTT CGG GGT CAT CTT CAC CGA GAG CGG CAG GGG CCA CAG 
CGC CGG CCC CGG CTT GGC CGA GAC GCT CGG GGC CCG AGC CGC CTC CGC 
CAC CTG CAC CAC CAG CGC CAC CTG AGT CAG CAG CGC CAA CAT CCC CGA CCA 
GCC  CCA AGG TCG GCA GCA GCG GCA GCA GCA GCG GTA CCA GCA GCG CGC 
AGC AGC AGC AGC GGC AGC GGC GAG CTC GTG ATG ACC CAG TCT CCA TCA TCC 
CTG TCT GCA TCT GTA GGA GAC AGA GTT AGA ATC ACT TGC CGG GCA AGT CAG 
AGC ATT GGC ACC TCT TTA AAA TGG ATT CAA CAG AAA CCC GGG AAA GCC CCT 
AGG CTC CTG ATC TAC GAT GCA TCT AAA TTG CAA AGT GGG GTC CCG TCT CGA 
TTC AGT GGC AGT GGA TCT GGG ACA GAT TTC TCT CTC ACC ATC CGC ACT CTG 
CAA CCT GAA GAT TTT GCG ACT TAC TTC TGC CTA CAG ACT TAC AGA ACC CCT 
CGA ACG TTC GGC CAA GGG ACC AAG GTG GAG ATC AAA 

------------------------------------------------------------------------------------------------- 
QVQLQQWGGEGLHSAPGWSASPLPQDNSRPGRERSPSKRFLQQGAGGARRGIGAVADVE
VLRGEMQQVRGHLHRERQGPQRRPRLGRDARGPSRLRHLHHQRHLSQQRQHPRPAPRSA
AAAAAAVPAARSSSSGSGELVMTQSPSSLSASVGDRVRITCRASQSIGTSLKWIQQKPGKAPR
LLIYDASKLQSGVPSRFSGSGSGTDFSLTIRTLQPEDFATYFCLQTYRTPRTFGQGTKVEIK 
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7.6 Conclusions 

The characteristics and utility of a phagemid library depend on its design and the 

molecular biology techniques applied during its creation. The chosen linker could 

have a substantial impact on the PCRs needed for DNA amplification of the VH and 

VL and their linking as scFv (figure 1.15). Furthermore, the rate of mutation of 

the DNA polymerase should be as low as possible. The scFv assembly PCR during 

the phage library synthesis could lead to changes in the ORF and the introduction 

of codon stops (and the production of polyphage), or the presence of non-

functional scFv (and their promotion during the selection by non-specific binding). 

Selecting scFvs from a phagemid library carrying PCR mutations is a complicated 

and not always successful endeavour. Table 7.1 describes the different biases 

found in the scFv sequences of the phage display library used in these studies. 

Table 7.1 Library biases encountered during the scFv selection process. 

Library bias Description Effect 

Non-ORF scFvs 

(described in 

chapter 5) 

Shift in the ORF of the scFv leading to in 

frame stop codon and no expression of 

the fusion protein scFv-PIII in the phage 

display system. 

Polyphage 

promotion 

Non-functional 

scFvs 

Shift in the ORF of the scFv leading to an 

aberrant VH chain fused with a 

functional VL and Aga2 in the yeast 

display system. These were also present 

in the phage display system fused with 

PIII, but they were detected during 

yeast panning. 

Non-specific 

binding 

 

The transfer of the scFv selected by phage display to a yeast display system 

allowed the problem with polyphage to be solved and permitted enrichment of 

the Aga2 fusion expressing yeast population. However, non-functional scFvs were 

detected during the yeast-mammalian cell panning affecting the selection of scFv 

through non-specific binding to the surface of the flask and the cells. Despite this, 

functional scFvs could be present in the outputs obtained from yeast-mammalian 
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cell panning. Therefore, they were further studied for the presence of functional 

scFv binding specifically to the antigen. 

Furthermore, the possibilities of antigen-specific binding of non-functional scFv 

through their functional VL chain are reduced. The main driver of binding in the 

integration antibody-antigen usually is CDR3H motif. But further conclusion will 

be disclosed in the next chapter. 
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8. Results: FACS selection of single yeast binding 
to the B7H4 Ig-like V-type 1 domain 

8.1 Introduction 

Unlike LMP1 and LMP2A, B7H4 is a membrane protein with only one 

transmembrane domain. The recombinant soluble extracellular domain of B7H4 

can be produced without aggregation and conserving its biological activity and 

presumably its native structure. These preparations can be commercially acquired 

and used to screen for binding to B7H4. This is an advantage for the scFv selection 

process compared to proteins with several transmembrane domains like LMP1 and 

LMP2A, where no commercial recombinant preparation is available. 

A commercial recombinant antigen B7H4-Fc was used to study the presence of 

scFvs binding to B7H4 in the yeast outputs obtained by yeast panning using 

HEK293-B7H4 selection. The IgG fragment crystallizable region (Fc region) serves 

as a dimerization structure for the recombinant antigen and also as tag for the 

detection of the interaction with scFv-B7H4, by staining with an anti-Fc FITC 

conjugated antibody. Using a dimeric B7H4 recombinant antigen enhances the 

avidity of the interaction with the scFvs, increasing the sensitivity of detection. 

By FACS single yeast expressing scFvs and with positive binding to B7H4-Fc can be 

detected by double staining (figure 8.1) and isolated for colony growth and Sanger 

sequencing, allowing us to identify the DNA sequence of scFvs able to bind B7H4. 

  

Figure 8.1 Yeast display antigen-binding staining. Yeast expressing scFv-Aga2 fusion proteins 
are exposed to dimeric B7H4-Fc, and then stained with the antibodies anti-Fc FITC and anti-V5 tag 
Alexa 647. FITC fluorescence determinates the level of antigen binding to the scFvs. Alexa 647 

FITC 

Alexa 647 

Anti-V5 tag Alexa 647 

Anti-Fc FITC 

B7H4-Fc 
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fluorescence determinates the level of scFv expression. Double positives FITC-Alexa 647 represent 
yeast expressing scFvs which bind to B7H4-Fc. 

 

8.2 Antigen binding analysis and FACS of B7H4 outputs  

Induced Yeast R4 B7H4 and Yeast R6 B7H4 were analysed by flow cytometry for 

antigen binding using B7H4-Fc, anti-Fc FITC and anti-V5 tag Alexa 647 (figures 

8.2.B and 8.2.D). Recombinant Fc was used as a control to study the presence of 

yeast binding to the Fc tag of the B7H4-Fc antigen (figures 8.2.A and 8.2.C). 

Yeast binding to the antigen were detected from both rounds of selection (R4 and 

R6) with no binding to the Fc tag (figure 8.2). Even though the percentage of 

double-positive yeast is equivalent between Yeast R4 B7H4 and Yeast R6 B7H4 

(3.5% and 3.4% respectively), a clear difference in the binding characteristics of 

the two populations was detected when comparing the obtained dot plots (figures 

8.2.B and 8.2.D). 

 

Figure 8.2 Yeast display antigen-binding FACS. Flow cytometry dot plots of yeast expressing 
scFv-Aga2 exposed to antigen binding and stained with anti-Fc FITC and anti-V5 tag Alexa 647.  
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Gates α, β, γ, and δ were used for single colony sorting. A) Induced Yeast R4 B7H4 incubated with 
100 nM of Fc. B) Induced Yeast R4 B7H4 incubated with 100 nM of B7H4-Fc. C) Induced Yeast R6 
B7H4 incubated with 100 nM of Fc. D) Induced Yeast R6 B7H4 incubated with 100 nM of B7H4-Fc. 

 

8.3 Single colony Sanger sequencing 

Ninety-six single yeast cells were directly sorted from gates α, β, γ and δ (figure 

8.2) onto independent SD-CAA agar plates. Ten colonies were picked and cultured 

from each plate for yeast lysate, PCR with the primers pYDN Check-F and pYDN 

Check-R, followed by Sanger sequencing with the primer pYDN Check-F. All DNA 

sequences obtained coded for functional scFvs. All the twenty colonies sorted 

from gates α and β showed the same sequence. This clone, named Clone 3 B7H4, 

is dominant in the Yeast R4 B7H4 output. However, from gates γ and δ, ten 

different scFvs sequences were obtained from the twenty sequenced colonies. 

This might suggest that the yeast panning using HEK293-B7H4 re-diversified the 

population of scFvs binding to B7H4 from Yeast R4 B7H4 to Yeast R6 B7H4, 

unmasking the scFvs hidden by the dominant clone identified in Yeast R4 B7H4. A 

total of eleven sequences were isolated from both outputs and are detailed in 

figure 14 in the appendix. 

8.4 Identities of the isolated VHs and VLs 

The sequences of the VH and VL components of the 11 scFvs isolated were 

compared, revealing assortment between the two components. Five different VH 

and ten different VL were identified. Each of them was given an identifying 

number (as H_number and L_number). The gene family of each unique VH and VL 

sequences were determined by comparing similarities with the sequences 

deposited in the Ig gene repertoire of the IMGT (ImMunoGeneTics) database. Six 

of the identified VL sequences were placed into the sub-group L_2 due to their 

similarities regarding gene family and CDRs (table 8.1). The amino acid sequence 

for each CRD of the VH and VL chains are described in tables 8.2 and 8.3. 
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Table 8.1  Identified VHs and VLs and their gene family. 

Clone VH name VH gene family VL name VL gene family 

Clone 1 B7H4 H_1 IGHV1-69 L_1 IGKV4-1 

Clone 2 B7H4 H_2 IGHV4-30-2 L_2-1* IGKV1-12 

Clone 3 B7H4 H_3 IGHV3-23 L_3 IGLV3-21 

Clone 4 B7H4 H_4 IGHV3-23 L_2-2* IGKV1-12 

Clone 5 B7H4 H_4 IGHV3-23 L_2-3* IGKV1-12 

Clone 6 B7H4 H_4 IGHV3-23 L_2-4* IGKV1-12 

Clone 7 B7H4 H_4 IGHV3-23 L_2-5* IGKV1-12 

Clone 8 B7H4 H_4 IGHV3-23 L_4 IGKV3-20 

Clone 9 B7H4 H_4 IGHV3-23 L_2-6* IGKV1-12 

Clone 10 B7H4 H_5 IGHV3-23 L_3 IGLV3-21 

Clone 11 B7H4 H_5 IGHV3-23 L_5 IGKV3-11 

*L_2 sequences have been sub-grouped due to their similarities regarding gene 
family and CDRs. 

 

Table 8.2 HCRDs of identified VH chains. 

VH name HCDR1 HCDR2 HCDR3 

H_1 GTFSSYAIS WMGGIIPIFGTANY RDSRLLRHD 

H_2 GSISSGGYYWS WIGYIYHTGTTYY RGDLRYSDSWSDRYWYFDL 

H_3 FTFSSYAMS WVSAISGSGGSTYY KGGGYFYFDY 

H_4 FTFSSYAMS WVSAISGSGGSTYY RFGWFGSIDY 

H_5 FTFSSYAMS WVSAISGSGGSTYY KISVIDYYYGMDV 

 

Table 8.3 LCDRs of identified VL chains. 

VL name LCDR1 LCDR2 LCDR3 

L_1 KSSQSVLYSSNNKNYLA YWASTRES QQYYSTPPT 

L_2-1 RASQGISNSLA YAASSLQS QQSYSTPLT 

L_2-2 RTSQDISTWLA YAASNLLS QQSYSTPQT 

L_2-3 RASQGISSWLA YAASSLQS QQSYSTPLT 

L_2-4 RASQGISSWLA YAASSLQS QQSYSTPHT 

L_2-5 RASQGISSWLA YAASSLQS QQFDGSLWT 

L_2-6 RASQGISSWLA YAASSLKS QQSYSRPT 

L_3 GGNNIGSKSVH YDDSDRPS QVWDSSSDQ 

L_4 RASQSVSSNYLA YGASSRAT QHYGSYPWT 

L_5 RASQSVSNYLA YDASSRAT QQRSNWPLYT 

 

8.5 Conclusions 

The yeast clones isolated by FACS did not bind to recombinant Fc and appeared 

to bind specifically to B7H4. The lack of the expected increase in the percentage 

of double-positive yeast between Yeast R4 B7H4 and Yeast R6 B7H4 could have 

been due to the presence of yeast expressing non-functional scFvs (described in 

chapter 7) with the ability to interact with the surface of the flask and the cells. 
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These non-functional scFvs could have competed in binding during the yeast 

panning. Even though the percentage of double-positive yeast is equivalent 

between the R4 and R6 selections, a clear difference in the binding characteristics 

was observed in the dot plots (figures 8.2.B and 8.2.D), suggesting that yeast 

panning with HEK293-B7H4 had a positive impact in the selection of scFvs, 

resulting in diversification of the population of bona fide binders. This was 

supported by sequencing of single colonies sorted from both outputs.  

All the sequenced clones from gates α, β, γ and δ carried functional scFvs, 

indicating that the non-functional scFvs, with the ability to bind the surface of 

the flask and the cells, were not able to bind to B7H4-Fc, even though they carry 

a functional VL chain. Eleven scFvs were obtained with a non-extensive screening, 

a further exploration of the Yeast R6 B7H4 output might reveal higher numbers of 

scFvs binding to B7H4. 
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9. Results: Antigen-binding characterisation of 
isolated anti-B7H4 scFvs 

9.1 Introduction 

To study the capacity of each isolated scFv to interact with B7H4 and the 

specificity of this interaction, the yeast expressing scFv clones were exposed to 

different B7H4 recombinant proteins: dimeric human B7H4 (human B7H4-human 

Fc), dimeric mouse B7H4 (mouse B7H4-mouse Fc), monomeric human B7H4 

(human B7H4-10HIS) and monomeric mouse B7H4 (mouse B7H4-10HIS). Prior to 

this experiment, the scFv DNA was transferred again into pYDN with the objective 

of removing the extra amino acids AG (introduced for improving expression in 

pYDN), QPAMA (PelB segment at the N-terminus of the scFv) and GPGGQGGGS 

(phage display linker segment at the C-terminus of the scFv). These extra amino 

acids (described in Chapter 5) resulted from the transfer of the scFv output from 

the phagemid vector to pYDN (figure 9.1). The resulting pYDN-scFv vectors were 

used for yeast transformation. These yeast displaying the scFvs without the extra 

amino acids were used for binding characterisation. 

 

Figure 9.1 Nucleotide removal from yeast clones isolated by FACS. The scFvs of each isolated 

yeast clone were amplified with primers to introduce 40 bp of homology with the AGA2 signal peptide 
(forward) and the V5 epitope (reverse) and at the same time remove the DNA coding for the AG, the 
“PelB segment” and the “Phage display linker segment” (green squares with a cross). The amplicons 
were used for yeast homologous recombination into digested pYDN, giving rise to yeast clones 
displaying scFvs-AGA2 fusion proteins without boxed segments. Plasmid ORFs are coloured and 
denoted: orange ORF AGA2 signal peptide, red AG, clear orange PelB segment, blue the scFv Clone 
4 B7H4, grey the phage display linker segment and the linker with the AGA2 protein and dark red 
the V5 epitope. Primers used for ClnHR PCR are depicted. The middle dashed line represents the 
diagrammatic discontinuity between the 5’ end (shown above) and the 3’ end (shown below) of the 
fragment. 
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9.2 Single-clone homologous recombination into pYDN 
and yeast transformation  

The aim of this experiment was to transfer the scFvs selected by FACS to a new 

pYDN vector to remove the extra amino acids that remained from the cloning 

process. Two PCR were required to obtain the DNA to be inserted by homologous 

recombination into pYDN. Each clone was grown in SD-CAA broth and the yeast 

DNA isolated. The lysate was used to perform a PCR with the primers ClnHR X-F 

and ClnHR X-R, with “X” being the clone number. Some of the ClnHR primers are 

shared between clones. For example, Clone 4 B7H4 shares the ClnHR forward 

primer with clones 6, 7, 8, 9, 10 and 11, and the ClnHR reverse primers with clones 

1, 2, 5, 6, 8, 9 and 11. A second PCR with the primers ClnHR amp-F and ClnHR 

amp-R was needed to increase the size of the homologous recombination region. 

This PCR was standard for all the different clones (figure 9.2 and 9.3). 

 

Figure 9.2 Homologous recombined Clone 4 scFvs into pYDN for binding characterisation. 
Plasmid ORFs are coloured and denoted: orange ORF represents the AGA2 signal peptide, blue the 
scFv Clone 4 B7H4, dark red the V5 epitope and grey the linker with the AGA2 protein. Primers used 
for ClnHR PCR and ClnHR amp PCR depicted. The middle dashed line represents the diagrammatic 
discontinuity between the 5’ end (shown above) and the 3’ end (shown below) of the fragment. 
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Figure 9.3 ClnHR and ClnHR amp PCRs for the scFv Clone 4 B7H4. PCR products were 
electrophoresed through 1% agarose. The dashed boxes show DNA band excision for purification of 
the ≈850 bp DNA fragments. 

 

9.2.1 Yeast transformation, homologous recombination and 
selection 

Yeast S. cerevisiae EBY100 was transformed (following the lithium acetate/single-

stranded carrier DNA/polyethylene glycol method) with EcoRI digested pYDN and 

the gel-purified PCR products from each ClnHR amp PCR of each isolated scFv 

clone. After the transformation, the yeast were selected in SD-CAA agar. Single 

colonies from each clone transformation were grown in SD-CAA and the yeast DNA 

isolated by treatment with lysate buffer containing lyticase. The lysates were used 

to perform PCRs with the primers pYDN Check-F and pYDN Check-R. The PCR 

amplicons were sent for Sanger sequencing together with the primer pYDN Check-

F to confirm the scFvs sequences. 

9.3 Single-clone yeast antigen-binding analysis by flow 
cytometry 

Each yeast clone obtained (transformed with each isolated scFv-Aga2 fusion 

without the extra amino acids resulting from the transference from phage display 

to yeast display) was grown and induced to explore the expression of the fusion 

proteins. The V5 tag, present in the fusion protein expressed by pYDN, was 

detected by flow cytometry with the antibody anti-V5 tag FITC conjugated. The 

binding to dimeric human B7H4 was assessed by incubating the yeast with 100 nM 

of human B7H4-human Fc followed by incubation with anti-human Fc FITC 

conjugated. Furthermore, the specificity was evaluated by incubation with 100 

nM of mouse B7H4-mouse Fc followed by incubation with anti-mouse IgG Alexa 
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488. The binding to monomeric human B7H4 was assessed by incubation with 100 

nM of human B7H4-10HIS followed by incubation with anti-HIS tag Alexa 647. The 

specificity was also evaluated by incaution with mouse B7H4-10HIS followed by 

incubation with anti-HIS tag Alexa 647 (figure 9.4). 

 

Figure 9.4 Schematic representation of the flow cytometry approaches for antigen-binding 
analysis.  scFv expression assessed with the use of anti-V5 tag FITC conjugated. Binding to dimeric 
B7H4 was studied by incubation with B7H4-Fc fusion protein and subsequent detection with anti-Fc 
FITC or Alexa 488 conjugated. Binding to monomeric B7H4 was determined by incubation with 
B7H4-10HIS and subsequent detection with anti-HIS tag Alexa 647. 

 

The samples were analysed by flow cytometry to assess the binding (figures 9.5 to 

9.16). The percentages of positive binding to each antigen for each yeast clone is 

summarised in table 9.1. scFv clones binding to dimeric B7H4 but not to 

monomeric B7H4 were classified as very low-affinity binders, when the population 

binding to dimeric B7H4 was below 20%, and low-affinity binders when the 

population binding to dimeric B7H4 was above 20%. scFv clones binding to dimeric 

B7H4 and monomeric B7H4 were classified as medium-affinity binders, when the 

population binding to monomeric B7H4 was below 20%, and high-affinity binders 

when the population binding to monomeric B7H4 was above 20% (table 9.1). 

scFv expression Binding to dimeric B7H4 Binding to monomeric B7H4 

Anti-Fc FITC Anti-HIS tag Alexa 647 

Anti-V5 tag FITC 
B7H4-Fc B7H4-10HIS 
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Figure 9.5 Induced control pYDN yeast stained and analysed by flow cytometry following 
antigen-binding. pYDN Anti-V5 Tag FITC dot plot represents AGA2 fusion protein expression. 
pYDN hB7H4-hFc + Anti-hFc FITC dot plot represents the analysis of binding to dimeric human 
B7H4. pYDN mB7H4-mFc + Anti-mFc FITC dot plot represent the analysis of binding to dimeric 
mouse B7H4. pYDN hB7H4-HIS + Anti-HIS Alexa647 dot plot represents the analysis of binding to 
monomeric human B7H4. pYDN mB7H4-HIS + Anti-HIS Alexa647 dot plot represents the analysis 
of binding to monomeric mouse B7H4. Dot plots in figures 9.6 to 9.16 follow the same pattern. 

 

 

Figure 9.6 Induced Clone 1 B7H4 yeast stained and analysed by flow cytometry following 

antigen-binding. Refer to figure 9.5 for dot plots description. 
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Figure 9.7 Induced Clone 2 B7H4 yeast stained and analysed by flow cytometry following 

antigen-binding. Refer to figure 9.5 for dot plot description. 

 

 

Figure 9.8 Induced Clone 3 B7H4 yeast stained and analysed by flow cytometry following 
antigen-binding. Refer to figure 9.5 for dot plots description. 
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Figure 9.9 Induced Clone 4 B7H4 yeast stained and analysed by flow cytometry following 

antigen-binding. Refer to figure 9.5 for dot plots description. 

 

 

Figure 9.10 Induced Clone 5 B7H4 yeast stained and analysed by flow cytometry following 

antigen-binding. Refer to figure 9.5 for dot plots description. 
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Figure 9.11 Induced Clone 6 B7H4 yeast stained and analysed by flow cytometry following 
antigen-binding. Refer to figure 9.5 for dot plots description. 

 

 

Figure 9.12 Induced Clone 7 B7H4 yeast stained and analysed by flow cytometry following 

antigen-binding. Refer to figure 9.5 for dot plots description. 
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Figure 9.13 Induced Clone 8 B7H4 yeast stained and analysed by flow cytometry following 
antigen-binding. Refer to figure 9.5 for dot plots description. 

 

 

Figure 9.14 Induced Clone 9 B7H4 yeast stained and analysed by flow cytometry following 

antigen-binding. Refer to figure 9.5 for dot plots description. 
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Figure 9.15 Induced Clone 10 B7H4 yeast stained and analysed by flow cytometry following 
antigen-binding. Refer to figure 9.5 for dot plots description. 

 

 

Figure 9.16 Induced Clone 11 B7H4 yeast stained and analysed by flow cytometry following 
antigen-binding. Refer to figure 9.5 for dot plots description. 
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9.4 Conclusions 

The expression of the isolated scFvs was characterised in scFv-AGA2 fusion protein 

format on the yeast surface. Wang et al. 2005 reported that the amino acids “AG” 

(at the N-terminus of the scFv and before the AGA2 signal peptide) were necessary 

for the processing of the Aga2 signal peptidase when expressing scFv-Aga2 in VL-

VH format with pYD5 (474). In this experiment, it has been observed that VH-VL 

scFv-Aga2 are properly expressed with pYDN (similar to pYD5) without requiring 

the incorporation of the amino acids “AG” at the N-terminus. All the scFv isolated 

showed good levels of expression on yeast in the scFv-Aga2 format. 

The binding to different recombinant antigens was also studied. All the isolated 

scFvs showed specific binding to human B7H4, even though both proteins share a 

very similar amino acid sequence with 87% identity. However, a positive control 

for binding to mouse B7H4 would be needed to confirm that they are not false 

negatives.  

The binding was characterised using 100 nM of dimeric or monomeric human B7H4. 

The use of dimeric B7H4 allows identification of low-affinity binding due to the 

cooperative strength of multiple affinities (avidity) when binding to the two 

proximal B7H4 arms present in the homodimer. Differences in the level of binding 

to the same concentration of human B7H4 antigens (dimeric and monomeric) was 

observed between the different scFvs. This could be indicative of binding with 

different affinities. Nevertheless, different detection reagents were used for 

dimeric and monomeric antigens, and further binding kinetic analysis of the scFvs 

is needed to confirm this. The low levels of fluorescence obtained in the staining 

with monomeric antigen (compared with the dimeric antigen) may be due to the 

nature of the staining. In the case of the dimeric antigen, more B7H4 dimeric 

molecules may bind to the yeast surface. Commonly, the two B7H4 arms of the 

dimer would lead to interaction with scFvs. Still, it is possible that in some cases, 

just one arm interacts, leading to a higher number of Fc tags on the yeast surface 

compared with the number of HIS tags obtained with the monomer staining. Even 

though the monomeric antigen has a ten-histidine tail and the antibody used is an 

anti-5HIS (recognising five histidines), most probably only one antibody can bind 

this tag, masking the remaining histidines for further binding. 
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Regarding the binding of Clone 1 B7H4 and Clone 8 B7H4 to dimeric human B7H4, 

despite good homogeneity in surface expression, according to the anti-V5 staining, 

some yeast show a high level of binding while most of them none. This can be due 

to the low binding affinity at this antigen concentration or the tendency to 

aggregate the scFvs displayed. Further binding analysis with higher concentrations 

of dimeric B7H4 antigen could be performed to discard the latter. 

A summary of the obtained Mean fluorescent intensities (MFI) is shown in table 

9.1. Based on the binding characterisation and the sequence diversity, four scFv 

sequences, Clone 3 B7H4, Clone 5 B7H4, Clone 7 B7H4 and Clone 11 B7H4, were 

taken forward by TC Biopharm Ltd. to use them in the construction of Chimeric 

Co-stimulatory Receptors (Co-Stim CARs), express them in Vγ9Vδ2 T-cells and 

investigate their efficacy. 

Table 9.1 Summary of MFIs obtained from the flow cytometry analysis of expression and 
binding. 

Anti-B7H4 
scFv clone  

Expression 
levels 
(MFI) 
FITC 

Yeast binding at 100 nM (MFI) Delivered 
to TC 

Biopharm 
Dimeric 
hB7H4 
FITC 

Monomeric 
hB7H4 

Alexa 647 

Dimeric 
mB7H4 
FITC 

Monomeric 
mB7H4 

Alexa 647 

pYDN 16487 191 34 148 35 Control 

Clone 1  4421 1036 35 198 34 X 

Clone 2 3222 337 36 159 36 X 

Clone 3 4218 9782 40 171 34 Selected 

Clone 4 4332 5609 130 191 36 X 

Clone 5 4681 6387 68 208 35 Selected 

Clone 6 3677 5689 146 186 34 X 

Clone 7 4293 6185 112 182 30 Selected 

Clone 8 3697 1573 36 177 33 X 

Clone 9 2400 3573 50 164 35 X 

Clone 10 2059 4520 89 190 34 X 

Clone 11 2786 3992 114 184 33 Selected 
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10. Results: Functional characterisation of CARs 

10.1 Introduction and plan 

The original plan for functional characterisation of the isolated scFvs as CAR was 

to deliver Co-Stim CARs constructs by lentivirus into Vγ9Vδ2 T-cells. Four scFvs 

were selected (Clone 3 B7H4, Clone 5 B7H4, Clone 7 B7H4 and Clone 11 B7H4) and 

sent to TC Biopharm Ltd. to generate the vectors and the cells for this purpose. 

The vectors were generated, but then several issues and the COVID-19 pandemic 

impacted this work and an alternative plan within the lab setting was actioned to 

assess functionality. 

To study the functionality of each isolated scFv in CAR format, the NF-κB reporter 

cell line Jurkat-Dual was acquired from InvivoGen. This cell line has a luciferase 

reporter gene controlled by NF-κB consensus transcriptional response elements 

(kappa-B sites), allowing the study of NF-κB pathway activation by monitoring the 

production and activity of luciferase. Two different second-generation CAR 

constructs were chosen for the scFv candidates. The hinge-space domain defines 

the distance between the antigen-binding domain and the plasma membrane. The 

extracellular length of the CAR, together with the position of the target epitope, 

has been shown to be critical for optimal delivery of an activation signal (182,183). 

Therefore, a short construct (using the CD8 hinge-spacer domain and CD8 

transmembrane domain) (185) and a long construct (using the hinge, CH2 and CH3 

domains of IgG4 and the CD28 transmembrane domain) (180) have been used to 

test the functionality of our CARs (figure 10.1). Both constructs have been 

generated with a Kozak consensus sequence around the starting methionine codon 

(ATG), the CD8 signal peptide, and the 4-1BB and CD3ζ endodomains. 4-1BB 

costimulation endodomain was chosen for the CAR constructs over other 

endodomains (such as CD28 or OX40) because its costimulation signal leads to the 

activation of both the canonical and non-canonical NF-κB pathways (498–501). 

Therefore, it was postulated that this would be optimal to assess the functionality 

of second-generation CARs in the Jurkat-Dual cell system. 
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Figure 10.1 Second-generation CAR constructs used to functionally characterise the isolated 

scFvs. A) Short CAR based on the CD8 hinge and transmembrane domains. B) Long CAR based 
on the IgG4 hinge and Fc and the CD28 transmembrane domains. 

 

Initially, the Jurkat-Dual cells were exposed to 1 µg/ml of G418 to assess the 

effectivity of the antibiotic when using the plasmid pcDNA3.1 (+). After 3 weeks, 

around 80% of the cells were still viable. The same experiment was performed 

with 200 µg/ml of hygromycin, and after two weeks, 100% of the cells were dead. 

Therefore, it was decided to change the NeoR gene for the HygR gene, giving rise 

to pcDNA3.1-hygr (section 10.2.1). After the development of pCD8-Cassette 

(sections 10.2.2), the scFv Clone 4 B7H4 was cloned, and the resulting plasmid 

used in an attempt to integrate it randomly into the genome by nucleofection and 

hygromycin selection. However, after four weeks of hygromycin selection, there 

were not viable cells detected. Consequently, the plasmids pCD8-Cassette and 

pIgG4-Cassette were modified to knock-in the constructs into the genome using 

Cas9-mediated homology-directed repair (HDR) (figure 10.2) giving rise to the 

plasmids pCD8-CAR and pIgG4-CAR (section 10.2.4). Finally, the plasmids pCD8-

CAR and pIgG4-CAR were used to obtain the plasmids pCD8-CAR Clone X and pIgG4-

CAR Clone X, where X is the name of the scFv, by cloning the scFv into the cassette 

(section 10.2.5). pCD8-CAR Clone X and pIgG4-CAR Clone X were the plasmids used 

to guide the integration of the plasmids, by Cas9-mediated HDR, into the safe 

harbour genetic locus AAVS1 within the PPP1R12C gene (502) (figure 10.3). 

A) Short CAR DNA 

Kozak - CD8 SP – scFv – CD8 HS – CD8 TM – 4-1BB ED – CD3ζ ED 

B) Long CAR DNA 

Kozak - CD8 SP – scFv – IgG4 HS – CD28 TM – 4-1BB ED – CD3ζ ED 

*SP=Signal peptide; HS=Hinge-spacer; TM=Transmembrane; ED=Endodomain. 

A B 
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Figure 10.2 Cas9-mediated homology-directed repair (HDR). CRISPR associated protein 9 
(Cas9) is a 160 kDa dual RNA-guided DNA endonuclease enzyme that can be directed to produce 
double-strand breaks in a specific part of the genome. To do this, Cas9 requires a guide RNA (gRNA) 
composed of two associated RNAs: the CRISPR RNA (crRNA) and the trans-activating crRNA 
(tracrRNA). Furthermore, the DNA sequence immediately following the targeted DNA, known as the 
protospacer adjacent motif (PAM), must be the canonical sequence 5'-NGG-3'. Lack of the PAM 
sequence would lead to unsuccessful binding and cleavage of the target DNA. A double-standard 
break of the genomic DNA can lead to HDR in the presence of a DNA template with homology arms 
adjacent to the digested genomic DNA. Therefore, foreign DNA can be inserted into the genome by 
Cas9-mediated HDR. 
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Figure 10.3 Jurkat reporter CAR T-cell line to study antigen-driven CAR activation. The Jurkat-

Dual cell line (an NF-κB reporter human T-cell line) is depicted as modified cell expressing a second-
generation CAR with the endodomains of 4-1BB and CD3ζ. The plasmids pCD8-CAR Clone X or 
pIgG4-CAR Clone X, carrying the sequence coding for the CARs under the promoter EF-1α, would 
be integrated by Cas9 mediated HDR into the safe harbour locus AAVS1 and cells would then be 
resistant to hygromycin for selection and expansion. CAR antigen-dependent stimulation would lead 
to the activation of the NF-κB pathway and the luciferase reporter gene controlled by kappa-B sites. 
Luciferase is secreted to the medium in proportion to the level of T-cell activation. A non-functional 
CAR would be expected to show no such activation compared to control. 

 

10.2 Development of pCD8-CAR Clone X and pIgG4-CAR 
Clone X plasmids 

To express the CARs derived from the isolated scFvs, two mammalian expression 

vectors were designed with two different CAR cassettes (short construct and long 

construct) into which the DNA sequence of each isolated scFvs could be cloned, 

as detailed below. These plasmids were derived from the backbone plasmid pcDNA 

3.1 (+) with the neomycin resistance gene. Due to the resistance of Jurkat-Dual 

cells to high concentrations of the antibiotic G418, the antibiotic resistance gene 

of pcDNA 3.1 (+) was swapped with a hygromycin resistance gene, giving rise to 

pcDNA3.1-hygr. Next, the CAR DNA cassettes were cloned into pcDNA3.1-hygr 

giving rise to the plasmids pCD8-Cassette and pIgG4-Cassette. Then, pCD8-

Cassette and pIgG4-Cassette were modified by cloning the homology arms to the 

safe harbour locus AAVS1, giving rise to pCD8-Cass-HR and pIgG4-Cass-HR. Finally, 

the original CMV promoter was replaced by the EF-1α promoter, more suitable for 

CAR expression (201,503), giving rise to the plasmids pCD8-CAR and pIgG4-CAR. 

pCD8-CAR and pIgG4-CAR were finally used to incorporate the isolated scFvs and 
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the resulting plasmids (pCD8-CAR Clone X and pIgG4-CAR Clone X) were 

transfected into Jurkat-Dual with the Cas9 RBP. 

10.2.1 Development of pcDNA3.1-hygr  

To replace the neomycin resistance gene of pcDNA3.1 (+) with a hygromycin 

resistance gene, a synthetic DNA cassette was obtained from GeneWiz containing 

the sequences of the gene hph, coding for hygromycin B phosphotransferase 

(HPH), flanked by XmaI and BstZ17I sites for cloning into pcDNA3.1 (+). The DNA 

sequence (figure 15 in the appendix) was provided by the manufacturer in a 

plasmid (pHygr) and codes for the amino acid sequence shown in figure 10.4. 

Figure 10.4 Amino acid sequence encoded by the hph DNA cassette. 

Amino acid sequence of hygromycin B phosphotransferase 

MKKPELTATSVEKFLIEKFDSVSDLMQLSEGEESRAFSFDVGGRGYVLRVNSCADGFYKDRY
VYRHFASAALPIPEVLDIGEFSESLTYCISRRAQGVTLQDLPETELPAVLQPVAEAMDAIAAAD
LSQTSGFGPFGPQGIGQYTTWRDFICAIADPHVYHWQTVMDDTVSASVAQALDELMLWAE
DCPEVRHLVHADFGSNNVLTDNGRITAVIDWSEAMFGDSQYEVANIFFWRPWLACMEQQT
RYFERRHPELAGSPRLRAYMLRIGLDQLYQSLVDGNFDDAAWAQGRCDAIVRSGAGTVGRT
QIARRSAAVWTDGCVEVLADSGNRRPSTRPRAKE 

 

The DNA cassette was released from the plasmid pHygr with XmaI and BstZ17I 

digestion and used for ligation with XmaI and BstZ17I digested pcDNA3.1 (+) (figure 

10.4) to obtain the final plasmid pcDNA3.1-hygr. 

 

Figure 10.5 Development of pcDNA3.1-hygr. A) Digested plasmid pHygr DNA was 

electrophoresed through 1% agarose. The XmaI and BstZ17I fragment was purified.  B) XmaI and 
BstZ17I digested plasmid pcDNA3.1 (+) DNA was electrophoresed through 1% agarose. The vector 
was purified and used to clone the purified fragment obtained from pHygr, giving rise to pcDNA3.1-
hygr. The dashed boxes show the 1395 bp and 4326 bp DNA bands excised for DNA purification. 
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After E. coli transformation, three colonies were grown and used for colony PCR 

with the primers pcDNA3.1 Hygr Check-F and pcDNA3.1 Hygr Check-R. The PCR 

amplicons were purified and sequenced with the primers pcDNA3.1 Hygr Check-F 

and SeqHygr-F. The three colonies showed the correct sequence, giving rise to the 

plasmid pcDNA3.1-hygr (figure 10.6). One colony was used for DNA plasmid 

production and glycerol stocks.  

 

Figure 10.6 pcDNA3.1-hygr. Plasmid features and ORFs are coloured and denoted: the white arrow 

represents the SV40 promoter, light green box the hph ORF and the grey box the SV40 poly(A) 
signal. The middle dashed line represents the diagrammatic discontinuity between the 5’ end (shown 
above) and the 3’ end (shown below) of the fragment. Primers for PCR and sequencing denoted. 
SeqHygr-F is complementary to and internal sequence of the HygR gene (not shown). 

 

10.2.2 Development of pCD8-Cassette and pIgG4-Cassette 

To introduce a CAR cassette into pcDNA3.1-hygr, two synthetic DNA cassettes 

were designed, the CD8 CAR cassette and the IgG4 CAR cassette (figure 10.1), and 

obtained from GeneWiz, flanked by HindIII and PmeI sites for cloning into 

pcDNA3.1-hygr. For the IgG4 CAR cassette hinge the CH2 and CH3 domains were 

included in the hinge-spacer domain. In addition, two mutations previously used 

by Hudecek et al. 2015 were introduced to eliminate the binding of the IgG4 CH2 

domain (UniProtKB-P01861) to FcγRI and to eliminate a glycosylation site that 

contributes to interactions with other Fcγ receptors. The amino acids 113-116 

(EFLG) were replaced with the amino acids 113-115 (PVA) of IgG2 CH2 domain 

(UniProtKB-P01859), a modification known as 4/2 substitution, and the N177Q 

mutation was introduced to eliminate the glycosylation site (180). 
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The DNA sequences (figure 16 in the appendix) were provided by the manufacturer 

in two plasmids (pUC57-CD8CAR and pUC57-IgG4CAR). In order to subsequently 

clone scFvs into both cassettes, the restriction site SgsI was introduced at the CD8 

signal peptide of both plasmids. In the DNA cassette obtained from pUC57-

CD8CAR, a second restriction site MreI was introduced at the CD8 hinge-spacer, 

while for the one obtained from pUC57-IgG4CAR, a second restriction site, ApaI 

was introduced at the IgG4 hinge-spacer domain. These DNA cassettes code for 

the amino acid sequences shown in figures 10.7.A and 10.7.B. 

Figure 10.7 Amino acid sequences encoded by the CD8-CAR and IgG4-CAR DNA cassettes. 
A) Amino acid sequence of CD8-CAR. CD8 signal peptide in yellow, position of the scFv indicated 
in bold black, CD8 hinge-spacer domain in green, CD8 transmembrane domain in orange, 4-1BB 
costimulatory endodomain in blue and CD3ζ activation endodomain in red. B) Amino acid sequence 
of IgG4-CAR. CD8 signal peptide in yellow, position of the scFv indicated in bold black, IgG4 hinge-
spacer domain in green (4/2 substitution and N177Q mutation in bold green and underlined), CD28 
transmembrane domain in orange, 4-1BB costimulatory endodomain in blue and CD3ζ activation 
endodomain in red. 

A) Amino acid sequence of Short CAR (CD8-CAR) 

MALPVTALLLPLALLLHAARPscFvTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAVHTR
GLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMRPVQTTQEEDGCSCRF
PEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDPEMGGKPR
RKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQALP
PR 

B) Amino acid sequence of Long CAR (IgG4-CAR) 

MALPVTALLLPLALLLHAARPscFvESKYGPPCPPCPAPPVAGPSVFLFPPKPKDTLMISRTP
EVTCVVVDVSQEDPEVQFNWYVDGVEVHNAKTKPREEQFQSTYRVVSVLTVLHQDWLNGK
EYKCKVSNKGLPSSIEKTISKAKGQPREPQVYTLPPSQEEMTKNQVSLTCLVKGFYPSDIAVE
WESNGQPENNYKTTPPVLDSDGAFFLYSRLTVDKSRWQEGNVFSCSVMHEALHNHYTQKS
LSLSLGKMFWVLVVVGGVLACYSLLVTVAFIIFWVKRGRKKLLYIFKQPFMRPVQTTQEEDG
CSCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDPEMG
GKPRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHM
QALPPR 

 

The DNA cassettes were released from the plasmids pUC57-CD8CAR and pUC57-

IgG4CAR with HindIII and PmeI digestion and used for ligation with HindIII and PmeI 

digested pcDNA3.1-hygr (figure 10.8) to obtain the final plasmids pCD8-Cassette 

and pIgG4-Cassette. 
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Figure 10.8 Development of pCD8-Cassette and pIgG4-Cassette. A) Digested plasmid pUC57-
CD8CAR DNA was electrophoresed through 1% agarose. The HindIII and PmeI fragment was 
purified. B) Digested plasmid pUC57-IgG4CAR DNA was electrophoresed through 1% agarose. The 
HindIII and PmeI fragment was purified. C) HindIII and PmeI digested plasmid pcDNA3.1-hygr DNA 
was electrophoresed through 1% agarose. The vector was purified and used to clone separately the 
purified fragments obtained from pUC57-CD8CAR and pUC57-IgG4CAR, giving rise to pCD8-
Cassette and pIgG4-Cassette. The dashed boxes show the 758 bp (A), 1319 bp (B) and 5552 bp (C) 
DNA bands excised for DNA purification. 

 

Following E. coli transformation and growth, three colonies were used for colony 

PCR with the primers pcDNA3.1 Check-F and pcDNA3.1 Check-R. The PCR 

amplicons were purified and sequenced with the primers pcDNA3.1 Check-F and 

IgG4CAR seq-F (in the case of the PCR obtained from pIgG4-Cassette). The colonies 

showed the correct sequences and the restriction sites introduced for scFv cloning 

(figure 10.9), giving rise to the plasmids pCD8-Cassette and pIgG4-Cassette. One 

colony from each transformation was used for DNA plasmid production and 

glycerol stocks. 
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Figure 10.9 pCD8-Cassette and pIgG4-Cassette. A) pCD8-Cassette. Plasmid features and ORFs 
are coloured and denoted: the yellow arrow represents the CD8 signal peptide and the green arrow 
the CD8 hinge-spacer domain. SgsI and MreI are indicated and used for scFv cloning. B) IgG4-
Cassette. Plasmid features and ORFs are coloured and denoted: the yellow arrow represents the 
CD8 signal peptide and the green arrow the IgG4 hinge-spacer domain. SgsI and ApaI are indicated 
and used for scFv cloning. C) pCD8-Cassette or IgG4-Cassette. Plasmid features and ORFs are 
coloured and denoted: the red arrow represents the CD3ζ activation domain signal and the green 
feature the poly(A) signal. The middle dashed line represents the diagrammatic discontinuity 
between the 5’ end (A or B shown above) and the 3’ end (C shown below) for each fragment (pCD8-
Cassette or IgG4-Cassette). Primers for PCR and sequencing denoted. 

 

10.2.3 Development of pCD8-Cass-HR and pIgG4-Cass-HR 

After the development of pCD8-Cassette and pIgG4-Cassette and with the 

objective of increasing the chances of plasmid integration into the genome, 400 

bp homology arms to the safe harbour locus AAVS1 were incorporated into both 

plasmids separated by the restriction site NheI for plasmid linearisation. The 

homology arm size 400 bp was chosen to avoid an excessive increase in the vector 

size but nevertheless being sufficient for HDR, while also being cost-effective. 

HDR in mammalian cells has been reported to be functional with as little as 200 

bp (504). The linearised plasmid delivered together with Cas9 RNP, acting with a 

crRNA directed to a genomic sequence located in the middle of the DNA sequence 

complementary to the homology arms (figure 10.10), should facilitate the genomic 

integration of the plasmid by HDR. 

A 

B 

C 
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Figure 10.10 DNA segment of the AAVS1 locus (GenBank-AC010327.8). Features are coloured 

and denoted: the light blue box represents the edge of the left homology arm incorporated into pCD8-
Cassette and pIgG4-Cassette and the pink box the edge of the right homology arm incorporated into 
pCD8-Cassette and pIgG4-Cassette. The DNA sequence equivalent to the crRNA used to from the 
Cas9 RNP (5’-CUGGACUCCACCAACGCCGA-3’) is indicated. 

 

A synthetic HR DNA cassette was designed (figure 17 in the appendix) and obtained 

from GeneWiz flanked by BglII and MluI sites for cloning into the pCD8-Cassette 

and pIgG4-Cassette. 

The DNA cassette was released from the plasmid pAAVS1-HR with BglII and MluI 

digestion and used for ligation with BglII and MluI digested pCD8-Cassette and 

pIgG4-Cassette (figure 10.11) to obtain the final plasmids pCD8-Cass-HR and 

pIgG4-Cass-HR. 

 

Figure 10.11 Development of pCD8-Cass-HR and pIgG4-Cass-HR. A) Digested plasmid pAAVS1-

HR DNA was electrophoresed through 1% agarose. The BglII and MluI fragment was purified. B) 
BglII and MluI digested plasmid pCD8-Cassette DNA was electrophoresed through 1% agarose. The 
vector was purified and used to clone separately the purified fragments obtained from pAAVS1-HR, 
giving rise to pCD8-Cass-HR. C) BglII and MluI digested plasmid pIgG4-Cassette DNA was 
electrophoresed through 1% agarose. The vector was purified and used to clone separately the 
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purified fragments obtained from pAAVS1-HR, giving rise to pIgG4-Cass-HR. The dashed boxes 
show the 916 bp (A), 6088 bp (B) and 6649 bp (C) DNA bands excised for DNA purification. 

 

After E. coli transformation, three colonies from each transformation were grown 

and used for colony PCR with the primers AAVS1 HR Check-F and AAVS1 HR Check-

R. The PCR amplicons were purified and sequenced with the primer AAVS1 HR 

Check-F. The colonies showed the correct sequences for both plasmids and the 

NheI restriction sites for plasmid linearisation (figure 10.12), giving rise to the 

plasmids pCD8-Cass-HR and pIgG4-Cass-HR. One colony from each transformation 

was used for DNA plasmid production and glycerol stocks. 

 

Figure 10.12 pCD8-Cass-HR and pIgG4-Cass-HR. Plasmid features are coloured and denoted: the 
white arrows represents the AmpR promoter and CMV enhancer, pink box the right homology arm 
with respect to the AAVS1 locus (HR-R) and the light blue box the left homology arm to the AAVS1 
locus (HR-L). 

 

After plasmid purification, the next step was to linearise the plasmid with NheI 

prior to the cell transformation. The linear plasmid would have the homology arms 

appropriately situated for HDR into the AAVS1 locus. NheI digestion was carried 

out to examine the linearisation with pCD8-Cass-HR and pIgG4-Cass-HR (figure 

10.13). The linear structure of both plasmids is shown in figure 10.14. 
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Figure 10.13 NheI linearisation of pCD8-Cass-HR and pIgG4-Cass-HR. NheI digested pCD8-

Cass-HR and pIgG4-Cass-HR plasmids (L) were compared with the undigested preparation (C). 
pCD8-Cass-HR plasmid size: 7004 bp. pIgG4-Cass-HR plasmid size: 7565 bp. Due to the higher 
amount of DNA loaded of the samples compared to the ladder, the sample DNA bands ran slower 
and therefore, the sizes look bigger.  

 

 

Figure 10.14 NheI linearised pCD8-Cass-HR and pIgG4-Cass-HR. A) 7004 bp pCD8-Cass-HR 
NheI linearised plasmid. B) 7565 bp pIgG4-Cass-HR NheI linearised plasmid. Plasmid features are 
coloured and denoted: the light blue box represents the left homology arm to the AAVS1 locus, white 
arrows the CMV enhance and promoter, the SV40 promoter and AmpR promoter, yellow arrow the 
CD8 signal peptide, green arrow the CD8 hinge-spacer domain, orange arrow the CD8 
transmembrane domain, blue arrow the 4-1BB costimulatory endodomain, red arrow the CD3ζ 
activation endodomain, clear grey boxes the Poly(A) signals, clear green arrow the hygromycin 
resistance gene (hph), grey arrow the pUC Ori, purple arrow the ampicillin resistance gene and pink 
box the right homology arm to the AAVS1 locus. 

 

10.2.4 Development of pCD8-CAR and pIgG4-CAR 

After developing pCD8-Cass-HR and pIgG4-Cass-HR, based on evidence from the 

literature and in the design of the first CAR T-cell product approved for clinical 

use, it was decided to change the promoter that controls the expression of the 

CAR in the plasmids. The original backbone of these plasmids (pcDNA3.1 (+)) uses 

the CMV promoter for mammalian expression of proteins. However, the CMV 

promoter may not be optimal to obtain high expression of a protein in 

hematopoietic cells (505) and thus for CAR expression (201,503). Therefore, it was 

A 

B 
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decided to replace the CMV promoter with the EF-1α promoter, previously used 

with success in CAR T-cells (201) and the promoter which drives the expression in 

the approved CAR T-cell product Tisagenlecleucel. A synthetic DNA cassette was 

designed using the sequence of the EF-1α promoter described in the vector 

pSMPUW-Hygro (figure 18 in the appendix) and obtained from GeneWiz flanked by 

MluI and SgsI sites for cloning into pCD8-Cass-HR and pIgG4-Cass-HR. 

The DNA cassette was released from the plasmid pEF1αP with MluI and SgsI 

digestion and used for ligation with MluI and SgsI digested pCD8-Cass-HR and 

pIgG4-Cass-HR (figure 10.15) to obtain the final plasmids pCD8-CAR and pIgG4-CAR 

(figure 10.16). 

 

Figure 10.15 Development of pCD8-CAR and pIgG4-CAR. A) Digested plasmid pEF1αP DNA was 
electrophoresed through 1% agarose. The MluI and SgsI fragment was purified. B) MluI and SgsI 
digested plasmids pCD8-Cass-HR and pIgG4-Cass-HR DNA was electrophoresed through 1% 
agarose. The vectors were purified and used to clone separately the purified fragments obtained 
from pEF1αP, giving rise to pCD8-CAR and pIgG4-CAR. The dashed boxes show the 586 bp (A), 
6261 bp (B) and 6822 bp (B) DNA bands excised for DNA purification. 

 

After E. coli transformation and growth, three colonies from each transformation 

were used for colony PCR with the primers EF1a Check-F and EF1a Check-R. The 

PCR amplicons were purified and sequenced with the primer EF1a Check-F. The 

colonies showed the correct sequences for both plasmids, giving rise to the 

plasmids pCD8-CAR and pIgG4-CAR (figure 10.16). One colony from each 

transformation was used for DNA plasmid production and glycerol stocks. 
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Figure 10.16 pCD8-CAR and pIgG4-CAR. Plasmid features are coloured and denoted: the clear 
blue box represents the left homology arm to the AAVS1 locus (HR-L), white arrow the EF-1α 
promoter, orange box the Kozak sequence and yellow arrow the CD8 signal peptide. 

 

10.2.5 Cloning of scFv into pCD8-CAR and pIgG4-CAR 

To transfer the scFvs expressed in the yeast display system to the pCD8-CAR and 

pIgG4 vectors, two PCRs were required using yeast lysate as DNA template. The 

lysate was used to perform a PCR with the primers ClnCAR X-F, ClnCARCD8 X-R 

and ClnCARIgG4 X-R, “X” being the clone number. Some of the ClnCAR primers are 

shared between clones, as previously described in the example in chapter 9, 

section 9.2. A second PCR with the primers ClnCAR amp-F, ClnCARCD8 amp-R and 

ClnCARIgG4 amp-R was needed to amplify the material and eliminate primer 

dimmers by using smaller primers. This PCR was standard for all the different 

clones. The PCR strategy is described in figure 10.17.  
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Figure 10.17 PCR strategy for scFv cloning into pCD8-CAR (ClnCAR-CD8 PCR) and pIgG4-

CAR (ClnCAR-IgG4 PCR). Plasmid ORFs and features are coloured and denoted: the orange 
feature represents the Kozak sequence, yellow ORF the CD8 signal peptide, dark red ORF the scFv 
and green ORF the IgG4 hinge-spacer domain. Primers used for the ClnCAR PCR and the ClnCAR 
amp PCR denoted. The middle dashed line represents the diagrammatic discontinuity between the 
5’ end (shown above) and the 3’ end (shown below) of the fragment. A) ClnCAR-CD8 PCR strategy. 
Clone 4 B7H4 scFv cloned into pCD8-CAR, giving rise to the plasmid pCD8-CAR Clone 4. B) 
ClnCAR-IgG4 PCR strategy. Clone 1 LMP1 scFv cloned into pIgG4-CAR, giving rise to the plasmid 
pIgG4-CAR Clone 1 LMP1. 

 

The PCR products from the ClnCAR PCR were electrophoresed and excised at the 

correct band size (figure 10.18.A). Then, they were used for the ClnCAR amp PCR 

second PCR (figure 10.18.B) and digested with the correspondent enzymes (SgsI 

and MreI for ClnCARCD8 PCRs and SgsI and ApaI for ClnCARIgG4 PCR) for their use 

in cloning into digested pCD8-CAR or pIgG4-CAR (figure 10.18.C) to finally obtain 

the plasmids pCD8-CAR Clone X and pIgG4-CAR Clone X, “X” being the clone 

A 
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number, that can be digested with NheI for linearisation and cell transformation 

for Cas9-mediated HDR (figure 10.19). 

 

Figure 10.18 ClnCAR and ClnCAR amp PCRs for scFvs Clone 4 B7H4 (CD8) and Clone 1 LMP1 

(IgG4) for their cloning into digested pCD8-CAR and pIgG4-CAR, respectively. PCR products 
were electrophoresed through 1% agarose. CD8 represents the Clone 4 B7H4 scFv amplified 
ClnCAR-CD8 PCR strategy. IgG4 represent the Clone 1 LMP1 scFv amplified by the ClnCAR-IgG4 
PCR strategy. Dashed boxes show DNA band excision to purify the ≈800 bp DNA fragments (figure 
A) and 6831 bp and 7387 bp (figure C). 
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Figure 10.19 NheI linearised pCD8-CAR Clone X and pIgG4-CAR Clone X. A) ≈ 7600 bp pCD8-CAR Clone X NheI linearised plasmid. B) ≈ 8165 bp pIgG4-CAR Clone 
X NheI linearised plasmid. Plasmid features are coloured and denoted as in figure 10.13 with two differences: The CVM enhancer and promoted were replace by the EF-
1α promoter (first white arrow) and the scFv have been cloned into the sites SgsI and MreI (dark blue arrow). 

 

 

 

A 
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All the B7H4 scFvs were cloned into pCD8-CAR following the ClnCAR-CD8 PCR 

strategy, while just Clone 1 LMP1 was cloned into pIgG4-CAR following the ClnCAR-

IgG4 PCR strategy. The LMP1 loop 2 is small (approximately 13 amino acids) and 

close to the cell membrane, while the B7H4 Ig-like V-type 1 domain is located at 

the extracellular N-terminus of the protein separated from the cell membrane by 

the B7H4 Ig-like V-type 2 domain. It was decided to use short (CD8 CAR) and long 

(IgG4 CAR) CARs to test the activity of the scFv Clone 1 LMP1. Moreover, scFv 

Clone 4 B7H4 was also cloned into the IgG4 CAR vector. 

After E. coli transformation and growth, three colonies from each transformation 

were used for colony PCR with the primers CAR Check-F and pCD8-CAR Cl Check-

R or pIgG4-CAR Cl Check-R. The PCR amplicons were purified and sequenced with 

the primer CAR Check-F. The colonies showed the correct scFv sequences for both 

plasmids (figures 5.9 and 8.3), giving rise to the plasmids pCD8-CAR Clone X and 

pIgG4-CAR X (where X is the clone number). One colony from each transformation 

was used for DNA plasmid production and glycerol stocks. The plasmid 

preparations were linearised with NheI before cell transformation. 

10.3 Cas9-mediated HDR for development of reporter 
CAR cell lines 

To determine the level of activity of the designed gRNA (duplex crRNA and 

tracrRNA) in complex with Cas9 (Cas9 RNP), two different assays were used: the 

T7EI mismatch detection assay and tracking of indels by decomposition (TIDE). For 

these assays (explained below), the cell line Jurkat-Dual was transfected with the 

Cas9 RNP using the transfection reagent TransIT-Jurkat from Mirus Bio. Therefore, 

before the transfection, the efficacy of TransIT-Jurkat was assessed after 48 hours 

using the plasmid pmaxGFP, which uses the CMV promoter to control GFP (Green 

fluorescent protein) expression (figure 10.20).  
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Figure 10.20 pmaxGFP transfection with TransIT-Jurkat. Fluorescence observed with Countess 

II FL. A) Bright field. B) Green fluorescence. 

 

Fluorescent cells were observed (figure 10.20.B), meaning that the plasmid has 

been taken up and was sufficiently expressed in some cells. However, the 

proportion of fluorescent cells was low (1.5%). Nevertheless, the same 

transfection method was subsequently used for Cas9 RNP together with the 

linearised plasmids pCD8-CAR Clone X and pIgG4-CAR Clone X. 

After transfection with the Cas9 RNP using TransIT-Jurkat, the cells were collected 

and the gDNA isolated for PCR with the primers AAVS1 Check-F and AAVS1 Check-

R to amplify a 570 bp region of the AAVS1 locus that included the double-strand 

break produced by the Cas9 RNP in the middle of the amplicon (figure 10.21). 

Therefore, the sample transfected with Cas9 RNP would show indels in this 

position that can be detected by T7EI mismatch detection assay and TIDE.  

 

Figure 10.21 AAVS1 Locus with the primers for AAVS1 Check PCR denoted. The AAVS1 Check 
primers flank a 570 bp region of the AAVS1 locus, including the double-strand break produced by 
the Cas9 RNP. Features are coloured and denoted: the yellow feature represents Band 2 of 267 bp 
and the light blue feature the Band 1 of 303 bp, both separate by the site of double-strand break 
produced by the Cas9 RNP. The dark blue feature represents the DNA sequence equivalent to the 
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crRNA used to form the Cas9 RNP (5’-CUGGACUCCACCAACGCCGA-3’) and the purple arrow the 
PAM region. 

 

The product of the two PCRs were electrophoresed to confirm the size before 

their use in the T7EI mismatch detection assay and TIDE (figure 10.22). 

 

Figure 10.22 PCR amplicons obtained from the AAVS1 Check PCR. Cas9 RNP represents the 
PCR amplicon of 570 bp obtained from cells transfected with the Cas9 RNP targeting the AAVS1 
locus. The negative control represents the PCR amplicon of 570 bp obtained from cells exposed to 
the transfection reagent but not to the Cas9 RNP. 

 

10.3.1 T7EI mismatch detection assay 

The PCR product was then subjected to a denaturing and annealing step before a 

T7EI reaction. Cas9 digestion of genomic DNA leads to double-strand breaks in the 

target location. Cells principally repair these breaks by Non-homologous end 

joining (NHEJ) and Microhomology-mediated end joining (MMEJ) pathways, which 

are error-prone and random, and sometimes they introduce mismatched repairs 

(insertions or deletions of DNA in the target place, also known as indels). This a 

common way to obtain knock-out cells using Cas9. The objective of the denaturing 

and annealing step in this assay is to allow the hybridisation of the DNA strands 

from different DNA molecules present in the final amplicon solution.  

Therefore, the denaturing and annealing step would lead to non-perfectly 

matched DNA molecules in the mix due to mismatched repairs. T7EI catalyses the 

cleavage of DNA mismatches giving rise to a double-strand break and two separate 

DNA molecules. The T7EI mismatch detection assay allows an assessment of the 

level of activity of the gRNA by examining the DNA band of the T7EI digested DNA 
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in a DNA-PAGE gel and comparing it with a control sample (sample not treated 

with the Cas9 RNP) (figure 10.23). 

 

Figure 10.23 T7EI mismatch detection assay. The previous PCR products (570 bp) were subjected 
to T7EI treatment and electrophoresed through 8% polyacrylamide. Dashed boxes highlight faint 
DNA bands between 400 bp and 500 bp present in the sample but not in the control sample. 

 

The smear of bands observed in the gel track from the positive sample after T7EI 

mismatch detection, with sizes between 400 bp and 500 bp, does not correspond 

with the expected band of 303 bp (band 1) and 267 bp (band 2) after T7EI digestion 

of DNA mismatches (figure 10.21). However, a difference is observed from the 

control sample, which may indicate indel production. Therefore, it was decided 

to perform a TIDE analysis with the amplicons. 

10.3.2 TIDE 

The TIDE test is based on two PCRs and two Sanger sequencing reactions and a 

sequencing trace decomposition algorithm developed by Brinkman EK et al. (2014) 

(480,481). TIDE software identifies the predominant types of indels and quantifies 

the editing efficacy using the data from two standard capillary sequencing 

reactions, providing accurate and sensitive calculation of indel frequency. 

The PCR products (figure 10.22) were purified and sequenced with the primer 

AAVS1 Check-F. The obtained sequencing files were then used for TIDE analysis 

together with the sequence of the crRNA. The total efficiency of 34.1% was 

estimated for this CRISPR/Cas9 digestion experiment, meaning that 34.1% of the 

readings have deletions or insertions (figure 10.24). 
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Figure 10.24 Indel spectrum obtained by TIDE. The Cas9 RNP sample and the negative control 
sample were sequenced with the primer AAVS1 Check-F and the .ab1 sequencing files were used 
for analysis with TIDE, together with the DNA sequence equivalent to the crRNA used for the Cas9 
RNP complex. 62.8% of the sequences showed 0 indels, and 30.3% showed deletions or insertions, 
both estimations with p<0.001. The total efficiency estimated (indels with p<0.001 plus indels with 
p≥0.001) was 34.1%. 

 

After performing the T7EI mismatch detection assay and the TIDE test, the results 

obtained were considered acceptable to continue with the co-transfection of the 

Cas9 RNP with the plasmids pCD8-CAR Clone X or pIgG4-CAR Clone X. 

10.3.3 Co-transfection and selection of Jurkat-rep-CAR cell lines 

The plasmids pCD8-CAR Clone X and pIgG4-CAR Clone X were linearised with NheI 

(figure 10.25) and purified by isopropanol and ethanol precipitation. 

 

Figure 10.25 NheI linearisation of pCD8-CAR Clone X and pIgG4-CAR Clone X plasmids. 

Plasmid order from left to right: Undigested control, pCD8-CAR Clone 1 B7H4, pCD8-CAR Clone 2 
B7H4, pCD8-CAR Clone 3 B7H4, pCD8-CAR Clone 4 B7H4, pIgG4-CAR Clone 4 B7H4, pCD8-CAR 
Clone 5 B7H4, pCD8-CAR Clone 6 B7H4, pCD8-CAR Clone 7 B7H4, pCD8-CAR Clone 8 B7H4, 
pCD8-CAR Clone 9 B7H4, pCD8-CAR Clone 10 B7H4, pCD8-CAR Clone 11 B7H4, pCD8-CAR 
Clone 1 LMP1 and pIgG4-CAR Clone 1 LMP1. No sample loaded in track 15 (intended empty track). 

 

Jurkat-Dual cells were transfected with each linearised plasmid and the Cas9 RBP, 

and the selection with hygromycin was performed for several months until cell 

growth and viability were similar to the parental cells (passage number 14), giving 
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rise to the cell lines Jurkat-rep-CAR Clone X. After selection, just four cell lines 

were able to give rise to viable clones with the other dying off, all of them with 

Short CARs (CD8-based CARs): Jurkat-rep-ShortCAR Clone 8 B7H4, Jurkat-rep-

ShortCAR Clone 10 B7H4, Jurkat-rep-ShortCAR Clone 11 B7H4 and Jurkat-rep- 

ShortCAR Clone 1 LMP1. 

The cells were collected and the gDNA extracted to study the integration of the 

plasmid by HDR into the AAVS1 locus. First, the integration of the plasmid into the 

genome was assessed by PCR with the primers CAR Check-F and pCD8-CAR Cl 

Check-R (Clone PCR), a band of ≈ 950 bp would be expected in the case of positive 

plasmid integration. Then, the HDR was also assessed by PCR (AAVS1 HDR PCR) 

with the primers AAVS1 HDR Check-F (complementary to a region in the AAVS1 

locus upstream of the HDR region) and AAVS1 HDR Check-R (complementary to a 

region of the plasmid), a band of ≈ 1100 bp would be expected in the case of 

positive HDR into the AAVS1 locus. The results of these PCRs are shown in figure 

10.26.  

 

Figure 10.26 Clone PCRs and AAVS1 HDR PCRs for Jurkat-rep-CAR Clone 8 B7H4, Jurkat-
rep-CAR Clone 10 B7H4, Jurkat-rep-CAR Clone 11 B7H4 and Jurkat-rep-CAR Clone 1 LMP1. 
Clone PCRs for Jurkat-Dual (A), Jurkat-rep-CAR Clone 8 B7H4 (C), Jurkat-rep-CAR Clone 10 B7H4 
(E), Jurkat-rep-CAR Clone 11 B7H4 (G) and Jurkat-rep-CAR Clone 1 LMP1 (I). Dashed boxes 
highlight the DNA bands of ≈ 950 bp indicative of the presence of plasmids pCD8-CAR Clone X in 
the genome. AAVS1 HDR PCRs for Jurkat-Dual (B), Jurkat-rep-CAR Clone 8 B7H4 (D), Jurkat-rep-
CAR Clone 10 B7H4 (F), Jurkat-rep-CAR Clone 11 B7H4 (H) and Jurkat-rep-CAR Clone 1 LMP1 (J). 
The absence of the expected band of ≈ 1100 bp is indicative of ineffective HDR. 

 

The band at ≈ 950 bp in the Clone PCR (figures 10.26.C, 10.26.E, 10.26.G and 

10.26.I) is indicative of plasmid integration. However, smaller bands (e.g., around 

700 bp) were observed. None of these bands were observed in the Jurkat-Dual 

control (figure 10.26.A). Regarding the AAVS1 HDR PCR, a band of ≈ 1100 bp was 

expected in the case of correct HDR into the AAVS1 locus, but it was not observed. 
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Instead, smaller fragments were amplified similar to those found in the Jurkat-

Dual control (figure 10.26.B). These data suggest plasmid integration had occurred 

in the obtained cell lines. However, it does not appear that this integration was 

mediated by HDR into the AAVS1 locus. This raises the concern that if integration 

has been random, then plasmid sequence may have been lost in the process, 

although using a linearised plasmid reduce the chances of inappropriate 

integration. 

To investigate if the CAR cassettes are expressed in each cell line, the cells were 

incubated with 950 nM of dimeric human B7H4 recombinant antigen followed by 

incubation with anti-human Fc FITC conjugated. If the CARs are expressed in these 

cells, they would be expected to bind to the dimeric human B7H4 antigen, and 

this binding would be detected with the anti-human Fc FITC. The samples were 

analysed by flow cytometry and the histograms obtained overlapped with the 

control cells indicating there was no expression of the CARs in any of the 

developed cell lines, detectable by this assay (figure 10.27). 

 

Figure 10.27 Flow cytometry histogram overlay of CAR expression in Jurkat-rep-CAR cell 
lines. Jurkat-Dual, Jurkat-rep-ShortCAR Clone 8 B7H4, Jurkat-rep-ShortCAR Clone 10 B7H4 and 
Jurkat-rep-ShortCAR Clone 11 B7H4 were incubated with hB7H4-hFc + Anti-hFc FITC to study CAR 
expression. The obtained histograms were overlapped for comparison. 

 

10.4 Transient expression of CARs 

As an alternative to develop expressing cell lines in an attempt to assess 

functionality, a transient expression experiment was performed with the plasmids 

CAR expression Jurkat-rep-CAR cell lines 
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pCD8-CAR Clone 4 B7H4 and pIgG4-CAR Clone 4 B7H4 and their equivalents with 

the original CMV promoter. The equivalents with the CMV promoter were obtained 

after MluI and SgsI digestion of pCD8-Cass-HR and pIgG4-Cass-HR, to get the DNA 

fragment with the CMV promoter. Then, pCD8-CAR Clone 4 B7H4 and pIgG4-CAR 

Clone 4 B7H4 were also digested with MluI and SgsI, releasing the DNA fragment 

with the EF1-α promoter and living the MluI and SgsI sites for cloning. The DNA 

fragment with the CMV promoter was finally cloned into MluI and SgsI digested 

pCD8-CAR Clone 4 B7H4 and pIgG4-CAR Clone 4 B7H4. 

Before the experiment, the efficacy of electroporation with the nucleofector kit 

V and Nucleofector I was assessed 48 hours after transfection using the plasmid 

pmaxGFP, and 5.5% of the cells showed fluorescence (figure 10.28). 

 

Figure 10.28 pmaxGFP transfection with Cell line nucleofector kit V and Nucleofector I. 
Fluorescence observed with Countess II FL. A) Bright field. B) Green fluorescence. 

 

Transfection occurred, although at low frequency, therefore Jurkat-Dual cells 

were transfected with the plasmids pCD8-CAR Clone 4 B7H4 and pIgG4-CAR Clone 

4 B7H4 (bearing the EF1-α promoter) and CMV-modified pCD8-CAR Clone 4 B7H4 

and pIgG4-CAR Clone 4 B7H4 (bearing the CMV promoter). The CAR expression was 

then assessed by flow cytometry 48 hours after transfection by staining with 

dimeric human B7H4 recombinant antigen and anti-human Fc FITC conjugated. 

Cells transfected with pCD8-CAR Clone 4 B7H4 and pIgG4-CAR Clone 4 B7H4, which 

carry the EF-1α promoter, did not show any CAR expression (figure 10.29) while 

cells transfected with the CMV modified plasmids pCD8-CAR Clone 4 B7H4 and 

pIgG4-CAR Clone 4 B7H4 showed low expression. Higher expression was obtained 

with the Short CAR format (figure 10.30).  

A B 
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Figure 10.29 Flow cytometry histogram overlay of CAR transient expression under the EF-1α 

promoter in Jurkat-Dual cells transfected with pCD8-CAR Clone 4 B7H4 and pIgG4-CAR Clone 
4 B7H4. Jurkat-Dual, Clone 4 B7H4 Short CAR and Clone 4 B7H4 Long CAR were incubated with 
hB7H4-hFc + Anti-hFc FITC to study CAR expression. The obtained histograms were overlapped for 
comparison. 

 

 

Figure 10.30 Flow cytometry histogram overlay of CAR transient expression under the CMV 
promoter in Jurkat-Dual cells transfected with CMV-modified pCD8-CAR Clone 4 B7H4 and 
pIgG4-CAR Clone 4 B7H4. Jurkat-Dual, Clone 4 B7H4 Short CAR and Clone 4 B7H4 Long CAR 
were incubated with hB7H4-hFc + Anti-hFc FITC to study CAR expression. The obtained histograms 
were overlapped for comparison. 

 

10.5 Co-culture NF-kB activation luciferase reporter assay 

Given that low expression of the CAR was detected with the CMV-modified pCD8-

CAR Clone 4 B7H4 and pIgG4-CAR Clone 4 B7H4, an attempt to assess functionality 

CAR transient expression EF-1α promoter 

CAR transient expression CMV promoter 
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was conducted. For functional assessment of the CARs, CMV-modified pCD8-CAR 

Clone 4 B7H4 and pIgG4-CAR Clone 4 B7H4 were used to transiently express for 

the Short and Long CAR format of Clone 4 B7H4 in Jurkat-Dual cells. 24 hours after 

the transfection, these cells were co-cultured with tetracycline induced HEK293-

B7H4 in a ratio of 2:1 (effector cells : target cells) for 48 hours. HEK293 (HEK293 

Flp-In T-REx) were used as B7H4- target cells (figure 6.14), with electroporated 

but not transfected Jurkat-Dual cells as a negative control and Concanavalin A 

(Conc A) as a positive control of NF-kB activation. After 48 hours of co-culture, 

the cultures were analysed for the presence of Lucia luciferase in the medium, 

resulting from the activation of the NF-kB reporter pathway through CAR 

stimulation (figure 10.31). 

  

Figure 10.31 Co-culture NF-kB luciferase reporter assay with Clone 4 B7H4 scFv in Short and 
Long CAR format. Clone 4 B7H4 Short and Long CARs were transiently expressed in Jurkat-Dual 
cells under the control of the CMV promoter and the cells were co-cultured with tetracycline induced 
target cells (HEK293 and HEK293-B7H4). 50 µg/ml of Concanavalin A was used as a positive control 
of NF-kB activation. Three biological replicates were performed for each condition. Error bars mean 
with SD. 

 

Co-culture NF-kB luciferase reporter assay 
(CAR expression controlled by the CMV promoter) 
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Even though Short and Long CAR showed apparently higher luciferase signals than 

Jurkat-Dual control cells, no increase in activity with the HEK293-B7H4 cells was 

detected with either of them compared to antigen-negative (HEK293) target cells 

(p > 0.05). The signal window was also low when compared with the positive 

control (Concanavalin A). The apparent lack of activity may reflect the low 

expression level of the CAR detected in these cells. As such, the potential activity 

of these sequences in a CAR is yet to be determined. 

10.6 Conclusions 

Jurkat-rep-CAR Clone 8 B7H4 Short CAR, Jurkat-rep-CAR Clone 10 B7H4 Short CAR, 

Jurkat-rep-CAR Clone 11 B7H4 Short CAR and Jurkat-rep-CAR Clone 1 LMP1 Short 

CAR were established. However, the plasmids appeared to be randomly integrated 

into the genome instead of directed to the AAVS1 locus by Cas9-mediated HDR, as 

was intended.  

Furthermore, the chosen EF1-α promoter for the plasmids pCD8-CAR and pIgG4-

CAR oddly seems inactive, leading to no expression of CARs in the established cell 

lines. The EF-1α promoter has been previously used in CAR T-cells(201). In 

addition, this promoter drives the expression in the approved CAR T-cell product 

Tisagenlecleucel, as it is reported to be a stable and robust promoter in human T-

cells. The DNA sequence for the EF1-α promoter was obtained from the 

commercial lentiviral vector pSMPUW-Hygro from Cell Biolabs Inc. (catalogue 

number VPK-214-PAN), which contains the core promoter region (around 200-300 

bp) but not the full-size promoter (approximately 1100 bp containing an intronic 

sequence). However, Zheng et al. 2014 reported the difference regarding gene 

expression of the distinct versions of the human EF1-α promoter in different 

constructs (506), concluding that different forms of the EF1-α promoter are named 

similar in the literature. However, they are not equivalent, and the use of one or 

another could result in dramatically lower gene expression. It is possible that the 

EF-1α promoter of pSMPUW-Hygro works well in that plasmid setting but may not 

be optimal for the pCD8-CAR and pIgG4-CAR vectors designed here. 

The plasmids pCD8-CAR Clone 4 B7H4 and pIgG4-CAR Clone 4 B7H4 were modified, 

replacing the EF1-α promoter with the original CMV promoter of pcDNA3.1 (+) for 

transient expression by nucleofection to assess the activity of Clone 4 B7H4 in 
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Short and Long CAR format. Low levels of CAR expression were observed with the 

plasmids pCD8-CAR Clone 4 B7H4, but no activity was detected in the co-culture 

NF-kB luciferase reporter assay, possibly due to the low level of expression. 

However, no expression was detected with pIgG4-CAR Clone 4 B7H4. This can be 

due to the low level of transfection, a more challenging expression of the Long 

CAR format by the cells or the lack of binding of scFv Clone 4 B7H4 as Long CAR. 

The reduced but present expression and binding of Clone 4 B7H4 as Short CAR 

when transiently expressed with CMV-modified pCD8-CAR Clone 4 B7H4 confirm 

the lack of activity of the EF1-α and the absence of expression in the established 

cell lines. Alternative approaches can be used to sustain the lack of activity of 

EF1-α in the context of pCD8-CAR Clone 4 B7H4 and to assess CAR expression, such 

RT-PCR, western blot with human B7H4-human Fc or the incorporation of a tag at 

the located at the N-terminal end of the CAR molecule for western blot or flow 

cytometry experiments.  

Regarding the apparent antigen-independent increase in RLUs by “Jurkat short 

CAR-Clone 4 B7H4 / HEK293” compared to “Jurkat-Dual / HEK293”, the low signal 

window of the assay suggests that this effect is not real, since the positive control 

did not give a high increase of RLUs even though the concentration used of 

Concanavalin A is high. High antigen stimulation may be necessary to obtain a 

clear signal of activation and the background signal of the assay could be 

fluctuating in the levels observed for “Jurkat-Dual / HEK293”, “Jurkat short CAR-

Clone 4 B7H4 / HEK293” and “Jurkat long CAR-Clone 4 B7H4 / HEK293”. 

To conclude, the expression level after transfection with TransIT-Jurkat or 

nucleofection, the percentage of GFP positive cells was low with both methods 

(1.5 and 5.5 %, respectively). Nevertheless, weak fluorescence was detected in 

some of the positive cells, opening the possibility that more cells were transfected 

but the amount of plasmid introduced into the cells was insufficient to produce 

enough GFP to show fluorescence. Even though the low efficiency of transfection 

also impacted the level of CAR expression during the transient expression 

experiments. 
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11. Discussion 

EBV infection is associated with cancers where the presence of the virus in latency 

is an essential factor for cell immortalisation. The group of malignancies 

associated with EBV infection is comprised mainly of lymphomas but also 

carcinomas. B7H4, LMP1 and LMP2A are membrane proteins expressed in these 

cancers, and therefore, potential targets for therapies to treat these diseases. 

B7H4 is a human protein that has been reported to be overexpressed in many 

cancers, among them EBV-associated malignancies. LMP1 and LMP2A are viral 

proteins that are expressed during the latency 2 and 3 of EBV infection and in EBV-

associated malignancies such as NPC, HL or DLBCL. 

CAR T-cell therapy provides a novel approach to treat cancers where T-cells are 

genetically modified to express an artificial receptor that can trigger T-cell 

activation through an interaction with a specific antigen and independently of HLA 

presentation. The domain that determines the specificity of the CAR receptor is 

based on an antibody fragment. Therefore, antibody fragments that recognise 

specifically B7H4, LMP1 or LMP2A can be potentially used for CAR T-cell therapies 

to treat EBV-associated malignancies. Regarding the anti-B7H4 CAR T-cell therapy, 

apart from possibly all EBV-associated malignancies, other malignancies could also 

benefit from this therapy, such as breast cancer, ovarian cancer, uterine 

endometrioid adenocarcinoma, prostate cancer, melanoma, oesophageal 

squamous cell carcinoma, gastric cancer, non-small cell lung cancer, pancreatic 

cancer, cervical carcinoma, oral squamous cell carcinoma, gallbladder carcinoma, 

non-Hodgkin lymphoma, pleural adenocarcinoma, hepatocellular carcinoma and 

colorectal cancer. As for the anti-LMP1 and anti-LMP2 CAR T-cell therapies, they 

could be used individually, in combination or as one therapy using a Tandem CAR. 

Anti-LMP1 and anti-LMP2 CAR T-cell therapies could treat EBV-associated 

malignancies where the virus is in the latency programs 2 or 3, such as diffuse 

large B-cell lymphoma, Hodgkin lymphoma, post-transplant lymphoproliferative 

disorder/lymphoma, AIDS-associated immunoblastic and primary central nervous 

system lymphoma, nasopharyngeal carcinoma and lymphoepithelioma-like 

carcinoma. Furthermore, they could also be possible therapies for MS, and other 

inflammatory diseases related to EBV infection. Anti-LMP2 CAR T-cell therapy 
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could also be used to treat nasal-type extranodal NK/T-cell lymphoma and gastric 

adenocarcinoma.  

Currently, four CAR T-cell therapies have been approved for their clinical use: 

Tisagenlecleucel, Axicabtagene ciloleucel, Brexucabtagene autoleucel and 

Lisocabtagene maraleucel. These therapies target the TAA CD19 and are used to 

treat B-cell malignancies. All of them are based on the use of a mouse scFv 

formatted using the mouse antibody clone FMC63. The clinical use of mouse 

antibodies or antibody fragments is associated with immunogenicity that can 

impact the outcome of the safety of the therapies and limit the efficacy of second 

infusions of the treatment. Due to this, the therapies based on FMC63 target B-

cell malignancies, and most of the patients suffer B-cell aplasia because of 

previous treatments. Therefore, the impact of the CAR immunogenicity has not 

been a concern. Even so, 90% of the patients have in their serum pre-existing anti-

mouse scFv antibodies and 5% of these increase the titre after CAR T-cell infusion 

(507). However, the impact of the immunogenicity of CAR T-cells targeting non-

B-cell cancers could be crucial, as such patients have an intact humoral immunity 

and could develop a robust humoral anti-mouse scFv response leading to CAR T-

cell immunogenicity (508). In addition, CAR T-cells can also act as APCs, 

presenting immunogenic epitopes with their MHCs derived from the mouse scFv 

(232,509) and further increase the immunogenicity of the therapy. In conclusion, 

full human scFvs should provide the optimal binding domain for CAR T-cells to 

maximise the therapy's efficacy and safety (292). 

The CAR's binding affinity to its antigen also seems to be key for the efficacy and 

safety of the therapy, and discrimination between malignant cells (overexpressing 

the antigen) and healthy cells (expressing physiological levels of antigen) (302–

307). Thus, CAR T-cell therapies that have shown toxicities at the preclinical 

stage, for example, the anti-B7H4 CAR T-cell therapy designed by Smith et al. 

2016, which showed tumour regression but also delayed onset toxicity (297). This 

therapy could be modified by affinity tuning of the scFv to avoid toxicity. Third-

generation designs could be a good option for low affinity scFvs, as they could 

boost the activation signal and the anti-tumour cytotoxicity (308). In addition, the 

CAR interaction with its antigen must be specific. Specificity is a common issue 

with non-clinical antibodies, and also some clinical antibodies have shown 
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problems of non-specificity. For example, the anti-PD1 clinical antibody SHR-1210 

was shown to bind with low affinity VEGFR2. This interaction leads to activation 

of the receptor, leading to capillary haemangioma (abnormal overgrowth of tiny 

blood vessels) (510). These problems could also be translated to CAR T-cell 

therapies leading to off-target off-tumour toxicities. Therefore, a full assessment 

of binding specificity is crucial before choosing the scFv for a CAR construct. 

Moreover, two different scFvs could form a dimeric molecule by the interaction 

between the VH and the VL of different scFvs. In CAR T-cells, scFv dimerisation 

leads to CAR clustering and tonic signalling, leading to exhausted phenotypes 

during CAR T-cell expansion and reduced therapy efficacy (199). The linker length 

between the VH chain and the VL chain is critical for dimer formation, with linkers 

longer than 20 amino acids being more suitable for the formation of scFv 

monomers (511). 

Non-immunised scFv phage display libraries (aka naïve phage display libraries) 

were the first antibody-based libraries, synthesised by Greg Winter and John 

McCafferty (461). However, these libraries did not lead to the isolation of high 

affinity scFvs to be progressed into clinical antibodies. Furthermore, the 

reformatting from scFv to IgG1 also affected the affinity of the candidates. Soon 

after, to increase the affinity of the candidates isolated by phage display, a new 

generation of synthetic libraries of Fabs were developed by in vitro randomisation 

of the DNA coding for the CDRs (466). CAR discovery, where high affinity is 

unnecessary and could even be counterproductive, represents a new opportunity 

for naïve phage display libraries of scFvs. In addition, the use of phage display 

libraries follows the recent EURL ECVAM recommendation on non-animal derived 

antibodies (512). 

During this research project, a novel discovery methodology has been developed 

for screening a human naïve phage display library of scFvs. This method allows the 

isolation of a high diversity of scFvs binding specifically to the desired antigen 

target, obtaining different variable chain families with a range of affinities of 

binding in a cost and time-efficient manner. The novel selection methodology 

described in this research uses three elements: phage display, yeast display and 

mammalian adherent target cells, expressing the antigen of interest.  
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The method can be divided into four steps. The first step consists of the scFvs 

selection from the phage library using the yeast display system as an antigen 

source. A pool of scFvs are selected from the diverse phage display library by 

exposure to the yeast antigen-display system and several rounds of depletion of 

non-specific phage and selection of specific phage are required to enrich the 

population of phage displaying the scFvs binding to the target antigen. In the 

second step, the enriched scFvs are transferred to the yeast display system. This 

is achieved by PCR amplification of the pool of selected scFvs from the phagemid 

vector and homologous recombination into the yeast display vector, where the 

scFvs are expressed on the yeast surface. During the third step, the pool of 

selected scFvs, expressed now on yeast, is exposed to mammalian adherent cells 

expressing the target membrane protein. Yeast expressing scFvs able to interact 

with the antigen are retained with the mammalian cells after several washes. The 

last step consists of isolating single yeast clones with positive binding to the target 

antigen from the final scFv pool. Several options for this final step can be 

considered, depending on the availability of commercial recombinant antigen. 

Membrane proteins with one transmembrane domain are often produced and 

commercialised in an Fc chimaera format. These preparations are expensive and 

sometimes not optimal for selection. However, they could be used as a detection 

tool to isolate single yeast with positive binding to the recombinant antigen by 

FACS. The amount of recombinant protein needed for this is low and it does not 

represent a high expense. In the case of no availability of commercial antigen 

preparations, random colony PCR and Sanger sequencing could reveal sequence 

diversity of the pool. An alternative approach could be to use PacBio Sequel 

sequencing to reveal the full diversity of the selected final population and identify 

VH family clusters that could indicate binding to the target antigen. scFvs from 

these clusters would be selected for further characterisation.  

This new approach circumvents the need for recombinant protein preparations 

during the selection step by using yeast and mammalian cells expressing the 

antigen. Membrane proteins are frequently the desired target antigen in these 

selections. However, these proteins are often unstable in solution, leading to 

aggregates that can undergo conformational changes forming new epitopes and 

hiding bona fide epitopes. The presence of aggregates, even in small amounts, 

critically impact the phage display selection experiments, leading to the 
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accumulation and dominance of phage binding to these aggregates. Furthermore, 

commercially available recombinant proteins are frequently tagged at N- or C-

terminus, which aids in the purification protocols and is also helpful during 

antibody selection. However, these tags can also form an immunogenic sequence 

that promotes dominant binders and masks the ones specific to the antigen. The 

cost of this preparation is also a handicap as a considerable quantity is needed. 

Additionally, no commercial preparations are available for many membrane 

proteins, often with multiple transmembrane domains, as they cannot be readily 

expressed or purified. These possible complications derived from recombinant 

proteins or peptides have been bypassed using the yeast display platform to 

present the antigen to the phage display library. Therefore, the antigen (domain 

or loop) is expressed as a fusion protein on the surface of the yeast, reducing the 

possibility of forming aggregates, having fresh antigen expressed the day of the 

selection and reducing the cost of the experiment. Then, the selection is 

completed by exposing the previously selected binders to the antigen expressed 

on mammalian cells. By changing from yeast expression of antigen to mammalian 

expression, the promotion of possible binder to the surface of the yeast is avoided, 

and the bona fide binders are exposed to the antigen on its natural conformation 

for the final selection rounds. 

The method described here also overcomes two other problems associated with 

standard phage display selections. Phage display libraries are synthesised by PCR 

and the amplicons cloned cloning into a phagemid vector. In the final library, 

there are very low levels of non-recombinant phagemid vector (without scFvs) and 

truncated scFvs with stop-codons (produced by mutation during the PCR). These 

non-functional phagemid vectors have an advantage during the phage synthesis in 

the host bacteria while the phage is being assembled, as the copy number is maybe 

higher than the recombinant phagemid due to its lower metabolic charge. 

Therefore, these non-functional phagemids are enriched through the selection 

process together with functional phagemid in a phage entity known as polyphage, 

which contains several phagemids (functional and non-functional). As a result, at 

the end of the selection, most of the bacterial colonies carry a non-functional 

phagemid vector due to the advantage of the non-functional phagemid over the 

functional phagemid, making it hard to identify the real scFvs (coded by the 

functional phagemids) by colony PCR and Sanger sequencing. The transfer of the 
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selected pool of scFvs from the phage display system to a yeast display system 

eliminates polyphage promotion during the next selection steps. Moreover, the 

scFvs generated by phage display are the products of mRNA translation in a 

prokaryotic cell. The post-translational modifications that occur in prokaryotes 

and eukaryotes differ substantially. The former may compromise the ability of the 

scFvs to recognise the antigen as it would do in the eukaryote setting. Therefore, 

the transfer of the scFv pools to the yeast display system also provides the 

translated scFv products with post-translational modifications closer to the 

mammalian CAR T-cells. Another limitation of the standard phage display 

technology is the promotion of scFvs with a growth advantage in the phage display 

system. The phage display library could have bias promoting one or several scFvs 

with a metabolic advantage for the bacteria (for example, if it is easier to be 

synthesised) and unrelated to the strength of binding to the antigen. As a result, 

the observable diversity of scFvs at the end of the phage selection is low, and the 

selected scFvs may not reflect the most optimal or the highest affinity present in 

the original library. The transfer of the scFv pools to the yeast display system 

eliminates this possible problem. In addition, it introduces a component of avidity 

that boosts the binding of low affinity or low expressed scFvs. As a result, the 

yeast panning using mammalian cells allows obtaining a population of scFvs with 

higher diversity than the last round of phage display. This diversification of the 

output leads to identifying different families of scFv binding with low and high 

affinities and probably to different epitopes in the antigen. In the case of the 

phage display library used in this research, the phage display selection for scFvs 

binding to B7H4 only allowed to identify one scFv (Clone 3 B7H3). In contrast, by 

applying this approach, ten more scFvs were identified with a superficial screening 

of the output Yeast R6 B7H4. More scFvs binding to B7H4 could potentially be 

obtained with a deeper screening of this output. 

The main weakness of this approach is the possible presence of non-functional 

scFv that can interact with the surface of the flask, competing with the bona fide 

scFvs during the yeast-mammalian cell panning. These non-functional scFvs could 

be present in the original phage display library due to changes in the ORF during 

the PCR that gives origin to the scFvs, subsequently cloned into the phagemid 

vector. Therefore, the design of the phage display library and the quality of 

molecular biology techniques used for its synthesis have an impact on the 
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selection’s results, whether it is performed with classical phage display techniques 

or with the method described here. Although the phage display library used in this 

research had a high presence of non-functional scFvs, this bias was overcome by 

performing depletion steps with the surface of the flask before every round of 

yeast-mammalian cell panning. 

In this project, eleven human scFvs targeting the Ig-like V-type 1 domain of the 

human protein B7H4 have been isolated from a naïve phage display library using 

the novel methodology of selection as described. These clones were prioritised 

for further characterisation. Additionally, an scFv targeting loop 2 of the viral 

protein LMP1 was also identified. This scFv was found to be dominant during the 

selections for LMP1 loop 2F and LMP1 loop 2Y, and in this case, the method did 

not unmask new candidates. This clone was not characterised further. PacBio 

Sequel sequencing could be used in future for the outputs obtained (Yeast R7 

LMP1-l2F and Yeast R6 LMP1-l2Y) to identify other, possibly masked, candidates.  

Regarding the selections for LMP2 loop 2 and LMP2 loop 5, non-functional scFvs 

overtook the selection until the last round of yeast-mammalian cell panning. In 

future, screening by PacBio Sequel sequencing of the outputs Yeast R7 LMP2-l2 

and Yeast R8 LMP2-l5 could be used to identify candidates among the dominant 

non-functional scFvs. 

The aim of the B7H4 branch of the project was to obtain a wide range of B7H4-

specific scFvs with different binding affinities. A future aim of the work will be to 

use one with lower affinity that still triggers functionality, in order to avoid the 

toxicity seen with anti-B7H4 CAR T-cells described by Smith et al. 2016 (297). 

Aside from the affinity issues, other approaches, such as Co-Stim CARs expressed 

in Vγ9Vδ2 T-cells, could be explored with the same objective. The DNA sequences 

of the scFvs Clone 3 B7H4, Clone 5 B7H4, Clone 7 B7H4 and Clone 11 B7H4 were 

shared with TC Biopharm Ltd. to generate lentiviral Co-Stim CAR expression 

constructs to subsequently transduce into Vγ9Vδ2 T-cells and investigate their 

therapeutic potential. However, a conflict related to the intellectual property of 

the scFvs isolated in this research and the recent COVID-19 pandemic impacted 

the development of this work. If this work can resume, the Vγ9Vδ2 T-cells 

modified with the generated Co-Stim CARs could be tested for CAR-driven co-
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stimulation with a co-culture killing assay using pAgs-producing target cells 

expressing the target antigen. 

As an alternative to the lentiviral platform, it was planned to develop Jurkat 

reporter cell lines (Jurkat-Dual) expressing second-generation CARs designed with 

the isolated scFvs, in order to test B7H4-induced functional signalling by the CARs. 

A Cas9-mediated HDR approach was designed to achieve this. A new plasmid was 

developed with this aim, introducing 400 bp regions of homology to the AAVS1 

locus and using the promoter EF-1α for CAR expression. After multiple rounds of 

transfection and selection, only four cell lines were established from this work. 

However, the plasmid integration in these four lines was not HDR-mediated and 

expression of the CAR (assessed by flow cytometry) via the EF-1α promoter was 

low or negative. NHEJ is the dominant DNA repair pathway in normal cells, and 

the rarity of HDR makes this gene-editing experiment highly inefficient. Even 

though the NHEJ inhibitor SCR7 and the HDR enhancer L755507 were used in the 

experiment, their efficacy could variable between cell lines. Other reagents could 

be considered to increase the efficiency of HDR in Jurkat cells. 

Consequently, efforts to optimise Cas9-mediated HDR were abandoned, and 

instead, the two CAR formats (Short CAR and Long CAR) were designed with the 

scFv Clone 4 B7H4. The CAR vectors were introduced transiently by nucleofection 

into Jurkat-Dual cells using the original CMV promoter for CAR expression. The 

expression of the CARs was assessed after 48 hours, revealing low expression for 

the Short CAR format and very low expression for the Long CAR. These cells were 

used for an NF-kB activation luciferase reporter assay by co-culture with antigen-

expressing cells. However, no difference was observed between the signal in the 

co-culture with cells expressing B7H4 compared with non-expressing cells. This 

could be due to the low transfection efficiency, the low CAR expression levels 

and/or low signal window compared to the positive control (incubation with 

concanavalin A). Within the project time frame, it was not possible to explore this 

further. As such, whether the scFv Clone 4 B7H4 can act as a functional responder 

to B7H4 remains to be determined (as for the other scFv clones isolated). 

Alternative approaches to the assay used to assess CAR dependent activation could 

be to examine the upregulation of the early lymphocyte activation marker CD69 
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by flow cytometry or quantitatively determinate the concentration of human IL2 

or IFN-γ concentrations in cell culture supernatants by ELISA. 

A possible next step for this project regarding the Cas9-mediated HDR approach 

is the optimisation of pCD8-CAR and pIgG4-CAR in several ways: 1] by introducing 

longer HDR regions (800 bp) that could increase the efficiency of HDR, 2] 

optimising the Cas9:gRNA ratio to increase the level of activity of the RNP 

complex, 3] nucleofection could be used to transfect the cells and 4] the EF1-α 

promoter could be replaced (506). As an alternative to the Cas9-mediated HDR 

approach, mRNA electroporation could achieve a high level of CAR expression in 

Jurkat without lentiviral transduction and independent of promoter activity. 

Furthermore, an in-depth characterisation of the affinity of binding of the anti-

B7H4 scFvs would be required since a balance between the level of CAR expression 

and binding affinity to the antigen would be crucial to obtain the desired level of 

CAR activity against antigen-overexpressing cancer cells and to be able to 

discriminate antigen-expressing normal cells. The KD (the equilibrium dissociation 

constant between an antibody and its antigen) of the isolated anti-B7H4 scFvs 

could be assessed by Surface plasmon resonance (SPR). Determining the KD for 

each scFv would permit a more extensive comparison between the affinities of 

the isolated anti-B7H4 scFvs and the affinities of other scFvs used previously to 

generate low affinity CARs.  However, production and purification of soluble scFvs 

would be required for this.  

Additionally, and as mentioned previously, if a higher affinity of binding by the 

scFv is required for CAR activation, the output Yeast R6 B7H4 could be further 

screened by decreasing the concentration of B7H4 antigen during the FACS 

experiment. Thus, the yeast able to bind the recombinant antigen in low 

concentrations would be selected by FACS and, therefore, the scFvs binding with 

high affinity would be isolated. Furthermore, third-generation constructs could be 

used to boost the activation signal of low affinity scFvs and assess functionality. 

During this project, the LMP1 and LMP2A selections were not fully completed due 

to the prioritisation of the B7H4 branch of the project. As a possible next steps to 

complete these selections a PacBio Sequel sequencing experiment could be 

performed with Yeast R7 LMP2-l2 and Yeast R8 LMP2-l5 to identify candidates 
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among the dominant non-functional scFvs, and with Yeast R7 LMP1-l2F and Yeast 

R6 LMP1-l2Y to identify candidates among the dominant Clone 1 LMP1. Then, the 

binding of these possible identified scFvs could be assessed by flow cytometry 

using biotinylated peptides mimicking the target loop and streptavidin conjugated 

with APC. However, the peptide production, purification and biotinylation would 

have to be performed in-house, as no commercial options are available. An 

alternative is to assess binding and functionality as CAR in a co-culture functional 

assay with cells expressing LMP1 or LMP2A, as it was intended with Clone 1 LMP1. 

The activation of these CARs with antigen-expressing cells but not with control 

cells would also implicate binding to the loop. 

In conclusion, a new methodology to isolate scFvs from phage display libraries has 

been established, allowing the isolation of a wide diversity of scFvs with specific 

binding to an antigen. With this method, eleven anti-B7H4 scFvs and one potential 

anti-LMP1 scFv have been obtained. These scFvs could be potentially used as CAR 

components. Further characterisation in CAR format would assess their suitability 

and clinical potential for new CAR T-cell therapies. 
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Appendix 

Figure 1. pYD1 plasmid map and sequence. 

 

 

DNA sequence of pYD1  
Signal peptide and AGA2 highlighted in their colours in the plasmid map. 

acggattagaagccgccgagcgggtgacagccctccgaaggaagactctcctccgtgcgtcctcgtcttcacc
ggtcgcgttcctgaaacgcagatgtgcctcgcgccgcactgctccgaacaataaagattctacaatactagctt
ttatggttatgaagaggaaaaattggcagtaacctggccccacaaaccttcaaatgaacgaatcaaattaaca
accataggatgataatgcgattagttttttagccttatttctggggtaattaatcagcgaagcgatgatttttgat
ctattaacagatatataaatgcaaaaactgcataaccactttaactaatactttcaacattttcggtttgtatta
cttcttattcaaatgtaataaaagtatcaacaaaaaattgttaatatacctctatactttaacgtcaaggagaa
aaaaccccggatcggactactagcagctgtaatacgactcactatagggaatattaagctaattctctacttca
tacattttcaattaagatgcagttacttcgctgtttttcaatattttctgttattgcttcagttttagcacaggaac
tgacaactatatgcgagcaaatcccctcaccaactttagaatcgacgccgtactctttgtcaacgactactatt
ttggccaacgggaaggcaatgcaaggagtttttgaatattacaaatcagtaacgtttgtcagtaattgcggttct
cacccctcaacaactagcaaaggcagccccataaacacacagtatgtttttaagcttctgcaggctagtggtg
gtggtggttctggtggtggtggttctggtggtggtggttctgctagcatgactggtggacagcaaatgggtcggg
atctgtacgacgatgacgataaggtaccaggatccagtgtggtggaattctgcagatatccagcacagtggcg
gccgctcgagtctagagggcccttcgaaggtaagcctatccctaaccctctcctcggtctcgattctacgcgta
ccggtcatcatcaccatcaccattgagtttaaacccgctgatctgataacaacagtgtagatgtaacaaaatc
gactttgttcccactgtacttttagctcgtacaaaatacaatatacttttcatttctccgtaaacaacatgttttc
ccatgtaatatccttttctatttttcgttccgttaccaactttacacatactttatatagctattcacttctataca
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ctaaaaaactaagacaattttaattttgctgcctgccatatttcaatttgttataaattcctataatttatcctat
tagtagctaaaaaaagatgaatgtgaatcgaatcctaagagaattgggcaagtgcacaaacaatacttaaat
aaatactactcagtaataacctatttcttagcatttttgacgaaatttgctattttgttagagtcttttacaccatt
tgtctccacacctccgcttacatcaacaccaataacgccatttaatctaagcgcatcaccaacattttctggcg
tcagtccaccagctaacataaaatgtaagctctcggggctctcttgccttccaacccagtcagaaatcgagttc
caatccaaaagttcacctgtcccacctgcttctgaatcaaacaagggaataaacgaatgaggtttctgtgaag
ctgcactgagtagtatgttgcagtcttttggaaatacgagtcttttaataactggcaaaccgaggaactcttggt
attcttgccacgactcatctccgtgcagttggacgatatcaatgccgtaatcattgaccagagccaaaacatcc
tccttaggttgattacgaaacacgccaaccaagtatttcggagtgcctgaactatttttatatgcttttacaaga
cttgaaattttccttgcaataaccgggtcaattgttctctttctattgggcacacatataatacccagcaagtca
gcatcggaatctagagcacattctgcggcctctgtgctctgcaagccgcaaactttcaccaatggaccagaac
tacctgtgaaattaataacagacatactccaagctgcctttgtgtgcttaatcacgtatactcacgtgctcaata
gtcaccaatgccctccctcttggccctctccttttcttttttcgaccgaatttcttgaagacgaaagggcctcgtg
atacgcctatttttataggttaatgtcatgataataatggtttcttaggacggatcgcttgcctgtaacttacacg
cgcctcgtatcttttaatgatggaataatttgggaatttactctgtgtttatttatttttatgttttgtatttggattt
tagaaagtaaataaagaaggtagaagagttacggaatgaagaaaaaaaaataaacaaaggtttaaaaaattt
caacaaaaagcgtactttacatatatatttattagacaagaaaagcagattaaatagatatacattcgattaa
cgataagtaaaatgtaaaatcacaggattttcgtgtgtggtcttctacacagacaagatgaaacaattcggcat
taatacctgagagcaggaagagcaagataaaaggtagtatttgttggcgatccccctagagtcttttacatctt
cggaaaacaaaaactattttttctttaatttctttttttactttctatttttaatttatatatttatattaaaaaatt
taaattataattatttttatagcacgtgatgaaaaggacccaggtggcacttttcggggaaatgtgcgcggaac
ccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttca
ataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgc
cttcctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtggg
ttacatcgaactggatctcaacagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatga
gcacttttaaagttctgctatgtggcgcggtattatcccgtgttgacgccgggcaagagcaactcggtcgccgc
atacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagt
aagagaattatgcagtgctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcgga
ggaccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccgga
gctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggcaacaacgttgcgcaa
actattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttg
caggaccacttctgcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgtgggt
ctcgcggtatcattgcagcactggggccagatggtaagccctcccgtatcgtagttatctacacgacgggcagt
caggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgt
cagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaaga
tcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaa
agatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgcta
ccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgca
gataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacat
acctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaa
gacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagc
gaacgacctacaccgaactgagatacctacagcgtgagcattgagaaagcgccacgcttcccgaagggagaa
aggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccaggggggaac
gcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcagggg
ggccgagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcac
atgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgcc
gcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcct
ctccccgcgcgttggccgattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagc
gcaacgcaattaatgtgagttacctcactcattaggcaccccaggctttacactttatgcttccggctcctatgt
tgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgaccatgattacgccaagctcggaat
taaccctcactaaagggaacaaaagctggctagt 
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Figure 2. pYDN plasmid map and sequence. 

 

 

DNA sequence of pYDN 
Signal peptide and AGA2 highlighted in their colours in the plasmid map. 

acggattagaagccgccgagcgggtgacagccctccgaaggaagactctcctccgtgcgtcctcgtcttcacc
ggtcgcgttcctgaaacgcagatgtgcctcgcgccgcactgctccgaacaataaagattctacaatactagctt
ttatggttatgaagaggaaaaattggcagtaacctggccccacaaaccttcaaatgaacgaatcaaattaaca
accataggatgataatgcgattagttttttagccttatttctggggtaattaatcagcgaagcgatgatttttgat
ctattaacagatatataaatgcaaaaactgcataaccactttaactaatactttcaacattttcggtttgtatta
cttcttattcaaatgtaataaaagtatcaacaaaaaattgttaatatacctctatactttaacgtcaaggagaa
aaaaccccggatcggactactagcagctgtaatacgactcactatagggaatattaagctaattctctacttca
tacattttcaattaagatgcagttacttcgctgtttttcaatattttctgttattgctagcgttttagcagaattcg
gtaaaccaattccaaatccattgttgggtttggactctactggtggtggtggttctggtggtggtggttctggtgg
tggtggttctcaggaattgactactatttgcgaacaaattccatctccaactttggaatctactccatactctttg
tctacaactactattttggctaatggtaaagctatgcaaggtgtttttgaatattataaatctgttacttttgtttc
taattgtggttctcacccatctactacttctaaaggttctccaattaatactcaatatgttttttgataggtttaa
acgaacggccgctgatctgataacaacagtgtagatgtaacaaaatcgactttgttcccactgtacttttagct
cgtacaaaatacaatatacttttcatttctccgtaaacaacatgttttcccatgtaatatccttttctatttttcgt
tccgttaccaactttacacatactttatatagctattcacttctatacactaaaaaactaagacaattttaatttt
gctgcctgccatatttcaatttgttataaattcctataatttatcctattagtagctaaaaaaagatgaatgtga
atcgaatcctaagagaattgggcaagtgcacaaacaatacttaaataaatactactcagtaataacctatttct
tagcatttttgacgaaatttgctattttgttagagtcttttacaccatttgtctccacacctccgcttacatcaac
accaataacgccatttaatctaagcgcatcaccaacattttctggcgtcagtccaccagctaacataaaatgt
aagctctcggggctctcttgccttccaacccagtcagaaatcgagttccaatccaaaagttcacctgtcccacc
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tgcttctgaatcaaacaagggaataaacgaatgaggtttctgtgaagctgcactgagtagtatgttgcagtcttt
tggaaatacgagtcttttaataactggcaaaccgaggaactcttggtattcttgccacgactcatctccgtgca
gttggacgatatcaatgccgtaatcattgaccagagccaaaacatcctccttaggttgattacgaaacacgcc
aaccaagtatttcggagtgcctgaactatttttatatgcttttacaagacttgaaattttccttgcaataaccgg
gtcaattgttctctttctattgggcacacatataatacccagcaagtcagcatcggaatctagagcacattctg
cggcctctgtgctctgcaagccgcaaactttcaccaatggaccagaactacctgtgaaattaataacagacat
actccaagctgcctttgtgtgcttaatcacgtatactcacgtgctcaatagtcaccaatgccctccctcttggcc
ctctccttttcttttttcgaccgaatttcttgaagacgaaagggcctcgtgatacgcctatttttataggttaatgt
catgataataatggtttcttaggacggatcgcttgcctgtaacttacacgcgcctcgtatcttttaatgatggaa
taatttgggaatttactctgtgtttatttatttttatgttttgtatttggattttagaaagtaaataaagaaggtag
aagagttacggaatgaagaaaaaaaaataaacaaaggtttaaaaaatttcaacaaaaagcgtactttacata
tatatttattagacaagaaaagcagattaaatagatatacattcgattaacgataagtaaaatgtaaaatcac
aggattttcgtgtgtggtcttctacacagacaagatgaaacaattcggcattaatacctgagagcaggaagag
caagataaaaggtagtatttgttggcgatccccctagagtcttttacatcttcggaaaacaaaaactattttttc
tttaatttctttttttactttctatttttaatttatatatttatattaaaaaatttaaattataattatttttatagca
cgtgatgaaaaggacccaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaata
cattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagta
tgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccagaa
acgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaaca
gcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtg
gcgcggtattatcccgtgttgacgccgggcaagagcaactcggtcgccgcatacactattctcagaatgacttg
gttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgcca
taaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttt
tttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaatgaagccataccaaac
gacgagcgtgacaccacgatgcctgtagcaatggcaacaacgttgcgcaaactattaactggcgaactactta
ctctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggaccacttctgcgctcggc
ccttccggctggctggtttattgctgataaatctggagccggtgagcgtgggtctcgcggtatcattgcagcact
ggggccagatggtaagccctcccgtatcgtagttatctacacgacgggcagtcaggcaactatggatgaacga
aatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatat
actttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgacc
aaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgaga
tcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccgga
tcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctag
tgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgtta
ccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggc
gcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgag
atacctacagcgtgagcattgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaag
cggcagggtcggaacaggagagcgcacgagggagcttccaggggggaacgcctggtatctttatagtcctgtc
gggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggccgagcctatggaaaaacgc
cagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatgttctttcctgcgttatcccctg
attctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccgagcgcag
cgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcctctccccgcgcgttggccgattca
ttaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttac
ctcactcattaggcaccccaggctttacactttatgcttccggctcctatgttgtgtggaattgtgagcggataa
caatttcacacaggaaacagctatgaccatgattacgccaagctcggaattaaccctcactaaagggaacaa
aagctggctagt 
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Figure 3. pRXB-100 plasmid map and sequence. 

 

 

DNA sequence of pRXB-100 
Pel B, an example of a cloned scFv and PIII highlighted in their colours in the 
plasmid map. 

GCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCA
AATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAG
GAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTT
GCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCA
GTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGA
GAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGT
GGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACAC
TATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATG
GCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGC
CAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAAC
ATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATA
CCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAAC
TATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGA
GGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCGCTTCCGGCTGGCTGGTTTAT
TGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGG
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GCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACT
ATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGT
AACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAAT
TTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGT
GAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAG
ATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCG
GTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCA
GCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTT
CAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCT
GCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCG
GATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGA
GCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACG
CTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGA
GAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGG
TTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGC
CTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTT
TTGCTCACATGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTA
ATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAAT
TAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCT
CGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTGAATTCAAGGAGACAGTCATAA
TGAAATACCTATTGCCTACGGCGGCCGCTGGATTGTTATTACTCGCGGCCCAGCCGGC
CATGGCACAGGTGCAGCTGGTGCAGTCTGGGGCTGAGGTGAAGAAGCCTGGGTCCTC
AGTGAAGGTCTCCTGCAAGGCTTCTGGAGGCACCTTCAGCAGCTATGCTATCAGCTG
GGTGCGACAGGCCCCTGGACAAGGGCTTGAGTGGATGGGAGGGATCATCCCTATCTT
TGGTACAGCAAACTACGCACAGAAGTTCCAGGGCAGAGTCACGATTACCGCGGACGAA
TCCACGAGCACAGCCTACATGGAGCTGAGCAGCCTGAGATCTGAGGACACGGCCGTG
TATTACTGTGCGAGAGGCACTGGTCCAGCTGCTATGAACTACTGGGGCCAGGGAACC
CTGGTCACCGTCTCCTCAGGGACTGCATCCACCCCAACCCTTGGCAGCAGCGGCAGCA
GCAGCGGTACCAGCAGCGGCGGCAGCAGCAGCAGCGGCAGCGGCGAGCTCACACTCA
CGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAG
GGCTAGTCAGAGTGTTAGCAGCAGGTACTTAGCCTGGTACCAGCACAAACCTGGCCA
GGCTCCCAGGCTCCTCATCTACGGTGCATCCAGCAGGGCCACTGGCATCCCAGACAG
GTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCAGACTGGAGCC
TGAAGATTTTGCAGTGTATTACTGTCAGCAGTATGGTAGCTCACCGTACAGTTTTGGC
CAGGGGACCAAGCTGGAGATCAAAGGCCCGGGAGGCCAAGGCGGTGGTTCTGAGGG
TGGTGGCTCCCTCGAGGGCGCGCCAGCCGAAACTGTTGAAAGTTGTTTAGCAAAACC
TCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAAACTTTAGATCGTTACG
CTAACTATGAGGGCTGTCTGTGGAATGCTACAGGCGTTGTGGTTTGTACTGGTGACG
AAACTCAGTGTTACGGTACATGGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGG
TGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTACTA
AACCTCCTGAGTACGGTGATACACCTATTCCGGGCTATACTTATATCAACCCTCTCGAC
GGCACTTATCCGCCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGG
AGTCTCAGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGG
TGCATTAACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAAACTTATT
ACCAGTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAATTC
AGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATCCATTCGTTTGTGAATATCAAG
GCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTG
GTTCTGGTGGCGGCTCTGAGGGTGGCGGCTCTGAGGGTGGCGGTTCTGAGGGTGGC
GGCTCTGAGGGTGGCGGTTCCGGTGGCGGCTCCGGTTCCGGTGATTTTGATTATGAA
AAAATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATGAAAACGCGCTAC
AGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGA
TGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTT
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GCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGA
ATAATTTCCGTCAATATTTACCTTCTTTGCCTCAGTCGGTTGAATGTCGCCCTTATGTC
TTTGGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCG
TGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTATGTATTTTCGACGTTTG
CTAACATACTGCGTAATAAGGAGTCTTAAGCTAGCTAACAGTCACTATGAATCAACTAC
TTAGATGGTATTAGTGACCTGTAACAGAGCATTAGCGCAAGGTGATTTTTGTCTTCTT
GCGCTAATTTTTTGTCATCAAACCTGTCGCACTCCTTAATATTTTGTTAAAATTCGCGT
TAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCT
TATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGA
GTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGG
CGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGT
AAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGC
CGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCG
CTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCG
CCGCTACAGGGCGCGTCAGGTG 

 

Figure 4. Helper phage M13K07 map. 
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Figure 5. pcDNA5/FRT plasmid map and sequence. 

 

 

DNA sequence of pcDNA5/FRT 
MCS and the bGH poly(A) signal highlighted in their colours in the plasmid map. 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGA
TGCCGCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTA
GTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAG
AATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACG
CGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCA
TAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGA
CCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGC
CAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTT
GGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGT
AAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGC
AGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACAT
CAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGAC
GTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACA
ACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAA
GCAGAGCTCTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATCGTCGACG
AGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTTTGACCTC
CATAGAAGACACCGGGACCGATCCAGCCTCCGGACTCTAGCGTTTAAACTTAAGCTTG
GTACCGAGCTCGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGATATCCAGCACAG
TGGCGGCCGCTCGAGTCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTG
CCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGG
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AAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCT
GAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGG
ATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGG
CGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCAT
TAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCC
TAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCC
CGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACC
TCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTACCTAGAAGTTCCTATTCCG
AAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCTTGGCCAAAAAGCCTGAACTCACCG
CGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCA
GCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATA
TGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATCGTTATGTTTATCGG
CACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACATTGGGGAATTCAGC
GAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCACGTTGCAAGACCTGC
CTGAAACCGAACTGCCCGCTGTTCTGCAGCCGGTCGCGGAGGCCATGGATGCGATCG
CTGCGGCCGATCTTAGCCAGACGAGCGGGTTCGGCCCATTCGGACCGCAAGGAATCG
GTCAATACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTATCA
CTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCAGGCTCTCGATGA
GCTGATGCTTTGGGCCGAGGACTGCCCCGAAGTCCGGCACCTCGTGCACGCGGATTT
CGGCTCCAACAATGTCCTGACGGACAATGGCCGCATAACAGCGGTCATTGACTGGAGC
GAGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATCTTCTTCTGGAGGCCG
TGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTT
GCAGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCATTGGTCTTGACCAACTCTATC
AGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGCAGGGTCGATGCGACG
CAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATCGCCCGCAGAAGCG
CGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATAGTGGAAACCGACGCC
CCAGCACTCGTCCGAGGGCAAAGGAATAGCACGTACTACGAGATTTCGATTCCACCGC
CGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGAT
CCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCA
GCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTT
TTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGTA
TACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTG
AAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAA
GCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCG
CTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGG
GGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGC
GCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGT
TATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAA
GGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCT
GACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTAT
AAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCT
GCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAT
AGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGT
GTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTG
AGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGAT
TAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTA
CGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTC
GGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGT
TTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTT
TGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTT
GGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTT
TTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATC
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AGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCC
CCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAAT
GATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCC
GGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTA
ATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGT
TGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGC
TCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGG
TTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACT
CATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTT
TCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGA
GTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAA
AGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTG
TTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTAC
TTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGA
ATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAG
CATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATA
AACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTC 

 

Figure 6. pOG44 plasmid map. 
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Figure 7. pCDNA3.1 (+) plasmid map and sequence. 

 

 

DNA sequence of pcDNA3.1 (+)  
CMV enhancer and promoter highlighted in grey. MCS, bGH poly(A) signal, 
NeoR/KanR and SV40 poly(A) signal highlighted in their colours in the plasmid 
map. 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGA
TGCCGCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTA
GTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAG
AATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACG
CGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCA
TAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGA
CCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGC
CAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTT
GGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGT
AAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGC
AGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACAT
CAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGAC
GTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACA
ACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAA
GCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATAC
GACTCACTATAGGGAGACCCAAGCTGGCTAGTTAAGCTTGGTACCGAGCTCGGATCCA
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CTAGTCCAGTGTGGTGGAATTCTGCAGATATCCAGCACAGTGGCGGCCGCTCGAGTC
TAGAGGGCCCTTCGAACAAAAACTCATCTCAGAAGAGGATCTGAATATGCATACCGGT
CATCATCACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAG
TTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCC
ACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGT
GTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAA
GACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGA
ACCAGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCG
GCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCC
GCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGC
TCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCC
AAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTT
TTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGG
AACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTT
CGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGT
GGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTA
TGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCC
AGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCC
CTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGG
CTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTC
CAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGA
GCTTGTATATCCATTTTCGGATCTGATCAAGAGACAGGATGAGGATCGTTTCGCATGA
TTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCG
GCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGT
CAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATG
AACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCG
CAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAG
TGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCAT
GGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCAC
CAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGAT
CAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGG
CTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGC
TTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGC
TGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAG
AGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCG
ATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTG
GGGTTCGCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTC
CACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTG
GATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTT
ATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGC
ATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATG
TCTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCC
TGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAG
TGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCAC
TGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACG
CGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTC
GCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAAT
ACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCA
GCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCG
CCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACA
GGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTC
CGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCT
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TTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTG
GGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATC
GTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAA
CAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCC
TAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTT
ACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCG
GTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGA
TCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGG
ATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATG
AAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCT
TAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTG
ACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCT
GCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGC
CAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGT
CTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAA
CGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCA
TTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAA
AAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTT
ATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGAT
GCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCG
ACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACT
TTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTAC
CGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATC
TTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAA
AAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATT
ATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTA
GAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTC 
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Figure 8. pcDNA3.1-hygr plasmid map and sequence. 

 

 

DNA sequence of pcDNA3.1-hygr 
CMV enhancer and promoter highlighted in grey. MCS, bGH poly(A) signal, HygR 
and SV40 poly(A) signal highlighted in their colours in the plasmid map. 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGA
TGCCGCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTA
GTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAG
AATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACG
CGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCA
TAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGA
CCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGC
CAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTT
GGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGT
AAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGC
AGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACAT
CAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGAC
GTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACA
ACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAA
GCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATAC
GACTCACTATAGGGAGACCCAAGCTGGCTAGTTAAGCTTGGTACCGAGCTCGGATCCA
CTAGTCCAGTGTGGTGGAATTCTGCAGATATCCAGCACAGTGGCGGCCGCTCGAGTC
TAGAGGGCCCTTCGAACAAAAACTCATCTCAGAAGAGGATCTGAATATGCATACCGGT
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CATCATCACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAG
TTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCC
ACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGT
GTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAA
GACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGA
ACCAGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCG
GCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCC
GCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGC
TCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCC
AAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTT
TTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGG
AACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTT
CGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGT
GGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTA
TGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCC
AGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCC
CTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGG
CTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTC
CAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGA
GCTTGTATATCCATTTTCGGATCTGATCAAGAGACAGGATGAGGATCGTTTATGAAAA
AGCCTGAACTCACCGCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGT
CTCCGACCTGATGCAGCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTA
GGAGGGCGTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGAT
CGTTATGTTTATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACA
TTGGGGAATTCAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCA
CGTTGCAAGACCTGCCTGAAACCGAACTGCCCGCTGTTCTGCAGCCGGTCGCGGAGG
CCATGGATGCGATTGCTGCGGCCGATCTTAGCCAGACGAGCGGGTTCGGCCCATTCG
GACCGCAAGGAATCGGTCAATACACTACATGGCGTGATTTCATATGCGCGATTGCTGA
TCCCCATGTGTATCACTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCG
CAGGCTCTCGATGAGCTGATGCTTTGGGCCGAGGACTGCCCCGAAGTCCGGCACCTC
GTGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGCATAACAGCG
GTCATTGACTGGAGCGAGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATC
TTCTTCTGGAGGCCGTGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGG
AGGCATCCGGAGCTTGCAGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCATTGGT
CTTGACCAACTCTATCAGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGC
AGGGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAA
TCGCCCGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATA
GTGGAAACCGACGCCCCAGCACTCGTCCGAGGGCAAAGGAATAGGCGGGACTCTGGG
GTTCGCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCA
CCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGA
TGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTAT
TGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCAT
TTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTC
TGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTG
TGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTG
TAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTG
CCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCG
CGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGC
TGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATAC
GGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGC
AAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCC
CCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGA
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CTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGA
CCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTC
TCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGC
TGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTC
TTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAG
GATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAA
CTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACC
TTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGT
GGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATC
CTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGAT
TTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAA
GTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTA
ATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGAC
TCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGC
AATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCA
GCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTA
TTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGT
TGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTC
AGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAG
CGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATC
ACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGC
TTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGAC
CGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTT
AAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCG
CTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTT
TACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAG
GGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTG
AAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAA
AATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTC 
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Figure 9. pCD8-CAR plasmid map and sequence. 

 

 

DNA sequence of pCD8-CAR 
EF1-α promoter highlighted in grey. HL-R, HR-L, CD8 SP, CD8 HS, CD8 TM, 4-1BB 
ED, CD3ζ ED and bGH poly(A) signal highlighted in their colours in the plasmid 
map. 

CTAGCATAAACACACAGTATGTTTTTAAGAGAAGGGGAGGCGGGACGCAAGGGAGAC
ATCCGTCGGAGAAGGCCATCCTAAGAAACGAGAGATGGCACAGGCCCCAGAAGGAGA
AGGAAAAGGGAACCCAGCGAGTGAAGACGGCATGGGGTTGGGTGAGGGAGGAGAGA
TGCCCGGAGAGGACCCAGACACGGGGAGGATCCGCTCAGAGGACATCACGTGGTGCA
GCGCCGAGAAGGAAGTGCTCCGGAAAGAGCATCCTTGGGCAGCAACACAGCAGAGAG
CAAGGGGAAGAGGGAGTGGAGGAAGACGGAACCTGAAGGAGGCGGCAGGGAAGGAT
CTGGGCCAGCCGTAGAGGTGACCCAGGCCACAAGCTGCAGACAGAAAGCGGCACAGG
CCCAGGGGAGAGAATGCAGGTCAGAGAAAGCAGGGAAGGCAATGCAAGGAGTTTTTG
AATATTACAAATCAGTAACGTTTACGCGTTTTTTTTAGCGCGTGCGCCAATTCTGCAGA
CATGAATCAACCTCTGGATTCCGCCTCCCCGTCACCACCCCCCCCAACCCGCCCCGACC
GGAGCTGAGAGTAATTCATACAAAAGGACTCGCCCCTGCCTTGGGGAATCCCAGGGA
CCGTCGTTAAACTCCCACTAACGTAGAACCCAGAGATCGCTGCGTTCCCGCCCCCTCA
CCCGCCCGCTCTCGTCATCACTGAGGTGGAGAAGAGCATGCGTGAGGCTCCGGTGCC
CGTCAGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGT
CGGCAATTGAACCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGT
CGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGT
AGTCGCCGTGAACGTTCCTCTGGCTAACTAGAGAACCCACTGTAGTGAACCGTCAGAT
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CGCCTGGAGACGCCATCCACGGCCGCCACCATGGCCCTGCCTGTAACCGCGTTGTTG
TTGCCTCTTGCACTTCTGCTCCATGCGGCGCGCCCGACAACAACGCCGGCGCCTAGAC
CGCCGACACCAGCTCCAACGATAGCATCACAGCCTTTGTCTTTGCGACCGGAGGCGTG
TAGACCAGCTGCGGGTGGCGCGGTTCATACCAGGGGTTTGGATTTTGCGTGCGATAT
TTACATATGGGCGCCGCTGGCAGGTACGTGTGGGGTGCTTCTGTTGAGCCTCGTCAT
AACTCTCTATTGCAAGCGGGGACGGAAAAAACTTTTGTATATATTTAAACAACCCTTTA
TGCGGCCTGTCCAAACGACGCAGGAGGAAGACGGGTGCTCTTGTAGGTTTCCCGAAG
AAGAGGAAGGTGGTTGTGAGCTGAGAGTGAAGTTCTCAAGATCAGCGGACGCTCCCG
CGTACCAGCAGGGTCAAAATCAGTTGTACAATGAACTTAATCTGGGAAGGCGAGAAGA
ATACGATGTACTTGATAAGAGGAGGGGGAGGGATCCAGAAATGGGCGGGAAGCCGC
GCCGAAAGAATCCACAGGAGGGGCTGTATAATGAACTCCAAAAGGATAAAATGGCTGA
GGCTTACTCAGAGATTGGCATGAAGGGTGAGCGGAGGAGAGGAAAGGGTCACGACG
GCTTGTATCAGGGCCTCTCTACTGCGACGAAGGATACGTATGACGCGCTCCACATGCA
AGCCCTCCCGCCACGATAAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGT
TGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCA
CTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTG
TCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAG
ACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAA
CCAGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGG
CGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCG
CTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCA
AAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTT
TCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGA
ACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTC
GGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGTG
GAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTAT
GCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCA
GCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCC
TAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGC
TGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCC
AGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAG
CTTGTATATCCATTTTCGGATCTGATCAAGAGACAGGATGAGGATCGTTTATGAAAAA
GCCTGAACTCACCGCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTC
TCCGACCTGATGCAGCTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAG
GAGGGCGTGGATATGTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATC
GTTATGTTTATCGGCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACAT
TGGGGAATTCAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCAC
GTTGCAAGACCTGCCTGAAACCGAACTGCCCGCTGTTCTGCAGCCGGTCGCGGAGGC
CATGGATGCGATTGCTGCGGCCGATCTTAGCCAGACGAGCGGGTTCGGCCCATTCGG
ACCGCAAGGAATCGGTCAATACACTACATGGCGTGATTTCATATGCGCGATTGCTGAT
CCCCATGTGTATCACTGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGC
AGGCTCTCGATGAGCTGATGCTTTGGGCCGAGGACTGCCCCGAAGTCCGGCACCTCG
TGCACGCGGATTTCGGCTCCAACAATGTCCTGACGGACAATGGCCGCATAACAGCGGT
CATTGACTGGAGCGAGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATCTT
CTTCTGGAGGCCGTGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAG
GCATCCGGAGCTTGCAGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCATTGGTCT
TGACCAACTCTATCAGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGCAG
GGTCGATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATC
GCCCGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATAGT
GGAAACCGACGCCCCAGCACTCGTCCGAGGGCAAAGGAATAGGCGGGACTCTGGGGT
TCGCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACC
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GCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATG
ATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTG
CAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTT
TTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTG
TATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTG
TGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAA
AGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCC
GCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCG
GGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTG
CGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGG
TTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAA
AGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCC
TGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTA
TAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCC
TGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCA
TAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTG
TGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTT
GAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGA
TTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACT
ACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTT
CGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGG
TTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCT
TTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTT
TGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGT
TTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAAT
CAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTC
CCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAA
TGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGC
CGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATT
AATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTG
TTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAG
CTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCG
GTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCAC
TCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTT
TTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCG
AGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAA
AAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCT
GTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTA
CTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGG
AATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAA
GCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAA
TAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGACGGA
TCGGGAGATCTCCTGCTGGGATGACGAGCGTAAGCCACCATGCCCAGCTGGGTTTTA
TTTATTTTGGTTTTTTTCCTGACCCCTTAACTAGAAATAAGCTCCACGAGAGCGGGATC
TTTTGTCTTCTGTGCACTACTTGTCCTCGGTTCTTAGAACAGAACCTGAGAGAACCTG
ATCGCAAATATTTTTGGAATGAATGAATGAATGGGTTCACCAGGGCACCATGGGAAAC
TGAGTCCGCAACCTAGAAGCCATGAAAGACAGTCCACTTCCAAGCTTCCCTGGGTGAC
CTCGCAGGGCATGCTGGGAAATGAAATTTGCGGTGAAAAGGTCAGGACCACGATCCT
AGGGCACGCTGGGAAATGTAGCCCACAGGGCCACACCCCTAAAAGCACAGTGGGGTG
CAAGGCACCTCAACAACTAGCAAAGGCAGCCCCG 
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Figure 10. pIgG4-CAR plasmid map and sequence. 

 

 

DNA sequence of pIgG4-CAR 
EF1-α promoter highlighted in grey. HL-R, HR-L, CD8 SP, IgG4 HS, CD28 TM, 4-
1BB ED, CD3ζ ED and bGH poly(A) signal highlighted in their colours in the 
plasmid map. 

CTAGCATAAACACACAGTATGTTTTTAAGAGAAGGGGAGGCGGGACGCAAGGGAGAC
ATCCGTCGGAGAAGGCCATCCTAAGAAACGAGAGATGGCACAGGCCCCAGAAGGAGA
AGGAAAAGGGAACCCAGCGAGTGAAGACGGCATGGGGTTGGGTGAGGGAGGAGAGA
TGCCCGGAGAGGACCCAGACACGGGGAGGATCCGCTCAGAGGACATCACGTGGTGCA
GCGCCGAGAAGGAAGTGCTCCGGAAAGAGCATCCTTGGGCAGCAACACAGCAGAGAG
CAAGGGGAAGAGGGAGTGGAGGAAGACGGAACCTGAAGGAGGCGGCAGGGAAGGAT
CTGGGCCAGCCGTAGAGGTGACCCAGGCCACAAGCTGCAGACAGAAAGCGGCACAGG
CCCAGGGGAGAGAATGCAGGTCAGAGAAAGCAGGGAAGGCAATGCAAGGAGTTTTTG
AATATTACAAATCAGTAACGTTTACGCGTTTTTTTTAGCGCGTGCGCCAATTCTGCAGA
CATGAATCAACCTCTGGATTCCGCCTCCCCGTCACCACCCCCCCCAACCCGCCCCGACC
GGAGCTGAGAGTAATTCATACAAAAGGACTCGCCCCTGCCTTGGGGAATCCCAGGGA
CCGTCGTTAAACTCCCACTAACGTAGAACCCAGAGATCGCTGCGTTCCCGCCCCCTCA
CCCGCCCGCTCTCGTCATCACTGAGGTGGAGAAGAGCATGCGTGAGGCTCCGGTGCC
CGTCAGTGGGCAGAGCGCACATCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGT
CGGCAATTGAACCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGT
CGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGT
AGTCGCCGTGAACGTTCCTCTGGCTAACTAGAGAACCCACTGTAGTGAACCGTCAGAT
CGCCTGGAGACGCCATCCACGGCCGCCACCATGGCCCTGCCTGTAACCGCGTTGTTG
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TTGCCTCTTGCACTTCTGCTCCATGCGGCGCGCCCGGAAAGTAAGTACGGGCCCCCGT
GTCCGCCCTGTCCAGCGCCACCAGTAGCTGGCCCGTCTGTATTCCTCTTTCCCCCCAA
ACCTAAGGATACACTTATGATAAGTCGCACCCCCGAGGTAACTTGCGTAGTGGTTGAC
GTGAGCCAAGAAGACCCGGAAGTTCAATTTAACTGGTATGTGGACGGTGTTGAAGTT
CATAATGCGAAAACGAAACCCAGAGAAGAACAATTTCAGTCCACCTATAGGGTCGTGT
CCGTTCTTACCGTGCTTCATCAGGACTGGTTGAATGGGAAGGAATATAAGTGCAAGGT
GAGTAACAAAGGCTTGCCCTCTAGCATTGAAAAGACGATTTCTAAGGCCAAAGGTCAA
CCGAGGGAACCGCAGGTGTACACCCTCCCTCCAAGCCAAGAAGAGATGACCAAAAATC
AGGTGTCTTTGACATGTTTGGTTAAGGGCTTTTATCCGAGCGACATTGCGGTAGAGT
GGGAATCTAACGGTCAACCCGAAAACAATTACAAGACCACACCGCCAGTACTCGATTC
TGACGGGGCTTTTTTTTTGTATTCACGACTCACAGTGGACAAAAGCAGATGGCAGGAA
GGTAACGTGTTCTCATGCAGCGTTATGCACGAAGCACTGCACAACCACTACACACAAA
AGTCCCTTTCTTTGAGTTTGGGCAAAATGTTCTGGGTTCTTGTAGTAGTGGGTGGCG
TATTGGCATGCTACTCTCTCCTTGTGACGGTAGCTTTCATAATCTTTTGGGTGAAACG
GGGAAGAAAGAAGCTGCTGTACATATTTAAGCAGCCCTTCATGCGGCCGGTTCAGACA
ACGCAGGAAGAGGACGGTTGTAGCTGCCGGTTTCCTGAAGAGGAAGAAGGGGGGTG
CGAACTGAGGGTCAAGTTTTCTCGCAGCGCCGACGCCCCTGCCTATCAACAGGGACAA
AATCAACTGTACAACGAATTGAATTTGGGTCGCAGAGAAGAGTACGACGTGTTGGATA
AACGGCGGGGCCGAGACCCGGAGATGGGAGGCAAGCCTAGGCGAAAAAATCCGCAG
GAGGGTTTGTATAATGAACTCCAGAAGGATAAGATGGCTGAGGCCTATTCCGAGATT
GGAATGAAGGGAGAGCGCAGGCGGGGAAAAGGCCATGATGGACTGTATCAGGGCTT
GTCAACAGCTACGAAAGACACTTACGATGCCCTGCACATGCAGGCCCTCCCCCCGCGG
TAAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTG
TTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTC
CTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGG
GGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGC
TGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTA
GGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTT
ACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCT
TCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCT
CCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAG
GGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACG
TTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCC
TATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAA
AAAATGAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGTGGAATGTGTGTCAG
TTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCAT
CTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTA
TGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATC
CCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTT
TATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGA
GGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCCATTT
TCGGATCTGATCAAGAGACAGGATGAGGATCGTTTATGAAAAAGCCTGAACTCACCGC
GACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAG
CTCTCGGAGGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATAT
GTCCTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATCGTTATGTTTATCGGC
ACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACATTGGGGAATTCAGCG
AGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCACGTTGCAAGACCTGCC
TGAAACCGAACTGCCCGCTGTTCTGCAGCCGGTCGCGGAGGCCATGGATGCGATTGC
TGCGGCCGATCTTAGCCAGACGAGCGGGTTCGGCCCATTCGGACCGCAAGGAATCGG
TCAATACACTACATGGCGTGATTTCATATGCGCGATTGCTGATCCCCATGTGTATCAC
TGGCAAACTGTGATGGACGACACCGTCAGTGCGTCCGTCGCGCAGGCTCTCGATGAG
CTGATGCTTTGGGCCGAGGACTGCCCCGAAGTCCGGCACCTCGTGCACGCGGATTTC
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GGCTCCAACAATGTCCTGACGGACAATGGCCGCATAACAGCGGTCATTGACTGGAGC
GAGGCGATGTTCGGGGATTCCCAATACGAGGTCGCCAACATCTTCTTCTGGAGGCCG
TGGTTGGCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTT
GCAGGATCGCCGCGGCTCCGGGCGTATATGCTCCGCATTGGTCTTGACCAACTCTATC
AGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGCAGGGTCGATGCGACG
CAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAATCGCCCGCAGAAGCG
CGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCCGATAGTGGAAACCGACGCC
CCAGCACTCGTCCGAGGGCAAAGGAATAGGCGGGACTCTGGGGTTCGCGAAATGACC
GACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATG
AAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCG
GGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGCTTATAATGG
TTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTC
TAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGTATACCGTCGACCT
CTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCC
GCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCC
TAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGG
GAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTT
TGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCG
GCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCA
GGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGT
AAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACA
AAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGC
GTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGA
TACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTA
GGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCC
CCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGT
AAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAG
GTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAG
AAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTT
GGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCA
AGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTAC
GGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATT
ATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCT
AAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAG
ATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAG
ACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGA
GCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGG
GAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTA
CAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCA
ACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTC
GGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGG
CAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGG
TGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGC
CCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCA
TTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAG
TTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCG
TTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGA
CACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAG
GGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAG
GGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGACGGATCGGGAGATC
TCCTGCTGGGATGACGAGCGTAAGCCACCATGCCCAGCTGGGTTTTATTTATTTTGGT
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TTTTTTCCTGACCCCTTAACTAGAAATAAGCTCCACGAGAGCGGGATCTTTTGTCTTCT
GTGCACTACTTGTCCTCGGTTCTTAGAACAGAACCTGAGAGAACCTGATCGCAAATAT
TTTTGGAATGAATGAATGAATGGGTTCACCAGGGCACCATGGGAAACTGAGTCCGCAA
CCTAGAAGCCATGAAAGACAGTCCACTTCCAAGCTTCCCTGGGTGACCTCGCAGGGCA
TGCTGGGAAATGAAATTTGCGGTGAAAAGGTCAGGACCACGATCCTAGGGCACGCTG
GGAAATGTAGCCCACAGGGCCACACCCCTAAAAGCACAGTGGGGTGCAAGGCACCTC
AACAACTAGCAAAGGCAGCCCCG 

 

Figure 11. DNA and amino acid sequence of the scFv identified during the LMP1 loop 2F and 
LMP1 loop 2Y phage selections. The DNA and amino acid sequence of the linker has been 
highlighted in grey. The CDRs follow a colour code for identification: CDR1H in blue, CDR2H in 
green, CDR3H in red, CDR1L in orange, CDR2L in pink and CDR3L golden yellow. 

Clone 1 LMP1 

CAG GTG CAG CTG GTG CAG TCT GGG GGA GGC GTG GTC CAG CCT GGG AGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTC AGT AGC TAT GCT 
ATG CAC TGG GTC CGC CAG GCT CCA GGC AAG GGG CTG GAG TGG GTG GCA 
GTT ATA TCA TAT GAT GGA AGT AAT AAA TAC TAC GCA GAC TCC GTG AAG GGC 
CGA TTC ACC ATC TCC AGA GAC AAT TCC AAG AAC ACG CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GCC GAG GAC ACG GCC GTG TAT TAC TGT GCG AGA GGC 
CAC TTC CTT GAC TAC TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC TCA GCA 
CCC ACC AAG GCT CCG GAT GTG GGC AGC AGC GGC AGC AGC AGC GGT ACC 
AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC GTG ATG ACT 
CAG TCT CCA CTC TCC CTG CCC GTC ACC CCT GGA GAG CCG GCC TCC ATC TCC 
TGC AGG TCT AGT CAG AGC CTC CTG CAT AGT AAT GGA TAC AAC TAT TTG GAT 
TGG TAC CTG CAG AAG CCA GGG CAG TCT CCA CAG CTC CTG ATC TAT TTG GGT 
TCT AAT CGG GCC TCC GGG GTC CCT GAC AGG TTC AGT GGC AGT GGA TCA 
GGC ACA GAT TTT ACA CTG AAA ATC AGC AGA GTG GAG GCT GAG GAT GTT GGC 
ATT TAC TAC TGC ATG CAG GCT ATA CAT CGT CTC ACC TTC GGC CAA GGG ACA 
CGA CTG GAG ATT AAA 

------------------------------------------------------------------------------------------------- 
QVQLVQSGGGVVQPGRSLRLSCAASGFTFSSYAMHWVRQAPGKGLEWVAVISYDGSNKYY
ADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCARGHFLDYWGQGTLVTVSSAPTKAP
DVGSSGSSSGTSSGGSSSSGSGELVMTQSPLSLPVTPGEPASISCRSSQSLLHSNGYNYLDWY
LQKPGQSPQLLIYLGSNRASGVPDRFSGSGSGTDFTLKISRVEAEDVGIYYCMQAIHRLTFGQ
GTRLEIK 
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Figure 12 Western blot result of LMP1 expression under tetracycline induction in HEK293-

LMP1 cells. 6 µg of protein lysates were separated by NuPAGE (Gel 4-12% polyacrylamide gradient 
Bis-Tris run in MOPS buffer). The gel was blotted and probed with antibody anti-LMP1 clone 1G6 
and secondary anti-rat HRP conjugated (1). The blot was then stripped and re-probed with antibody 
anti-β-actin and secondary anti-rabbit HRP conjugated, as a loading control (2). Lysate from HEK293 
Flip-In T-REx control cells loaded in track A, lysate from uninduced HEK293-LMP1 loaded in track B 
and sample lysate loaded in track C. The marker ladder sizes in kDa are shown. 

 

 

Figure 13 Western blot result of LMP2A expression under tetracycline induction in HEK293-

LMP2A cells. 6 µg of protein lysates were separated by NuPAGE (Gel 4-12% polyacrylamide 
gradient Bis-Tris run in MOPS buffer). The gel was first blotted and probed with antibody anti-LMP2A 
clone 14B6 and secondary anti-rat HRP conjugated (1). The blot was then, stripped and re-probed 
with antibody anti-β-actin and secondary anti-rabbit HRP conjugated, as a loading control (2). Lysate 
from HEK293 Flip-In T-REx control cells loaded in track A, lysate from uninduced HEK293-LMP2A 
loaded in track D and sample lysate loaded in track E. The marker ladder sizes in kDa are shown. 

 

Figure 14. DNA and amino acid sequence of scFvs identified during the B7H4 Ig-like V-type 1 
domain selection. The DNA and amino acid sequence of the linker have been highlighted in grey. 
The CDRs follow a colour code for identification: CDR1H in blue, CDR2H in green, CDR3H in red, 
CDR1L in orange, CDR2L in pink and CDR3L golden yellow. 

Clone 1 B7H4 (Gate δ in figure 8.2.D) 

CAG GTG CAG CTG GTG CAG TCT GGG GCT GAG GTG AAG AAG CCT GGG TCC 
TCG GTG AAG GTC TCC TGC AAG GCT TCT GGA GGC ACC TTC AGC AGC TAT GCT 
ATC AGC TGG GTG CGA CAG GCC CCT GGA CAA GGG CTT GAG TGG ATG GGA 
GGG ATC ATC CCT ATC TTT GGT ACA GCA AAC TAC GCA CAG AAG TTC CAG GGC 
AGA GTC ACG ATT ACC GCG GAC GAA TCC ACG AGC ACA GCC TAC ATG GAG CTG 
AGC AGC CTG AGA TCT GAG GAC ACG GCC GTG TAT TAC TGT GCG AGA GAT TCC 
CGG TTA TTA CGG CAC GAT TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC TCA 
GCA CCC ACC AAG GCT CCG GAT GTG GGC AGC AGC GGC AGC AGC AGC GGT 
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ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC CAG ATG 
ACC CAG TCT CCA GAC TCC CTG GCT GTG TCT CTG GGC GAG AGG GCC ACC ATC 
AAC TGC AAG TCC AGC CAG AGT GTT TTA TAC AGC TCC AAC AAT AAG AAC TAC 
TTA GCT TGG TAC CAG CAG AAA CCA GGA CAG CCT CCT AAG CTG CTC ATT TAC 
TGG GCA TCT ACC CGG GAA TCC GGG GTC CCT GAC CGA TTC AGT GGC AGC 
GGG TCT GGG ACA GAT TTC ACT CTC ACC ATC AGC AGC CTG CAG GCT GAA GAT 
GTG GCA GTT TAT TAC TGT CAG CAA TAT TAT AGT ACT CCT CCC ACT TTC GGC 
GGA GGG ACC AAG CTG GAG ATC AAA 

------------------------------------------------------------------------------------------------- 
QVQLVQSGAEVKKPGSSVKVSCKASGGTFSSYAISWVRQAPGQGLEWMGGIIPIFGTANYA
QKFQGRVTITADESTSTAYMELSSLRSEDTAVYYCARDSRLLRHDWGQGTLVTVSSAPTKAP
DVGSSGSSSGTSSGGSSSSGSGELQMTQSPDSLAVSLGERATINCKSSQSVLYSSNNKNYLAW
YQQKPGQPPKLLIYWASTRESGVPDRFSGSGSGTDFTLTISSLQAEDVAVYYCQQYYSTPPT
FGGGTKLEIK 

Clone 2 B7H4 (Gate δ in figure 8.2.D) 

CAG GTG CAG CTG CAG GAG TCG GGC ACA GGA CTG GTG AAG CCT TCA CAG 
ACC CTG TCC GTC ACC TGC ACT GTC TCT GGT GGC TCC ATC AGC AGT GGT GGT 
TAC TAC TGG AGC TGG ATC CGC CAG TAC CCA GGG AAG GGC CTG GAG TGG 
ATT GGG TAC ATC TAT CAC ACT GGG ACC ACC TAC TAC AGC TCG TCC CTC AAG 
AGT CGA GTT TCC ATA TCA GTA GAC ACC TCT AAG AAC CAG TTC TCC CTG GAG 
CTG AGT TCT GTC ACT GCC GCG GAC ACG GCC GTG TAT TAC TGT GCG AGA GGC 
GAC CTC CGA TAT AGC GAC AGC TGG TCC GAC CGC TAC TGG TAC TTC GAT CTC 
TGG GGC CGT GGC ACC CTG GTC ACT GTC TCC TCA GCC TCC ACC AAG GGA CCA 
TCG GTC GGC AGC AGC GGC AGC AGC AGC GGT ACC AGC AGC GGC GGC AGC 
AGC AGC AGC GGC AGC GGC GAG CTC GTG ATG ACT CAG TCT CCA TCC TCC CTG 
TCT GCA TCT GTA GGA GAC AGA GTC ACC ATC ACT TGC CGG GCG AGT CAG GGC 
ATT AGC AAT TCT TTA GCC TGG TAT CAG CAG AAA CCA GGG AAA GCC CCT AAG 
CTC CTG CTC TAT GCT GCA TCC AGT TTG CAA AGT GGG GTC CCA TCA AGG TTC 
AGT GGC AGT GGA TCT GGG ACA GAT TTC ACT CTC ACC ATC AGC AGT CTG CAA 
CCT GAA GAT TTT GCA ACT TAC TAC TGT CAA CAG AGT TAC AGT ACC CCT CTC 
ACT TTC GGC GGA GGG ACC AAG CTC GAG ATC AAA 

------------------------------------------------------------------------------------------------- 
QVQLQESGPGLVKPSQTLSVTCTVSGGSISSGGYYWSWIRQYPGKGLEWIGYIYHTGTTYY
SSSLKSRVSISVDTSKNQFSLELSSVTAADTAVYYCARGDLRYSDSWSDRYWYFDLWGRGTL
VTVSSASTKGPSVGSSGSSSGTSSGGSSSSGSGELVMTQSPSSLSASVGDRVTITCRASQGISN
SLAWYQQKPGKAPKLLLYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQSYST
PLTFGGGTKLEIK 

Clone 3 B7H4 (Gates α and β in figure 8.2.B) 

CAG ATC ACC TTG AAG GAG TCT GGG GGA GGC TTG GTA CAG CCT GGG GGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCC GTG AAG GGC 
CGG TTC ACC ATC TCC AGA GAC AAT TCC AAG AAC ACG CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GCC GAG GAC ACG GCC GTA TAT TAC TGT GCG AAA GGT GGT 
GGT TAT TTC TAC TTT GAC TAC TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC 
TCA GCA CCC ACC AAG GCT CCG GAT GTG GGC AGC AGC GGC AGC AGC AGC 
GGT ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC GTG 
CTG ACT CAG CCA CCT TCG GTG TCA GTG GCC CCA GGA CAG ACG GCC AGG ATT 
ACC TGT GGG GGA AAC AAC ATT GGA AGT AAA AGT GTG CAC TGG TAC CAG CAG 
AAG CCA GGC CAG GCC CCT GTG CTG GTC GTC TAT GAT GAT AGC GAC CGG CCC 
TCA GGG ATC CCT GAG CGA TTC TCT GGC TCC AAC TCT GGG AAC ACG GCC ACC 
CTG ACC ATC AGC AGG GTC GAA GCC GGG GAT GAG GCC GAC TAT TAC TGT CAG 
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GTG TGG GAT AGT AGT AGT GAT CAA TTC GGC GGA GGC ACC CAG CTG ACC 
GTC CTC GGC 

------------------------------------------------------------------------------------------------- 
QITLKESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKGGGYFYFDYWGQGTLVTVSSAPTK
APDVGSSGSSSGTSSGGSSSSGSGELVLTQPPSVSVAPGQTARITCGGNNIGSKSVHWYQQK
PGQAPVLVVYDDSDRPSGIPERFSGSNSGNTATLTISRVEAGDEADYYCQVWDSSSDQFGG
GTQLTVLG 

Clone 4 B7H4 (Gate γ in figure 8.2.D) 

GAG GTG CAG CTG GTG GAG TCT GGG GGA GGC TTG GTA CAG CCT GGG GGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCT GTG AAG GGC 
CGA TTC ACC ATC TCC AGA GAC AAT GCC AAG AAC TCA CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GAC GAG GAC ACG GCT GTG TAT TAC TGT GCG AGA TTC GGG 
TGG TTC GGG TCA ATT GAC TAC TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC 
TCA GGG ACT GCA TCC GCC CCA ACC CTT GGC AGC AGC GGC AGC AGC AGC GGT 
ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC CAG ATG 
ACC CAG TCT CCT TCT TCC GTG TCT GCA TCT GTG GGA GAC AGA GTC ACC ATC 
ACT TGT CGG ACG AGT CAG GAT ATT AGC ACC TGG TTA GCC TGG TAT CAA CAG 
AAA CCA GGG GAA GCC CCT AAG CTC CTG ATC TAT GCT GCA TCC AAT TTG CTA 
AGT GGG GTC CCA TCA AGG TTT AGC GGC AGT GGA TCT GGG ACA CAG TTC ACA 
CTC ACC ATC AAT GGC CTG CAG CCT GAA GAT TTT GCA ACT TAC TAC TGT CAA 
CAG AGT TAC AGT ACC CCT CAA ACG TTC GGC CAA GGG ACC AAG CTG GAG ATC 
AAA 

------------------------------------------------------------------------------------------------- 
EVQLVESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNAKNSLYLQMNSLRDEDTAVYYCARFGWFGSIDYWGQGTLVTVSSGTAS
APTLGSSGSSSGTSSGGSSSSGSGELQMTQSPSSVSASVGDRVTITCRTSQDISTWLAWYQQ
KPGEAPKLLIYAASNLLSGVPSRFSGSGSGTQFTLTINGLQPEDFATYYCQQSYSTPQTFGQ
GTKLEIK 

Clone 5 B7H4 (Gate γ in figure 8.2.D) 

CAG ATC ACC TTG AAG GAG TCT GGG GGA GGC TTG GTA CAG CCT GGG GGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCT GTG AAG GGC 
CGA TTC ACC ATC TCC AGA GAC AAT GCC AAG AAC TCA CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GAC GAG GAC ACG GCT GTG TAT TAC TGT GCG AGA TTC GGG 
TGG TTC GGG TCA ATT GAC TAC TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC 
TCA GGG ACT GCA TCC GCC CCA ACC CTT GGC AGC AGC GGC AGC AGC AGC GGT 
ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC GTG TTG 
ACG CAG TCT CCA TCT TCC GTG TCT GCA TCT GTA GGA GAC AGA GTC ACC ATC 
ACT TGT CGG GCG AGT CAG GGT ATT AGC AGC TGG TTA GCC TGG TAT CAG 
CAG AAA CCA GGG AAA GCC CCT AAG CTC CTG ATC TAT GCT GCA TCC AGT TTG 
CAA AGT GGG GTC CCA TCA AGG TTC AGC GGC AGT GGA TCT GGG ACA GAT TTC 
ACT CTC ACC ATC AGC AGC CTG CAG CCT GAA GAT TTT GCA ACT TAC TAT TGT 
CAA CAG AGT TAC AGT ACC CCT CTG ACG TTC GGC CAA GGG ACC AAG CTG GAG 
ATC AAA 

------------------------------------------------------------------------------------------------- 
QITLKESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNAKNSLYLQMNSLRDEDTAVYYCARFGWFGSIDYWGQGTLVTVSSGTAS
APTLGSSGSSSGTSSGGSSSSGSGELVLTQSPSSVSASVGDRVTITCRASQGISSWLAWYQQK
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PGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQSYSTPLTFGQGT
KLEIK 

Clone 6 B7H4 (Gate δ in figure 8.2.D) 

GAG GTG CAG CTG GTG GAG TCT GGG GGA GGC TTG GTA CAG CCT GGG GGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCT GTG AAG GGC 
CGA TTC ACC ATC TCC AGA GAC AAT GCC AAG AAC TCA CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GAC GAG GAC ACG GCT GTG TAT TAC TGT GCG AGA TTC GGG 
TGG TTC GGG TCA ATT GAC TAC TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC 
TCA GGG ACT GCA TCC GCC CCA ACC CTT GGC AGC AGC GGC AGC AGC AGC GGT 
ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC GTG TTG 
ACG CAG TCT CCA TCT TCC GTG TCT GCA TCT GTA GGA GAC AGA GTC ACC ATC 
ACT TGT CGG GCG AGT CAG GGT ATT AGC AGC TGG TTA GCC TGG TAT CAG 
CAG AAA CCA GGG AAA GCC CCT AAG CTC CTG ATC TAT GCT GCA TCC AGT TTG 
CAA AGT GGG GTC CCA TCA AGG TTC AGC GGC AGT GGA TCT GGG ACA GAT TTC 
ACT CTC ACC ATC AGC AGC CTG CAG CCT GAA GAT TTT GCA ACT TAC TTC TGT 
CAA CAG AGT TAC AGT ACT CCT CAC ACT TTT GGC CAG GGG ACC AAG CTG GAG 
ATC AAA 

------------------------------------------------------------------------------------------------- 
EVQLVESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNAKNSLYLQMNSLRDEDTAVYYCARFGWFGSIDYWGQGTLVTVSSGTAS
APTLGSSGSSSGTSSGGSSSSGSGELVLTQSPSSVSASVGDRVTITCRASQGISSWLAWYQQK
PGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYFCQQSYSTPHTFGQGT
KLEIK 

Clone 7 B7H4 (Gate δ in figure 8.2.D) 

GAG GTG CAG CTG GTG GAG TCT GGG GGA GGC TTG GTA CAG CCT GGG GGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCT GTG AAG GGC 
CGA TTC ACC ATC TCC AGA GAC AAT GCC AAG AAC TCA CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GAC GAG GAC ACG GCT GTG TAT TAC TGT GCG AGA TTC GGG 
TGG TTC GGG TCA ATT GAC TAC TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC 
TCA GGG ACT GCA TCC GCC CCA ACC CTT GGC AGC AGC GGC AGC AGC AGC GGT 
ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC GTG TTG 
ACG CAG TCT CCA TCT TCC GTG TCT GCA TCT GTA GGA GAC AGA GTC ACC ATC 
ACT TGT CGG GCG AGT CAG GGT ATT AGC AGC TGG TTA GCC TGG TAT CAG 
CAG AAA CCA GGG AAA GCC CCT AAG CTC CTG ATC TAT GCT GCA TCC AGT TTG 
CAA AGT GGG GTC CCA TCA AGG TTC AGC GGC AGT GGA TCT GGG ACA GAT TTC 
ACT CTC ACC ATC AGC AGC CTG CAG CCT GAC GAT TTT GCA GTG TAT TAC TGT 
CAG CAG TTT GAT GGC TCA CTG TGG ACG TTC GGC CAA GGG ACC AAG GTG 
GAA ATC AAA 

------------------------------------------------------------------------------------------------- 
EVQLVESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNAKNSLYLQMNSLRDEDTAVYYCARFGWFGSIDYWGQGTLVTVSSGTAS
APTLGSSGSSSGTSSGGSSSSGSGELVLTQSPSSVSASVGDRVTITCRASQGISSWLAWYQQK
PGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPDDFAVYYCQQFDGSLWTFGQG
TKVEIK 

Clone 8 B7H4 (Gate δ in figure 8.2.D) 

GAG GTG CAG CTG GTG GAG TCT GGG GGA GGC TTG GTA CAG CCT GGG GGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
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GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCT GTG AAG GGC 
CGA TTC ACC ATC TCC AGA GAC AAT GCC AAG AAC TCA CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GAC GAG GAC ACG GCT GTG TAT TAC TGT GCG AGA TTC GGG 
TGG TTC GGG TCA ATT GAC TAC TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC 
TCA GGG ACT GCA TCC GCC CCA ACC CTT GGC AGC AGC GGC AGC AGC AGC GGT 
ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC ACA CTC 
ACG CAG TCT CCA GGC ACC CTG TCT TTG TCT CCA GGG GAA AGA GCC ACC CTC 
TCC TGC AGG GCC AGT CAG AGT GTC AGC AGC AAC TAC TTA GCC TGG TAC CAG 
CAG ACA CCT GGC CAG GCT CCC AGG CTC CTC ATT TAT GGT GCG TCC AGT AGG 
GCC ACT GGT GTC CCA GAC AGG TTC GGT GGC AGT GGG TCT GGG ACA GAC 
TTC ACT CTC ACC ATC AAC AGA CTG GAG CCG GAA GAT TCT GCA GTG TAT TAC 
TGT CAG CAC TAT GGT AGT TAT CCG TGG ACG TTC GGC CAA GGG ACC AAG CTG 
GAG ATC AAA 

------------------------------------------------------------------------------------------------- 
EVQLVESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNAKNSLYLQMNSLRDEDTAVYYCARFGWFGSIDYWGQGTLVTVSSGTAS
APTLGSSGSSSGTSSGGSSSSGSGELTLTQSPGTLSLSPGERATLSCRASQSVSSNYLAWYQQ
TPGQAPRLLIYGASSRATGVPDRFGGSGSGTDFTLTINRLEPEDSAVYYCQHYGSYPWTFG
QGTKLEIK 

Clone 9 B7H4 (Gate γ in figure 8.2.D) 

GAG GTG CAG CTG GTG GAG TCT GGG GGA GGC TTG GTA CAG CCT GGG GGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCT GTG AAG GGC 
CGA TTC ACC ATC TCC AGA GAC AAT GCC AAG AAC TCA CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GAC GAG GAC ACG GCT GTG TAT TAC TGT GCG AGA TTC GGG 
TGG TTC GGG TCA ATT GAC TAC TGG GGC CAG GGA ACC CTG GTC ACC GTC TCC 
TCA GGG ACT GCA TCC GCC CCA ACC CTT GGC AGC AGC GGC AGC AGC AGC GGT 
ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG CTC GTG TTG 
ACG CAG TCT CCA TCT TCC GTG TCT GCA TCT GTA GGA GAC AGA GTC ACC ATC 
ACT TGT CGG GCG AGT CAG GGT ATT AGC AGC TGG TTA GCC TGG TAT CAG 
CAG AAA CCA GGG AAA GCC CCT AAG CTC CTG ATT TAT GCT GCA TCT AGT TTG 
AAA AGT GGG GTC CCA CCA AGG TTC AGT GGC AGT GGA TCC GGG ACA GAT TTC 
ACT CTC ACC ATC AGC AGT CTG CAA CCT GAG GAT TTT GCA ACT TAC TTT TGT 
CAA CAG AGT TAC AGT AGG CCG ACG TTC GGC CAA GGG ACC AAG CTG GAG ATC 
AAA 

------------------------------------------------------------------------------------------------- 
EVQLVESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNAKNSLYLQMNSLRDEDTAVYYCARFGWFGSIDYWGQGTLVTVSSGTAS
APTLGSSGSSSGTSSGGSSSSGSGELVLTQSPSSVSASVGDRVTITCRASQGISSWLAWYQQK
PGKAPKLLIYAASSLKSGVPPRFSGSGSGTDFTLTISSLQPEDFATYFCQQSYSRPTFGQGTK
LEIK 

Clone 10 B7H4 (Gate γ in figure 8.2.D) 

GAG GTG CAG CTG GTG GAG TCT GGG GGA GGC GTG GTC CAG CCT GGG AGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCC GTG AAG GGC 
CGG TTC ACC ATC TCC AGA GAC AAT TCC AAG AAC ACG CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GCC GAG GAC ACG GCC GTA TAT TAC TGT GCG AAA ATT TCT 
GTT ATC GAC TAC TAC TAC GGT ATG GAC GTC TGG GGC CAA GGG ACC ACG GTC 
ACC GTC TCC TCA GGG AGT GCA TCC GCC CCA ACC CTT GGC AGC AGC GGC AGC 
AGC AGC GGT ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG 
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CTC GTG CTG ACT CAG CCA CCT TCG GTG TCA GTG GCC CCA GGA CAG ACG GCC 
AGG ATT ACC TGT GGG GGA AAC AAC ATT GGA AGT AAA AGT GTG CAC TGG TAC 
CAG CAG AAG CCA GGC CAG GCC CCT GTG CTG GTC GTC TAT GAT GAT AGC GAC 
CGG CCC TCA GGG ATC CCT GAG CGA TTC TCT GGC TCC AAC TCT GGG AAC ACG 
GCC ACC CTG ACC ATC AGC AGG GTC GAA GCC GGG GAT GAG GCC GAC TAT TAC 
TGT CAG GTG TGG GAT AGT AGT AGT GAT CAA TTC GGC GGA GGC ACC CAG 
CTG ACC GTC CTC GGC 

------------------------------------------------------------------------------------------------- 
EVQLVESGGGVVQPGRSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKISVIDYYYGMDVWGQGTTVTVSSGS
ASAPTLGSSGSSSGTSSGGSSSSGSGELVLTQPPSVSVAPGQTARITCGGNNIGSKSVHWYQ
QKPGQAPVLVVYDDSDRPSGIPERFSGSNSGNTATLTISRVEAGDEADYYCQVWDSSSDQFG
GGTQLTVLG 

Clone 11 B7H4 (Gate δ in figure 8.2.D) 

GAG GTG CAG CTG GTG GAG TCT GGG GGA GGC GTG GTC CAG CCT GGG AGG 
TCC CTG AGA CTC TCC TGT GCA GCC TCT GGA TTC ACC TTT AGC AGC TAT GCC 
ATG AGC TGG GTC CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA 
GCT ATT AGT GGT AGT GGT GGT AGC ACA TAC TAC GCA GAC TCC GTG AAG GGC 
CGG TTC ACC ATC TCC AGA GAC AAT TCC AAG AAC ACG CTG TAT CTG CAA ATG 
AAC AGC CTG AGA GCC GAG GAC ACG GCC GTA TAT TAC TGT GCG AAA ATT TCT 
GTT ATC GAC TAC TAC TAC GGT ATG GAC GTC TGG GGC CAA GGG ACC ACG GTC 
ACC GTC TCC TCA GGG AGT GCA TCC GCC CCA ACC CTT GGC AGC AGC GGC AGC 
AGC AGC GGT ACC AGC AGC GGC GGC AGC AGC AGC AGC GGC AGC GGC GAG 
CTC ACA CTC ACG CAG TCT CCA GCC ACC CTG TAT GTG TCT CCA GGG GAA AGA 
GCC ACC CTC TCC TGC AGG GCC AGT CAG AGT GTT AGC AAC TAC TTA GCC TGG 
TAC CAG CAG AGA CCT GGC CTG GCG CCC AGG CTC CTC ATC TAT GAT GCA TCC 
AGC AGG GCC ACT GGC ATC CCA GAC AGG TTC AGT GGC AGT GGG TCT GGG 
ACA GAC TTC ACT CTC ACC ATC AGC AGA CTG GAG CCT GAA GAT TTT GCA GTG 
TAT TAC TGT CAG CAG CGT AGC AAC TGG CCT CTG TAC ACT TTT GGC CAG GGG 
ACC AAG CTG GAG ATC AAA 

------------------------------------------------------------------------------------------------- 
EVQLVESGGGVVQPGRSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYA
DSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKISVIDYYYGMDVWGQGTTVTVSSGS
ASAPTLGSSGSSSGTSSGGSSSSGSGELTLTQSPATLYVSPGERATLSCRASQSVSNYLAWYQ
QRPGLAPRLLIYDASSRATGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYCQQRSNWPLYTFG
QGTKLEIK 

 

Figure 15. Synthetic DNA cassette used for the development of pcDNA3.1-hygr by cloning 
into pcDNA3.1 (+). XmaI and BstZ17I restriction sequences highlighted in green. Hygromycin B 
phosphotransferase’s ORF highlighted in dark grey. SV40 poly(A) signal highlighted in light grey. 

hph DNA cassette for pcDNA3.1-hygr obtained by digestion from pHygr 

CCC GGG AGC TTG TAT ATC CAT TTT CGG ATC TGA TCA AGA GAC AGG ATG AGG 
ATC GTT TAT GAA AAA GCC TGA ACT CAC CGC GAC GTC TGT CGA GAA GTT TCT 
GAT CGA AAA GTT CGA CAG CGT CTC CGA CCT GAT GCA GCT CTC GGA GGG CGA 
AGA ATC TCG TGC TTT CAG CTT CGA TGT AGG AGG GCG TGG ATA TGT CCT GCG 
GGT AAA TAG CTG CGC CGA TGG TTT CTA CAA AGA TCG TTA TGT TTA TCG GCA 
CTT TGC ATC GGC CGC GCT CCC GAT TCC GGA AGT GCT TGA CAT TGG GGA ATT 
CAG CGA GAG CCT GAC CTA TTG CAT CTC CCG CCG TGC ACA GGG TGT CAC GTT 
GCA AGA CCT GCC TGA AAC CGA ACT GCC CGC TGT TCT GCA GCC GGT CGC GGA 
GGC CAT GGA TGC GAT TGC TGC GGC CGA TCT TAG CCA GAC GAG CGG GTT 
CGG CCC ATT CGG ACC GCA AGG AAT CGG TCA ATA CAC TAC ATG GCG TGA TTT 
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CAT ATG CGC GAT TGC TGA TCC CCA TGT GTA TCA CTG GCA AAC TGT GAT GGA 
CGA CAC CGT CAG TGC GTC CGT CGC GCA GGC TCT CGA TGA GCT GAT GCT TTG 
GGC CGA GGA CTG CCC CGA AGT CCG GCA CCT CGT GCA CGC GGA TTT CGG 
CTC CAA CAA TGT CCT GAC GGA CAA TGG CCG CAT AAC AGC GGT CAT TGA CTG 
GAG CGA GGC GAT GTT CGG GGA TTC CCA ATA CGA GGT CGC CAA CAT CTT CTT 
CTG GAG GCC GTG GTT GGC TTG TAT GGA GCA GCA GAC GCG CTA CTT CGA 
GCG GAG GCA TCC GGA GCT TGC AGG ATC GCC GCG GCT CCG GGC GTA TAT 
GCT CCG CAT TGG TCT TGA CCA ACT CTA TCA GAG CTT GGT TGA CGG CAA TTT 
CGA TGA TGC AGC TTG GGC GCA GGG TCG ATG CGA CGC AAT CGT CCG ATC 
CGG AGC CGG GAC TGT CGG GCG TAC ACA AAT CGC CCG CAG AAG CGC GGC 
CGT CTG GAC CGA TGG CTG TGT AGA AGT ACT CGC CGA TAG TGG AAA CCG ACG 
CCC CAG CAC TCG TCC GAG GGC AAA GGA ATA GGC GGG ACT CTG GGG TTC 
GCG AAA TGA CCG ACC AAG CGA CGC CCA ACC TGC CAT CAC GAG ATT TCG ATT 
CCA CCG CCG CCT TCT ATG AAA GGT TGG GCT TCG GAA TCG TTT TCC GGG ACG 
CCG GCT GGA TGA TCC TCC AGC GCG GGG ATC TCA TGC TGG AGT TCT TCG CCC 
ACC CCA ACT TGT TTA TTG CAG CTT ATA ATG GTT ACA AAT AAA GCA ATA GCA 
TCA CAA ATT TCA CAA ATA AAG CAT TTT TTT CAC TGC ATT CTA GTT GTG GTT 
TGT CCA AAC TCA TCA ATG TAT CTT ATC ATG TCT GTA TAC 

 

Figure 16. Synthetic DNA cassette used for the development of pCD8-cassette and pIgG4-
cassette. A) DNA digested from pUC57-CD8CAR. HindIII and PmeI restriction sequences 
highlighted in green. CD8-CAR ORF highlighted in clear grey. SgsI and MreI for scFv cloning 
highlighted in dark grey. B) DNA digested from pUC57-IgG4CAR. HindIII and PmeI restriction 
sequences highlighted in green. IgG4-CAR ORF highlighted in clear grey. SgsI and ApaI for scFv 
cloning highlighted in dark grey. 

A) DNA sequence digested from pUC57-CD8CAR and used to obtain pCD8-
Cassette 

AAG CTT GCC GCC ACC ATG GCC CTG CCT GTA ACC GCG TTG TTG TTG CCT CTT 
GCA CTT CTG CTC CAT GCG GCG CGC CCG ACA ACA ACG CCG GCG CCT AGA CCG 
CCG ACA CCA GCT CCA ACG ATA GCA TCA CAG CCT TTG TCT TTG CGA CCG GAG 
GCG TGT AGA CCA GCT GCG GGT GGC GCG GTT CAT ACC AGG GGT TTG GAT 
TTT GCG TGC GAT ATT TAC ATA TGG GCG CCG CTG GCA GGT ACG TGT GGG 
GTG CTT CTG TTG AGC CTC GTC ATA ACT CTC TAT TGC AAG CGG GGA CGG AAA 
AAA CTT TTG TAT ATA TTT AAA CAA CCC TTT ATG CGG CCT GTC CAA ACG ACG 
CAG GAG GAA GAC GGG TGC TCT TGT AGG TTT CCC GAA GAA GAG GAA GGT 
GGT TGT GAG CTG AGA GTG AAG TTC TCA AGA TCA GCG GAC GCT CCC GCG TAC 
CAG CAG GGT CAA AAT CAG TTG TAC AAT GAA CTT AAT CTG GGA AGG CGA GAA 
GAA TAC GAT GTA CTT GAT AAG AGG AGG GGG AGG GAT CCA GAA ATG GGC 
GGG AAG CCG CGC CGA AAG AAT CCA CAG GAG GGG CTG TAT AAT GAA CTC CAA 
AAG GAT AAA ATG GCT GAG GCT TAC TCA GAG ATT GGC ATG AAG GGT GAG 
CGG AGG AGA GGA AAG GGT CAC GAC GGC TTG TAT CAG GGC CTC TCT ACT 
GCG ACG AAG GAT ACG TAT GAC GCG CTC CAC ATG CAA GCC CTC CCG CCA CGA 
TAA GTT TAA AC 

B) DNA sequence digested from pUC57-IgG4CAR and used to obtain pIgG4-
Cassette 

AAG CTT GCC GCC ACC ATG GCT CTC CCG GTA ACA GCT TTG CTG TTG CCG CTT 
GCA TTG CTT CTT CAT GCG GCG CGC CCG GAA AGT AAG TAC GGG CCC CCG TGT 
CCG CCC TGT CCA GCG CCA CCA GTA GCT GGC CCG TCT GTA TTC CTC TTT CCC 
CCC AAA CCT AAG GAT ACA CTT ATG ATA AGT CGC ACC CCC GAG GTA ACT TGC 
GTA GTG GTT GAC GTG AGC CAA GAA GAC CCG GAA GTT CAA TTT AAC TGG TAT 
GTG GAC GGT GTT GAA GTT CAT AAT GCG AAA ACG AAA CCC AGA GAA GAA CAA 
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TTT CAG TCC ACC TAT AGG GTC GTG TCC GTT CTT ACC GTG CTT CAT CAG GAC 
TGG TTG AAT GGG AAG GAA TAT AAG TGC AAG GTG AGT AAC AAA GGC TTG CCC 
TCT AGC ATT GAA AAG ACG ATT TCT AAG GCC AAA GGT CAA CCG AGG GAA CCG 
CAG GTG TAC ACC CTC CCT CCA AGC CAA GAA GAG ATG ACC AAA AAT CAG GTG 
TCT TTG ACA TGT TTG GTT AAG GGC TTT TAT CCG AGC GAC ATT GCG GTA GAG 
TGG GAA TCT AAC GGT CAA CCC GAA AAC AAT TAC AAG ACC ACA CCG CCA GTA 
CTC GAT TCT GAC GGG GCT TTT TTT TTG TAT TCA CGA CTC ACA GTG GAC AAA 
AGC AGA TGG CAG GAA GGT AAC GTG TTC TCA TGC AGC GTT ATG CAC GAA GCA 
CTG CAC AAC CAC TAC ACA CAA AAG TCC CTT TCT TTG AGT TTG GGC AAA ATG 
TTC TGG GTT CTT GTA GTA GTG GGT GGC GTA TTG GCA TGC TAC TCT CTC CTT 
GTG ACG GTA GCT TTC ATA ATC TTT TGG GTG AAA CGG GGA AGA AAG AAG CTG 
CTG TAC ATA TTT AAG CAG CCC TTC ATG CGG CCG GTT CAG ACA ACG CAG GAA 
GAG GAC GGT TGT AGC TGC CGG TTT CCT GAA GAG GAA GAA GGG GGG TGC 
GAA CTG AGG GTC AAG TTT TCT CGC AGC GCC GAC GCC CCT GCC TAT CAA CAG 
GGA CAA AAT CAA CTG TAC AAC GAA TTG AAT TTG GGT CGC AGA GAA GAG TAC 
GAC GTG TTG GAT AAA CGG CGG GGC CGA GAC CCG GAG ATG GGA GGC AAG 
CCT AGG CGA AAA AAT CCG CAG GAG GGT TTG TAT AAT GAA CTC CAG AAG GAT 
AAG ATG GCT GAG GCC TAT TCC GAG ATT GGA ATG AAG GGA GAG CGC AGG 
CGG GGA AAA GGC CAT GAT GGA CTG TAT CAG GGC TTG TCA ACA GCT ACG AAA 
GAC ACT TAC GAT GCC CTG CAC ATG CAG GCC CTC CCC CCG CGG TAA GTT TAA 
AC 

 

Figure 17. Synthetic DNA cassette used for the development of pCD8-Cass-HR and pIgG4-
Cass-HR. BglII and MluI restriction sequences highlighted in green. Homology arms to the AAVS1 
locus highlighted in clear grey. NheI for plasmid linearisation highlighted in dark grey. 

DNA sequence digested from pAAVS1-HR and used to obtain pCD8-Cass-HR and 
pIgG4-Cass-HR 

AGA TCT CCT GCT GGG ATG ACG AGC GTA AGC CAC CAT GCC CAG CTG GGT TTT 
ATT TAT TTT GGT TTT TTT CCT GAC CCC TTA ACT AGA AAT AAG CTC CAC GAG 
AGC GGG ATC TTT TGT CTT CTG TGC ACT ACT TGT CCT CGG TTC TTA GAA CAG 
AAC CTG AGA GAA CCT GAT CGC AAA TAT TTT TGG AAT GAA TGA ATG AAT GGG 
TTC ACC AGG GCA CCA TGG GAA ACT GAG TCC GCA ACC TAG AAG CCA TGA AAG 
ACA GTC CAC TTC CAA GCT TCC CTG GGT GAC CTC GCA GGG CAT GCT GGG AAA 
TGA AAT TTG CGG TGA AAA GGT CAG GAC CAC GAT CCT AGG GCA CGC TGG GAA 
ATG TAG CCC ACA GGG CCA CAC CCC TAA AAG CAC AGT GGG GTG CAA GGC ACC 
TCA ACA ACT AGC AAA GGC AGC CCC GCT AGC ATA AAC ACA CAG TAT GTT TTT 
AAG AGA AGG GGA GGC GGG ACG CA AGG GAG ACA TCC GTC GGA GAA GGC CAT 
CCT AAG AAA CGA GAG ATG GCA CAG GCC CCA GAA GGA GAA GGA AAA GGG 
AAC CCA GCG AGT GAA GAC GGC ATG GGG TTG GGT GAG GGA GGA GAG ATG 
CCC GGA GAG GAC CCA GAC ACG GGG AGG ATC CGC TCA GAG GAC ATC ACG 
TGG TGC AGC GCC GAG AAG GAA GTG CTC CGG AAA GAG CAT CCT TGG GCA 
GCA ACA CAG CAG AGA GCA AGG GGA AGA GGG AGT GGA GGA AGA CGG AAC 
CTG AAG GAG GCG GCA GGG AAG GAT CTG GGC CAG CCG TAG AGG TGA CCC 
AGG CCA CAA GCT GCA GAC AGA AAG CGG CAC AGG CCC AGG GGA GAG AAT 
GCA GGT CAG AGA AAG CAG GGA AGG CAA TGC AAG GAG TTT TTG AAT ATT ACA 
AAT CAG TAA CGT TTA CGC GT 
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Figure 18. Synthetic DNA cassette used for the development of pCD8-CAR and pIgG4-CAR. 
MluI and SgsI restriction sequences highlighted in green. EF-1α promoter highlighted in clear grey. 
Kozak and CD8 SP highlighted in dark grey. 

DNA sequence digested from pEF1αP and used to obtain pCD8-CAR and pIgG4-
CAR 

ACG CGT TTT TTT TAG CGC GTG CGC CAA TTC TGC AGA CAT GAA TCA ACC TCT 
GGA TTC CGC CTC CCC GTC ACC ACC CCC CCC AAC CCG CCC CGA CCG GAG CTG 
AGA GTA ATT CAT ACA AAA GGA CTC GCC CCT GCC TTG GGG AAT CCC AGG GAC 
CGT CGT TAA ACT CCC ACT AAC GTA GAA CCC AGA GAT CGC TGC GTT CCC GCC 
CCC TCA CCC GCC CGC TCT CGT CAT CAC TGA GGT GGA GAA GAG CAT GCG TGA 
GGC TCC GGT GCC CGT CAG TGG GCA GAG CGC ACA TCG CCC ACA GTC CCC 
GAG AAG TTG GGG GGA GGG GTC GGC AAT TGA ACC GGT GCC TAG AGA AGG 
TGG CGC GGG GTA AAC TGG GAA AGT GAT GTC GTG TAC TGG CTC CGC CTT 
TTT CCC GAG GGT GGG GGA GAA CCG TAT ATA AGT GCA GTA GTC GCC GTG 
AAC GTT CCT CTG GCT AAC TAG AGA ACC CAC TGT AGT GAA CCG TCA GAT CGC 
CTG GAG ACG CCA TCC ACG GCC GCC ACC ATG GCC CTG CCT GTA ACC GCG TTG 
TTG TTG CCT CTT GCA CTT CTG CTC CAT GCG GCG CGC C 
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