
Aus dem Max-Delbrück-Centrum für Molekulare Medizin und 

der Medizinischen Fakultät Charité – Universitätsmedizin Berlin  

 

 

DISSERTATION 

 

Subset-specific transduction of CD4+ and CD8+ T cells in vivo 

   

Subgruppen-spezifische in vivo Transduktion von  

CD4+ und CD8+ T-Zellen  

 

zur Erlangung des akademischen Grades  

Doctor medicinae (Dr. med.) 

 

vorgelegt der Medizinischen Fakultät  

Charité – Universitätsmedizin Berlin 

 

von  

 

Christoph Philipp Kemna 

aus Bremen, Deutschland 

 

 

Datum der Promotion: 30.11.2023



T a b l e  o f  c o n t e n t s    P a g e  | ii 
 
 

1. Table of Contents 

1. Table of Contents ....................................................................................................... ii 

2. List of Tables ...............................................................................................................v 

3. List of Figures ............................................................................................................. vi 

4. Abbreviations ........................................................................................................... vii 

5. Zusammenfassung ..................................................................................................... 1 

6. Summary ................................................................................................................... 3 

7. Introduction ............................................................................................................... 5 

7.1. T cells and the immune system ............................................................................ 5 

7.1.1. Innate and adaptive immunity ............................................................................................................. 5 

7.1.2. T and B cells .......................................................................................................................................... 5 

7.1.3. The T cell receptor ................................................................................................................................ 6 

7.1.4. T cell maturation in the thymus ........................................................................................................... 7 

7.1.5. The generation of T cell receptors by somatic recombination ............................................................. 8 

7.1.6. T cell activation ..................................................................................................................................... 8 

7.1.7. T cell subsets ........................................................................................................................................ 9 

7.2. Cancer immunotherapies .................................................................................. 10 

7.2.1. Checkpoint-inhibitor therapy ............................................................................................................. 11 

7.3. Adoptive T cell therapy ..................................................................................... 12 

7.3.1. Unmodified T cells .............................................................................................................................. 12 

7.3.2. Tumour-infiltrating lymphocytes ........................................................................................................ 13 

7.3.3. Receptor-modified T cells ................................................................................................................... 13 

7.3.4. CAR T cells .......................................................................................................................................... 15 

7.3.5. TCR-engineered T cells ....................................................................................................................... 16 

7.4. Limitations of ex vivo cultured T cells ................................................................ 17 

7.5. Viral vectors ...................................................................................................... 18 

7.5.1. Gammaretroviral vectors ................................................................................................................... 19 

7.5.2. Pseudotyping ...................................................................................................................................... 19 

7.5.3. Pseudotyping of lentiviral vectors using Measles virus envelope ...................................................... 20 

7.5.4. Pseudotyping of gammaretroviral vectors using Measles virus envelope ......................................... 20 



T a b l e  o f  c o n t e n t s   P a g e  | iii 
 
 
8. Aims of the thesis ......................................................................................................22 

9. Materials and Methods .............................................................................................23 

9.1. TCR chain subtype and CDR3 identification ........................................................ 23 

9.2. Techniques of molecular biology ....................................................................... 24 

9.3. Construction of MP71- and 506-SB-plasmids ...................................................... 25 

9.4. Cell culture ........................................................................................................ 26 

9.4.1. Generation of AB1 HA and 4T1 HA ..................................................................................................... 27 

9.5. Large scale virus production .............................................................................. 27 

9.5.1. Titration of MVm8- and MVm4-vectors ............................................................................................. 29 

9.6. Antibodies ........................................................................................................ 29 

9.6.1. Anti-SFE TCR antibody production ..................................................................................................... 29 

9.6.2. Antibody staining and flow cytometry ............................................................................................... 30 

9.7. Co-culture and ELISA assays............................................................................... 31 

9.8. BALB/c-derived splenocytes .............................................................................. 32 

9.8.1. Isolation of splenocytes ...................................................................................................................... 32 

9.8.2. Magnetic-activated cell sorting (MACS) ............................................................................................. 33 

9.8.3. BALB/c-derived splenocyte culture .................................................................................................... 33 

9.9. Transduction ..................................................................................................... 33 

9.9.1. In vitro transduction ........................................................................................................................... 33 

9.9.2. In vivo transduction ............................................................................................................................ 33 

9.9.3. In vivo imaging .................................................................................................................................... 34 

9.10. Data analysis ................................................................................................. 34 

10. Results ......................................................................................................................35 

10.1. Detection of TCR chain subtypes and CDR3 regions ........................................ 35 

10.2. Generation of cell lines expressing HA ............................................................ 37 

10.2.1. Electroporation of AB1 and 4T1 ....................................................................................................... 38 

10.2.2. AB1 HA and 4T1 HA .......................................................................................................................... 39 

10.2.3. Growth of cancer cell lines and derivatives in BALB/c mice ............................................................. 40 

10.3. Transduction of 58m4 and 58m8 and titration of viral supernatants ............... 41 

10.4. Production of the 6.5 antibody for TCR-specific staining ................................. 42 



T a b l e  o f  c o n t e n t s   P a g e  | iv 
 
 

10.5. Transduction of primary BALB/c-derived T cells in vitro .................................. 44 

10.5.1. Transduction of BALB/c-derived CD8+ T cells by MVm8 in vitro ...................................................... 44 

10.5.2. Transduction of BALB/c-derived CD4+ T cells by MVm4 in vitro ...................................................... 45 

10.5.3. Co-culture assays using MVm8/Clone 1- and Clone 4-transduced T cells ........................................ 46 

10.5.4. Co-culture assays using MVm4/SFE-transduced T cells ................................................................... 48 

10.6. Transduction of BALB/c lymphocytes in vivo .................................................. 50 

11. Discussion .................................................................................................................56 

11.1. Limitations of ex vivo manufacturing of T cell-based immunotherapies .......... 56 

11.2. The synergy of CD4+ and CD8+ T cells and their clinical application .................. 57 

11.3. Cell lines and immune escape ........................................................................ 59 

11.4. TCR avidity and co-culture ............................................................................. 60 

11.5. TCR-engineering by subset-specific in vivo transduction of CD4+ and CD8+ T cells

 61 

11.6. Titre and variety of pseudotyped retroviral vectors ........................................ 62 

11.7. Conclusion and outlook.................................................................................. 63 

12. References ................................................................................................................65 

13. Curriculum Vitae .......................................................................................................83 

14. Publications ..............................................................................................................84 

15. Acknowledgements ...................................................................................................85 

16. Statistics certificate ...................................................................................................86 

 



L i s t  o f  t a b l e s   P a g e  | v 
 
 

2. List of Tables 

Table 1 Mouse strains harbouring TCR transgenes ................................................................. 23 

Table 2 List of primers used for TCR chain subtype and CDR3 identification .......................... 23 

Table 3 List of generated Plasmids .......................................................................................... 25 

Table 4 Plasmids used in large scale virus production ............................................................. 28 

Table 5 Antibodies and tetramer used in flow cytometry ....................................................... 30 

Table 6 Peptides used in co-culture assays .............................................................................. 32 

Table 7 TCR chain segments reported in the literature ........................................................... 36 

Table 8 TCR chain segments and CDR3 regions determined by sequencing ........................... 37 



L i s t  o f  f i g u r e s    P a g e  | vi 
 
 

3. List of Figures 

Figure 1 AB1 and 4T1 express GFP after electroporation with 506-SB-HAiGFP. …………………. 39 

Figure 2 AB1 and 4T1 single cell clones AB1 HA and 4T1 HA show expression of HA and GFP.

 .................................................................................................................................................. 40 

Figure 3 AB1 HA and 4T1 HA grow similarly to their respective parental cell lines AB1 and 4T1 

in BALB/c mice. ......................................................................................................................... 41 

Figure 4 MVm8/Clone 1 and MVm8/Clone 4 transduce 58m8 and MVm4/SFE transduces 

58m4. ........................................................................................................................................ 42 

Figure 5 Staining using clonotypic 6.5 mAb on 58m4 transduced with MVm4/SFE. .............. 43 

Figure 6 MVm8/Clone 1 and MVm8/Clone 4 transduce BALB/c-derived CD8+ splenocytes 

efficiently and exclusively. ....................................................................................................... 44 

Figure 7 MVm4-pseudotyped gRV/SFE transduces BALB/c-derived CD4+ splenocytes 

effectively and exclusively. ....................................................................................................... 46 

Figure 8 MVm8/Clone 1- and MVm8/Clone 4-transduced BALB/c-derived CD8+ T cells 

recognize their epitope presented on unsorted splenocytes. ................................................. 47 

Figure 9 MVm8/Clone 1- and MVm8/Clone 4-transduced BALB/c-derived CD8+ T cells 

recognize the antigen expressing cell lines AB1 HA and 4 T1 HA. ........................................... 48 

Figure 10 MVm4/SFE-transduced BALB/c-derived CD4+ T cells recognize peptide presented 

on DCs. ...................................................................................................................................... 49 

Figure 11 MVm4/SFE-transduced BALB/c-derived CD4+ T cells recognize their epitope 

presented on DCs after processing of antigen derived from cell lysate. ................................. 50 

Figure 12 In vivo transduction of BALB/c mice, synopsis. ........................................................ 53 

Figure 13 In vivo transduction of BALB/c mice, detailed. ........................................................ 55 



A b b r e v i a t i o n s    P a g e  | vii 
 
 

4. Abbreviations 

ACK ammonium-chloride-potassium Lysing Buffer 

Allo-SCT  allogeneic haematopoietic stem cell transplantation  

APC  professional antigen presenting cells 

ACT adoptive cell therapy 

B6  C57BL/6 mice  

BCG  bacillus Calmette-Guerin 

BCMA  B cell maturation antigen 

BCR  B cell receptor 

C  constant region 

CAR  chimeric antigen receptor 

CD  cluster of differentiation 

CDR3  Complementary-determining region 3 

CEA carcinoembryonic antigen 

Cish  cytokine-inducible SH2-containing protein 

CML  chronic myeloid leukaemia 

CR  complete response 

CTLA4  cytotoxic T lymphocyte antigen 4  

D  Diversity 

DC  dendritic cells 

DLI  donor lymphocyte infusions  

DMEM  Dulbecco´s modified Eagle´s medium 

ELISA enzyme-linked immunosorbent assay 

F  membrane fusion protein 

FACT Foundation for the Accreditation of Cellular Therapy 

FCS  fetal calf serum 

FDA  U.S. Food and Drug Administration 

FLuc  Firefly luciferase 

GM-CSF granulocyte-macrophage colony-stimulating factor 

GFP green fluorescent protein 

gRV  gammaretroviral/gammaretrovirus 

GVHD  graft-versus-host disease 

GVL  graft-versus-leukaemia effect  

H  hemagglutinin  

ICAM  intercellular adhesion molecule 1; CD54 

IFN  interferon  

IL  Interleukin 

IVIS In Vivo Imaging System 

HA Influenza A/PR/8/34 H1N1 hemagglutinin  

IRES internal ribosomal entry site 

ITAM  immunoreceptor tyrosine-based activation motifs 



A b b r e v i a t i o n s   P a g e  | viii 
 
 
IYSTVASSL-
Tetramer 

Clone 1 TCR and Clone 4 TCR specific H-2Kd Influenza A/PR/8/34 H1N1 HA 
tetramer-IYSTVASSL-PE 

J  joining  

JACIE Joint Accreditation Committee ISCT-Europe & EBMT 

LFA-1  lymphocyte function-associated antigen 1 (LFA-1) 

LMO2  LIM domain only 2 

LV  Lentiviral/Lenti virus 

NV Nipah virus 

mAbs  monoclonal antibodies 

MAGE  melanoma antigen 

MART-1  melanoma-associated antigen recognized by T cells 

mCD4  murine CD4 

mCD8  murine CD8 

MDC Max-Delbrück-Centrum, Berlin, Deutschland 

MHC  major histocompatibility complex 

MiHA  minor histocompatibility antigens 

MP71 Myeloproliferative sarcoma virus-derived promoter variant 

MV  Measles virus 

MVm4 MV-envelope-based pseudotyped gammaretroviral vector targeting 
murine CD4 

MVm8  MV-envelope-based pseudotyped gammaretroviral vector targeting 
murine CD8 

NKT cells natural killer T cells 

NSCLC non-small cell lung cancer 

NY-ESO-1  New York oesophageal squamous cell carcinoma 1  

OVA  ovalbumin 

P/S Penicillin/Streptomycin 

PAMPs pathogen-associated molecular patterns 

PMA phorbol 12-myristate 13-acetate 

PRR pattern-recognition receptors 

PCR polymerase chain reaction 

PD1  programmed cell death 1 

PDL1  programmed cell death ligand 1 

PEI  polyethylenimine 

PBS Phosphate-buffered saline 

PKC  protein kinase C 

PMA phorbol-12-myristate-13-acetate 

pMHC  peptide presented on MHC molecules  

PR  partial response 

PTK Src-family protein tyrosine kinases 

RAG  recombination activating genes 

RLuc Renilla luciferase 

ROI region of interest 

RPMI Roswell Park Memorial Institute medium 
RV retroviral vectors  



A b b r e v i a t i o n s   P a g e  | ix 
 
 
SB Sleeping Beauty transposon system 

SEM standard error of the mean 

scFv  single-chain variable fragment 

SCID severe combined immunodeficiency 

SCLC  small-cell lung cancer 

SIRS  systemic inflammatory response syndrome 

SMAC  supramolecular activation cluster 

SMN1  survival motor neuron 1 

SPF specific pathogen-free 

ss single-stranded 

TAA tumour associated antigen 

TME tumour microenvironment 

TCR T cell receptor 

TRA TCR α-chain 

TRB TCR β-chain 

Tfh follicular B helper T cells  

TIL  tumour-infiltrating lymphocytes 

TNF  tumour necrosis factor 

Treg  regulatory T cells 

TRUCKs  T cells redirected for antigen-unrestricted cytokine-initiated killing 

TU/ml transducing units per ml 

V  Variable  

ZAP-70  Syk-family kinase ζ-associated protein of 70 kDa   

 

 



Z u s a m m e n f a s s u n g   P a g e  | 1 
 
 

5. Zusammenfassung 

T-Zell-basierte Immuntherapie ist ein vielversprechender Fortschritt in der Behandlung von 

hämatologischen und soliden malignen Erkrankungen. Der T-Zell-Rezeptor (TCR) bestimmt die 

Spezifität von T-Zellen. Mittels TCR erkennen T-Zellen Epitope innerhalb von Peptiden, die 

durch Haupthistokompatibilitätskomplex-Moleküle (MHC) präsentiert werden. Derzeitige 

Immuntherapien fokussieren sich auf CD8+ T-Zellen und vernachlässigen die Rolle von 

CD4+ T-Zellen. Der Einschluss von CD4+ T-Zellen würde eine umfassendere T-Zell-Antwort 

induzieren. Aktuelle Herstellungsprotokolle verwenden langwierige und kostspielige ex vivo 

Transduktion, ein Prozess, der nicht für die Herstellung gemischter T-Zell-Produkte geeignet 

ist. Das Ziel dieser Dissertation war der T-Zell-Subgruppen-spezifische in vitro und in vivo 

Gentransfer mittels Masernvirus (MV)-Hüllprotein-pseudotypisierter gammaretroviraler 

Vektoren (gRV). Diese Methode vereinfacht den Herstellungsprozess T-Zell-basierter 

Immuntherapien und umgeht die ex vivo T-Zell-Kultur. Im Rahmen dieser Dissertation wurden 

TCRs ausgewählt, die ein Modellantigen, Influenza A/PR/8/1934 H1N1 Hämagglutinin (HA), 

erkennen. Diese wurden sequenziert, optimiert und in MV-Hüllprotein-pseudotypisierte gRV, 

spezifisch entweder für CD4 (MVm4) oder CD8 (MVm8), integriert. Die verwendeten TCRs 

waren die zwei MHC Klasse I H-2Kd restringierten TCR Clone 1 und Clone 4, sowie der 

MHC Klasse II H2-IEd restringierte SFE TCR. Es wurden zwei Krebszelllinien für in vitro und 

in vivo Versuche ausgewählt, die eine Tumorerkrankung in immunkompetenten 

BALB/c Mäusen etablieren und Antigen-exprimierende Derivate dieser Zelllinien generiert. 

Mit den MV-Hüllprotein-pseudotypisierten gRV MVm4 und MVm8 wurden unsortierte 

Splenozyten in vitro transduziert und ein Transgen, kodierend für den passenden TCR für die 

jeweilige Subgruppe, übertragen. Transduzierte CD8+ T-Zellen, die entweder Clone 1 oder 

Clone 4 TCR exprimierten, zeigten eine dosisabhängige IFNγ-Sekretion in 

Ko-Kultur-Experimenten nach Antigenstimulus, sowohl durch Peptid-beladene Splenozyten 

als auch durch Antigen-exprimierende Zelllinien. Demgemäß sekretierten 

SFE TCR-transduzierte CD4+ T-Zellen dosisabhängig IL-2 in Ko-Kultur-Experimenten mit Peptid- 

oder Krebszelllysat-beladenen dendritischen Zellen. MVm4 and MVm8 wurden in einem 

in vivo Modell erprobt, indem sie systemisch BALB/c Mäusen appliziert wurden, um deren 

T-Zellantwort gegen HA-exprimierende Krebszelllinien zu richten. Homing, Expansion und 

Kontraktion der T-Zellen wurde über einen Zeitraum von 73 Tagen im Live-Imaging mittels, 
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neben dem TCR koexprimierter, Luziferase dargestellt. Zusammenfassend lässt sich sagen, 

dass das MV-Hüllprotein pseudotypisierte gRV-System die spezifische in vivo Transduktion 

von CD8+ T-Zellen in BALB/c Mäusen zeigen konnte, weiterführend wurden erstmalig die 

zielgerichtete in vivo-Transduktion von CD4+ T-Zellen und die resultierende 

MHC Klasse II-restringierte T-Zellantwort gezeigt.
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6. Summary 

T cell-based immunotherapy is a promising approach in treating haematological and solid 

malignancies. The specificity of a T cell is determined by its T cell receptor (TCR). The TCR 

recognizes epitopes within peptides that are bound to major histocompatibility complex 

(MHC) molecules. Current T cell-based therapies focus on CD8+ T cells, disregarding the 

CD4+ T cell population. The inclusion of CD4+ T cells could lead to a more complete T cell 

response. Current manufacturing protocols utilise ex vivo transduction, a protracted and 

costly process unsuited for generating mixed T cell products. The aim of this thesis was to 

show subset-specific gene transfer targeting T cell subsets in vitro and in vivo with a 

gammaretroviral (gRV) vector system pseudotyped with a Measles virus (MV) envelope. This 

approach simplifies the manufacturing process of mixed therapeutic T cell products while 

bypassing ex vivo culture. In the scope of this thesis, TCRs targeting a model antigen, 

Influenza A/PR/8/34 H1N1 hemagglutinin (HA), were selected, sequenced, optimised, and 

integrated into MV-pseudotyped gRV specific for either CD4 (MVm4) or CD8 (MVm8). The 

TCRs used were two MHC class I H-2Kd-restricted TCRs called Clone 1 and Clone 4 as well as 

the MHC class II H2-IEd-restricted SFE TCR. Two cancer cell lines capable of tumorigenesis in 

immunocompetent BALB/c mice were chosen for in vitro and in vivo evaluation, and derivate 

cell lines expressing the target antigen were generated. The MV-pseudotyped gRV vectors 

MVm4 and MVm8 were used to transduce unsorted splenocytes in vitro, delivering a 

transgene encoding for the model TCRs to their corresponding subsets. CD8+ T cells 

transduced with either Clone 1 or Clone 4 TCR exhibited secretion of IFNγ relative to the dose 

of antigenic stimulus upon co-culture with peptide-loaded splenocytes and antigen-expressing 

cancer cell lines. Correspondingly, CD4+ T cells transduced with the SFE TCR showed 

antigen-dependent secretion of IL-2 in co-culture experiments with dendritic cells loaded with 

peptide or cancer cell lysate. MVm4 and MVm8 were tested in an in vivo model - they were 

applied systemically to BALB/c mice to redirect their T cell response against the antigenic 

stimulus of HA-expressing cancer cells. Homing, expansion, and contraction of T cells was 

monitored via live imaging for a timeframe of 73 days by luciferases co-expressed with the 

TCR. In conclusion, the MV-pseudotyped gRV system was successfully adopted to 

BALB/c mice, confirming targeted in vivo transduction of CD8+ T cells and providing the first 
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evidence of targeted in vivo transduction of CD4+ T cells leading to a functional 

MHC class II-restricted T cell response.
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7. Introduction 

7.1. T cells and the immune system 

7.1.1. Innate and adaptive immunity 

The immune system is an organism’s defence against infection and aberrant cells. In 

mammals, it can be divided into the innate and adaptive immune system, both of which need 

to able to differentiate self from non-self. The innate immune system employs pattern-

recognition receptors (PRR), which recognize pathogen-associated molecular patterns 

(PAMPs), such as certain glycoproteins, nucleic acids, or foreign membrane structures, 

providing a fast-acting initial defence (1, 2). PAMPs are predefined and therefore limited in 

the number and diversity of targets. In contrast to the adaptive immune system, innate 

immunity can only recognize a fixed set of non-self structures. The innate immune system 

plays a vital role in the immediate immune response and is closely intertwined with the 

adaptive immune system (3-5). 

Adaptive immunity is an intricate and highly developed system mediated by a diverse set of 

antigen receptors expressed on T cells and B cells, which are the main effector cells of the 

adaptive immune system. Both T and B cells are equipped with unique antigen receptors 

generated by somatic recombination, enabling them to elicit a specific immune response 

against virtually every pathogen. These receptors form a unique repertoire in every individual 

and can provide a long-lasting immunological memory to protect against recurring pathogens.  

7.1.2. T and B cells 

T and B cells are the central agonists of the adaptive immune response, and both are 

derivative of a common lymphoid progenitor arising from hematopoietic stem cells in the 

bone marrow. T and B cells can be distinguished by their antigen receptor. B cells produce 

antibody molecules, which in naïve and memory B cells are presented as part of the 

B cell receptor (BCR), and after activation they differentiate into plasma cells. Plasma cells 

secrete antibodies which are released into blood, tissue fluid and secretions, where they can 

encounter their specific antigen (6-8). 



I n t r o d u c t i o n   P a g e  | 6 
 
 

The functions of T cells are highly heterogenous, and they can be grouped into a variety of 

subsets. Two major subsets are called CD8+ cytotoxic T cells and CD4+ helper T cells. T cells 

have the capability to directly induce cell death, they can kill virus-infected cells and 

cancer cells, and they are able to secrete cytokines to recruit other immune cells. CD4+ T cells 

aid the immune response indirectly; they orchestrate if and how other parts of the immune 

system respond to immunogenic insults. T cells recognize epitopes bound to major 

histocompatibility complex (MHC) molecules via an antigen receptor, called the T cell receptor 

(TCR), expressed on the cell surface (9-12). MHC molecules come in two varieties, MHC class I 

and II. MHC class I is typically found on the cell surface of every nucleated cell and is loaded 

with peptides - preferentially of a length of 8-9 amino acids - obtained by proteasomal 

degradation of proteins (13, 14). MHC class II is expressed by professional antigen presenting 

cells (APC). Dendritic cells (DC) are the most prominent representative of this group, but 

macrophages and B cells are also capable of antigen presentation on MHC class II. APC can 

process phagocyted cells, pathogens, and debris into peptides - preferentially of a length of 

12-20 amino acids - and load them onto MHC class II molecules in a specialized compartment 

called a phagolysosome (15-17). CD8+ T cells recognize epitopes presented on MHC class I, 

while CD4+ T cells are restricted to MHC class II (11, 12). 

7.1.3.  The T cell receptor  

A functional TCR is a heterodimer consisting of an α- and a β-chain. Both chains are made up 

of a constant (C) and a variable region (V). The variable region is, in the case of the TCR α-chain 

(TRA), made up of a variable (V) and a joining (J) segment, while the β-chain (TRB) has an 

additional diversity (D) segment, thus being made up by a VDJ-sequence (18-20). The constant 

regions of the TCR’s α- and β-chains are interlinked via a disulphide bridge and anchored to 

the T cell membrane (21). The TCR α- and β-chains are flanked by transmembrane proteins 

called CD3, a complex made up of four chains: γ- δ- and two ε-chains. Together with two more 

polypeptides, called ζ-chains, they make up the TCR complex. The CD3 and ζ-chains provide 

the coupling of the TCR’s signal to intracellular transduction pathways via immunoreceptor 

tyrosine-based activation motifs (ITAM) (22). Engagement of the TCR triggers phosphorylation 

of ITAM by Src-family protein tyrosine kinases (PTK), such as Lck and Fyn. Downstream 

signalling involves the phosphorylation of Syk-family kinase ζ-associated protein of 
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70 kDa (ZAP-70), which associates with the activated TCR complex. Adapter PTK are recruited, 

and a signalling complex is formed (23-26). 

7.1.4. T cell maturation in the thymus 

The lymphoid progenitors of T cells migrate to the thymus and enter without expression of 

their characteristic antigen receptor, the TCR. The main task of the thymus is the maturation 

of the residing T cell progenitors, called thymocytes, to generate T cells capable of 

differentiating self from non-self. This process involves positive and negative selection; 

positive selection to ensure that T cells recognize peptide bound to MHC, and negative 

selection to prevent autoimmunity. ‘Double negative’ thymocytes rearrange their TCRs in a 

process called somatic recombination, which is described below. After successfully 

rearranging their TCR they express CD4 and CD8, thus becoming ‘double positive’ 

CD4+CD8+ thymocytes. CD4+CD8+ T cells are selected for TCR affinity to self-peptide presented 

on MHC (27). In the thymic cortex, epithelial cells present self-peptides on MHC class I and 

MHC class II. Maturing T cells undergo positive selection to select for T cells with sufficient 

interaction and restriction to an individual’s repertoire of MHC. Thymocytes weakly 

interacting with MHC receive survival signals, while those unable to interact sufficiently 

undergo neglect-induced apoptosis (28). This process restricts thymocytes to one type of 

MHC allele (29). Negative selection occurs when a thymocyte undergoes apoptosis due to too 

high affinity to self-pMHC as well as interaction with medullary thymic epithelial and dendritic 

cells (30, 31). This process deletes most TCRs with too high affinity for the presented 

self-peptides from the repertoire, preventing them from causing auto-reactivity resulting in 

autoimmune disease (32-34). A subset of high affinity CD4+ T cells does not undergo apoptosis 

and differentiates into regulatory T cells inhibiting immune responses and counteracting 

autoimmunity (35, 36). Thymocytes’ recognition of peptides presented on MHC class I or 

class II decides which T cell subset they are committed to. Thymocytes recognizing 

self-peptide bound to MHC class I become single-positive CD4-CD8+ T cells, also called 

cytotoxic T cells. Avidity to self-peptide presented on MHC class II leads to a differentiation 

resulting in single-positive CD4+CD8- T helper cells (37). Thymocytes, having undergone 

positive and negative selection, leave the thymus as naïve T cells restricted to a singular, not 

yet encountered foreign peptide on a specific MHC allele. 
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7.1.5. The generation of T cell receptors by somatic recombination 

The immense diversity of TCRs is enabled by a genetic rearrangement process called somatic 

recombination. T cell progenitors undergo this process during development in the thymus to 

rearrange a functional TCR. It is initiated by recombination activating genes (RAG) 1 and 2 in 

interaction with other factors; together they form the VDJ-recombinase complex (38-40). 

Mice deficient for either RAG-1 or -2 show an early arrest in T cell development (41, 42). 

Somatic recombination starts with the first β-DJC cluster of the β-chain by joining a β-D to a 

β-J segment, then a β-V is added. The resulting β-VDJ sequence is joined to β-C. If the resulting 

recombined β-chain is productive, it pairs with a germline-encoded α-chain and is expressed 

on the cell surface (43). A short period of proliferation follows, the rearrangement of the 

α-chain is initiated, and α-V and α-J are joined and fused to α-C (44). These cells make up the 

α:β T cell lineage, accounting for the vast majority of T cells. If the somatic recombination of 

the β-DJC fails on both chromosomes, thymocytes may rearrange the δ locus and enter a 

lineage called γ:δ T cells (45, 46). 

The process of somatic recombination includes double-stranded DNA breaks, where one 

strand is cut imprecisely, then exonucleases and transferases add or subtract nucleotides (47). 

These hypervariable regions between segments - in the case of the β-chain, the V-D-J junction, 

and in the case of α-chain, V-J - are called complementary determining regions 3 (CDR3). The 

CDR3 is a TCR’s most diverse region and provides the principal peptide binding residues. It is 

the main determinant of antigen specificity; its vital role in antigen recognition and 

exceptional diversity even allows for profiling the clonotypes of T cells (48-50). 

7.1.6. T cell activation 

When a naïve T cell encounters its specific pMHC it gets activated in a process referred to as 

priming. If the pMHC is presented by a DC, the T cell receives a first activating signal by the 

binding of the TCR complex and its co-receptor CD4 or CD8. The second signal is received by 

the binding of CD28 to the DCs costimulatory CD80 and CD86 which mediates an antiapoptotic 

response. The third signal consists of costimulatory cytokines and interleukins aiding 

proliferation and differentiation (51, 52). The initial encounter with its specific antigen induces 

the T cell to express Interleukin (IL)-2 and an IL-2 receptor (IL-2R) α-chain (CD25) which 

together with a β- (CD122) and γ-chain (CD132), making up the moderate affinity IL-2 receptor 
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of a naïve T cell, form a high affinity IL-2 receptor. IL-2, especially in conjunction with the co-

stimulation of CD28, is a main driver for proliferation and differentiation of effector T cells (53, 

54). The activated T cells cease to migrate and undergo clonal expansion and differentiation 

in the lymph node. These cells differentiate into effector and memory T cells in the case of 

CD8+ T cells and in the case of CD4+ T cells, dependent on co-stimulatory interleukins and 

cytokines, an array of effector cell types (55). These cells are then able to leave the secondary 

lymphoid organs and home to sites of inflammation. 

7.1.7. T cell subsets 

CD8+ T cells can exert their function by directly interacting with targets, for example cells 

infected by a virus or malignant cells presenting mutated peptides. An initial contact of the 

CD8+ T cell to a target cell is mediated by the binding of the T cells 

Lymphocyte function-associated antigen 1 (LFA-1) and CD2 to a target cell’s 

intercellular adhesion molecule 1 (ICAM; CD54) and CD58. After recognition of the target 

peptide presented on a fitting MHC, CD8+ T cells form a supramolecular activation cluster 

(SMAC), also called an immune synapse, a dynamic structure of concentric rings of protein 

clusters containing CD2, CD4, CD8, CD28, T cell-specific tyrosine kinases and the θ isoform of 

protein kinase C (PKC) in the centre, while proteins like LFA-1, talin, CD43, and CD45 cluster in 

the periphery. TCRs cluster in the central part of the SMAC as well as in the periphery in 

microclusters (56-59). The CD8+ T becomes polarized and focuses the secretion of soluble 

effector molecules at the site of contact. These can be divided into cytotoxins and cytokines. 

Cytotoxins are stored in exocytotic vesicles, and they include perforin, granzymes and 

granulysin. Perforin can perforate a target-cell’s membrane, while granzymes initiate 

apoptosis through activation of the caspase cascade (60). A second mode of action is mediated 

by membrane-bound proteins of the death receptor family, such as Fas ligand (CD95L) and 

CD40 ligand, binding to their counterparts Fas (CD95) and CD40 on target cells and initiating 

apoptosis (61-63). CD8+ effector T cells also release cytokines which act locally and at a 

distance. The main effector cytokines released are interferon (IFN)γ and tumour necrosis 

factor (TNF)α. IFNγ induces expression of MHC class I and II, activates macrophages and 

inhibits viral replication (64-66). TNFα is a cytokine, activating the vascular endothelium, 

aiding mobilisation and extravasation of immune cells, modulating permeability of blood 
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vessels, and acting as an endogenous pyrogen. Both IFNγ and TNFα have been shown to 

promote tumour regression by causing ischaemia in tumours (67). 

The term CD4+ T cell covers a more diverse variety of subsets. CD4+ T cells recognize their 

antigens bound to MHC class II on APC and play a central role in aiding other immune cells, 

controlling their growth and activation as well as guiding them to the site of inflammation. 

CD4+ T cells polarize the immune response appropriate to the nature of an immunological 

insult via an array of soluble and membrane-bound effector molecules. Subsets of CD4+ T cells 

include the classical subsets Th1, Th2 and regulatory T cells (Treg). Th1 effector molecules 

include IFNγ, TNFα and β, IL-2, IL-3, IL-10, and GM-CSF, supporting CD8+ effector T cells directly 

and by activating other cells like macrophages. Th2 secrete IL-4, aiding T cell growth and 

survival, as well as B cell growth hormones such as IL-5, IL-9, and IL-13. Additionally, they 

express membrane-bound CD40L, inducing B cell proliferation and isotype switching (55, 68, 

69).  Treg differ from other CD4+ T cells, as they fulfil an inhibitory role. Their main cytokines 

are IL-10 and TGFβ, and their roles include limiting an immune response, maintaining 

tolerance to self-antigens, as well as modulating and suppressing T cell differentiation and 

proliferation (70).  

A minority called natural killer T cells (NK T cells) express a limited diversity of α:β TCR and 

play a role in early infections, and they recognize CD1 rather than MHC molecules. NK T cells 

are classified as T cells that react to α-galactosylceramide loaded onto CD1d multimers, while 

earlier definitions were limited to T cells co-expressing NK cell markers such as CD161 (71-73). 

A second minority, γ:δ T cells, express a different kind of TCR, a heterodimer of a γ- and a 

δ-chain. Recent research has implied a broad spectrum of roles in tissue homeostasis and 

surveillance of infection (45, 46). 

7.2. Cancer immunotherapies 

The notion that the immune system is a powerful ally in the fight against cancer has been 

established for a long time. One of the oldest cancer immunotherapies was established at the 

end of the 19th century. W. Coley demonstrated the effectiveness of using heat-inactivated 

bacterial extracts of Staphylococcus pyogenes and Serratia marcescens (Coley’s toxins), to 

boost immunity, generating favourable results in a variety of cancers (74, 75). A distant cousin 

of Coley’s toxins, that is still in use today, was published in 1976, showing the effectiveness of 
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bacillus Calmette-Guérin (BCG), an attenuated strain of Mycobacterium bovis, in the 

treatment of bladder cancer (76). Early experiments in the 20th century showed that mice from 

Germany inoculated with cancer cells derived from a sarcoma of a mouse from Japan resisted 

subsequent challenges of the same tumour, if they rejected the tumour initially (77). This was 

later attributed to MHC mismatches (78). A powerful new tool in the research of cancer 

immunotherapies was the use of inbred mice, established between 1909-1920, enabling 

researchers to rule out non-tumour specific effects, and leading to the discovery of tumour 

antigens in the following decades (79, 80). Experiments between 1943 and 1957 using 

methylcholanthrene-induced tumours provided major evidence that tumours express 

antigens, allowing them to be recognized by the adaptive immune system, and that 

immunization against them is feasible (81-83). 

In 1959 and 1970 the theory of immune surveillance of cancer was proposed by L. Thomas 

and F. Burnet. This hypothesis claims that cancer cells constantly arise and are recognized and 

rejected by the immune system (84). Since then, this hypothesis has been challenged and 

modified several times, emphasizing the complex interplay between tumorigenesis and the 

immune system (85, 86). To this day, it is debated whether naturally arising tumours, in 

contrast to transplanted ones, are able to elicit an immune response capable of rejecting a 

tumour (87). 

7.2.1. Checkpoint-inhibitor therapy 

T cell activation is followed by negative regulation by potent inhibitory proteins called 

checkpoint molecules. The two most prominent examples are 

cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed cell death 1 (PD1). CTLA4 is 

induced after T cell activation and inhibits T cells through several mechanisms, including 

binding to CD80/CD86 with higher avidity and affinity than CD28, thereby competing for 

co-stimulatory ligands (88, 89). The first antibody targeting CTLA4 approved for clinical use in 

the treatment of melanoma was Ipilimumab in 2011, and approval for renal cell carcinoma, 

non-small cell lung cancer (NSCLC), mesothelioma and microsatellite instability-high- or 

mismatch repair-deficient colon cancer followed, either as mono- or combination therapies, 

with several more active studies as of 2021 (90-93). PD1 is expressed on T cells after activation, 

and it binds to PDL1 and 2, both being homologous to B7. The primary inhibitory function of 
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PD1 is realized by dephosphorylation of the CD3 ζ-subunit and ZAP70, interfering with T cell 

activation and CD28 signalling (94-97). PD1/PDL1 engagement can lead to apoptosis, or a state 

called T cell exhaustion, a loss of function induced by chronic low antigen stimulation, 

although the exact mechanism is an active research topic (98, 99). While PDL1 or PDL2 

overexpression have been shown in cancer cell lines to hamper CD8+ T cell anti-tumour 

response, PD1 blockade has been shown to promote tumour rejection and, in mouse models, 

limit metastasis (100, 101). Pembrolizumab and Nivolumab were the first 

anti-PD1 monoclonal antibodies (mAbs) approved for clinical use in the treatment of 

refractory, unresectable melanoma in 2014 (102-105). In subsequent years, successful trials 

expanded the indications for pembrolizumab and nivolumab. Indications for pembrolizumab 

now include NSCLC, Hodgkin’s lymphoma, gastric and gastroesophageal carcinoma, and 

urothelial carcinoma (106-108). Likewise, nivolumab is used in treating renal cell carcinoma, 

hepatocellular carcinoma, head and neck squamous cell carcinoma, Hodgkin’s lymphoma, 

urothelial carcinoma and several others, along with even more ongoing trials (109-113). PDL1 

has also been targeted successfully with atezolizumab, approved in 2016 for the treatment of 

urothelial carcinoma, with more recent indications being expanded to NSCLC, small-cell lung 

cancer (SCLC) and triple-negative breast cancer treatment (114-117). In 2017, two more mAbs 

targeting PDL1 - avelumab and durvalumab - entered the market. Duvalumab can be used in 

treating NSCLC and urothelial carcinoma, while avelumab is indicated in treating 

renal cell carcinoma, urothelial carcinoma, and Merkel cell carcinoma (118-122). 

7.3. Adoptive T cell therapy 

7.3.1. Unmodified T cells 

Adoptive cell therapy (ACT) is an active field of research, showing promise for a variety of 

different malignancies. One of the earliest publications concerning the use of cell-based 

therapy for the treatment of tumours showed that tumour regression can be induced by 

autologous co-transplantation of leukocytes and tumour tissue (123). The first clinical use of 

ACT came with the advent of allogeneic haematopoietic stem cell transplantation (allo-SCT) in 

chronic myeloid leukaemia (CML), where an immune effect, called graft-versus-leukaemia 

(GVL) cleared residual malignant T cells. It was later shown that GVL can be attributed mainly 

to T cells, since donor grafts depleted them of increased risk of relapse (124, 125). This 
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immune response can also manifest as a systemic autoimmune disorder, mainly involving the 

skin, intestine and liver, termed graft-versus-host disease (GVHD), representing one of the 

most serious and difficult to treat complications of allo-SCT (126). Studies concerning allo-SCT 

corroborated the duality of T cell response in the setting of monozygotic twins and led to the 

identification of minor histocompatibility antigens (MiHA) presented on leukaemia cells being 

the targets for T cells (127, 128). The prognosis of patients suffering relapse after allo-SCT is 

very poor and therapeutic options are limited. Donor Lymphocyte infusions (DLI) can induce 

partial responses (PR) and complete responses (CR) in this dire setting. A drawback of DLI 

therapy is a high rate of complications in the form of GVHD (129-131). 

7.3.2. Tumour-infiltrating lymphocytes  

ACT employing tumour-infiltrating lymphocytes (TILs) was pioneered in the treatment of 

metastatic melanoma in 1988. TILs were isolated from melanoma biopsies, expanded using 

IL-2 and reinfused autologously with concomitant systemic IL-2 treatment of the patient. 

Patients thus treated had a response rate of 34%, but median responses lasted only 4 months, 

with few patients reaching a CR (132). These results were improved markedly in 2011 by the 

same group by pairing IL-2-expanded TIL-based therapy with lymphodepletion in metastatic 

melanoma, reaching CR in 22% of patients, with 19/20 of those in CR three years after 

treatment (133). More recent approaches employ TILs screened for recognition of 

neoantigens and knockdown of negative regulators of TCR signalling like cytokine-inducible 

SH2-containing protein (Cish) (134, 135). Strategies using TIL are limited to treating the 

tumour entities harbouring them. T cells expanded in vitro have been shown to have impaired 

effector function in vivo, despite excellent effector function in vitro. Progress has been made 

employing IL-15 and IL-21 to achieve T cell culture, generating a less differentiated T cell 

phenotype with enhanced in vivo persistence and anti-tumour efficacy (136-138). 

7.3.3. Receptor-modified T cells 

The specificity of a T cell is determined by its TCR; the transfer of a new receptor specific for a 

defined antigen can redirect the immunological function of T cells and employ them to treat 

malignancies (139). The two main strategies to genetically modify T cells are with a chimeric 

antigen receptor (CAR) or a new TCR. The manufacturing process for a CAR- or TCR-engineered 
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T cell product starts with leukapheresis from a patient, and the product is then cryopreserved 

and shipped to a manufacturing facility. The cells are thawed, T cell enriched and activated. 

The transgene encoding for the CAR or TCR is generally transduced via a viral vector, i.e., 

adenovirus, retrovirus, or lentivirus (LV), of which lentivirus has become the most common 

method. It has also been shown that transient expression of a receptor via electroporation 

using mRNA or stable integration into the genome using a transposon vector system termed 

Sleeping Beauty (SB) is feasible (140, 141). T cells are expanded ex vivo, and after sufficient 

expansion, the resulting cells are frozen in adequate numbers for therapy. After a conditioning 

chemotherapy regimen, the cells can be thawed and immediately transfused intravenously 

into the patient (142). Nonmyeloablative chemotherapy regimens have been shown to lead 

to higher rates of responses and improved engraftment of the transfused T cell product (143). 

The ideal T cell subsets to be used, due to their lytic capacity and ability to propagate, seem 

to be central memory or naïve T cells (144-146). 

The main difference between both strategies is that CARs are synthetic receptors targeting 

antigenic molecules presented on the surface of malignant T cells and independent of MHC, 

while TCR-engineered T cells detect epitopes bound to MHC molecules. The lack of a 

restriction to specific MHC molecules makes CARs applicable for a broader spectrum of 

possible patients, but is limited to surface molecules, while TCR-engineered T cells can target 

epitopes derived from intracellular proteins as well. TCR-engineered cells are fully integrated 

into the T cells’ physiological signal transduction pathways, encompassing more subunits in 

their receptor structure and encompassing a variety of co-stimulatory receptors, including 

CD3, CD4/CD8 and CD28.  TCR-engineered T cells can therefore be capable of more extended 

cytosolic signalling than CAR T cells (see 7.1.3). 

TCR-engineered T cells may have an advantage over CAR T cells, especially in treating solid 

tumours - these often lack unique surface markers, but even when this is the case, CAR T cells 

mainly home to the periphery of a solid malignancy to access surface antigen (147, 148). The 

ability of TCR-engineered T cells to recognize intracellular tumour associated antigens (TAA) 

may enable them to penetrate deeper into the tumour, an ability which may prove useful in 

addressing solid tumours in future clinical trials. 
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7.3.4. CAR T cells  

The synthetic CAR typically consists of an extracellular single-chain variable fragment (scFv) 

derived from an antibody linked to signalling domains of a TCR - in the case of the first 

generation of CARs, the CD3 ζ-chain. In the second and third generations, intracellular 

co-stimulatory molecules, like CD28 and/or CD137, are linked additionally (99). Fourth 

generation CARs are referred to as ‘T cells redirected for antigen-unrestricted 

cytokine-initiated killing’ (TRUCKs). They are engineered to release transgenic cytokines upon 

CAR signalling, creating a pro-inflammatory milieu aiming to disrupt the inhibitory tumour 

microenvironment in solid malignancies. The panel of cytokines being explored includes IL-7, 

IL-12, IL-15, IL-18, and IL-23, with several being tested in early trials and a broader variety of 

therapeutically active molecules being developed (149). Efforts have also been made to 

enhance the therapy by co-delivering a PD-1-blocking scFv with CAR T cells (150). CAR T cell 

therapy targeting CD19 has found its way into the clinic for the treatment of refractory or 

relapsed B-cell lymphoma and refractory or relapsed B-cell acute lymphoblastic leukaemia 

(ALL), with the approval of the U.S. Food and Drug Administration (FDA) in 2017 for 

axicabtagen ciloleucel and tisagenlecleucel (151, 152). Two more CARs targeting CD19 were 

approved in 2020 and 2021, namely brexucabtagene autoleucel for relapsed or refractory 

mantle cell lymphoma based on the ZUMA-2 trial, and the latest, lisocabtagene maraleucel, 

for relapsed or refractory large B cell lymphoma after evaluation in the TRANSCEND trial. In 

this trial, 54% of patients reached CR, of which 62% had remission lasting at least 9 months 

(153, 154). Recently, in March 2021, the FDA approved the first CAR in the treatment of 

relapsed or refractory multiple myeloma. Idecabtagene vicleucel is a second-generation CAR 

targeting B cell maturation antigen (BCMA) containing a CD137 motif and a CD3-zeta signalling 

domain (155, 156). 

Other targets investigated include CD20, CD22, CD276, G protein–coupled receptor, 

mesothelin, GD2 and many more (157-159). Despite the identification of numerous suitable 

targets, the therapeutic success of CAR T cell therapy could not be reproduced in solid 

tumours, where a broad immunosuppressive response was observed. A major strategy in 

further development is the disruption of this inhibitory milieu (149). 



I n t r o d u c t i o n   P a g e  | 16 
 
 

7.3.5. TCR-engineered T cells 

In TCR-engineered T cells, a transgene encoding for α- and β-chain of an antigen-specific TCR 

is introduced. With a TCR, it is possible to target virtually any antigen, regardless of it being 

expressed solely intracellularly. The idea to employ tumour antigen-specific TCR in the 

treatment of cancer was formulated as early as publications concerning TCR function emerged 

(48). The first clinical trial of TCR-engineered T cells used the TCR DMF4 and DMF5 derived 

from TIL of melanoma patients targeting melanoma-associated antigen recognized by T cells 

(MART-1). MART-1 is overexpressed in melanoma cells, but also expressed on cells of 

melanocyte lineage in the skin and retina. The recognized epitope for both TCRs, 27-35 aa, is 

presented on HLA-A*02:01. DMF4 has a lower affinity to pMHC class I than DMF5. In the trial, 

either DMF4 or DMF5 TCR-engineered T cells were transfused in combination with high-dose 

IL-2 treatment. In the case of DMF4, only 2/17 patients had a PR; response in the case of DMF5 

was better, with PR in six out of 20 patients, but at the cost of severe on-target side effects 

(160, 161). 

Severe on-target toxicity and poor response rates were also reported in subsequent trials 

targeting the TAA gp100 and carcinoembryonic antigen (CEA). Although clinical response was 

low, these trials illustrated the potency of TCR-engineered T cells to overcome peripheral 

tolerance mechanisms (162). 

On-target toxicity is caused by expression of the targeted antigen in normal tissue, while 

off-target toxicity is caused by cross-reactivity of the therapeutic TCR with other epitopes. This 

was tragically demonstrated in a clinical study where the affinity-enhanced, 

HLA-A*01-restricted TCR specific for melanoma antigen (MAGE) A3 peptide (EVDPIGHLY) 

caused lethal cardiotoxicity days after transfusion. Later studies revealed that the four 

introduced substitutions in CDR2α led to cross-reactivity targeting a peptide expressed by the 

titin gene in contracting heart muscle cells (163, 164). In 2011, results were published of the 

most successful trial yet, wherein patients with refractory metastatic melanoma or synovial 

cell sarcoma expressing the New York oesophageal squamous cell carcinoma 1 (NY-ESO-1) 

cancer/testis antigen were treated using affinity-enhanced TCR-engineered T cells. The TCR 

originated from a melanoma patient and was enhanced by substitution of two amino acids in 

the α-chain of the HLA-A*02 restricted NY-ESO-1 specific TCR (165). Four out of six patients 

with synovial cell sarcoma and five out of eleven patients with melanoma showed tumour 
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regression. Two out of eleven patients with melanoma even reached CR, lasting for over a 

year, and no major off- or on-target side effects were reported (166). TCR binding TAA with 

optimal affinity is a bottleneck of ACT, since T cells bearing high-affinity TCR specific for TAA 

are deleted in the thymus during T cell development. Transgenic mice harbouring the entire 

human TCRα and β gene loci and HLA-A*0201, called ABabDII mice, were published in 2010, 

enabling the generation of high-affinity human TCR recognizing self-antigens, like TAA. This 

was expanded upon in 2015, when it was shown that high-affinity TCR recognizing 

cancer/testis antigen MAGE-A1 showing an anti-tumour effect in vivo could be isolated using 

ABabDII mice (167, 168). A phase 1, single-centre, single-arm, open-label, dose-escalation trial 

is currently being conducted using this TCR in relapsed/refractory multiple myeloma. Four 

cohorts of patients, with three to six patients each, receive an autologous product of IMP 

T1367 T cells engineered with the MAGE-A1 specific TCR T1367 recognizing the MAGE-A1 

derived nonamer epitope MAGE-A1(278-286) presented on HLA-A*02:01 

(DRKS-ID: DRKS00020221). 

7.4. Limitations of ex vivo cultured T cells 

The major therapeutic limitations of current TCR-engineered T cell products include the 

manufacturing time needed, the effector function of T cells in the finished product and 

manufacturing failures. The socioeconomic limitations of this patient-specific therapy design 

include the availability being restricted to specialized centres and the often prohibitive cost of 

receptor engineered T cells. The CAR T cell therapies tisagenlecleucel and 

axicabtagen ciloleucel have an estimated cost of US$475,000 and US$373,000 per patient, 

which can even, in the case of complications, be significantly higher (169). Many patients fail 

to receive a finished T cell product, either due to disease progression during manufacturing or 

due to manufacturing failure, commonly caused by insufficient apheresis, issues during T cell 

activation and inadequate expansion of engineered T cells (170). T cell therapeutics are 

approved only for the treatment of refractory/relapsed malignancies. Time passing between 

the apheresis of T cells and the transfusion of the adoptive T cell product is critical for the 

success of therapy. In these late stages of tumour disease, often after second, third or an even 

later line of therapy, responses to bridging therapy are short lived, and tumour progress and 

clinical deterioration can be a contraindication for T cell therapy. T cell culture in vitro for 
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extended periods of time has been shown to hamper T cell effector functions and their ability 

to home and proliferate sufficiently. The efficacy of the T cell product is decreased even 

further by freeze-thaw cycles during production (136, 170) (see 7.3.3, page 13). 

7.5. Viral vectors  

Viral vectors have been used in research and in clinical trials for 40 years. Early trials focused 

on the treatment of single gene defects, these being deemed the most approachable targets. 

The main classes of viral vectors can be divided into two categories according to whether they 

can integrate transgenes into the host cellular chromatin - thereby enabling long-term 

transgene expression, or if they transiently persist in the cell as extrachromosomal episomes. 

RV vectors and LV vectors convey long-term transgene expression, while others such as 

adenoviral, adeno-associated viral and viral vectors derived from Herpes virus convey a 

short-term transgene expression (171). Gene therapy employing viral vectors experienced 

severe setbacks in early trials due to side effects. In 2002, an 18-year-old male was treated 

with adenovirus vectors for ornithine transcarbamylase deficiency and consequently suffered 

a fatal systemic inflammatory response syndrome (SIRS) (172). In 2000, a gene therapy 

employed a defective Moloney gamma-retrovirus-derived vector in treating X-linked severe 

combined immunodeficiency (SCID), a life-threatening disorder in which T and B cells cannot 

mature due to the absence of the common γ-subunit of the IL-2 receptor. Treatment was 

successful in 9 out of 10 patients, but it was overshadowed by a publication in 2003, followed 

by another in 2008, reporting the triggering of T cell leukaemia in four out of nine treated 

patients. This has been attributed to insertional mutagenesis causing aberrant expression of 

LIM domain only 2 (LMO2), a known T-cell oncogene (173-175). Despite these setbacks, 

efforts in vector engineering improving delivery and safety as well as the use of viral vectors 

have experienced a renaissance, with widespread use in research and clinical settings. 

Voretigen neparvovec, the first virally-delivered gene therapy, was approved in 2017. This 

adeno-associated virus vector-based gene therapy is indicated for treatment of patients with 

biallelic RPE65 mutation-associated retinal dystrophy (176, 177). Recently, in 2019, the FDA 

approved another adeno-associated virus vector-based gene therapy, 

onasemnogene abeparvovec-xioi, for treating spinal muscular atrophy caused by mutation of 

biallelic mutations in the survival motor neuron 1 (SMN1) gene (178-180). RV, either gRV or 
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LV vectors, are routinely used in a clinical setting in the transduction of T cells for CAR T cell 

therapy (181) (see 7.3.4, page 15). 

7.5.1. Gammaretroviral vectors 

Gammaretroviruses (gRV) are complex enveloped RNA viruses with a diploid 

single-stranded (ss) RNA genome consisting of at least four genes, i.e., gag, pro, pol, and env. 

Gag encodes the primary structural polyprotein, pro encodes the viral protease and the pol 

gene encodes for reverse transcriptase, RNase H, and integrase. The env gene is responsible 

for the virus’s envelope, viral surface glycoprotein and transmembrane proteins, and 

responsible for binding to cellular receptors and membrane fusion (182-184). gRV have been 

used extensively in gene therapy and the treatment of monogenic disorders, cancer, and even 

infectious diseases, presenting the classic approach for long-term gene therapy. gRV can infect 

a wide variety of human and mouse cell types, and can accommodate up to 8 kb of foreign 

inserts which they can integrate into the host genome for long-term transgene expression 

(171, 185). gRV have been engineered extensively to facilitate high transgene expression and 

can be produced effectively via producer cell lines (185, 186). The broad tropism is an 

advantage for its application in ex vivo transduction, but a major obstacle for use in in vivo 

transduction. For ex vivo transduction protocols, the desired cell type can simply be selected 

for and transduced, while in in vivo transduction it is necessary to limit the tropism, ideally to 

a single desired cell type, to increase transduction efficiency, drastically reduce the number of 

viral vectors needed and avoid side effects. 

7.5.2. Pseudotyping 

The tropism of a gRV is receptor dependent and determined by its envelope. A method called 

pseudotyping operates on this principle by combining the envelope of a given virus with a 

gRV vector to transfer its specificity for target host T cells (187-189). Viruses with envelopes 

specific only for a desired cell type or receptor are exceedingly rare. Previous research 

succeeded in introducing a new specificity of a viral envelope by using scFv and detargeting it 

from its original receptors. These attempts resulted in several drawbacks - impaired 

membrane-fusion ability, inconsistent specificity, and low titres of viral vectors (190-195). 

Later research focused on two-component envelopes. Sindbis virus, an alphavirus, encodes 
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for two transmembrane envelope proteins called E1 and E2. E1 is responsible for 

pH-dependent fusion, and E2 for receptor binding with the fusion being independent of the 

binding of E2. gRV and LV were successfully pseudotyped using the Sindbis virus envelope and 

retargeted using scFv, in combination with mutated E2 protein, reducing its endogenous 

tropism (196-198). 

7.5.3. Pseudotyping of lentiviral vectors using Measles virus envelope 

A virus capable of pH-independent fusion with a two-component envelope is the 

Measles virus (MV). MVs only natural hosts are humans; it belongs to the Morbillivirus genus 

within the family of Paramyxoviridae. MV codes for two transmembrane envelope 

glycoproteins called hemagglutinin (H) and membrane fusion protein (F). H forms tetramers 

assembled from two disulphide-linked homodimers and is responsible for receptor binding. 

Four endogenous receptors for MV have been identified, i.e., CD46, CD150, nectin-4 and 

CD46, with CD46 not being targeted by wild MV strains typically, but acquired during years of 

in vitro culture (199). The synthesis of F is a multistep process. First, the inactive precursor F0 

is cleaved by furin into two subunits. These subunits, F1 and F2, are disulphide linked and they 

oligomerize as homotrimers. Upon binding of H, engagement of F is triggered, resulting, after 

a series of irreversible conformational changes, in membrane fusion (200, 201). A LV vector 

pseudotyped with MV H and F and retargeted to CD20 was described in 2009. The detargeting 

of H for its endogenous specificities was achieved by point mutation of Y418A, R533A, S548L, 

and F549S in the H ectodomain. To yield high titres of viral vectors, truncated tail variants of 

H and F had to be used (202-204). This system has been translated to many different target 

receptors, including human CD8 and CD4, and has been proven to be capable of transduction 

in vitro and in vivo (205-207). 

7.5.4. Pseudotyping of gammaretroviral vectors using Measles virus envelope 

LV vectors have the ability to transduce a variety of human and murine cells, but murine T cells 

are exceedingly difficult to transduce using them. The MV-envelope-based pseudotyped LV 

system was transferred to gRV vectors by I. Edes (Max Delbrück Centre for Molecular Medicine 

in the Helmholtz Association, Berlin, Germany). Its capability to transduce murine T cells 

specific to their subset was demonstrated in vitro and in vivo. For this project, truncated H and 
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F variants were generated and tested in combinations in order to yield high titres of 

gRV vectors. ScFv specific for murine CD4 and CD8 (mCD4 and mCD8) were generated and 

cloned to be presented on H proteins. 

The two targeting vectors specific for murine CD4 (MVm4) or CD8 (MVm8) were shown to be 

able to transduce CD4+ and CD8+ reporter cells specifically in mixed cultures delivering distinct 

transgenes. Primary C57BL/6 (B6)-derived CD8+ T cells were transduced in vitro by MVm8, but 

C57BL/6 (B6)-derived CD4+ T cells were not transduced by MVm4. Both targeting vectors were 

able to transduce their specific subset of primary BALB/c-derived T cells. The MVm8 vector 

had the capability to transfer T cell specificity against ovalbumin (OVA)-positive cancer cell 

lines by delivering the transgene of the TCR OT-I to B6-derived CD8+ T cells. Finally, this project 

demonstrated the ability of MVm8 to deliver a large transgene, coding for OT-I and a 

luciferase, to CD8+ T cells in vivo. RAG2-deficient mice were repopulated with polyclonal 

T cells derived from B6 mice, or monoclonal T cells derived from P14-TCR transgenic mice. 

After in vivo transduction, T cells demonstrated homing, expansion and contraction, and were 

able to convey resistance against infection in a challenge with OVA-transgenic 

Listeria monocytogenes (208). 
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8. Aims of the thesis 

The aim of this thesis was to establish a tumour model on BALB/c-background, transferring 

the gRV system pseudotyped with a MV-based envelope (MVm8 and MVm4) from B6 and 

showing specific transduction of CD8+ T cells and CD4+ T cells in vitro and in vivo. 

The gRV vector system was adapted from a LV vector system established in a previous project. 

It was shown to be capable of transducing C57BL/6-derived CD8+ T cells in vitro and in vivo, 

but not CD4+ T cells. 

The first part of the project focused on selecting, sequencing, optimising, and cloning a set of 

TCRs targeting the same antigen - Influenza A/PR/8/34 hemagglutinin (HA). The TCRs used 

were two MHC class I H-2Kd-restricted TCRs called Clone 1 and Clone 4 as well as the 

MHC class II H2-IEd-restricted SFE TCR. 

The second part showed the stable transfection via electroporation of two suitable progressor 

cancer cell lines, named AB1 and 4T1, using the Sleeping Beauty transposon system. AB1 and 

4T1 were stably transfected with the transgene coding for the TCR’s target antigen HA and 

thus derivative cell lines were generated. The cell lines were then characterised, and a staining 

protocol was established. 

The third part was related to the transduction of cell lines and primary BALB/c-derived 

splenocytes in vitro and the characterisation of T cells transduced with the TCRs in co-culture 

settings with peptide presented on splenocytes, APC and the established HA-presenting 

cell lines. 

Lastly, the MVm8- and MVm4-pseudotyped gRV system was used to demonstrate for the first 

time that targeted and simultaneous in vivo transduction of primary murine T cells with 

MHC class I and MHC class II-restricted TCRs is feasible. The transduced T cells expressed a 

TCR which was linked to a luciferase and in vivo imaging was performed to visualize their 

stable transduction, proliferation, homing and retraction.  
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9. Materials and Methods 

9.1. TCR chain subtype and CDR3 identification 

Cryopreserved splenocytes of three different mouse strains, harbouring three HA-specific 

TCR transgenes coding for the MHC class I-restricted Clone 1 TCR and Clone 4 TCR as well as 

the MHC class II-restricted SFE TCR, were kindly provided by L. Sherman (The Scripps Research 

Institute, La Jolla, California, USA). The TCRs are discussed in depth later (see 10.1, page 35). 

The mouse strains from which the splenocytes were isolated are listed in Table 1. 

1*107 splenocytes of each strain were thawed, pelleted, and lysed. Total RNA was extracted, 

and cDNA was synthesized. 

Table 1 Mouse strains harbouring TCR transgenes  

 

The primers listed in Table 2 were designed to amplify and identify the TCR α- and β-chain 

allele of the TCRs, as well as the complementarity-determining region 3 (CDR3). Sequences 

were analysed (Eurofins Genomics) and compared to the IMGT/V-QUEST reference directory 

(221). 

Table 2 List of primers used for TCR chain subtype and CDR3 identification 

Name Sequence Purpose 

Clone1alpha-forward ATTTCCCTAGTGGTCCTGTGGC 
Identification of Clone 1 

α-chain subtype and CDR3 

Clone4alpha-forward TGAAGAGGCTGCTGTGCTCTC 
Identification of Clone 4 

α-chain subtype and CDR3 

SFEalpha_1-forward (TRAV6) 
TGAACTCTTCTCCAGGCTTCGT

G 

Identification of SFE 

α-chain subtype CDR3 

Mouse strain TCR transgene Reference 

CBy.Cg-Thy1a Tg(TcraCl1,TcrbCl1)1Shrm/J Clone 1 (209-211) 

B10.Cg-H2d Tg(TcraCl4,TcrbCl4)1Shrm/ShrmJ Clone 4 (211-213) 

C.Cg-Tg(Tcra/Tcrb)1Vbo/AjcaMmjax SFE (214-220) 



M a t e r i a l s  a n d  M e t h o d s   P a g e  | 24 
 
 

SFEalpha_2-forward 

(TRAV6-5) 
TGGAGACTCGGTGACTCAGAC 

Identification of SFE 

α-chain subtype and CDR3 

Vbeta8.2-forward ATGGGCTCCAGGCTCTTCTTC 

Identification of Clone 1, 

Clone 4, SFE β-chain 

subtype and CDR3 

TRAC-reverse TCGGTGAACAGGCAGAGGGT 

Identification of Clone 1, 

Clone 4, SFE α-chain 

subtype and CDR3 

TRBC-reverse 
CAAGCACACGAGGGTAGCCTT

T 

Identification of Clone 1, 

Clone 4, SFE β-chain 

subtype and CDR3 

 

9.2. Techniques of molecular biology 

RNA extraction was performed using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according 

to the manufacturer’s instructions. cDNA was transcribed using SuperScript II Reverse 

Transcriptase (Thermo Fisher Scientific) and Oligo(dT)20 (Thermo Fisher Scientific) according 

to the manufacturer’s instructions. Polymerase chain reaction (PCR) was performed according 

to manufacturer’s information using the Phusion High-Fidelity or Taq PCR Kit with the 

provided GC- or HF-buffer (all Thermo Fisher Scientific). PCR Products underwent gel 

electrophoresis and were purified via Invisorb Fragment CleanUp (Stratec Biomedical, Berlin, 

Germany). Restriction digests were performed using enzymes listed in Table 3 (all Thermo 

Fisher Scientific). All restriction enzymes create sticky ends, except Bst1107I which creates a 

blunt end. Religation of plasmid backbones was prevented by two rounds of 

dephosphorylation via Calf Intestinal Alkaline Phosphatase (CIP, Roche, Basel, Switzerland) 

according to the manufacturer’s details. For blunt-end cloning of 506-SB-HA-IRES-GFP DNA 

polymerase I, Large (Klenow) Fragment (New England Biolabs, Ipswich, Massachusetts, USA) 

was used before ligation was performed using the Rapid DNA Ligation Kit (Roche) as specified 

by the supplier. Verification of products was performed via Sanger sequence analysis (Eurofins 

Genomics, Ebersberg, Germany). Amplification of plasmid DNA was achieved by heat-shock 
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transformation of chemo-competent bacteria MACH-1 (Thermo Fisher Scientific). Plasmid 

DNA was isolated using the Invisorb Spin Plasmid Mini Two Kit (Stratec) and for large quantities 

the Plasmid Maxi Kit (Qiagen). 

9.3. Construction of MP71- and 506-SB-plasmids 

Clone 1, Clone 4, and SFE TCR constructs flanked by the desired restriction enzyme recognition 

sites and codon optimized were planned using Clone Manager (Sci-Ed, North Carolina, USA), 

custom ordered using GeneArt (Thermo Fisher Scientific) and cloned into MP71-plasmid sites 

(Table 3). Plasmids intended for production of viral vectors used in ex vivo transduction were 

derived from the MP71-OT1. Plasmids destined for in vivo transduction were derived from 

either MP71-OT1-P2A-FLuc or MP71-OT1-P2A-RLuc. MP71-OT1-P2A-FLuc and 

MP71-OT1-P2A-RLuc contain a P2A element linking the TCR construct to one of two in vivo 

reporter genes, FLuc or RLuc, and were supplied by I. Edes (208). 

The DNA sequence of Influenza A/PR/8/34 H1N1 HA was obtained from the NIAID Influenza 

Research Database (IRD); the nucleotide sequence of Influenza A/PR/8/34 H1N1 

(GCA_000865725.1) was first published by G. Winter et al. in 1981 and was available from the 

European Nucleotide Archive (ENA) (222, 223). A plasmid was custom ordered using GeneArt 

(Thermo Fisher Scientific) and cloned into MP71-IRES-GFP, linking hemagglutinin via an 

internal ribosomal entry site (IRES) to a green fluorescent protein (GFP) reporter gene. The 

transgene was subsequently cloned into a Sleeping Beauty (SB) transposon plasmid for 

electroporation. The 506-SB-GFP plasmid was kindly supplied by J. Clauss 

(Max-Delbrück-Centrum, Berlin, Deutschland) (224). 

Table 3 List of generated Plasmids 

Plasmid Origin 
Restriction 

enzymes used 
Purpose 

MP71-Clone 1 
ordered plasmid, 

MP71-OT1 
Not1, EcoR1 

ex vivo 

transduction 

MP71-Clone 1-P2A-FLuc 
ordered plasmid, 

MP71-OT1-P2A-Fluc 
Ade1, EcoR1 

in vivo 

transduction 
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9.4. Cell culture 

The AB1 cell line (CBA-0144, CellBank Australia, Westmead, New South Wales, Australia) was 

kindly provided by D. Klatzmann (225). It is a BALB/c-derived mesothelioma cell line. AB1 cells 

were harvested from peritoneal fluid after stimulation with crocidolite asbestos; they are 

fibroblast-like and tumorigenic in immunocompetent BALB/c mice (see 10.2, page 37). The 

AB1 cell line and its derivative AB1 HA were cultured in Roswell Park Memorial Institute 1640 

medium (RPMI, Thermo Fisher Scientific), supplemented with 10% FCS (PAN-Biotech, 

Aidenbach, Germany) and 100 IU/ml of penicillin/streptomycin (P/S, Thermo Fisher Scientific). 

The 4T1 cell line (ATCC CRL-2539, American Type Culture Collection, Manassas, Virginia, USA) 

was also provided by D. Klatzmann. It is a derivative of 410.4, formerly referred to as 4T01 

(226, 227). 410.4 was isolated from a spontaneously arising mammary tumour of a 

BALB/cfC3H mouse. The 4T1 line grows aggressively and spreads metastatically in 

immunocompetent BALB/c mice. The 4T1 cell line and its derivative 4T1 HA were cultured in 

Dulbecco’s Modified Eagles Medium (DMEM, Thermo Fisher Scientific), supplemented with 

10% FCS (PAN-Biotech) and 100 IU/ml of P/S (Thermo Fisher Scientific) (see 10.2, page 37).  

293T (ATCC: CRL-3216), a variant of the Human Embryonic Kidney 293 cell line (HEK-293) 

expressing the SV40 Large T-antigen, was cultured in DMEM supplemented with 10% FCS and 

100 IU/ml of P/S, unless otherwise specified.  

MP71-Clone 4 
ordered plasmid, 

MP71-OT1 
Not1, EcoR1 

ex vivo 

transduction 

MP71-Clone 4-P2A-FLuc 
ordered plasmid, 

MP71-OT1-P2A-Fluc 
Ade1, EcoR1 

in vivo 

transduction 

MP71-SFE ordered plasmid, MP71 Not1, EcoR1 
ex vivo 

transduction 

MP71-SFE-P2A-RLuc 
ordered plasmid, 

MP71-OT1-P2A-RLuc 
BstX1, EcoR1 

in vivo 

transduction 

506-SB-HA-IRES-GFP 
506-SB-GFP, 

MP71-HA-IRES-GFP 

Not1, EcoR1, 

Sal1, Bst1107I 
AB1HA, 4T1HA 
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The 6.5 hybridoma producing the clonotypic 6.5 mAb was kindly provided by L. Klein, thanks 

to the recommendation of H. von Boehmer (214). It secretes a clonotypic mAb specific for the 

SFE TCR. It was cultured in RPMI (Life Technologies) supplemented with 5% FCS (PAN-Biotech) 

and 100 IU/ml P/S (Life Technologies), unless otherwise specified (see 10.4, page 42). 

The CD4+ CD8- 58m4 and the CD4- CD8+ 58m8 cell lines were established and provided by 

I. Edes (208). They are derivatives of the 58 α- β- T cell line, which itself is a TCR-deficient 

derivate of the CD4- CD8- BW5147 thymoma cell line (228, 229). They were cultured in T cell 

medium (TCM, RPMI, 1% P/S, 1% Sodium pyruvate, 1% non-essential amino acids 

[all Thermo Fisher Scientific] and 10% FCS [PAN-Biotech]). All cell lines were cultured at 37°C, 

5% CO2.  

9.4.1. Generation of AB1 HA and 4T1 HA 

The cancer cell lines AB1 HA and 4T1 HA were derived from AB1 and 4T1 cells via 

electroporation (see 10.2, page 37). The Amaxa human T-cell Nucleofector Kit (Lonza, Basel, 

Switzerland) was used according to the manufacturer's instructions. AB1 or 4T1 cells 

(1*106  cells each) were suspended in 100 μL of electroporation buffer, supplemented with 

10 µg of 506-SB-HA-IRES-GFP DNA and 7 µg of Sleeping Beauty transposase SB100X RNA 

prepared from pcDNA3.1 (Thermo Fisher Scientific, Dreieich, Germany) and kindly provided 

by J. Clauss.  

For the generation of AB1-HAiGFP program A023 was used, and for 4T1-HAiGFP it was 

program T024. Electroporated cells were resuspended in TCM and incubated for 72 h. The 

electroporated cells were single-cell sorted based on GFP expression into 96-well plates.  

9.5. Large scale virus production  

Substantial amounts of virus were required for in vivo transduction. This was achieved by 

transient transfection of 293T cells. 1.4*107 293T cells were seeded into T175 flasks 20 h prior 

to transfection. Once a confluence of 80% was reached, the culture medium was exchanged 

for 11 ml of DMEM without supplements to achieve minimal coverage of cells. The 

transfection protocol was performed at room temperature in sterile conditions. 70 µl of 

18 mM branched polyethylenimine (PEI, average Mw ~25,000 by LS, average Mn ~10,000, 

branched, Sigma Aldrich, Seelze, Germany) were added to 310 μl of 5% glucose (Merck, 
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Darmstadt, Germany). For each batch, four different plasmids were used (see Table 4 and 

below). 

Table 4 Plasmids used in large scale virus production 

 

1. The MVm4 or MVm8 plasmid encoding for the retargeted MV hemagglutinin HΔ21A 

variant specific for murine CD4 and murine CD8α. 

2. The FΔ24 plasmid, encoding for the FΔ24 variant of the MV fusion protein. 

3. pcDNA3.1-MLVg/p encoding the Moloney MLV gag/pol genes kindly provided by 

C. Baum (Medical School Hannover, Hannover, Germany). 

4. One of the TCR/TCR-Luciferase retroviral vector constructs listed in Table 3. 

The plasmids were mixed in a ratio of 0.06:0.31:0.95:1 for a total 35 µg of DNA, to which 310 μl 

of 5% glucose (Merck) were added. The glucose solutions containing PEI and DNA were 

vortexed separately at low revolutions for 1 min and incubated for 10 min, then mixed for 

1 min and incubated for an additional 10 min. DMEM without supplements was added to a 

Plasmid Properties 

Ratio of plasmid 

DNA used in large 

scale virus 

production 

Provided by 

MVm4/MVm8 

mouse CD4 or CD8-alpha-

specific MV-derived H variant 

HΔ21A 

0.06 
I. Edes, MDC, 

Berlin, Germany 

MV FΔ24 
MV-derived F variant 

FcΔ24 

0.31 I. Edes, MDC, 

Berlin, Germany 

TCR/TCR-

Luciferase 

retroviral vector 

constructs listed in Table 3 

0.95 
Generated in this 

thesis (Table 3) 

pcDNA3.1-MLVg/p gag/pol 

1 C. Baum, Medical 

School Hannover, 

Hannover, 

Germany 
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total volume of 3 ml, which was added to the cell flask. After six hours of incubation, FCS was 

added to a concentration of 10%. After 48 h of incubation, the supernatant was harvested and 

passed through a 0.45 µm filter into ice-cooled thin wall polypropylene tubes 

(Beckman-Coulter, Brea, CA, USA). A layer of 4.5 ml of 20% sucrose (Sigma, Kawasaki, Japan) 

was underlayed and the tubes were placed in a pre-cooled (4°C) SW 32 Ti swinging-bucket 

rotor in an Optima XPN-80 Ultracentrifuge (both Beckman-Coulter, Brea, CA, USA). The 

supernatant was centrifuged at 100 000g, 4°C for 3 h and discarded. The pellet was gently 

resuspended by pipetting 40 times in 100 μl of DPBS (Gibco, Thermo Fisher Scientific). 

9.5.1. Titration of MVm8- and MVm4-vectors 

Titres of MVm8- and MVm4-pseudotyped gRV vector batches were tested by transduction of 

duplicates of 58m8 or 58m4 cells in serial dilution. Titrations were performed in 

96 round-bottom well plates. In the first row of wells, 5 µl of virus particles suspended in DPBS 

were added to 195 µl of T cell medium. The following well contained 100 µl of T cell medium 

which was mixed with 100 µl of medium from the first well. This serial dilution was performed 

9 times. To each well, 1*104 58m4 or 58m8 cells in 100 µl TCM enriched with protamine sulfate 

in a concentration of 8 μg/ml (Sigma Aldrich) were added. After 48 h of incubation, cells were 

stained using the mouse anti-Vβ8.1/8.2 antibody (Table 5). Transduction rates between 1% 

and 30%, determined by FACS analysis, were used to calculate the titre of the batch. 

9.6. Antibodies 

9.6.1. Anti-SFE TCR antibody production 

The 6.5 hybridoma cell line was cultivated in RPMI containing 5% FCS and 1% P/S. A culture of 

6.5 cells was kept for 10 weeks. The concentration of FCS in the culture medium was lowered 

every two weeks to 4%, 3% and 2%. After expanding at 2% FCS concentration for a month, the 

cells were transferred into RPMI medium without additives (0% FCS) and cultivated for four 

days. The cells were pelleted by centrifugation (10,000 g for 20 min) and discarded. The 

resulting 1.5 l of supernatant was mixed with 4.1 M saturated ammonium sulfate solution to 

a final saturation of 45% ammonium sulfate and cooled to 4°C for 12 h. The precipitate was 

pelleted by centrifugation (4,000 g for 20 min at 4°C) and dissolved in 300 ml PBS. The 

antibodies were further purified by Protein A column (Thermo Fisher Scientific) according to 



M a t e r i a l s  a n d  M e t h o d s   P a g e  | 30 
 
 

the manufacturer’s instructions. As the elution buffer, 0.1 M glycine-HCL (pH 2.8) was used, 

and tris-HCL (pH 9) was used to neutralise the resulting antibody solution. Sodium azide was 

added to a final concentration of 0.01% as a preservative. The concentration was determined 

using absorbance at 280 nm and diluted to 0.2 mg/ml. 

9.6.2. Antibody staining and flow cytometry 

Cells were stained with antibodies, or the tetramer listed in Table 5. Surface antigens were 

stained by incubating up to 1*106 cells in 100-200 µl of PBS with 1 µg of antibody for 30 min 

at 4°C. Antibodies were conjugated to fluorophores as listed, except for the HA-specific PY102, 

kindly provided by P. Palese (Icahn School of Medicine at Mount Sinai, New York, USA), and 

the clonotypic 6.5 antibody specific for SFE TCR (see 10.4, page 42). These were stained with 

1 µg of secondary antibodies for an additional 30 min at 4°C. The fluorophores used were 

allophycocyanin (APC), fluorescein (FITC), and phycoerythrin (PE). Staining of the Clone 1 and 

Clone 4 TCR with the H-2Kd-Influenza-HA-tetramer-IYSTVASSL-PE (MBL International, 

Woburn, Massachusetts, USA) was performed for 1 h at 4°C according to the manufacturer’s 

instructions. To discriminate living from dead cells, a staining with SYTOX Blue Dead Cell Stain 

(Thermo Fisher Scientific) was performed. Before analysis, cells were washed in PBS twice. 

Flow cytometry was performed using MACSQuant (Miltenyi Biotec, Teterow, Germany). 

Flow cytometry data was analysed using FlowJo v10.07 (BD Biosciences). 

Table 5 Antibodies and tetramer used in flow cytometry 

Specificity Type Specification Clone Conjugated 

fluorophore 

Supplier/ 

origin 

Mouse CD4 Primary 

antibody 

Rat IgG2a RM4-5 APC/PE BioLegend 

Mouse CD8 Primary 

antibody 

Rat IgG2a 53-6.7 APC/PE BD 

Biosciences 

Mouse TRBC Primary 

antibody 

Hamster IgG H57-597 APC BioLegend 
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Mouse Vβ8.1/2 Primary 

antibody 

Rat IgG2a KJ16-

133.18 

APC/PE BioLegend 

HA 

(A/PR8/1934) 

Primary 

antibody 

Mouse Ig PY102   

SFE-TCR Primary 

antibody 

Rat IgG2b 6.5   

Rat IgG2b Secondary 

antibody 

Mouse IgG1 MRG2b-

85 

FITC BioLegend 

Mouse IgG / 

mouse IgM 

Secondary 

antibody 

Goat Ig Polyclonal FITC/APC BD 

Biosciences 

H-2Kd-

YISTVASSL 

specific TCRs 

(Clone 1 and 

Clone 4) 

Tetramer MHC class I 

H-2Kd 

tetramer 

 PE MBL 

 

9.7. Co-culture and ELISA assays 

Effector cells were BALB/c-derived primary T cells transduced with the MV-pseudotyped gRV 

encoding for Clone 1, Clone 4 or SFE TCR. For each assay, 5*104 effector cells in 100 µl of TCM 

were seeded into the wells of 96-well round-bottom plates. Target T cells for the 

MHC class I-restricted TCR-transduced T cells were peptide-loaded 

BALB/c-derived-splenocytes, AB1 HA- or 4T1 HA-lysate-loaded-splenocytes, and AB1 HA or 

4T1 HA cancer cells. For T cells transduced with the MHC class II-restricted SFE-TCR, 

peptide-loaded, AB1 HA-loaded or 4T1 HA-lysate-loaded DCs were used. DCs differentiated 

from BALB/c bone marrow were kindly provided by M.-C. Ku. 

Co-culture assay target cells and effector cells were seeded in a 1:1 ratio. 1 µmol of 

518IYSTVASSL526-peptide (Table 6) was added and seven sequential steps of 1:10 dilution were 

performed. For SFE-peptide co-culture assays, 1 µmol of 518IYSTVASSL526 (Table 6) was added 
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and seven sequential steps of 1:10 dilution were performed. DC were incubated with peptide 

for 24 h at 37°C and 5% CO2 prior to the co-culture assay. For HA-bearing cancer cell lysate 

co-cultures, DC were incubated with cancer cell lysate for 24 h prior to co-culture assay. The 

lysate was produced by subjecting 1*104 cancer cells in 100 µl of TCM, either AB1 HA or 

4T1 HA, to three freeze-thaw cycles in liquid nitrogen and a 37°C water bath. Then, five 

sequential steps of 1:3 dilution were performed. Untransduced effector cells, effector cells 

transduced with an irrelevant TCR, and target cells without antigen were used as negative 

controls. T cells stimulated by 1 µM ionomycin (Calbiochem) and 5 ng/ml phorbol 12-myristate 

13-acetate (PMA, Promega) were used as positive controls. Co-culture assays were incubated 

at 37°C and 5% CO2. The resulting supernatant was harvested after 24 h and analysed for 

either IFNγ- or IL-2-secretion. IFNγ- or IL-2- Enzyme-linked Immunosorbent Assay (ELISA, 

BD Biosciences) was performed according to the manufacturer’s protocol. 

Table 6 Peptides used in co-culture assays 

Recognizing 

TCR 

Amino acid-

sequence 

Origin Restriction Supplier 

Clone 1/Clone 

4-peptide 

IYSTVASSL Influenza A/PR/8/34 H1N1, 

Hemagglutinin 533-541 

H-2Kd MBL 

SFE-peptide SFERFEIFPK Influenza A/PR/8/34 H1N1, 

Hemagglutinin 107–119 

I-Ed Biomatik 

 

 

9.8. BALB/c-derived splenocytes 

Mouse experiments were performed according to the mouse experiment application 

G0131/14 approved by the State Office for Health and Social Affairs (LAGeSo) on 10.07.2014. 

9.8.1. Isolation of splenocytes 

BALB/c mice (Taconic, Boston, Massachusetts, USA) were bred in house and kept under 

specific pathogen-free (SPF) conditions. Mice were sacrificed and the spleen was removed and 

passed through a 40 µm cell strainer (BD Biosciences); the cell strainer was rinsed with 5 ml 

RPMI (Thermo Fisher Scientific). The single cell solution was centrifuged at 300 g for 6 min, 

the supernatant was discarded, and 2 ml Ammonium-Chloride-Potassium (ACK) Lysing Buffer 
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(1 mM KHCO3, 100 nM EDTA [both Roth, Karlsruhe, Germany] 50 mM NH4Cl [Merck]) was 

added. After 5 minutes, 9 ml of RPMI were added followed by centrifugation. The supernatant 

was replaced with RPMI and the cell pellet was resuspended for further purpose. 

9.8.2. Magnetic-activated cell sorting (MACS) 

To isolate CD4+ or CD8+ T cells from total splenocytes, anti-mouse-CD4 or -CD8 antibodies 

were employed (Table 5). MACS was performed using EasySep Magnet and EasySep Mouse 

PE Positive Selection Kit (both Miltenyi Biotec, Bergisch Gladbach, Germany) according to the 

manufacturer’s instructions. 

9.8.3. BALB/c-derived splenocyte culture 

Primary murine splenocytes were cultured in T cell medium supplemented with 0.1 μg/ml 

anti-mouse CD28, 1 μg/ml anti-mouse CD3 (both BD Biosciences, Pharmingen, Heidelberg, 

Germany), and 10 U/ml recombinant IL-2 (Chiron, Marburg, Germany) and kept at 

2*106 cells/ml. After 24 h of incubation, the cells were transduced in vitro or used for 

repopulating BALB/c Rag2-/- mice for later in vivo transduction. 

9.9. Transduction 

9.9.1. In vitro transduction 

24-well non-tissue culture plates were coated with 0.5 ml/well RetroNectin (12.5 μg/ml, 

TaKaRa, Saint-German-en-Laye, France) overnight at 4°C. The activated splenocytes were 

seeded at 1.2*106/well/ml. Dynabeads Mouse T-Activator anti-CD3/anti-CD28 

(Thermo Fisher Scientific) was added to a concentration of 1*104/ml. 1 ml virus supernatant 

supplemented with protamine sulfate (8 μg/ml) and IL-2 (40 U/ml) was added. After 

centrifugation for 90 min at 800 g, 32°C, the plates were incubated at 37°C and 5% CO2. The 

efficiency of transduction was determined 48-56 h later via flow cytometry, and co-culture 

assays were performed 10-12 days after. 

9.9.2. In vivo transduction 

BALB/c-derived splenocytes were isolated and cultured as described above. After one day of 

culture, the splenocytes were washed in PBS twice and injected into BALB/c Rag2-/- i.v. 
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retro-orbitally. Inhalational anaesthesia using isofluran-O2-mixture was used for all injections. 

The isolated splenocytes were pooled; on average one spleen yielded enough splenocytes to 

repopulate two BALB/c Rag2-/- mice. Approximately 6*106 splenocytes resuspended in 200 µl 

PBS were used to repopulate one mouse. Twenty-four hours after injection of splenocytes, 

mice were injected with 200 µl PBS containing approximately 2*106 viral vector particles of 

either MVm8/Clone 1-FLuc, MVm8/Clone 4-FLuc or MVm4/SFE-RLuc, or 200 µl PBS without 

viral vectors. The priming was performed 5 days later by injecting irradiated AB1 HA cells 

subcutaneously (s.c.) into the right flank; per mouse 5*106 AB1 HA cells in 200 µl were 

irradiated with 65 Gy. Priming was defined as day 0; an antigenic boost was performed on day 

65, using 5*106 AB1 HA cell/200 µl irradiated with 65 Gy and injected s.c. into the contralateral 

flank. 

9.9.3. In vivo imaging 

Mice were sedated by inhalational anaesthesia using isofluran-O2 mixture. Mice transduced 

with MVm8/Clone 1-FLuc or MVm8/Clone 4-FLuc were injected i.v. retro-orbitally with 

luciferin (Biosynth, Staad, Switzerland) at a concentration of 300 mg/g body weight in PBS for 

a total volume of 100 µl. Mice transduced with MVm4/SFE-RLuc were injected in the same 

manner with 100 µl of coelenterazin (Biosynth) dissolved in DMSO at a concentration of 

1 µg/µl. Mice were imaged under anaesthesia lying on their backs and using the Xenogen In 

Vivo Imaging System (IVIS) 200 (Caliper Life Science, Hopkinton, Massachusetts, USA). The 

exposure time was set for 60 sec. LivingImage analysis software (Caliper Life Science) was used 

for analysis. For the region of interest (ROI), the whole mouse was selected excluding only the 

mouse head and tail. 

9.10. Data analysis 

Tumour growth, co-culture and in vivo transduction data was analysed using 

GraphPad Prism 9 (GraphPad, La Jolla, California, USA). Co-Culture data is shown as mean and 

the standard error of the mean (SEM). Mean functional avidity (EC50), was calculated as a 

non-linear fitting of an asymmetric five parameter logistic model. 
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10. Results 

10.1. Detection of TCR chain subtypes and CDR3 regions 

To transfer the MV-envelope-based pseudotyped gRV system to BALB/c mice and to verify its 

transduction capability in vitro and in vivo, a tumour model had to be established. This 

involved the identification and characterisation of a set of TCRs that recognize the same 

antigen restricted to MHC alleles present in BALB/c mice. To show specific transduction and 

functionality of CD8+ T cells and CD4+ T cells, at least one TCR had to be restricted to 

MHC class I and another to MHC class II. 

The set of TCRs used in this project recognize the same antigen, HA of 

Influenza A/PR/8/34 H1N1. All of the chosen TCRs recognize their epitopes restricted to 

MHC molecules found in BALB/c mice. A literature search was performed to determine the 

characteristics and structure of the TCRs. It was needed to know at least part of the α- and 

β-chain to design suitable primers for the sequencing of the TCRs. Clone 1 and Clone 4 TCR 

recognize the same epitope on HA (518IYSTVASSL526), which is presented on mouse 

MHC class I H-2Kd. Clone 1 is a low-avidity TCR generated by L. Sherman et al. in 1999 by 

intraperitoneal immunization of D2 mice with HA. The TCRs’ α-chain was reported as being 

encoded by Vα1 and Jα11, the beta chain of Vβ8.2/D/Jβ2.4 (211). In 2005, a mouse transgenic 

for Clone 1 TCR was generated to study low avidity, self-specific T cells directed against 

insulin-producing β cells of the pancreatic islets in mice transgenic for HA (Ins-HA) (209, 210). 

Clone 4 is a high-avidity TCR, which was obtained from a B10.D2 mouse derived T cell clone 

previously immunized with Influenza A/PR/8/34 H1N1, and is composed of Vα10 and Vβ8.2 

(211). Clone 4 transgenic mice were first described in 1996 by L. Sherman et al. They were 

generated by microinjection of TCR-α- and TCR-β-chain shuttle vectors into 

H-2bxd (C57BL/6 X BALB/c) F1 mouse zygotes. Clone 4 transgenic mice were mated with 

Ins-HA mice to study T cell tolerance mechanisms in the setting of autoimmune diabetes (212, 

213). The SFE TCR recognizes a different peptide (110SFERFEIFPK119) presented on 

MHC class II I-Ed. It was derived in 1983 from a monoclonal BALB/c CD4+ T cell line called Vir-2 

by Hackett et al. (216). A hybridoma cell line called 14.3.d was derived from Vir-2 clone V2-15 

by fusion with thymoma BW5147. Its TCR was determined to be encoded by Vα4/Jα2B4 and 

Vβ8.2/Jβ2.1 (215). The name for this TCR has changed several times during the almost 40 years 
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in which it has been researched - the first references name it as 14.3.d TCR and V2.1 TCR (216, 

220). Its encoding TCR gene segments were confirmed when it was used by J. Kirberg and 

H. von Boehmer et al. to create TCR transgenic mice for experiments in thymic selection in 

1990. It was stained using an anti-clonotypic mAb called 6.5, which earned it the name 6.5 TCR 

(214, 216, 217) (see 10.4, Page 42). The 6.5 antibody was initially produced by B. Riwar and H. 

Kishi (unpublished). The TCR was used by L. Sherman et al. in tumour models studying 

CD4+ T cell response and autoimmunity; due to its recognition of HA, it was later referred to 

as HA TCR, and as SFE TCR because of the recognized epitope (218, 219). The data provided in 

the literature is summarised in Table 7. In most listed publications, the regions of the TCR 

chains were determined via antibody staining and the information is incomplete - no data was 

available regarding α- or β-chain subtype, TRAJ, TRBD or CDR3 region. The primers were 

designed to cover α- and β-chain segment subtypes (Table 2, page 23). Primary splenocytes 

derived from TCR-transgenic mice were kindly provided by L. Sherman (The Scripps Research 

Institute, La Jolla, California, USA). The mouse strains are listed in Table 1 on page 23. RNA 

isolation, cDNA synthesis and TOPO cloning were performed. The TCRs were sequenced and 

aligned to the IMGT database (221, 230). A summary of the alleles and CDR3s constituting the 

TCRs determined by sequencing is given in  

 

 

Table 8. TRAV and TRAJ, or TRBV, TRBD and TRBJ sequences were linked via a P2A element 

and codon optimised, with suitable restriction enzyme recognition motifs implemented, and 

were subsequently inserted into the MP71 vector (231) (see 9.3, page 25).  

Table 7 TCR chain segments reported in the literature 

TCR V-region D-region J-region references 

Clone 1 α-chain Vα1  Jα11 (210, 211) 

Clone 1 β-chain Vβ8.2 D Jβ2.4 (210, 211) 

Clone 4 α-chain Vα 10   (211-213) 

Clone 4 β-chain Vβ 8.2   (211-213) 

SFE α-chain Vα4  Jα2B4 (214-220) 

SFE β-chain Vβ8.2  Jβ2.1 (214-220) 
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Table 8 TCR chain segments and CDR3 regions determined by sequencing 

TCR V-region D-region J-region CDR3 

Clone 1 α-chain TRAV7-2*02  TRAJ13*01 CAANSGTYQRF 

Clone 1 β-chain TRBV13-2*01 TRBD2*01 TRBJ2-4*01 CASGDGGARQNTLYF 

Clone 4 α-chain TRAV13D-4*01  TRAJ42*01 CASNSGGSNAKLTF 

Clone 4 β-chain TRBV13-2*01 TRBD1*01 TRBJ1-4*02 CASGETGTNERLFF 

SFE α-chain TRAV6-5*01  TRAJ56*01 CALSGGNNKLTF 

SFE β-chain TRBV13-2*01 TRBD1*01 TRBJ2-1*01 CASGGGRGSYAEQFF 

 

The TCRs listed provided two TCRs restricted to MHC class I and one TCR restricted to 

MHC class II. They were chosen as tools to analyse subset-specific transduction and for further 

analysis in vitro and in vivo. 

10.2. Generation of cell lines expressing HA 

The T cells transduced with TCRs using the MV-envelope-based pseudotyped gRV system had 

to be tested in vitro and in vivo. Strategies exist to test TCR-transgenic T cell functionality 

in vitro and in vivo, circumventing the need for an antigen-presenting cell line. Antigenic 

epitopes can be loaded onto MHC to test transduced T cells in vitro, or epitopes or full-length 

HA can be in vivo injected into mice. These and other assays are used later in this project, but 

they do not represent the complete immune response of a tumour model. The generation of 

cell lines expressing the model antigen HA allows for a better model of adoptive T cell therapy 

to show the recognition of cancer cells in vitro and in vivo. The availability of cell lines 

expressing HA enables in vivo tumour rejection experiments. A suitable cell line had to be a 

progressor cancer cell line, and capable of tumorigenesis when injected into immune 

competent BALB/c mice. In addition, it had to express MHC class I H-2Kd to enable recognition 

by Clone 1 and Clone 4 TCR. AB1 [mouse mesothelioma] (RRID:CVCL_4403) is a cell line 

derived from malignant mesothelial cells in 1992. Female BALB/c mice were exposed to 

crocidolite asbestos through intraperitoneal injection and fibroblast-like mesothelioma cells 

were obtained from ascites fluid. AB1 cells are tumorigenic in syngeneic immunocompetent 
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mice (225). The AB1 cell line was a generous gift from D. Klatzmann (Pierre & Marie Curie 

University and Medical school, Paris, France). 4T1 [mouse mammary carcinoma] (CRL-2539, 

ATCC) is a BALB/c-derived cancer cell line. It was derived in 1992 by F. Miller et al. from a single 

spontaneously arising mammary tumour from a BALB/cfC3H mouse (232). Clonal 

subpopulations were generated; among these is 410.4, from which the thioguanine-resistant 

variant 4T1 was selected (233). 4T1 is characterised by being exceptionally tumorigenic and 

spontaneously metastasizing to both the lung and liver. 4T1 parallels highly invasive, 

metastatic human stage IV breast cancer in its immunogenicity, metastatic properties, and 

growth characteristics, and is used frequently as a model for the disease (234, 235). The 

4T1 cell line was generously provided by D. Klatzmann. Both cell lines were chosen as 

appropriate models for HA recognition by the selected TCRs. As they were not expressing the 

target antigen endogenously, derivate cell lines had to be generated. 

10.2.1. Electroporation of AB1 and 4T1 

In order to test the processing of the antigen and recognition by TCRs on the cell surface, 

derivatives of AB1 and 4T1 expressing HA of Influenza A/PR/8/34 H1N1 were generated using 

electroporation and the Sleeping Beauty transposon system. The nucleotide sequence of 

Influenza A/PR/8/34 H1N1 (GCA_000865725.1) was first published by G. Winter et al. in 1981 

and was available from the European Nucleotide Archive (ENA) (222). The cell lines AB1 and 

4T1 were electroporated with a transgene encoding for HA linked via IRES to the reporter gene 

green fluorescent protein (GFP) (Figure 1). GFP was used as a reporter since no commercial 

antibody was available for staining of HA at the time of cloning. The plasmid, 506-SB-HAiGFP, 

is a derivative of the Sleeping Beauty transposon plasmid pT2/HB modified to carry the 

MP71-promoter and was, together with RNA coding for the required transposase, kindly 

provided by J. Clauss (Max Delbrück Center for Molecular Medicine in the Helmholtz 

Association, Berlin, Germany) (224, 231, 236). The resulting cells were single-cell sorted, and 

for each cell line, 40 clones were raised in 96-well plates. 
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Figure 1 AB1 and 4T1 express GFP after electroporation with 506-SB-HAiGFP. 

AB1 and 4T1 were analysed and sorted by flow cytometry 48 h after electroporation with 506-SB-HAiGFP. The 

non-transgenic parental cell lines AB1 and 4T1 were used as controls. Numbers indicate the percentage of 

GFP-positive cells in the gate. 

10.2.2. AB1 HA and 4T1 HA 

Subsequently, AB1-HAiGFP and 4T1-HAiGFP clones were selected for high and uniform 

expression of GFP. The clones selected were AB1-HAiGFP Clone 4 and 4T1-HAiGFP clone 23, 

hereafter referred to as AB1 HA and 4T1 HA (Figure 2A). Later, the surface expression of HA 

was shown to correlate with GFP expression using the PY102 mAb (Figure 2B). The PY102 mAb 

was kindly provided by P. Palese (Icahn School of Medicine at Mount Sinai, New York, USA). 
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Figure 2 AB1 and 4T1 single cell clones AB1 HA and 4T1 HA show expression of HA and GFP. 

(A) AB1-HAiGFP Clone 4 and 4T1-HAiGFP clone 23 were analysed by flow cytometry and selected for highest 

uniform GFP expression after electroporation with 506-SB-HAiGFP. AB1-HAiGFP Clone 4 was in culture for 28 

days, and 4T1-HAiGFP clone 23 for 21 days. (B) AB1, AB1 HA (AB1-HAiGFP clone 4), 4T1 and 4T1 HA (4T1-HAiGFP 

clone 23) cells were stained with anti-HA mAb PY102 labelled with APC and analysed for expression levels of HA 

by flow cytometry. The non-electroporated parental cell lines AB1 and 4T1 were used as controls. Numbers 

indicate the percentage of positive cells. The results shown are representative and were repeated in experiments 

involving AB1, 4T1, AB1 HA or 4T1 HA. 

10.2.3. Growth of cancer cell lines and derivatives in BALB/c mice 

As any kind of modification can alter the growth kinetics of cancer cell lines, the generated 

derivate cell lines had to be analysed for their in vivo growth, to ensure comparability with 

their respective parental cell line. Therefore, the cancer cell lines AB1 and 4T1, as well as their 

antigen-expressing derivatives AB1 HA and 4T1 HA, were injected s.c. into the flanks of BALB/c 

mice. Three mice were injected with 5*105 cells of one of the cell lines suspended in 200 µl 

PBS. Tumours developed in 2/3 mice injected with AB1, 3/3 with AB1 HA, 3/3 with 4T1 and 

2/3 with 4T1 HA. The resulting tumours were measured daily for 16 days. Mice injected with 

AB1 or AB1 HA developed palpable tumours, first reaching a size larger than 10 mm³ on day 10 

(5/5), and then larger than 50 mm³ on day 14 (4/5) and day 15 (1/5). 4T1 and 4T1 HA were 

highly tumorigenic, with palpable tumours that first reached a size larger than 10 mm³ on 
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day 7 (4/5) and day 8 (1/5), and then larger than 50 mm³ on day 8 (2/5) and day 9 (3/5). 

Growth curves for parental cell lines were comparable to their respective derivatives ( 

Figure 3). Both derivative cell lines were therefore deemed to be appropriate models to test 

the TCRs in vitro and in vivo. 

 

Figure 3 AB1 HA and 4T1 HA grow similarly to their respective parental cell lines AB1 and 4T1 in BALB/c mice.  

Tumour sizes of mice inoculated s.c. with the parental cell lines AB1 (n=2) and 4T1 (n=3) compared to their 

respective HA-expressing derivative cell line AB1 HA (n=3) or 4T1 HA (n=2), measured daily for a total of 16 days. 

10.3. Transduction of 58m4 and 58m8 and titration of viral supernatants 

In order to analyse and confirm the subset-specific transduction capability of the pseudotyped 

viral supernatants to mouse CD4 and CD8, two cell lines derived from BW5147 cells were 

employed that either express CD4 or CD8. BW5147 (RRID:CVCL_3896) is a cell line derived 

from a spontaneous AKR/J mouse thymoma mouse established in 1980 by A. Conzelmann et 

al., which is deficient for CD4 and CD8 (237, 238). The 58 T cell line is a TCR-deficient derivative 

of BW5147 established by F. Letourner et al. in 1989 (228). The 58m4 (CD4+CD8-TCR-) and 

58m8 (CD4-CD8+TCR-) daughter cell lines were established by I. Edes. The specificity of MVm4- 

and MVm8-pseudotyped gRV to mouse CD4 and CD8, respectively, was shown by I. Edes in 

mixed cell culture and confirmed by experiments using blocking antibodies (208). In order to 

test the pseudotyped gRV vectors for Clone 1, Clone 4 and SFE, supernatants containing 

pseudotyped gRV vectors were generated by transient transfection of 293T cells (see 9.5, page 

27). The resulting supernatants were enriched by ultracentrifugation and resuspended in 

100 µl DPBS. MVm8/Clone 1 and MVm8/Clone 4 were used to transduce 58m8 cells and 

MVm4/SFE was used to transduce 58m4 cells.  
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Figure 4 MVm8/Clone 1 and MVm8/Clone 4 transduce 58m8 and MVm4/SFE transduces 58m4. 

CD8+ 58m8 and CD4+ 58m4 were stained with mAb anti-mouse-Vβ8 labelled with PE, after transduction with 

MV-envelope-pseudotyped gRV targeted to either mouse CD4 (MVm4) or mouse CD8 (MVm8) and analysed by 

flow cytometry. Untransduced 58m4 and 58m8 were used as controls. Numbers indicate the percentage of 

positive cells. The results shown are representative of the third to fourth step in dilution for titrations of viral 

supernatants, depending on the yield, and were repeated routinely. 

Transduction efficiency and surface TCR expression were determined by staining with an 

anti-mouse-Vβ8-antibody labelled with PE and subsequent flow cytometry analysis (Figure 4). 

This experiment confirmed the transduction efficiency of 58m4- and 58m8-pseudotyped 

vectors carrying the transgenes coding for the TCRs Clone 1, Clone 4 and SFE. From here on, 

the transductions of 58m4 and 58m8 cells were used in a serial dilution of supernatants 

containing MVm8/Clone 1, MVm8/Clone 4 or MVm4/SFE to determine viral titre of the batch.  

10.4. Production of the 6.5 antibody for TCR-specific staining 

A large percentage of T cells in the repertoire of BALB/c express a TCR β-chain encompassing 

Vβ8 -  a share of 20% or even higher is reported in the literature and mirrored in the findings 

of this thesis (Figure 7, page 46). This also holds true for all three TCRs used in this project, 

demanding suitable staining methods to differentiate between T cells endogenously 

expressing Vβ8 and transduced T cells. TCR-specific staining was needed to enable the 

verification of the surface expression of TCRs and transduction efficacy in transduced T cells. 

An MHC-peptide-tetramer, H-2Kd-IYSTVASSL-PE (MBL International, Woburn, Massachusetts, 
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USA), to be used to confirm the surface expression and specificity of Clone 1 and Clone 4 TCR, 

was commercially available (Figure 6, page 44). For the SFE TCR, no MHC-tetramer was 

commercially available or described in the literature. In 1994, H. von Boehmer et al. used a 

clonotype-specific antibody called mAb 6.5 for the staining of the SFE TCR, referred to as 

‘TCR specific for 110-119 HA’. The mAb 6.5 was originally produced by B. Riwar and H. Kishi 

(unpublished) following a process previously described by S. Weber et al. This involved 

immunizing rats using a solubilized form of the SFE TCR and generating a mAb-producing 

hybridoma (214, 217). The hybridoma producing the clonotypic 6.5 was kindly provided by 

L. Klein (Ludwig-Maximilians-University, Munich, Germany) thanks to the recommendation of 

H. von Boehmer (Harvard Medical School, Boston, United States). To generate a supply of the 

clonotypic mAb, the 6.5 hybridoma was cultured for 10 weeks, gradually lowering the fetal 

calf serum (FCS) concentration. The hybridoma was kept at 0% FCS for 4 days, and the resulting 

supernatant was precipitated using ammonium sulfate and purified by 

Protein A chromatography (see 9.6.1, page 29). The clonotypic 6.5 mAb was stained with 

anti-rat-IgG2b mAb labelled with FITC in a second step and analysed by flow cytometry. 

 

Figure 5 Staining using clonotypic 6.5 mAb on 58m4 transduced with MVm4/SFE. 

CD4+ 58m4 were transduced using MVm4/SFE and stained using anti-CD4 mAb and the clonotypic 6.5 mAb 

specific for the SFE TCR produced by purification of 6.5. hybridoma supernatant. The 6.5 mAb was stained with 

anti-rat-IgG2b mAb labelled with FITC in a second step and analysed by flow cytometry. Non-transduced 58m4 

were used as controls. Numbers indicate the percentage of positive cells. The results shown are representative 

for two experiments. 

It showed specific staining of the SFE TCR on 58m4, comparable to the staining using 

anti-C mAb and anti-Vβ mAb. The results established the 6.5 mAb as an invaluable staining 

method and confirmed surface expression of the SFE TCR on transduced cells (Figure 5). 
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10.5. Transduction of primary BALB/c-derived T cells in vitro 

10.5.1. Transduction of BALB/c-derived CD8+ T cells by MVm8 in vitro 

The first in vitro transduction of primary cells using MVm8-pseudotyped gRV encoding for 

Clone 1 and Clone 4 TCR was performed on splenocytes derived from BALB/c mice. Both TCRs 

are MHC class I-restricted (H-2kd) and recognize the same epitope of HA (518IYSTVASSL526). 

Splenocytes were isolated on day 0 and activated by anti-CD3- and anti-CD28-stimulation, and 

additionally the culture was supplemented with cytokines IL-2 and IL-15. Activation of the 

T cells was necessary because gRV are dependent on disaggregation of the T cells nuclear 

envelope for stable transduction. Transduction was performed on day 2 and the splenocytes 

were analysed for transduction efficiency two days later. The transduced cells were stained 

with anti-CD8 mAb and H-2Kd-tetramer-IYSTVASSL-PE and analysed by flow cytometry. The 

transduction rate for MVm8/Clone 1 and MVm8/Clone 4 was 31% and 25% of CD8+ cells, 

respectively. These results validated the surface expression of the TCRs on primary transduced 

CD8+ T cells (Figure 6). Due to difficulties acquiring the H-2Kd-tetramer-IYSTVASSL-PE and the 

prohibitive costs, later experiments were, in part, repeated after Vβ8-depletion before 

transduction using magnetic activated cell sorting (MACS), and the transduction rate was 

determined by Vβ8-expression (see 9.8.2, page 33). 

 

Figure 6 MVm8/Clone 1 and MVm8/Clone 4 transduce BALB/c-derived CD8+ splenocytes efficiently and 

exclusively. 

Unsorted BALB/c-derived CD8+ splenocytes were transduced using MVm8-pseudotyped gRV/Clone 1 and MVm8-

pseudotyped gRV/Clone 4 and were stained for TCR surface expression using H-2Kd-tetramer-IYSTVASSL-PE. 

Untransduced splenocytes were used as controls. Numbers indicate the percentage of positive cells. The results 

are representative and were repeated in co-culture experiments involving MVm8/Clone 1- and Clone 4-

transduced splenocytes. 
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10.5.2. Transduction of BALB/c-derived CD4+ T cells by MVm4 in vitro 

in vitro transduction of primary cells using MVm4-pseudotyped gRV encoding for the SFE TCR 

was performed on splenocytes derived from BALB/c mice. The SFE TCR is 

MHC class II-restricted (I-Ed) and recognizes the epitope 110SFERFEIFPK119 of HA. Splenocytes 

were isolated on day 0 and activated by anti-CD3- and anti-CD28-stimulation, and in contrast 

to the culturing of CD8+ T cell culture, only IL-2 was added to the culture medium. Omitting 

IL-15 thwarted overgrowth by CD8+ T cells, which would have been detrimental for later 

co-culture experiments. Transduction was performed on day 2 and transduced splenocytes 

were analysed two days later. Staining was performed with anti-CD4, anti-Vβ mAb and 6.5 

mAb purified from 6.5 hybridoma supernatant, and analysed by flow cytometry (see 10.4, 

page 42; and 9.6.1, page 29). MVm4-gRV/SFE achieved a transduction rate of 17% in total 

splenocytes, which equated to 42% of the CD4+ population. These results validated the surface 

expression of the SFE TCR on primary transduced CD4+ T cells. Analysis of the transduction 

rate using anti-Vβ8 mAb was impeded by high endogenous Vβ8-expression (Figure 7). 

Transduced CD4+ splenocytes were cultured and used on day 8-10 in co-culture experiments, 

and repeated analyses by flow cytometry showed comparable transduction rates, thereby 

confirming stable transduction (208) (see 10.5.4, page 48). 
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Figure 7 MVm4-pseudotyped gRV/SFE transduces BALB/c-derived CD4+ splenocytes effectively and exclusively. 

Unsorted BALB/c-derived CD4+ splenocytes were transduced using MVm4-pseudotyped gRV/SFE and stained for 

TCR surface expression using anti-Vβ8 mAb and clonotypic 6.5 mAb. Untransduced splenocytes and splenocytes 

transduced with an irrelevant TCR (MVm4/OT-1) were used as controls. Numbers indicate the percentage of 

positive cells. The results are representative and were repeated in co-culture experiments involving MVm4/SFE 

transduced splenocytes. 

10.5.3. Co-culture assays using MVm8/Clone 1- and Clone 4-transduced T cells 

MVm8/Clone 1- and Clone 4-transduced CD8+ T cells were evaluated in co-culture assays to 

verify the functionality of transduced T cells, to characterise the TCR and to verify the stability 

of transduction. Both TCRs are restricted to MHC class I H-2Kd and recognize the same epitope 

(518IYSTVASSL526) of HA. A detailed description of both TCRs was given earlier (10.1, page 35). 

After isolation of splenocytes on day 0 and transduction on day 2, the T cells were cultured 

until days 10-14 when co-culture assays were performed. Transduced CD8+ splenocytes were 

analysed on day 4 and reanalysed on days  10-14, showing comparable transduction rates, 

thereby confirming the stable transduction previously shown by I. Edes (208). CD8+ T cells 

transduced with either of the TCRs showed specific recognition of their target antigen as 

determined by IFNγ secretion. T cells transduced by MVm8/Clone 4 showed higher 

IFNγ-release compared to T cells transduced with MVm8/Clone 1. The mean functional avidity 

(EC50) calculated by non-linear fitting of an asymmetric 5 parameter logistic model of 

Clone 1 TCR to peptide 518IYSTVASSL526 was 10-8,12 mol/l, and the EC50 of Clone 4 was 
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10--10,73 mol/l. These results confirm Clone 4 TCR as the TCR of higher avidity, as reported in 

the literature, and a TCR capable of co-receptor independent recognition of HA on MHC class I 

H-2Kd (210-213) (Figure 8). 
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Figure 8 MVm8/Clone 1- and MVm8/Clone 4-transduced BALB/c-derived CD8+ T cells recognize their epitope 

presented on unsorted splenocytes. 

CD8+ BALB/c-derived T cells were transduced with either MVm8/Clone 1 or MVm8/Clone 4 and co-cultured with 

splenocytes loaded with the HA-peptide (518IYSTVASSL526) in decreasing concentrations. Splenocytes without 

peptide (w/o) and untransduced CD8+ T cells (ut) were used as negative controls. T cells stimulated 

independently of their TCR by incubation with ionomycin and PMA to show maximum IFNγ secretion were used 

as positive controls (max). The supernatant was analysed for concentration of IFNγ by ELISA. The EC50 values of 

TCRs are indicated by dotted lines. One representative experiment out of two is shown, and results are shown 

as mean and standard deviation (SD) of technical quadruplicates. 

In later experiments, the transduced T cells were co-cultured with the cancer cell lines AB1 HA 

and 4T1 HA generated previously (10.2, page 37). T cells transduced with MVm8/Clone 1 or 

MVm8/Clone 4 were cultured with either of the HA-expressing cancer cell lines AB1 HA or 

4T1 HA, or with the parental cell lines not transduced with HA. T cells and cancer cells were 

seeded in a 1:1 ratio and cultured for 24h. The supernatant was analysed for secreted IFNγ via 

ELISA. Specific recognition of the HA antigen on the cancer cells was shown, confirming stable 

expression of the transgenic HA, the intact MHC-loading machinery, and the sufficient 

MHC class I surface expression for recognition by Clone 1- and Clone 4-transduced T cells. As 

expected, the high-avidity TCR Clone 4 triggered a considerably higher release of IFNγ, being 

more than 6-fold higher for AB1 HA and 9-fold higher for 4T1 HA (Figure 9). 
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Figure 9 MVm8/Clone 1- and MVm8/Clone 4-transduced BALB/c-derived CD8+ T cells recognize the antigen 

expressing cell lines AB1 HA and 4 T1 HA. 

CD8+ BALB/c-derived T cells were transduced with either MVm8/Clone 1 or MVm8/Clone 4 and co-cultured with 

the HA expressing cancer cell lines AB1 HA or 4T1 HA. The parental cancer cell lines AB1 and 4T1 do not express 

the TCRs’ cognate antigen and were used as controls. T cells stimulated independently of their TCR by incubation 

with ionomycin and PMA to show maximum IFNγ secretion were used as positive controls (max). The supernatant 

was analysed for concentration of IFNγ via ELISA. The results are shown as mean and standard deviation (SD) of 

technical duplicates. 

10.5.4. Co-culture assays using MVm4/SFE-transduced T cells 

MVm4/SFE-transduced CD4+ T cells were evaluated in co-culture assays to verify the 

functionality of transduced T cells, to characterise the TCR and to verify the stability of 

transduction. The SFE TCR is restricted to MHC class II I-Ed and recognizes the epitope 

110SFERFEIFPK119 of HA. A detailed description was given earlier (10.1, page 35). Prior 

co-culture experiments using unsorted splenocytes loaded with peptide showed only minimal 

release of IL-2 and IFNγ - this was attributed to the difficulty in replacing the endogenously 

presented peptides on MHC class II (data not shown). To address this challenge, professional 

APCs were chosen as target cells. DCs differentiated from BALB/c bone marrow were kindly 

provided by M.-C. Ku (Max Delbrück Center for Molecular Medicine in the Helmholtz 

Association, Berlin, Germany). CD4+ T cells transduced with MVm4/SFE were co-cultured with 

DCs differentiated from BALB/c bone marrow. DCs were incubated in a serial dilution of 

decreasing concentrations of 110SFERFEIFPK119 24h prior to co-culture with T cells. Transduced 

T cells and DCs were seeded in a 1:1 ratio and the supernatant was harvested after 24h and 

analysed for IL-2 secretion via ELISA. The SFE TCR showed specific recognition of its target 

antigen on DCs in a concentration-dependent manner (Figure 10).  



R e s u l t s   P a g e  | 49 
 
 

10
-6

10
-7

10
-8

10
-9

10
-10

10
-11

10
-12

w/o ut max
0

1

2

3

4
IL

-2
 [
n
g
/m

l]
MVm4/SFE

110SFERFEIFPK119 [mol/l]
 

Figure 10 MVm4/SFE-transduced BALB/c-derived CD4+ T cells recognize peptide presented on DCs. 

CD4+ BALB/c-derived T cells were transduced with MVm4/SFE and co-cultured with DCs loaded with HA-peptide 

(110SFERFEIFPK119) in decreasing concentrations 24h previously. DCs without peptide (w/o) and untransduced 

CD4+ T cells (ut) were used as negative controls. T cells stimulated independently of their TCR by incubation with 

ionomycin and PMA to show maximum IL-2 secretion were used as positive controls (max). The supernatant was 

analysed for concentration of IL-2 via ELISA. The results are shown as mean and standard deviation (SD) of 

technical duplicates. 

To expand on this, a similar experiment was repeated in the setting of CD4+ T cells transduced 

with MVm4/SFE recognizing processed antigen on DCs obtained from tumour cell lysate. The 

lysate was generated by freeze-thaw cycles of either 105 AB1 HA or 4T1 HA cells. The resulting 

lysate was diluted in 5 serial 1:3 steps and added to the cell medium of DCs 24h prior to the 

co-culture experiment. Transduced T cells and DCs were again seeded in a 1:1 ratio and the 

supernatant was harvested after 24h and analysed for IL-2 secretion via ELISA. It was shown 

that the target antigen processed by DC was recognized in a dose-dependent manner by the 

SFE-transduced T cells (Figure 11). In higher concentrations, namely 1:1 and 1:3, there was no 

clear correlation between antigen dose and IL-2 secretion. This was attributed to the 

significant toxicity of the tumour cell lysate on DCs, indicated by their aberrant phenotype 

revealed by microscopy (data not shown). It was therefore concluded that 

MVm4/SFE-transduced CD4+ T cells recognize their naturally processed target antigen in a 

concentration-dependent manner. 
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Figure 11 MVm4/SFE-transduced BALB/c-derived CD4+ T cells recognize their epitope presented on DCs after 

processing of antigen derived from cell lysate.  

CD4+ BALB/c-derived T cells were transduced with MVm4/SFE and co-cultured with DCs loaded with a cell lysate 

of AB1 HA or 4T1 HA in decreasing concentrations 24h previously. The lysate was generated by repeated 

freeze-thaw cycles of 1000 cells per 100µl. 105 T cells and DCs were cultured in each well in 100µl; in the first 

well, 100µl cell lysate was added and a serial dilution of 1:3 in 5 steps was performed. T cells and DCs loaded 

with 100µl of AB1 or 4T1 cell lysate were used as controls. T cells stimulated independently of their TCR by 

incubation with ionomycin and PMA to show maximum IL-2 secretion were used as positive controls (max). The 

supernatant was analysed for concentration of IL-2 via ELISA. The results are shown as mean and standard 

deviation (SD) of technical duplicates. 

10.6. Transduction of BALB/c lymphocytes in vivo 

After showing the capacity of MVm8 and MVm4 viral vectors to transduce BALB/c-derived 

splenocytes in vitro specific to their subset, the next step was to show transduction in vivo. 

BALB/c-derived splenocytes were isolated, activated for 24 h, and injected i.v. retro-orbitally 

to repopulate RAG2-/- mice. The MVm8-pseudotyped vectors encoded for the two 

MHC class I-restricted TCRs, Clone 1 and Clone 4, while the MVm4-pseudotyped vector 

encoded for the MHC class II-restricted TCR SFE. Each of the TCRs was linked to a luciferase 

for in vivo imaging. Clone 1 and Clone 4 were linked to Firefly luciferase (FLuc), and SFE was 

linked to Renilla luciferase (RLuc). In the experiment, 4 groups of three mice each were 

analysed. The constructs MVm8/Clone 1-FLuc, MVm8/Clone 4-FLuc and MVm4/SFE-RLuc 

were each injected i.v. via the tail vein. Mice injected with phosphate-buffered saline (PBS) 

were used as controls (Figure 12A). Five days after transduction (day 0), the mice were 

immunized with irradiated AB1 HA cells, injected s.c. into their right flanks. Mice were imaged 
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after retro-orbital luciferin or coelenterazine injection starting on day 3. Luciferin served as a 

substrate for MVm8/Clone 1-FLuc and MVm8/Clone 4-FLuc, while coelenterazine served as a 

substrate for MVm4/SFE-RLuc. Short intervals of imaging were chosen when the strongest 

dynamic in immune response was anticipated and the lowest frequency after the signal largely 

subsided, as well as before the boost. On day 65, mice were boosted by injection of irradiated 

AB1 HA cells into the contralateral flank, and imaging resumed three days later (Figure 12B 

and Figure 13A). Specific luciferase levels were detected in all mice injected with 

MV-pseudotyped gRV (9/9), while mice repopulated with untransduced T cells showed only 

background levels of luminescence signal after luciferin or coelenterazine injection. Mice 

injected with MVm8/Clone 1-FLuc showed the weakest signals out of the three vectors, with 

distinct signals appearing on day 8. The luminescence quickly weakened but was measurable 

in distinct spots, mostly in the flanks, until day 31. Until the boost on day 65, the luminescence 

signal was in the range of the background of the untransduced mice, with a few higher 

measurements of less well-defined signals of the upper abdomen (Figure 13A, day 51, day 64). 

After the boost, mice transduced with MVm8/Clone 1-FLuc showed distinct activation, but 

mice transduced with other vectors showed markedly higher luminescence. The luminescence 

exhibited by mice transduced with MVm8/Clone 1-FLuc was more spread out and less intense, 

and therefore not visible in the heat map shown in Figure 13A. When singled out and shown 

with a lower luminescence threshold of 20 [(p/s)/(cm2/sr)x102], areas where almost no 

luminescence signal was visible before became identifiable. A representative example 

comparing two different thresholds of mice transduced with MVm8/Clone 1-FLuc on day 68 is 

shown in Figure 13B. As expected, mice repopulated with the high-avidity TCR Clone 4 showed 

a much higher luciferase signal than mice repopulated with the low-avidity Clone 1 TCR. 

Between days 8-14 the left- and rightmost mice showed homing to the site of antigen 

stimulus, with a pronounced dynamic in the intensity of luminescence signal (Figure 13A, 

days 8-14). The rightmost mouse showed an unexpectedly high and enduring luminescence 

signal for the rest of the experiment (Figure 13, days 31-73). The difference between both 

MHC class I-restricted TCRs correlated with prior in vitro experiments, showing lower release 

of IFNγ upon contact of antigen (Figure 8 and Figure 9).  

The highest luciferase signals were measurable in all mice transduced with MVm4/SFE-RLuc, 

showing a signal at the earliest on day 3, and reaching the highest signals of the experiment 

around day 8 (Figure 13A, days 3-14). Mice transduced with MVm4/SFE-RLuc showed a distinct 



R e s u l t s   P a g e  | 52 
 
 
nodal luminescence signal after priming and boost. In conclusion, CD4+ and CD8+ T cell subsets 

were transduced in BALB/c mice in vivo by all MV-pseudotyped gRV vectors. Transduced 

T cells exhibited several desired characteristics - they showed homing, expansion, and 

contraction, and remained transduced stably and measurably for a time span of more than 

10 weeks. The different dynamics of the TCRs, and especially of the MHC class I-restricted 

TCRs of low and high avidity, i.e., Clone 1 and Clone 4, mirrored the results of prior in vitro 

co-culture experiments. 
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Figure 12 In vivo transduction of BALB/c mice, synopsis.  

(A) BALB/c-derived splenocytes were isolated and activated for 24 h. BALB/c Rag2-/- were repopulated with the 

activated unsorted splenocytes. After one day, three mice were each injected i.v. with MVm8/Clone 1-FLuc, 

MVm8/Clone 4-FLuc, and MVm4/SFE-RLuc for in vivo transduction. (B) Mice were primed by s.c. application of 

irradiated AB1 HA cells into the right flank on day 0. Mice received an antigenic boost by s.c. application of 

irradiated AB1 HA cells into the contralateral flank on day 65. Luminescence was measured for a total of 73 days. 

in vivo imaging measured transduced T cells indirectly via reporter luciferases after i.v. application of luciferin or 

coelenterazine in a dark chamber using Xenogen IVIS 200. Untransduced T cells-repopulated BALB/c Rag2-/- were 

used as controls. MVm8/Clone 1, MVm8/Clone 4, and MVm4/SFE refer to MV-pseudotyped gRV coding for a 

TCR linked to a reporter luciferase, i.e., MVm8/Clone 1-FLuc, MVm8/Clone 4-FLuc, and MVm4/SFE-RLuc, 

respectively. 
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Figure 13 In vivo transduction of BALB/c mice, detailed. 

(A) Detailed view of all mice transduced with MVm8/Clone 1-FLuc, MVm8/Clone 4-FLuc or MVm4/SFE-RLuc. Mice 

were primed by s.c. application of irradiated AB1 HA cells into the right flank on day 0. Mice received an antigenic 

boost by s.c. application of irradiated AB1 HA cells into the contralateral flank on day 65. in vivo imaging 

measured transduced T cells indirectly via reporter luciferases after i.v. application of luciferin or coelenterazine 

in a dark chamber using Xenogen IVIS 200. IVIS-parameters: min=150 and max=1500 [(p/s)/(cm2/sr)x102]. 

Luminescence was measured for a total of 73 days. Untransduced T cells-repopulated BALB/c Rag2-/- were used 

as controls. (B) Comparison of two threshold settings for IVIS-imaging for the mice transduced by 

MVm8/Clone 1-FLuc showing the lowest luminescence of the used vectors. Arrows indicate areas of 

luminescence excluded by the threshold used in (A). MVm8/Clone 1, MVm8/Clone 4, and MVm4/SFE refer to 

MV-pseudotyped gRV coding for a TCR linked to a reporter luciferase, i.e., MVm8/Clone 1-FLuc, 

MVm8/Clone 4-FLuc, and MVm4/SFE-RLuc, respectively. 
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11. Discussion 

11.1. Limitations of ex vivo manufacturing of T cell-based immunotherapies 

T cell immunotherapy is one of the most promising advances in cancer therapy. The 

introduction of therapeutic TCRs and CARs can convey new specificities to redirect a patient’s 

immune system and induce a potent anti-tumour response. The major drawbacks of 

T cell-based therapies are inherent to the current manufacturing process, which requires 

patient-individual apheresis, ex vivo activation, transduction and expansion to generate a 

therapeutic product. The first difficulty of this process stems from the quality and quantity of 

cells available for apheresis. T cell-based therapeutics are currently only approved for relapsed 

and refractory malignancies. Eligible patients have commonly undergone several regimens of 

chemotherapy, often resulting in leukopenia and insufficient T cell quality. Problems in T cell 

activation and transduction as well as inadequate expansion of engineered T cells may result 

in manufacturing failures. The final T cell products’ efficacy is further reduced by repeated 

freeze-thaw cycles, comprising at least two, after apheresis and before infusion of the finished 

product (136, 170). This is further complicated by an excessive time demand, in a setting 

where the patient’s response to bridging therapy is often short-lived and patients are prone 

to clinical deterioration due to progressive disease, complications and comorbidities. Long ex 

vivo culture time can impede T cell effector functions, and their ability to home and proliferate 

adequately (136). Advances in in vitro culture counteract this by focusing on less differentiated 

phenotypes like naïve and central memory T cells (239-241). Implementation of these new 

approaches is hampered by the complexity of T cell product manufacturing, and all the while 

threatening to further increase complexity, costs, and manufacturing time. Clinically approved 

T cell therapies focus on generating CD8+ cytotoxic T cells, to which the efficacy of adoptive 

cell therapy has most often been attributed. Recent studies have shown that CD4+ CAR T cells 

demonstrated similar cytolytic efficacy in vitro and in vivo. They showed slower initial tumour 

killing capacity, but were less prone to activation-induced cell death and exhaustion (242-244). 

Extrapolating these findings to TCR-engineered T cells, it is likely that combining 

MHC class I-restricted TCR in CD8+ T cells and MHC class II-restricted TCR in CD4+ T cells would 

result in a more potent and longer lasting anti-tumour response. Current gene transfer 

protocols do not differentiate between T cell subsets, including state-of-the-art stable 
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non-viral transfection methods like electroporation, magnetofection, laser- or 

ultrasound-assisted protocols employing the Sleeping Beauty transposon/transposase 

system, the clustered regularly interspersed short palindromic repeat (CRISPR)-Cas9 system, 

ZINC finger nucleases (ZFNs) or Transcription Activator-Like Effector Endonucleases (TALENs) 

(224, 245-248). Strategies to employ subset-specific gene transfer would have to include an 

additional step of prior separation, e.g., by FACS or MACS, potentially losing a portion of cells 

and reducing viability. The highly specialized manufacturing process of T cell products for 

clinical use must abide by GMP guidelines and undergoes thorough testing before approval is 

granted. Specialized centres are approved for the use of cellular therapies in an involved 

review process (carried out in the United States of America by the Foundation for the 

Accreditation of Cellular Therapy (FACT) and by their European equivalent, the Joint 

Accreditation Committee ISCT-Europe & EBMT (JACIE)). This further limits the availability of 

this technology and drastically increases its price. As an example, the use of the CAR T cell 

products tisagenlecleucel and axicabtagen ciloleucel have an estimated cost of US$475,000 

and US$373,000 per patient, which can even, in the case of complications, be significantly 

higher (169).  

11.2. The synergy of CD4+ and CD8+ T cells and their clinical application 

In this thesis, the potent capabilities of a MV-envelope-based pseudotyped gRV system to 

transduce T cell subsets in vivo specifically, efficiently, and stably were demonstrated. The 

vector system could not only solve many issues related to the state-of-the-art manufacture of 

T cell therapies but also further T cell therapies by establishing an uncomplicated yet flexible 

tool to introduce emergent findings to clinical application. One major development in the field 

of T cell therapies is the renaissance of CD4+ T cells as a mediator in anti-tumour responses. 

Most cell-based cancer immunotherapies are focused on CD8+ T cells. Though the success of 

these therapies is undeniable and the critical role CD8+ T cells play in effectuating a tumour 

response should not be understated, emergent observations have illustrated the potent and 

synergistic anti-tumour effects of CD4+ T cells. The tumour microenvironment (TME) in solid 

malignancies poses a daunting challenge for T cell therapies. Aberrant tumour vasculature, 

and cancer-associated cells like tumour-associated macrophages and fibroblasts can inhibit 

T cell extravasation. The effector function of T cells is blunted by the expression of checkpoint 

molecules, and the proliferation and activation of T cells is diminished by a lack of DCs or their 
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impaired function. In solid malignancies, the access to surface antigen is often limited to the 

periphery, hindering CAR T cells especially, in contrast to TCR-engineered T cells (147, 148). 

The hypoxic environment as well as many metabolites, like lactate and reactive oxygen 

species, have been implicated in aggravating these conditions, with new publications 

broadening the spectrum of inhibitory mechanisms of the TME every year (249-252). Common 

approaches to overcome this inhibitory environment are the implementation of checkpoint 

inhibitors or the generating of a T cell product which can thrive in these conditions. Examples 

of these approaches include the selection of T cell subtypes, enhanced signalling mechanisms, 

co-delivery of transgenes coding for cytokines, or PD-1-blocking scFv (99, 144-146, 149, 150). 

The clinical success of CD8+ T cell-based immunotherapies, as well as the more easily available 

tools to monitor them and established read-outs like CD8+ T cell infiltration for anti-tumour 

immunity, have long eclipsed the role of CD4+ T cells in an anti-tumour response. Recently, 

the varied and potent mechanisms by which CD4+ T cells initiate and sustain an effective 

anti-tumour effect have been highlighted, even in immunotherapy specifically designed to 

elicit a CD8+ T cell response (253-256). The eponymous function of CD4+ T helper cells 

describes their ability to initiate and assist many anti-tumour effects. CD4+ T cells can secrete 

IL-2, which leads to the activation, differentiation, proliferation of CD8+ T cells (51-54). They 

can maintain an inflammatory milieu by CD40L upregulation, thereby supporting DC activation 

and cross-presentation (257). The interplay of antigens recognized by CD4+ and CD8+ T cells is 

a prerequisite for bystander elimination of antigen-negative cancer cells, disrupting the TME 

and countering a mechanism of immune escape (258, 259). CD40L signalling to B cells has 

been described to also induce a humoral response against solid tumours in tumour-adjacent 

tertiary lymphoid structures (260, 261). CD4+ T cells also facilitate a direct anti-tumour effect 

by the secretion of IFNγ and TNFα (64-67). The synergy of CD4+ and CD8+ T cells targeting 

model antigens was demonstrated in several tumour models. It was shown that the 

co-transfer of CD8+ and CD4+ T cells targeting the antigen SIYRYYGL on PRO4L, a fibrosarcoma 

cell line, was able to eradicate a tumour, whereas CD8+ T cells alone only inhibited tumour 

growth (262). It was shown that for optimal synergy, CD4+ T cells must be antigen-specific and 

act locally to promote recruitment and proliferation in the induction phase of an anti-tumour 

response. Furthermore, Schietinger et al. demonstrated the necessity of cooperation between 

CD4+ and CD8+ T cells during the effector phase to eliminate a tumour (258, 261). Li et al. 

presented data of CD8+ and CD4+ T cells targeting ovalbumin presented by B16 cells. While 



Discussion  Page | 59 
 
 
adoptive cell therapy with CD8+ T cells alone was highly effective in mediating regression, it 

achieved only low tumour-free survival rates. The co-transfer of CD4+ T1 cells and CD8+ T cells 

induced a synergistic and lasting anti-tumour response (263). Current manufacturing of T cell 

products is focused only on CD8+ T cells, with an already excessive demand of cost and time 

needed for production. The inclusion of CD4+ T cells would necessitate the manufacturing of 

a second product, due to the different culture conditions and times required by each T cell 

subtype, further complicating an already involved process. The MV-envelope-based 

pseudotyped gRV system used in this thesis is a promising approach which could not only 

introduce a new specificity to CD8+ T cells, but simultaneously also introduce this to the 

previously neglected CD4+ T cells. It is a tool that could dramatically simplify the process of 

generating a functional T cell product in vivo. This could lower costs and save time, while, due 

to its simple process, being able to adapt to advances in the field of T cell-based 

immunotherapy more quickly. Examples of this could include the downregulation of 

checkpoint molecules, e.g., employing RNA interference, or the co-delivery of transgenes 

coding for cytokines. New TCRs targeting emergent tumour-associated antigens might get 

approved for clinical application much more quickly. The vision for the clinical application of 

this vector technology shall be explored in more detail later. 

11.3. Cell lines and immune escape 

To explore the capabilities of the MV-envelope-based gRV vector system, three TCRs were 

chosen that recognize epitopes of the same antigen. Two of them are restricted to MCH class I 

and the other to MHC class II. To lay the foundation for future in vivo experiments, cell lines 

expressing the model antigen HA had to be established and characterised. Transduced T cells 

were challenged with the cancer cell lines harbouring their recognized model antigen, first 

in vitro and later in vivo. The cell lines AB1 and 4T1 were chosen because they are progressor 

cell lines, capable of reliably establishing a solid tumour in immunocompetent BALB/c mice, 

thus enabling in vivo tumour experiments. The added immunogenicity of the antigen HA 

expressed on the derivatives AB1 HA and 4T1 HA was a concern, as injected cancer cells might 

be rejected or a change in the growth kinetic might lessen the value of parental cell lines as 

negative controls in future experiments. AB1 and 4T1 and their HA-transgenic derivatives 

were shown to be capable of reliably generating tumours in immunocompetent BALB/c mice, 

with no significant difference in growth kinetics between the parental and derivative cell lines. 
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4T1 and 4T1 HA showed exceptional tumorigenicity, matching previously published data in 

which it was used to model highly invasive, metastatic stage IV breast cancer. The unchanged 

growth kinetics indicated the cell lines’ high immune escape competence. A variety of 

mechanisms have been described, including downregulation of MHC molecules, 

overexpression of checkpoint receptors and CD47, loss of antigen and defects in antigen 

presentation (264-270). Future in vivo experiments could leverage the availability of different 

cell lines further to evaluate the capabilities of the gRV vector system discussed in this thesis, 

e.g., comparing their anti-tumour effect to directly administered T cells and the synergy of 

CD4+ and CD8+ T cells like in the work of Li et al. and Arina et al. discussed earlier (11.2) (262). 

The in vivo experiment of this thesis was a proof of principle, employing irradiated cancer cells 

as a target to show T cell expansion and homing. Subsequent experiments attempting to 

immunize mice against a tumour challenge or treating an already established tumour by 

in vivo transduction using the highly aggressive cell lines described in this thesis would be 

daunting. Conversely, the MV-pseudotyped gRV vector system’s ability to transduce CD4+ and 

CD8+ T cells selectively and simultaneously might be capable of overcoming this challenge by 

generating a synergistic T cell response. A different but not mutually exclusive approach would 

be to combine in vivo engineered T cells with checkpoint therapies, which have been shown 

to be effective in tumour challenges employing AB1 and 4T1 cells (264-267).  

11.4. TCR avidity and co-culture 

The three different TCRs employed in this thesis target the model antigen HA. Clone 1 and 

Clone 4 recognize an epitope restricted to MHC class I H-2kd, with Clone 4 described in the 

literature as a TCR of decidedly higher avidity. SFE is a high-avidity TCR recognizing a different 

epitope - restricted MHC class II I-Ed (see 10.1, page 35) (209-220). The difference in reported 

avidity mirrored the results of in vitro co-culture assays, where the mean functional avidity of 

Clone 1 TCR to 518IYSTVASSL526 was 10-8,12 mol/l, while Clone 4 TCR showed an EC50 of 

10-10,73 mol/l. These differences between Clone 1 and Clone 4 TCR were also apparent in 

in vivo transduction experiments. Clone 4 TCR-transduced T cells exhibited higher avidity and 

superior homing capabilities. The interplay of TCRs of different avidities can be investigated 

further in future experiments in the setting of in vivo transduction. 
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11.5. TCR-engineering by subset-specific in vivo transduction of CD4+ and CD8+ T cells 

In the scope of this thesis, BALB/c T cells were transduced in vivo by systemic application of 

MVm8- or MVm4-pseudotyped gRV vectors conveying a new specificity for HA antigen. Their 

effector functions were analysed by in vivo imaging using a bioluminescence reporter assay. 

Sufficient proliferation of the target cells was necessary to achieve high transduction rates 

using gRV vectors. We opted for a setting in which BALB/c derived splenocytes were used to 

repopulate BALB/c Rag2-/- mice prior to transduction. A luciferase signal was detected in all 

mice after systemic application of either MVm8-Clone 1-FLuc, MVm8-Clone 4-FLuc or 

MVm4-SFE-RLuc and consecutive antigenic stimulus. Bioluminescence showed strong 

dynamics indicating T cell effector functions such as proliferation and homing. For all vectors, 

in vivo transduction was stable for a long period of time, lasting for over 70 days with no 

indication of transience of transduction or loss of transduced cells as determined by signal 

intensity after the boost. Moreover, a faster increase in luminescence detected after a second 

antigenic boost on day 65 indicated a T cell memory response. After the first antigenic 

stimulus, the maximum luciferase signal exhibited by mice transduced with one of the 

MHC class I-specific TCRs, Clone 1 or Clone 4, showed pronounced differences. The 

luminescence detected in mice transduced with the high-affinity Clone 4 TCR was higher by 

an average factor of approximately 2.5 on days 7 and 8. Despite the striking and correlating 

data of in vitro co-culture assays, these differences must be interpreted cautiously, as a 

number of factors influence the intensity of the detected bioluminescence signal. In the 

experimental setup, the initial in vivo transduction efficiency was unknown, so either T cells 

transduced with the low- or high-avidity TCR might have started out with a larger pool of 

redirected cells. Furthermore, shortly after transduction, T cells cannot be reliably detected 

using in vivo imaging. In the case of transduction using MVm8-Clone 1 and Clone 4, a 

pronounced difference was detected earliest on day 6 after stimulus. Transduced T cells might 

not have homed and accumulated or proliferated sufficiently yet to be detected. Other factors 

include differences of depth in tissue of antigenic stimulus, in the hair of mice, and in the 

amount of luciferin injected, as well as differences in instrumentation, angle of detection and 

background noise (271). In future experiments, some of these factors could be controlled. 

In vivo transduction efficiency could be judged using TCR analysis of circulating T cells in the 

blood, sampling of tumour or site of antigenic stimulus. To increase the detected 
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bioluminescence signal, mice could be shaven, or if a future project required a very low 

threshold of detection, a more invasive approach could be chosen, like window chamber 

implantation surgery or intravital microscopy (272).  

The strongest bioluminescence was detected in mice transduced with CD4+-specific 

MVm4-SFE-RLuc vector. As a caveat, for this vector Renilla luciferase was used as a reporter 

rather than Firefly luciferase, so direct comparison between mice transduced with 

MVm4-SFE-RLuc and CD8+-specific vectors is limited. Conversely, this enables future in vivo 

imaging of co-transduction experiments using MVm4 and MVm8 gRV vectors in tandem. The 

luminescence signal in mice transduced with MVm4-SFE-RLuc was exceptionally strong in 

nodal regions of draining lymph nodes after antigenic stimulus, which could be indicative of 

the priming of naïve transduced T cells. This was corroborated by a consecutive increase of 

luminescence at the site of antigenic stimulus, which was followed by retraction of transduced 

cells. This dynamic was highly suggestive of a T cell response, showing homing, proliferation 

and contraction, and is further supported by the faster dynamic of onset and extinction of the 

T cell’s luminescence signal following a second antigenic stimulus.  

11.6. Titre and variety of pseudotyped retroviral vectors  

Viral envelopes consisting of two components, for which binding and membrane fusion are 

mediated by separate glycoproteins, are ideally suited for retargeting of retroviral vectors. MV 

codes for two transmembrane envelope glycoproteins called hemagglutinin (H) and 

membrane fusion protein (F). Modifying the specificity of H does not impede membrane 

fusion, as is the case for most viral vectors. A challenge of pseudotyping is the yield of viral 

vectors; in prior experiments, MV-envelope was used to pseudotype LV vectors, resulting in a 

minimal yield, being likely due to steric interferences between the intracellular domain of H 

and F, and LV matrix proteins. The yield was dramatically increased through the use of variants 

of H and F, differing in the length and sequence of the cytoplasmatic tail (273). The same 

process was employed in the work of I. Edes and transferred to gRV, determining a different 

set of variants as optimal for MV-envelope-pseudotyped gRV (208). The titres of viral vectors 

generated in this thesis were sufficient to transduce T cells in vitro and in vivo. For the in vivo 

experiment, viral vector particles were injected into each mouse. The generated 

MV-pseudotyped gRV vectors’ titres decrease with the increasing size of the transgene, and 

in a clinical or different experimental setting, a higher titre can be achieved by omitting the 
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reporter luciferases (208). To upscale this technology to humans, an even higher yield would 

be advantageous. In humans, though the restriction of volume of injection is less challenging 

than in mice, the current manufacturing process of transient transfection is still labour- and 

cost-intensive. It could be streamlined by generating a stable packaging cell line, and upscaled 

by flow-through or steady-state systems coupled to downstream concentration of viral 

particles like ultrafiltration and continuous flow centrifugation. Different members of the 

paramyxovirus family share the feature of MV of distinct glycoproteins mediating binding and 

fusion and have been shown to be suitable for pseudotyping of LV vectors. Nipah virus (NV) 

envelope-pseudotyped LV, showing promise of a higher achievable titre, might be a suitable 

choice for application in humans. Additionally, NV infections are exceedingly rare in humans, 

making the existence of a humoral immunity interfering with gene transfer highly unlikely 

(274, 275). 

11.7. Conclusion and outlook 

This doctoral thesis expands on the work of I. Edes, who generated a gRV system pseudotyped 

with a MV-based envelope capable of transducing B6-derived CD8+ and CD4+ T cells in vitro, 

and demonstrated for the first time that in vivo transduction of CD8+ T cells by systemic 

application of targeting vectors leads to functionally engineered T cells (208). This gRV system 

was successfully transferred from B6 to BALB/c mice, confirming the targeted in vivo 

transduction of CD8+ T cells, and expanding on this by providing the first evidence of targeted 

in vivo transduction of CD4+ T cells leading to a functional MHC class II-restricted T cell 

response. This technology and its successors have a vast potential of application in cancer 

therapy. The drawbacks of currently employed T cell-based therapy, namely its limited choice 

of cell types and its demands on manufacturing costs and time, have been outlined. Although 

CAR T cell therapies are currently the main clinical focus, recent developments in 

TCR-engineered T cells show great promise. The choice of antigen to target is a cardinal aspect 

of T cell therapy; common types of tumour antigen include TAA and cancer-germline antigens, 

with neither being entirely restricted to malignancies, raising concerns about on-target 

toxicity and a blunted therapeutic effect due to tolerance mechanisms. Tumour neoantigens, 

truly foreign proteins absent entirely in healthy tissue, offer an ideal target for T cell therapies. 

CAR T cell therapy is severely limited in targeting this category due to the rarity of 

surface-expressed neoantigens that are not presented as epitopes on MHC. TCR-engineered 
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T cells have great potential in targeting these intracellular antigens in the context of 

MHC complexes (276-278). Since these neoantigens show considerable variation in different 

patients and a suitable TCR has to be matched to a patient’s HLA repertoire, in the near future 

a personalized approach to generating a TCR-engineered T cell therapy would likely have to 

be taken. It has been shown that the identification of neoantigen-specific TCRs and generation 

of TCR-engineered T cells is feasible in short time periods (279-281). In this approach, the time 

needed for generation of a personalized T cell therapy is critical for success and might be 

reduced by employing an in vivo transduction approach offered by 

MV-envelope-pseudotyped vectors or their successors. Powerful tools to quickly generate 

TCRs of optimal affinity to target cancer antigens have emerged, e.g., ABabDII mice transgenic 

for human TCR gene loci and HLA-A2 enabling the isolation of human TCRs (168, 282). 

Currently, TCR gene transfer therapy focuses on a personalized approach using diverse 

methods for rapid identification of therapeutic TCRs, with particular success for 

MHC class I-restricted TCRs. The vector system described in this thesis aims at simplifying the 

manufacturing of T cell therapeutics and including CD4+ T cells simultaneously. Advances in 

the identification and engineering of TCRs, and the analysis and prediction of tumour antigens 

might enable the generation of comprehensive libraries of TCRs targeting suitable antigens 

and restricted to an array of different HLA-alleles, albeit despite major advances, the detection 

of therapeutic MHC class II-restricted TCRs remains challenging (283). This library could be 

translated to clinical use by having the transgenes available as MV-pseudotyped vectors to 

use for in vivo transduction, akin to off-the-shelf products like checkpoint inhibitors, or to be 

quickly produced using packaging cell lines and the desired transgene. The simplicity and 

flexibility of this vector system would enable advances in TCR engineering as well as the 

co-delivery of cytokines or checkpoint-inhibition to be included, thereby promptly introducing 

advances in the field into clinical application. 
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