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1. Introduction 

1.1 Bone Cancers and Ewing sarcoma 

James Ewing first described in 1921 the Ewing sarcoma (ES) as a “round cell sarcoma” of 

unknown origin and nature (Ewing 1972). Under the microscope these tumors appear as small 

round blue cells. In 85% of all cases ES is associated with a chromosomal translocation 

t(11;22)(q24:q12) resulting in the EWS-FLI1 fusion protein. It is composed of the 5’ EWS gene 

with the 3’ segment of the ETS family gene FLI-1 (Delattre et al. 1992). The second most 

common fusion partner of EWS in ES is the ERG (10%) gene. Other fusion partners for EWS are 

less common (Burchill 2003). The resulting fusion protein EWS-FLI1 encodes an aberrant 

transcription factor that binds DNA at GGAA-microsatellites (mSats), which are converted by this 

protein to active enhancers (Riggi et al. 2014). EWS-FLI1 binding to GGAA-mSats drives the 

expression of oncogenic key downstream effectors and therefore contributes to the tumor 

transformation (Janknecht 2005, Luo et al. 2009, Grunewald et al. 2015). The origin of ES is 

believed to be mesenchymal stem cells (MSC). It was also shown that ES has similarities to both 

endothelial and neural crest-derived cells (Schmidt et al. 1985, Staege et al. 2004, Richter et al. 

2009).  EWS-FLI1 expression silencing via shRNA demonstrate that ES expression profiles 

become similar to those of mesenchymal stem cells (Tirode et al. 2007). Vice versa, expression of 

the EWS-FLI1 oncogene in primary bone marrow derived mesenchymal progenitor cells (MPC) 

transformed these cells that display an ES expression signature. Furthermore, these cells are 

able to generate tumors in vivo. However, EWS-FLI1 expression in primary human fibroblasts or 

mouse embryonic fibroblasts results in p53 dependent growth arrest. Deletion of p53, p19ARF, and 

p16INK4A can rescue these transformed cells from apoptosis. Interestingly, only 10% of Ewing 

sarcomas show a genetic lesion in p53. Yet MPCs are able to transform/grow under EWS-FLI1 

without an altered p53 expression or mutation highlighting the importance of the ES uprising cell 

type for the tumor development (Lessnick et al. 2002, Riggi et al. 2005, Takashima et al. 2007, 

Tirode et al. 2007, Miyagawa et al. 2008, Potikyan et al. 2008, Neilsen et al. 2011). 

Bone sarcomas are rare and only constitute 0.2% of all tumors in adults. In children however, 

they account for about 5% of all cancer. As for bone tumors in adults chondrosarcomas 

predominate with 40%, followed by osteosarcomas (28%), chondromas (10%), and ES (8%). For 
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childhood bone tumors however, osteosarcomas (56%) and ES (34%) are much more common 

than chondorsarcomas (6%) (2016). Further ES seems to be more frequent in the Caucasian 

population than in Asian or African populations implicating a genetic predisposition (Glass et al. 

1970, Burchill 2003, Bernstein et al. 2006). One reason for the predisposition relies on the 

increased numbers of GGAT motives in the EGR region. These are actively converted towards 

GGAA thus increasing the number of consecutive GGAA motifs and the EWS-FLI1 enhancer 

activity (Grunewald et al. 2015). 

Ewing sarcoma is a very infrequent type of cancer with only approximately 225 new cases per 

year in patients under the age of 20 years in north America (Bernstein et al. 2006). It is slightly 

more common in boys than in girls and in 70% – 80% of all cases diagnosed between the ages of 

10 and 20 years (Burchill 2003, Bernstein et al. 2006).  

Frequent sites for primary Ewing’s sarcoma are the pelvic bones (26%), followed by the long 

bones of the lower extremities (femur, 20%). However, soft tissue expansions are common in 

osseous Ewing’s sarcoma. Typical symptoms for bone tumors are pain, swelling, and problems 

with movement. Often the pain does not completely disappear during the night. For children 

however, as the majorities are in the second decade of their life these symptoms often are being 

misinterpreted as pain caused by bone growth. Therefore Ewing’s sarcoma is often diagnosed 

late after first symptoms (Burchill 2003, Bernstein et al. 2006, cancerresearchuk.org 2016).  

At diagnosis about 20% to 30% of patients have metastases in lung, bone, and/or bone marrow 

(Bernstein et al. 2006). Before the implementation of chemotherapy less than 10% of Ewing 

sarcoma patients survived more than 2 years due to metastasis. Now, with a combined treatment 

of chemotherapy, radiation and surgery approximately 70% of patients without metastatic spread 

can be cured (Gasparini et al. 1977, Jurgens et al. 1988, Laws et al. 1999). However, the 

presence of metastasis at diagnosis is a most unfavorable prognostic feature and the outcome is 

highly dependent on the site of metastasis. Patients that have pulmonary metastases have a 50% 

event-free survival rate at 3 years. Despite of complete response to treatment, 30 – 40% of 

patients with no metastatic spread show relapse after treatment. This risk is even increased if the 

initial diagnosis was held with primary metastasis. For these high-risk patients the long term 

survival in less than 25% (Schleiermacher et al. 2003, Bernstein et al. 2006, Burdach et al. 2010, 

Uwe Thiel 2016). Moreover, the outcome for patients that were initially diagnosed with bone 
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marrow metastasis is fatal despite high dose radio-chemistry and allogeneic stem cell 

transplantation (Uwe Thiel 2016). An additional treatment option for patients with recurrent or 

advanced Ewing sarcoma (AES) is the allogeneic stem cell transplantation (Burdach et al. 2000, 

Koscielniak et al. 2005, Lucas et al. 2008). 

 

1.2 Adoptive immunotherapy in cancer treatment 

Allogeneic stem cell transplantation (allo-SCT) is a widely used treatment in cancer therapy for 

multiple myeloma or certain types of leukemia. It is the most effective form of adoptive 

immunotherapy and often the only treatment option for patients with high-risk hematological 

malignancies (Nicholson et al. 2012, Cieri et al. 2014). The effect of this treatment option relies on 

a presumed graft-vs-tumor (GvT) effect. In this kind of response the administered allogeneic 

lymphocytes are capable of reducing the tumor burden in the patients. This effect is mediated by 

natural killer cells, CD4+ and CD8+ T cells in the transplanted graft or by later additionally applied 

donor lymphocyte infusions (DLI) (Ringden et al. 2009, Cieri et al. 2014). Allogeneic T cells have 

the potential to cause a GvT effect to induce complete remissions in patients with relapsed 

disease after allo-SCT or in patients with chronic myeloid leukemia (CML) (Kolb 2008). On the 

other side this T cell mediated curative effect after allo-SCT may result in a life threatening graft-

vs-host disease (GvHD) (Goldman et al. 1988, Horowitz et al. 1990, Marmont et al. 1991). In this 

case the alloreactive lymphocytes are not only reactive against the patient’s malignant disease 

but also against healthy tissues. GvHD is a major complication of the allo-SCT treatment 

observed in up to 60% of all cases. Also, it is the major cause of non-relapse mediated death 

after allo-SCT even though chronic GvHD is less common in children than it is in adults (Baker et 

al. 2008, Ferrara et al. 2009, Baird et al. 2010, Saillard et al. 2014). However, partially this effect 

is also desired as a GvHD may be accompanied by a GvT effect, which remains a matter of 

debate (Mathe et al. 1965, Weiden et al. 1981, Nicholson et al. 2012, Negrin 2015). 

Most potent mediators of both effects are T lymphocytes. CD8+ T cell mediate cytotoxicity via its T 

cell receptor (TCR), which consists of a α- and β-chain. These two chains are composed of 

variable (V), diversity (D), joining (J), and constant (C) gene fragments through a process of 

somatic gene arrangement via nucleotide insertions and deletions. The diversity of the TCRs is 

based on six complementary-determining regions (CDRs), which engage the peptide and the 
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MHC. This TCR is presented on the cell surface of a T cell and capable of recognizing peptides 

bound to MHC class I molecules (pMHC) on cells (Davis et al. 1988, Davis 1990, Rudolph et al. 

2006). Healthy as well as infected or transformed cells present expressed cellular proteins on its 

cell surface to CD8+ T cells after proteasomal degradation in the form of 9-mer peptides bound to 

MHC I (Eggensperger et al. 2015). T cells are capable of recognizing and lysing infected or 

mutated cells. The major mechanism of T cell mediated killing is accomplished via the delivery of 

secreted lysosomes into the immunological synapse between the effector cell and the target cell 

(Shresta et al. 1998). The main components of these granules are perforin and granzymes 

(Shresta et al. 1998). Perforin plays a major role in delivering granzyme B (grB) into the target 

cell. However, it is yet not fully clear whether perforin forms pores into the target cell membrane 

through which the granzymes pass directly into the cytosol or whether they are taken up together 

into target cell endosomes and perforin is required there for the granzyme release (Catalfamo et 

al. 2003, Voskoboinik et al. 2006). Once grB, the most common granzyme in humans, has 

entered the target cell its apoptosis is either induced via direct process of the effector caspases-3 

and -7, or through BID-dependent mitochondrial permeabilization, followed by cytochrome c 

release and the formation of the apoptosome (Darmon et al. 1995, Alimonti et al. 2001).  

A widely studied solid tumor type for T cell mediated immunotherapy is malignant melanoma. 

Exome sequencing data indicate that melanomas harbor more mutations than any other type of 

cancer in contrast to pediatric tumors where a low mutation rate is a general feature (Walia et al. 

2012, Agelopoulos et al. 2015). These types of neo-antigens in melanomas represent potential 

targets for T cells that have not been negatively selected in the thymus (Robbins et al. 1996). 

Observations often perceived in patients with melanomas are tumor-infiltrating lymphocytes (TIL). 

These TILs can be isolated from the tumors and cultured ex vivo before re-infusion into the 

patient (Restifo et al. 2012). In melanoma patients, even complete remission of established 

cancer after re-administration of patient derived TILs was observed (Rosenberg et al. 2011). 

However, TILs are only detectable in a minority of cancers, e.g. mostly melanoma and renal 

cancer (Ruella et al. 2014). Auto-reactive T cells with high affinity receptors against healthy 

peptides are previously eliminated via negative selection in the thymus. Due to this fact T cells 

reactive against non-mutated but over expressed antigens in cancers are rare. Comparative 

analyses have also shown that natural occurring tumor reactive T cells have a lower antigen 



 

 

 
Introduction 

 
  

15 
 

affinity compared with TCRs directed against virus-derived antigens (Cole et al. 2007, Aleksic et 

al. 2012). This places them in a disadvantage in controlling the disease. But TCRs can be further 

modified to improve their affinity and thus their clinical efficacy. Most efficient is the affinity 

maturation via mutating the peptide-binding CD3 regions of the TCR of tumor reactive T cells 

(Goldrath et al. 1999, Nicholson et al. 2012). Although this approach gives promising results in 

vitro and in vivo still the characteristics of the TCR are altered. The artificially modified TCR is not 

a naturally occurring TCR that underwent negative selection by the thymus for its auto-reactivity. 

Due to that it also has the potential for severe off-tumor/off-target reactivity. A conducted study of 

a former MAGE-A3 specific TCR showed reactivity against titin in cardiomyocytes after TCR 

affinity maturation. This off-tumor/off-target reactivity resulted in life threatening GvHD and the 

death of two patients showing the potential threat of this treatment (Cameron et al. 2013, Linette 

et al. 2013). 

As already mentioned before, pediatric tumors only show a very low mutation rate (Walia et al. 

2012, Agelopoulos et al. 2015). This fact makes it very difficult to generate T cells directed 

against mutated proteins or to isolate patient derived tumor reactive T cells. Further, as tumor 

associated antigens (TAA) do not harbor mutations but represent normal, healthy proteins, T cells 

against these targets are negatively selected by the thymus. Therefore in a different strategy for 

the generation of tumor reactive T cells the alloreactive potential of the TCR is being used 

(Sadovnikova et al. 1996, Sadovnikova et al. 1998). Alloreactivity is the ability of T cells to 

recognize peptide-allogeneic MHC structures without a previous negative selection by the thymus 

(Felix et al. 2007, Burdach et al. 2013). Feasibility of allo-SCT in the treatment of ES was reported 

by Koscielniak et. al and Lucas et. al on AES patients who experienced tumor regression 

(Koscielniak et al. 2005, Lucas et al. 2008). As the allogeneic T cells in DLI lack specificity and 

also normal tissue is being attacked further improvement in the application of DLIs are necessary 

to further exploit this effect (Clay et al. 1999, Falkenburg et al. 1999). By selecting allorestricted 

TCRs against tumor associated antigens the potential life threatening GvHD reaction should be 

reduced whereas the desired GvT reaction is still taking place (Falkenburg et al. 1999). This 

approach is based on the alloreactive potential of TCRs to recognize foreign pMHC structures 

with high affinity (Sewell 2012, Burdach et al. 2013). In contrast to autologous T cells, which are 

less effective in tumor control, allogeneic TCRs should be able to kill tumors in vivo without further 
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affinity enhancement. The goal is the production of high amounts of tumor reactive TCR 

transgenic T cells to establish an in vivo immune response. 

In the past years many protocols have been established to isolate, culture and characterize 

allorestricted-peptide specific T cells (Moris et al. 2001, Dutoit et al. 2002, Mutis et al. 2002, 

Amrolia et al. 2003, Whitelegg et al. 2005, Schuster et al. 2007). Also agents activating the 

immune system have been introduced into the clinic as the anti-CTLA4 and anti-PD-L1 antibodies 

to further augment T cell reactivity in vivo and consequently increase patient survival (Mellman et 

al. 2011). Even more insight into T cell biology and efficacy was gained with the differentiation 

process of T cells from the naïve precursor to fully differentiated TEFF and their differential in vitro 

efficiency / in vivo efficacy. This understanding of T cell biology has lead to the conclusion that the 

ability of T cells to engraft, proliferate and persist in vivo is required for clinical tumor responses. 

Its long-term persistency further highlights the great potential in immunotherapy (Gattinoni et al. 

2005, Huang et al. 2005, Powell et al. 2005, Gattinoni et al. 2012). 
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2. Research objectives 

As illustrated above allogeneic T cell therapy can play a central role in future treatment of patients 

with AES. A schematic illustration of the workflow for generating TCR transgenic T cells for 

clinical application is shown in Figure 1. 

The aim of this doctoral thesis was the generation of TCR transgenic T cells directed against ES 

TAAs. The TAAs Pappalysin-1 (PAPPA) and beta-3 adrenergic receptor (ADRB3) were previously 

identified and considered as potential targets for T cell mediated cancer immunotherapy. To 

generate T cells with a high avidity against their targets allogeneic T cell priming from HLA-A2- 

healthy donors was considered as a suitable approach. Specific T cells directed against the TAAs 

were isolated via multimer assisted cell sorting. For the characterization of isolated and 

monoclonally cultured T cells interferon gamma (IFNγ) and grB ELISpot or xCELLigence assays 

were used. 

For the identification of the TCR sequence of selected T cells a set of PCR primers for the various 

Vα- and Vβ-chains were used. Further a Vβ FACS antibody panel was used to ensure 

monoclonality of the T cells and the expression of the Vβ-chain previously identified via PCR. 

Finally, new primers were designed for the amplification of the whole TCR sequence. Sequence 

modifications were performed to improve expression and to prevent mispairing before cloning the 

sequences into the MP71 vector system. 

The transgenic TCR was introduced into donor T cells via retroviral transduction and tested for its 

reactivity towards ES target cell lines. Cross reactivity was tested using various LCL cell lines and 

an amino acid exchange assay. In vivo experiments were carried out in immune-deficient      

Rag2-/-γc-/- mice. Next to anti tumor reactivity, tumor infiltration and persistence, the lytic potential 

of TCR transgenic T cells was of interest. 

In summary, this work gains to substitute a possible DLI with TCR transgenic T cells specifically 

direct against in ES over expressed TAAs. Thereby the potentially life threatening GvHD could be 

reduced while maintaining the tumor reactive GvT effect.  
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Figure 1: Illustration of application for TCR transgenic T cells in the clinic. Peptide pulsed DCs are 
used to stimulate HLA-A*02:01- T cells from healthy donors. After identification of HLA/peptide restricted T 
cells the TCR is retrovirally transferred into donor T cells and transfused into the patient. 
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3. Materials 

3.1 List of manufacturers 

Manufacturers  Locations 

Abcam  Cambridge, UK 

Abbott  Wiesbaden, Germany 

Abnova  Taipei, Taiwan 

AEG  Nürnberg, Germany 

Affimetrix  High Wycombe, UK 

Ambion  Austin, TX, USA 

Amersham  Biosciences Piscataway, NJ, USA 

Applied Biosystems  Darmstadt, Germany 

ATCC  Rockyville, MD, USA 

B. Braun Biotech Int.  Melsungen, Germany 

BD Biosciences Europe  Heidelberg, Germany 

Becton Dickinson (BD)  Heidelberg, Germany 

Berthold detection systems  Pforzheim, Germany 

Biochrom  Berlin, Germany 

Biometra  Göttingen, Germany 

BioRad  Richmond, CA, USA 

Biozym  Hess. Olendorf, Germany 

Brand  Wertheim, Germany 

Calbiochem  Darmstadt, Germany 

Carestream Health, Inc.  Stuttgart, Germany 

Cell Signaling Technology  Frankfurt a. M., Germany 

Charles River Laboratories  Wilmington, MA, USA 

Clontech-Takara Bio Europe  Saint-Germain-en-Laye, France 

DSMZ  Braunschweig, Germany 

Eppendorf  Hamburg, Germany 

Eurofins MWG GmbH  Ebersberg, Germany 

Falcon  Oxnard, CA, USA 

Feather  Osaka, Japan 

Fermentas  St. Leon-Rot, Germany 

GE Healthcare  Uppsala, Sweden 

Genomed  St. Louis, MO, USA 

Genzyme  Neu-Isenburg, Germany 

GFL  Segnitz, Germany 
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Gibco  Darmstadt, Germany 

GLW  Würzburg, Germany 

Greiner Bio one  Nürtingen, Germany 

Hamilton  Bonaduz, Switzerland 

Heidolph Instruments  Schwabach, Germany 

Heraeus  Hanau, Germany 

Invitrogen  Karlsruhe, Germany 

Jackson ImmunoResearch Laboratories Baltimore, MD, USA 

Kern  Balingen-Frommern, Germany 

Köttermann  Uetze/Hänigsen 

Laborservice  Harthausen, Germany 

Leica  Wetzlar, Germany 

LMS  Brigachtal, Germany 

Lonza  Basel, Switzerland 

Macherey-Nagel  Düren, Germany 

Memmert  Schwabach, Germany 

Merck  Darmstadt, Germany 

Metabion  Martinsried, Germany 

Millipore  Billerica, MA, USA 

Molecular BioProducts,  MbP San Diego, CA, USA 

Nalgene  Rochester, NY, USA 

Nikon  Düsseldorf, Germany 

Nunc  Naperville, IL, USA 

PAA  Cölbe, Germany 

Pechiney Plastic Packaging  Menasha, WI, USA 

Peptides&Elephants Berlin, Germany 

Peqlab  Erlangen, Germany 

Peske OHG München, Germany 

Philips  Hamburg, Germany 

Promega  Madison, WI, USA 

Qiagen  Chatsworth, CA, USA 

R&D Systems  Minneapolis, MN, USA 

Ratiopharm  Ulm, Germany 

Roche  Mannheim, Germany 

Roche/ACEA Biosciences  San Diego, CA, USA 

(Carl) Roth  Karlsruhe, Germany 

Santa Cruz Biotechnology  Heidelberg, Germany 

Sartorius  Göttingen, Germany 

Scientific Industries  Bohemia, NY, USA 
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Scotsman  Milan, Italy 

Sempermed  Wien, Austria 

Sequiserve  Vaterstetten, Germany 

Sigma  St. Louis, MO, USA 

Siemens  München, Germany 

Stratagene  Cedar Creek, TX, USA 

Syngene  Cambridge, UK 

Systec  Wettenberg, Germany 

Taylor-Wharton  Husum, Germany 

Techlab  Braunschweig, Germany 

Thermo Scientific  Braunschweig, Germany 

TKA GmbH  Niederelbert, Germany 

TPP  Trasadingen, Switzerland 

Thermo Fisher Scientific  Ulm, Germany 

Whatman  Dassel, Germany 

Zeiss  Jena, Germany 

 

3.2 Consumable material 

Materials Manufacturers 

Cryovials  Nunc 

E-plates (96-well)  Roche 

Filters for cells, Cell Strainer  Falcon 

Filters for solutions (0.2 µm and 0.45 µm)  Sartorius 

Flasks for cell culture (25 cm2, 75 cm2 and 175 

cm2)  

TPP 

Gloves (nitrile, latex)  Sempermed 

Hypodermic needle (23 G, 30 G)  B. Braun 

MACS Separation Columns (MS; LS) Miltenyi Biotec 

Parafilm  Pechiney Plastic Packaging 

Pasteur pipettes  Peske OHG 

Petri dishes  Falcon 

Pipettes (2, 5, 10 and 25 ml)  Falcon 

Pipette tips (10, 200 and 1000 µl)  MbP 

Pipette tips (10, 200 and 1000 µl with a filter)  Biozym 

Plates for cell culture (6-well, 24-well and 96-

well)  

TPP 

Plates for qRT-PCR (96-well)  Applied Biosystems 
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Scalpels (Nr. 12, 15, 20)  Feather 

Tubes for cell culture (polypropylene, 15 ml and 

50 ml)  

Falcon 

Tubes for molecular biology, Safelock (1.5 ml 

and 2 ml)  

Eppendorf 

Tubes for FACS™ (5 ml)  Falcon 

Twin.tec real-time PCR plate 96 Eppendorf 

 

3.3 Instruments and equipment 

Type of device  Specification Manufacturer 

Airflow   Köttermann 

Autoclave  2540EL Systec 

Autoclave  V95 Systec 

Bacteria shaker  Certomat BS-T Sartorius 

Centrifuge  Multifuge 3 S-R Heraeus 

Centrifuge  Biofuge fresco Heraeus 

Controlled-freezing box   Nalgene 

Flow cytometer  FACSCalibur™ Becton Dickinson 

Freezer (-80 °C)  Hera freeze Heraeus 

Freezer (-20 °C)  cool vario Siemens 

Fridge (+4 °C)  cool vario Siemens 

Gel documentation Gene Genius Syngene 

Ice machine  AF 100 Scotsman 

Incubator  B20 Heraeus 

Incubator  Hera cell 150 Heraeus 

Liquid Nitrogen Tank  L-240 K series Taylor-Wharton 

Multichannel pipette  (10-100 µl) Eppendorf 

Heating block  Thermomixer Comfort Eppendorf 

Hemocytometer  Neubauer Brand 

Micropipettes  (0.5-10 µl, 10-100 µl, 20-200 µl, 100-1000 

µl 

Eppendorf 

Microscope  DMIL Leica 

Microwave oven   Siemens, AEG 

Mini centrifuge  MCF-2360 LMS 

PCR cycler  iCycler BioRad 

Pipetting assistant  Easypet Eppendorf 

Power supplier  Standard Power Pack P25 Biometra 

qRT- PCR cycler  7300 Real-Time PCR Applied Biosystems 
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Rotator   GLW 

Scales  770 Kern 

Scales  EW3000-2M Kern 

Sterile Bench   Heraeus 

Water bath   GFL 

Vortexer  Vortex-Genie 2 Scientific Industries 

Water purification 

system  

TKA GenPure TKA GmbH 

 

3.4 Chemical and biological reagents 

Reagents  Manufacturer 

Agar  Sigma 

Agarose  Invitrogen 

Ampicillin  Merck 

AmpliTaq DNA Polymerase  Invitrogen 

BCP (1-bromo-3-chloropropane)  Sigma 

1kb DNA Ladder  Invitrogen 

dNTPs  Roche 

DMEM medium  Invitrogen 

DMSO (dimethyl sulfoxide)  Merck 

EtBr (Ethidium bromide)  BioRad 

Ethanol  Merck 

FBS (fetal bovine serum)  Biochrom 

37% Formaldehyde  Merck 

Gentamycin  Biochrom 

Glycerol  Merck 

Glycine  Merck 

G418  PAA 

HBSS (Hank's buffered salt solution)  Invitrogen 

HCl (hydrochloric acid)  Merck 

HEPES  Sigma 

Isoflurane  Abbott 

Isopropanol  Sigma 

L-glutamine  Invitrogen 

MACS BSA Stock Solution Miltenyi Biotec 

MACS Buffer autoMACS Rinsing Solution Miltenyi Biotec 

Maxima™ Probe / ROX qPCR Master Mix (2x)  Fermentas 
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Methanol  Roth 

PBS 10x (phosphate buffered saline)  Invitrogen 

PCR Buffer (10x)  Invitrogen 

Peptone  Invitrogen 

Penicillin / streptomycin  Invitrogen 

PFA (paraformaldehyde)  Merck 

Polybrene (hexadimethrine bromide)  Sigma 

Propidium iodide  Sigma 

Puromycin  PAA 

Ready-Load 1 Kb DNA Ladder  Invitrogen 

RNase A (Ribonuclease A)  Roche 

RPMI 1640 medium  Invitrogen 

SYBR Green Master Mix  Applied Biosystems 

Tris  Merck 

Trypan blue  Sigma 

Trypsin / EDTA  Invitrogen 

Tween 20  Sigma 

 

3.5 Chemicals, Enzymes and Cytokines  

3.6 Commercial reagent kits 

Table 1: Commercially obtained kits 

Name  Manufacturer 

Annexin V-PE Apoptose Detection Kit I  BD Biosciences 

Anti-PE MicroBeads Miltenyi Biotec 

Anti-FITC MicroBeads Miltenyi Biotec 

BD IMag Anti-Human CD14 Magnetic Particles BD Biosciences 

CD8 MicroBeads Miltenyi Biotec 

CD8+ T Cell Isolation Kit Miltenyi Biotec 

Dynal CD4 Positive Isolation Kit Invitrogen 

EndoFree® Plasmid Maxi Kit Quiagen 

High-Capacity cDNA Reverse Transcription Kit  Applied Biosystems 

JETSTAR 2.0 Plasmid Maxiprep Kit  Genomed 

MycoAlert Mycoplasma Detection Kit  Lonza 

TaqMan® Gene Expression Assays  Applied Biosystems 
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3.7 Buffer and Solutions 

Table 2: Buffer solutions 

Buffer / Solution Properties 

FACS Buffer D-PBS, 2% FCS 

i.v. Injection solution D-PBS, 0,1% huAB Serum 

i.p./s.c. Injection solution D-PBS, 0,1% FCS 

2.5% HEPES Buffer HEPES in HBSS 

Protaminsulfate  

Acetate Buffer 37.5 ml H2O 

3.75 ml 0.2 N acetic acid 

8.8 ml 0.2 N sodium acetate 

ACE solution 1 ACE tablet in 2.5 ml DMF + 47.5 ml acetate buffer 

Developing solution 10 ml ACE solution + 25 µl H2O2 

BSA 2% 2% BSA in PBS 

BSA 5% 5% BSA in PBS 

50x TAE running buffer 2 M Tris, 10% EDTA (0.5 M), 5.71% HCl 

 

3.8 Cell Culture Media 

Table 3: Cell culture media 

Medium Supplements Final Concentration 

LCL Medium RPMI-1640 

FCS 

L-Glutamine 

Pen Strep 

Sodium-Pyruvate 

Non essential amino acids 

 

10% 

2 mM 

1x 

1 mM 

1x 

Standard Medium RPMI-1640 

FCS 

L-Glutamine 

Pen Strep 

 

10% 

2 mM 

1x 

NSO / 293T Medium DMEM 

FCS 

L-Glutamine 

Pen Strep 

Sodium-Pyruvate 

Non essential amino acids 

 

10% 

2 mM 

1x 

1 mM 

1x 
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TCM AIM-V 

Human AB Serum 

L-Glutamine 

Pen Strep 

 

5% 

2 mM 

1x 

X-Vivo X-Vivo 

Human AB Serum 

 

1% 

LB Medium 10 g peptone, 5 g yeast 

extract, 10 g NaCl, in 1000 ml 

distilled water  

 

Agar LB medium, 2% Select agar   

Freezing medium (tumor cells)  FCS, 10% DMSO   

Freezing medium (human 

cells)  

Human AB serum, 10% 

DMSO  

 

 

 

3.9 Cell lines, bacteria, and primary cell lines 

3.9.1 Cell lines  

Table 4: Description of utilized human cell lines 

Cell line Description Medium Source 

A673 

ES cell line (type 1 

translocation), established 

from the primary tumor of a 

15-year-old girl, p53 

mutation 

Standard Medium  

TC-71 

ES cell line (type 1 

translocation), established 

in 1981 from a biopsy of 

recurrent tumor at the 

primary of a 22-year-old 

man with metastatic ES 

(humerus) 

Standard Medium  

EW7 

ES cell line established 

from a shoulder-blade 

tumor 

Standard Medium Olivier Delattre, 

Institut Curie, Paris  
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SK-N-MC 

ES cell line (type 1 

translocation), established 

from the supraorbital 

metastases of a 14-year-old 

girl (Askin's tumor, related 

to ES) 

Standard Medium  

SB-KMS-KS1 

ES cell line (type 1 

translocation), established 

from an extra osseous 

inguinal metastasis of a 17-

year old girl (new 

nomenclature, originally 

designated as SBSR-AKS) 

Standard Medium  

T2 

TAP-deficient hybrid of a T 

and B lymphoblastic cell 

line; HLA-A*02:01+, (ATCC 

CRL-1992) 

LCL Medium  

LCL 
EBV-immortalized B 

lymphoblastic cell line 

LCL Medium generated in the 
laboratory 

K562 

Established from the pleural 

effusion of a 53-year-old 

woman with chronic 

myelogenous leukemia.  

Standard Medium  

293T GalV 

GalV envelope plasmid 

transfected GP21C cells 

(293SF-derived clone 

expressing MLV Gag- Pol).  

LCL Medium  
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Table 5: Description of utilized LCL cell lines 

Nr. Cell line HLA-A HLA-B HLA-C 

1 RML A*02:04 B*51:01 Cw*15:02 

2 KLO A*02:08 B*8/B*50 Cw*7/Cw*6 

3 OZB A*02:09/A3 B*39/B*35 Cw*4 

4 AMALA A*02:17 B*15:01 Cw*03:03 

5 HOM2 A*03:01 B*27.052 Cw*01:02 

6 SWEIG007 A*29:02 B*40.02 Cw*020:22 

7 RSH A*68:02/A*30:01 B*42:01 Cw*17:01 

8 DUCAF A*30:02 B*18:01 Cw*05:01 

9 LWAGS A*33:01 B*14:02 Cw*08:02 

10 BM21 A*01:01 B*41:01 Cw*17:01 

 

3.9.2 Bacteria  

Table 6: Description of utilized bacterial strains 

Bacteria Description Source 

TOP10 

F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacX74 recA1 araD139 Δ(araleu) 7697 galU galK 

rpsL (StrR) endA1 nupG 

Invitrogen 

Stabl2 
F- mcrA Δ(mcrBC-hsdRMS-mrr) recA1 endA1lon 

gyrA96 thi supE44 relA1 λ- Δ(lac-proAB)  
Invitrogen 

 

3.9.3 Primary cell lines 

Primary cells were isolated from Buffy Coats purchased from the Deutsches Rotes Kreuz (DRK), 

Ulm. PBMCs were isolated via Ficoll® gradient centrifugation. 

 

Table 7: Description of utilized cell lines isolated from Buffy Coats 

Cells Description Medium Source 

PBMCs 

Peripheral blood 

mononuclear cells 

obtained via Ficoll-

Paque 

TCM Buffy Coat 

CD8+ T cells 

CD8+ T cells isolated 

from PBMCs via 

negative selection 

TCM PBMC 
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CD14+ Monocytes 

Cells were isolated 

from PBMCs via BD 

IMag Anti-Human 

CD14 Magnetic 

Particles 

X-Vivo PBMC 

Pool-PBMC 

Mixture of 5 PBMCs 

from different donors 

in equal ratio 

TCM Buffy Coat 

 

3.10 Mouse model 

The mouse model on a BALB/c background used in the experiments has knockouts in the Rag2 

as well as in the gamma(c) locus. Deletion of the Rag2 locus leads to a complete loss of 

functional peripheral B-lymphocytes as well as thymus-derived T-lymphocytes. The common 

cytokine receptor gamma chain (γc) is a functional subunit of a variety of cytokine receptors 

including the IL-2, IL-7 and IL-15 receptor. Loss of this gene leads to an impaired development of 

NK cells and hampers survival of NK cells and T lymphocytes. As a result the Rag2-/-γc-/- mouse 

model is completely abolished from B- and T-lymphocytes as well as nearly completely from NK 

cells. Therefore this mouse strain can be declared as immunodeficient (Goldman et al. 1998). The 

animals were obtained from the Central Institute for Experimental Animals (Kawasaki, Japan) and 

kept in the Zentrum für Präklinische Forschung (Klinikum rechts der Isar, München) under 

pathogen free conditions.  

 

3.10 Peptides 

Most peptides were ordered at ThermoFischer™ or peptides&elephant. Purity of peptides was > 

90% for in vitro priming. Peptides for alanine/serine/threonine scan had a purity of > 70%. Purity 

was determined via mass spectrometry. Peptides were dissolved in DMSO. Stock concentration 

was 10 µg/µl. 

 

 



 

 

 
Materials 

 
  

30 
 

Table 8: List of ordered peptides (purity > 90%). 

Peptide Sequence 

Influenza GILGFVFTL 

CHM1319 VIMPCSWWV 

ADRB338 ALAGALLAL 

ADRB3295 GLIMGTFTL 

ADRB3309 FLANVLRAL 

ADRB3321 SLVPGPAFL 

ADRB344 LALAVLATV 

PAPPA1064 IILPMNVTV 

PAPPA1434 CLDHNSESI 

PAPPA111 GTWNGSFHV 

PAPPA157 SIILPMNVT 

PAPPA601 PMNVTVRDI 

CHM1319 VIMPCSWWV 

 

Table 9: List of ordered peptides for alanine/serine scans. Substituted peptides are highlighted (bold). 

Peptide Sequence 

ADRB3_295-A1 ALIMGTFTL 

ADRB3_295-A2 GAIMGTFTL 

ADRB3_295-A3 GLAMGTFTL 

ADRB3_295-A4 GLIAGTFTL 

ADRB3_295-A5 GLIMATFTL 

ADRB3_295-A6 GLIMGAFTL 

ADRB3_295-A7 GLIMGTATL 

ADRB3_295-A8 GLIMGTFAL 

ADRB3_295-A9 GLIMGTFTA 

ADRB3_295-S1 SLIMGTFTL 

ADRB3_295-S2 GSIMGTFTL 

ADRB3_295-S3 GLSMGTFTL 

ADRB3_295-S4 GLISGTFTL 

ADRB3_295-S5 GLIMSTFTL 

ADRB3_295-S6 GLIMGSFTL 

ADRB3_295-S7 GLIMGTSTL 

ADRB3_295-S8 GLIMGTFSL 

ADRB3_295-S9 GLIMGTFTS 

CHM1_319-A1 AIMPCSWWV 

CHM1_319-A2 VAMPCSWWV 



 

 

 
Materials 

 
  

31 
 

CHM1_319-A3 VIAPCSWWV 

CHM1_319-A4 VIMACSWWV 

CHM1_319-A5 VIMPASWWV 

CHM1_319-A6 VIMPCAWWV 

CHM1_319-A7 VIMPCSAWV 

CHM1_319-A8 VIMPCSWAV 

CHM1_319-A9 VIMPCSWWA 

CHM1_319-T1 TIMPCSWWV 

CHM1_319-T2 VTMPCSWWV 

CHM1_319-T3 VITPCSWWV 

CHM1_319-T4 VIMTCSWWV 

CHM1_319-T5 VIMPTSWWV 

CHM1_319-T6 VIMPCTWWV 

CHM1_319-T7 VIMPCSTWV 

CHM1_319-T8 VIMPCSWTV 

CHM1_319-T9 VIMPCSWWT 

PAPPA_1064-A1 AILPMNVTV 

PAPPA_1064-A2 IALPMNVTV 

PAPPA_1064-A3 IIAPMNVTV 

PAPPA_1064-A4 IILAMNVTV 

PAPPA_1064-A5 IILPANVTV 

PAPPA_1064-A6 IILPMAVTV 

PAPPA_1064-A7 IILPMNATV 

PAPPA_1064-A8 IILPMNVAV 

PAPPA_1064-A9 IILPMNVTA 

PAPPA_1064-S1 SILPMNVTV 

PAPPA_1064-S2 ISLPMNVTV 

PAPPA_1064-S3 IISPMNVTV 

PAPPA_1064-S4 IILSMNVTV 

PAPPA_1064-S5 IILPSNVTV 

PAPPA_1064-S6 IILPMSVTV 

PAPPA_1064-S7 IILPMNSTV 

PAPPA_1064-S8 IILPMNVSV 

PAPPA_1064-S9 IILPMNVTS 
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Table 10: List of peptides for PAPPA-2G6 putative cross reactivity exclusion 

Gene name Sequence Description 

CREBBP AASPMNHSV CREB-binding protein 

C16orf62 ATLAMSEKV UPF0505 protein C16orf62 

EPSIN2 LALAMSREV Epsin-2 

HECW1/2 QISPMSAFV E3 ubiquitin-protein ligase HECW1/2 

MT-ND2 TLLPMSNNV NADH-ubiquinone oxidoreductase chain 2 

OAT KVLPMNTGV Ornithine aminotransferase, mitochondrial 

STAT4 DLLPMSPSV Signal transducer and activator of transcription 
4 

 

3.11 Antibodies 

3.11.1 ELISpot assay antibodies 

 

Table 11: List of ELISpot assay antibodies 

Name  Specification Manufacturer 

Anti-human Granzyme B mAB GB10, purified Mabtech 

Anti-human Granzyme B mAB GB11, biotinylated Mabtech 

Anti-human IFNγ mAB 1-D1K, purified Mabtech 

Anti-human IFNγ mAB 7-B6-1, biotinylated Mabtech 

 

3.11.2 FACS antibodies 

Table 12: FACS antibodies and fluorescent conjugation 

Antibody Clone Conjugation Manufacturer 

Anti-HAL-DR L243 PE BD 

CD4 SK3 PE BD 

CD8 RPA-T8 APC BD 

CD8 SK1 FITC BD 

CD45-RA  PE MACS 

CD45RO  PE MACS 

CD56 NCAM16.2 APC BD 

CD62L DREG-56 APC BD 

CD83 HB15e FITC BD 
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CD86 2331 FITC BD 

CD107a H4A3 FITC BD 

CD107a H4A3 PE BD 

CD197/CCR7  PE BD 

Mouse Anti-Human 

HLA-A2 
BB7.2 FITC BD 

Mouse IgG2a k 

Isotype 
G155-178 FITC BD 

Mouse γ1 X40 APC BD 

Mouse γ1 X40 FITC BD 

Mouse γ1 X40 PE BD 

 

Table 13: List of specific multimer 

Multimer Sequence 
Fluorescent 

conjugation 
Source 

Multimer PAPPA1434 IILPMNVTV PE 
Dirk Busch, TU 

München 

Multimer ADRB3295 GLIMGTFTL PE 
Dirk Busch, TU 

München 

Multimer CHM1319 VIMPCSWWV PE 
Dirk Busch, TU 

München 

 

 

Table 14: Reagent composition of the IOTest® Beta Mark TCR V�  Repertoire Kit 

Tube Fluorochrome Vβ 

A 

PE 

PE + FITC 

FITC 

Vb 5.3 

Vb 7.1 

Vb 3 

B 

PE 

PE + FITC 

FITC 

Vb 9 

Vb 17 

Vb 16 

C 

PE 

PE + FITC 

FITC 

Vb 18 

Vb 5.1 

Vb 20 
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D 

PE 

PE + FITC 

FITC 

Vb 13.1 

Vb 13.6 

Vb 8 

E 

PE 

PE + FITC 

FITC 

Vb 5.2 

Vb 2 

Vb 12 

F 

PE 

PE + FITC 

FITC 

Vb 23 

Vb 1 

Vb 21.3 

G 

PE 

PE + FITC 

FITC 

Vb 11 

Vb 22 

Vb 14 

H 

PE 

PE + FITC 

FITC 

Vb 13.2 

Vb 4 

Vb 7.2 

 

Table 15: List of used antibodies for immunohistochemistry 

Antibody Source Dilution/Amount 
Product 

Number 
Manufacturer 

Anti-CD8 mouse 1:100 SP16 DCS 

Anti-PAPPA mouse 1:50 HPA001667 Sigma Aldrich 

 

3.12 Vectors and Primer 

3.12.1 Vectors of retroviral transduction 

Table 16: Vector description for TCR transgenic T cells 

Vector Description Resistance Source 

MP71-ADRB3-

1F4mm 

Beta and Alpha chain of the 

ADRB3-1F4 TCR linked by a 

P2A sequence. Minimal 

murinization and codon 

optimization. 

Amp 
GeneArt, 

Regensburg 

MP71-PAPPA-

2G6mm 

Beta and Alpha chain of zhe 

PAPPA-2G6 TCR linked by a 

P2A sequence. Minimal 

murinization and codon 

optimization. 

Amp 
GeneArt, 

Regensburg 
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MP71-CHM1-

4B4mu 

Beta and Alpha chain of the 

CHM1-4B4 TCR linked by a P2A 

sequence. Human constant 

chain exchanged for the murine 

constant chain and codon 

optimization. 

Amp 
GeneArt, 

Regensburg 

 

 

Figure 2: Vector map of the MP71 vector system carrying the ADRB3-1F4mm TCR construct 
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Figure 3: Vector map of the MP71 vector system carrying the PAPPA-2G6mm TCR construct 

 

 

Figure 4: Vector map of the MP71 vector system carrying the CHM1-4B4mu TCR construct 
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3.12.2 Primers 

Primers were synthesized by Metabion International AG, Planegg/Steinkirchen. All primers are 

listed in 5’-3’ direction. All TaqMan Gene Expression qRT-PCR primers were obtained from 

Applied Biosystems. 

 

3.12.2.1 Primer for the Identification of TCRs 

Nomenclature is according to B. Arden (Arden et al. 1995) 

T cell α-chain repertoire (Steinle et al. 1995) 

Table 17: T cell α-chain PCR primers 

P-5’αST ST CTG TGC TAG ACA TGA GGT CT  

P-3’αST ST CTT GCC TCT GCC GTG AAT GT  

3’T-Cα GGT GAA TAG GCA GAC AGA CTT GTC ACT GGA  

PANVα1  AGA GCC CAG TCT GTG ASC CAG  S = C/G 

PANVα1.1  AGA GCC CAG TCR GTG ACC CAG  R = A/G 

Vα2  GTT TGG AGC CAA CRG AAG GAG  

Vα3  GGT GAA CAG TCA ACA GGG AGA  

Vα4  TGA TGC TAA GAC CAC MCA GC  

Vα5  GGC CCT GAA CAT TCA GGA  

Vα6  GGT CAC AGC TTC ACT GTG GCT A  

Vα7  ATG TTT CCA TGA AGA TGG GAG  

Vα8  TGT GGC TGC AGG TGG ACT  

Vα9  ATC TCA GTG CTT GTG ATA ATA  

Vα10  ACC CAG CTG CTG GAG CAG AGC CCT  

Vα11  AGA AAG CAA GGA CCA AGT GTT  

Vα12  CAG AAG GTA ACT CAA GCG CAG ACT  

Vα13  GAG CCA ATT CCA CGC TGC G  

Vα14.1  CAG TCC CAG CCA GAG ATG TC  

Vα14  CAG TCT CAA CCA GAG ATG TC  

Vα15  GAT GTG GAG CAG AGT CTT TTC  

Vα16  TCA GCG GAA GAT CAG GTC AAC  

Vα17  GCT TAT GAG AAC ACT GCG T  

Vα18  GCA GCT TCC CTT CCA GCA AT  

Vα19  AGA ACC TGA CTG CCC AGG AA  

Vα20  CAT CTC CAT GGA CTC ATA TGA  
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Vα21  GTG ACT ATA CTA ACA GCA TGT  

Vα22  TAC ACA GCC ACA GGA TAC CCT TCC  

Vα23  TGA CAC AGA TTC CTG CAG CTC  

Vα24  GAA CTG CAC TCT TCA ATG C  

Vα25  ATC AGA GTC CTC AAT CTA TGT TTA  

Vα26  AGA GGG AAA GAA TCT CAC CAT AA  

Vα27  ACC CTC TGT TCC TGA GCA TG  

Vα28  CAA AGC CCT CTA TCT CTG GTT  

Vα29  AGG GGA AGA TGC TGT CAC CA  

Vα30  GAG GGA GAG AGT AGC AGT  

Vα31NEU  TCG GAG GGA GCA TCT GTG ACT A  

Vα32  CAA ATT CCT CAG TAC CAG CA  

 

T cell β-chain repertoire (Steinle et al. 1995) 

Table 18: T cell β-chain PCR primers 

P-5βST  AAG CAG AGA TCT CCC ACA C  

P-3βST  GAG GTA AAG CCA CAG TCT GCT  

P-3CβII  GAT GGC TCA AAC ACA GCG ACC TC  

Vβ1  GCA CAA CAG TTC CCT GAC TTG GCA C  

Vβ2  TCA TCA ACC ATG CAA GCC TGA CCT  

Vβ3  GTC TCT ACA TAT GAG AGT GGA TTT GTC ATT  

Vβ5.1  ATA CTT CAG TGA GAC ACA GAG AAA C  

Vβ5.2  TTC CCT AAC TAT AGC TCT GAG CTG  

Vβ6.1  GCC CAG AGT TTC TGA CTT ACT TC  

Vβ6.2  ACT CTG ASG ATC CAG CGC ACA  S=C/G 

Vβ6.3  ACT CTG AAG ATC CAG CGC ACA  

Vβ7  CCT GAA TGC CCC AAC AGC TCT C  

Vβ8  ATT TAC TTT AAC AAC AAC GTT CCG  

Vβ8S3  GCT TAC TTC CGC AAC CGG GCT CCT  

Vβ9  CCT AAA TCT CCA GAC AAA GCT  

Vβ10  CTC CAA AAA CTC ATC CTG TAC CTT  

Vβ11  TCA ACA GTC TCC AGA ATA AGG ACG  

Vβ12  AAA GGA GAA GTC TCA GAT  

Vβ12S3  GCA GCT GCT GAT ATT ACA GAT  

Vβ13  TCG ACA AGA CCC AGG CAT GG  

Vβ13.1  CAA GGA GAA GTC CCC AAT  
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Vβ13.2  GGT GAG GGT ACA ACT GCC  

Vβ13S5  ATA CTG CAG GTA CCA CTG GCA  

Vβ14  GTC TCT CGA AAA GAG AAG AGG AAT  

Vβ15  AGT GTC TCT CGA CAG GCA CAG GCT  

Vβ16  AAA GAG TCT AAA CAG GAT GAG TCC  

Vβ17  CAG ATA GTA AAT GAC TTT CAG  

Vβ18  GAT GAG TCA GGA ATG CCA AAG GAA  

Vβ19  CAA TGC CCC AAG AAC GCA CCC TGC  

Vβ20  AGC TCT GAG GTG CCC CAG AAT CTC  

Vβß21  AAA GGA GTA GAC TCC ACT CTC  

Vβ22.1  CAT CTC TAA TCA CTT ATA CT  

Vβ22.2  AAG TGA TCT TGC GCT GTG TCC CCA  

Vβ22.3  CTC AGA GAA GTC TGA AAT ATT CG  

Vβ23  GCA GGG TCC AGG TCA GGA CCC CCA  

Vβ24  ATC CAG GAG GCC GAA CAC TTC T  

Vβ25  TGA AAA TGT CTT TGA TGA AAC AG  

Vβ26  CCT AAC GGA ACG TCT TCC AC  

Vβ27  ATA CTG GAA TTA CCC AGA CAC  

Vβ28  TAC ACA ATT CCC AAG ACA CAG  

 

3.12.2.2 Primer for specific TCRs 

Specific primers for the ADRB3-1F4 TCR: 

Table 19: Specific PCR primers for ADRB3-1F4 

TRAV12-2*02  ATG ATG AAA TCC TTG AGA GTT TTA C 

TRBV19*03 CAA CCA GGT GCT CTG CTG T 

 

Specific primers for the PAPPA-2G6 TCR: 

Table 20: Specific PCR Primers for PAPPA-2G6 

TRAV5*01 ATG AGG CAA GTG GCG AGA GTG AT 

TRBV4-2*01 ATG GGC TGC AGG CTG CTC T 
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3.12.3.3 qRT-PCR primers 

Table 21: qRT-PCR primer assays 

Gene Assay 

ADRB3 Hs00609046_m1 

GAPDH Hs99999905_m1  

OAT Hs00236852_m1 

PAPPA Hs01032307_m1 

 

3.13 Software and Online Services 

 

Analysis of flow cytometric data: 

BD CellQuest™ Pro,  

 

Analysis of DNA sequences and construction of transgenic TCRs: 

SerialCloner, Version 2.6.1 

 

Analysis of TCR sequences: 

IMGT (http://imgt.cines.fr) 

 

Statistics: 

GraphPad Prism®, Version 5.0b 

 

HLA-A2 binding strength prediction: 

www.syfpeithi.de 
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4. Methods 

4.1 Cell culture conditions 

All cells were cultured at 37 °C, 5% CO2, and a relative humidity of 95% in an incubator. All work 

was performed under sterile conditions using a laminar-airflow bench. Retroviral transductions 

were done under a S2 sterile working bench.  

 

4.2 Culture of tumor cell lines 

Tumor cells cultured in suspension were given fresh medium every 2 to 3 days and split if 

required. Adherent cells were splitted and cultured in new flasks every 3 to 4 days or at 80% 

confluence. For this, cells were washed once with cold PBS. 1 ml, 2 ml, or 4 ml of Trypsin was 

added according to flask size and incubated at 37 °C until the adherent cells were present as 

single cells. Cells were re-suspended in fresh media and split depending on cell type and cultured 

in new flasks. 

 

4.3 Cryoconservation 

Single cells were frozen at a desired cell count in 500 µl freezing medium containing 90% FBS 

and 10% DMSO. T cells were frozen in 90% huAB serum plus 10% DMSO. Cells were stored at   

-80 °C for up to two weeks. For longer storage cells were transferred into liquid nitrogen tanks. 

When thawed, cells were washed once in their according medium and then cultured under 

standard conditions in their corresponding medium and cytokines depending on the cell line. 

 

 

 

 

 



 

 

 
Methods 

 
  

42 
 

4.4 Determination of cell count 

For the determination of the cell count single cells were diluted in Trypan Blue to distinguish 

between dead or live cells. Trypan Blue only enters dead cells staining them blue. Under the 

microscope using a Neubauer Chamber only unstained bright viable cells were counted and cell 

count was calculated according to the following formula: 

 

c[cells/ml] = number of cells / number of quadrants * dilution * 104 

 

4.5 Peptide binding assay using TAP deficient T2 cells 

T2 cells were washed twice in LCL medium and set to a concentration of 1 x 106 cells/ml. 250 µl 

of cell suspension was used per well in round-bottom 96-well plates. Peptides were added to the 

wells in increasing amounts to measure concentration dependency of MHC I binding. Unpulsed 

cells were used as a negative control. 

After incubation over night cells were washed twice with FACS Buffer and stained with           

HLA-A2-FITC for 30 min at 4 °C. Afterwards cells were washed twice with FACS Buffer before 

being resuspended in PBS and measured using a FACSCalibur™. To determine the relative 

binding of a peptide at a defined concentration the measured fluorescent intensity was divided by 

the intensity of unpulsed T2 cells. A high binding affinity peptide should have similar values as the 

influenza control.  

 

4.6 Isolation of PBMCs from Buffy coats 

Buffy coats were obtained from the Deutsches Rotes Kreuz (DRK) in Ulm and PBMCs were 

isolated via density centrifugation. Briefly, Buffy coats were diluted 3:1 in PBS. 30 ml of blood was 

carefully placed on top of 20 ml Ficoll® and centrifuged at 400 g for 30 min without breaks. 

Afterwards the PBMC interphase was collected and washed once with PBS. Remaining 

erythrocytes were lysed using 12 ml EryLysis Buffer. Lysis was stopped after 5 min with cold 

PBS. After an additional centrifugation the cell count was determined. 
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4.7 Isolation of CD14+ monocytes 

For the isolation of CD14+ Monocytes from PBMCs the BD IMag™ Anti-Human CD14 Magnetic 

ParticlesTM were used according to the manufacturers protocol. 1 x 107 PBMCs were washed 

once with BD IMag Buffer and incubated with 50 µl magnetic particles for 30 min at RT. 

Afterwards, cells were washed with 3 ml Buffer and transferred into a BD FACS Tube before 

being set into a BD IMagnet™. Cells were separated once for 10 min, before supernatant was 

discarded, and then washed 3 times for 4 min with 4 ml of BD IMag Buffer. After the last washing 

step cells were taken up in X-Vivo 15 Medium and the cell count was determined. 

 

4.8 Differentiation of CD14+ monocytes to dendritic cells 

Isolated CD14+ cells were cultured for 7 days in X-Vivo 15 Medium at a concentration of               

5 x 105 cells/ml with additional 10 µl/ml humanAB serum, 10 µl/ml IL-4 and 1 µl/ml GM-CSF. 

Cytokines were replaced on day 3 and day 5. On day 7 the maturation cocktail was added 

consisting of 1000 U/ml IL-6, 10 ng/ml IL-1β, 10 ng/ml TNF alpha, and 10 µl/ml PGE2. After 48 h 

cells were checked for maturation. 

 

4.9 Analysis of dendritic cell maturation 

48 h after addition of the maturation cocktail isolated CD14+ cells were checked for their 

maturation towards dendritic cells (DCs). Cells were stained for CD86, CD83, and HLA-DR and 

analyzed via FACSCaliburTM. DCs were further used when they were > 90% positive for all three 

markers. 

 

4.10 Peptide pulsing of mature DCs 

Mature DCs were artificially loaded with previously selected 9-mer peptides. 1 x 107 DCs / ml in 

TCM were incubated with 50 – 70 µg of peptide plus 5 µg/ml β2MG. Cells were incubated at 

37 °C for 4 h and shortly vortexed every 15 min. Subsequently, cells were washed twice with 

TCM. 
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4.11 Isolation of CD8+ T cells 

Isolated PBMCs from Buffy Coats were washed once with ice cold MACS Buffer and 

resuspended in 40 µl of MACS Buffer per 1 x 107 cells. 10 µl of CD8+ T Cell Biotin-Antibody 

Cocktail was added and the cells were incubated at 4 °C. After 10 min additional 30 µl of MACS 

Buffer were added plus 20 µl of CD8+ T Cell MicroBeads Cocktail. Cells were mixed well and 

incubated for additional 15 min at 4 °C. After a washing step with 4 ml of MACS Buffer and 

centrifugation at 500 g for 15 min, labeled cells were placed on a previously equilibrated column 

at a concentration of up to 1 x 108 cells in 500 µl. After rinsing the column 3 times with 3 ml of 

MACS Buffer, cell count was determined in the collected flow-through. 

 

4.12 Generation of Pool-PBMCs as feeder cells 

T cells were cultured using freshly irradiated LCLs (100 Gy) and Pool-PBMCs (30 Gy) as feeder 

cells. PBMCs were isolated from five different Buffy coats. The amount of isolated PBMCs was 

determined after erythrocyte lysis and cell count from all Buffy coats was adjusted equally. Pool-

PBMCs were then frozen in 5 x 107 aliquots in 500 µl freezing medium and stored in liquid 

nitrogen. Cells were thawed and irradiated when needed. 

 

4.13 FACS sorting of multimer specific T cells 

For the isolation of pMHC specific T cells peptide loaded multimers were used (Knabel et al. 

2002). T cell reactivity is directed against peptides bound to the MHC I complex. Such pMHCs, 

linked together with a fluorescent dye were used to stain specific T cells and to isolate them after 

priming them with peptide pulsed dendritic cells.  

Primed T cells were pooled, washed with FACS Buffer and stained with specific PE-labeled 

multimer and CD8-FITC for 30 min at 4 °C. Subsequently, cells were washed twice with FACS 

Buffer and resuspended in PBS. Cells were gated for CD8+/multimer+ T cells and sorted using a 

BD FACSAria™. Isolated T cells were cultured via single cell dilution before functional evaluation 

of their specificity. 
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4.14 Single cell dilution 

After FACS sorting for multimer positive T cells the isolated cells were cultured in single cell 

dilution to generate cultures of monoclonal T cells. Cells were cultured in 96-well plates in         

200 µl TCM with previously irradiated 1 x 105 LCLs (100 Gy) and 5 x 104 PBMCs (30 Gy) per well 

with additional 100 U/ml IL-2, 2 ng/ml IL-15, and 30 ng/ml of OKT3. Once a week 100 µl of TCM 

was replaced with fresh medium plus cytokines. After three weeks growing single cell clones were 

selected for specificity testing in IFNγ EISpot assays. 

 

4.15 T cell culture in flasks 

T cells were cultured upright in a T25 flask with 25 ml of TCM plus 2.5 x 107 irradiated PBMCs (30 

Gy) and 5 x 106 irradiated LCLs (100 Gy). Additionally, T cells were stimulated with                     

30 ng/ml OKT3. After 24 h 100 U/ml IL-2 and 2 ng/ml IL-15 was added. Cytokines were replaced 

every second day. Up to 13 ml of TCM was replaced when depleted. 

 

4.16 FACS staining of cell surface proteins 

For surface staining of single cell suspension 2 x 105 cells were washed twice with FACS buffer. 

Cells were stained in 100 µl FACS buffer plus 1 µl of corresponding antibody for 30 min at 4 °C in 

the dark. Before measurement, cells were washed twice with FACS buffer, resuspended in PBS 

and measured with a BD FACSCalibur™. As an isotype control IgG antibodies were used for each 

measurement. Measurements were then analyzed with the CellQuest™ Pro (BD) software. 

 

4.17 Annexin-V-PE staining of apoptotic cells  

Measurement of apoptotic cells was done using the PE Annexin V Apoptosis Detection Kit 1 by 

BD. Staining with annexin-V-PE and 7-AAD was done according to the manufacturers manual. 

The  1X annexin V Binding Buffer was freshly diluted with water from a 10X stock before staining 

the cells. Cells were washed twice with ice cold PBS and resuspended in 1X Binding Buffer at a 

concentration of 1 x 106 cells/ml. 100 µl of the cell suspension was stained with 5 µl annexin-V-PE 

and 5 µl 7-AAD. After staining the cells for 15 min at RT, cells were directly diluted with 400 µl of 
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Binding Buffer and measured immediately using a BD FACSCalibur. Early apoptotic cells were 

annexin-V-PE positive, 7-AAD negative. Cells in late stage of apoptosis were characteristically 

stained annexin-V-PE and 7-AAD positive.  

 

4.18 ELISpot Assay 

96-well mixed cellulose ester plates (MultiScreen-HA Filter Plate, 0,45 µm, Millipore, Eschborn, 

Germany) were coated over night at 4 °C with a 50 µl capture antibody solution at a concentration 

of 10 µg/ml per well in PBS. The next day the antibody was discarded, plates were washed          

4 times with 200 µl PBS and incubated 10 min at 4 °C. Afterwards wells were blocked with 150 µl 

of TCM for 1 h at 37 °C. 

T cells were counted and the required amount of cells for two wells was placed onto 96-well V-

bottom plates. The cells were washed 3 times with 100 µl of TCM and were resuspended in     

110 µl of TCM. After blocking the ELISpot plate for 1 h at 37 °C the medium in the wells was 

discarded and 50 µl of the T cell suspension was added onto the wells. 

Targets cells were incubated with IFNγ 48 h before adding them onto the T cells. Cells were 

harvested, washed, and set to a concentration of 4 x 105 cells per ml in TCM. 50 µl of target cell 

suspension was added dropwise onto the corresponding wells of the ELISpot plate. For peptide 

loaded T2 cells 1 x 107 T2 cells per ml were pulsed with 3,5 µl of corresponding peptide. Cells 

were incubated at 37 °C and pulsed every 15 min for 2 h. Afterwards, cells were washed twice 

and set to a concentration of 4 x 105 cells per ml. 50 µl were added dropwise onto the wells. After 

the target cell suspensions were added to the T cells, plates were incubated for 20 h at 37 °C.  

The next day plates were washed 6 times with PBS/0,05% Tween and dried briefly. The wells 

were incubated for 2 h with 100 µl of detection antibody solution (2 µg/ml) in PBS/0.5% BSA per 

well at 37 °C. Afterwards, wells were again washed 6 times with PBS/0,05% Tween. Briefly dried 

plates were incubated with 100 µl of a 1/100 dilution of Streptavidin-HRP in PBS/0.5% BSA for    

1 h at RT shielded from light. Before developing the ELISpot plate wells were washed thrice with 

PBS/0.05% Tween and 3 times with PBS, and afterwards were dried briefly. 
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Developing solution was freshly prepared by adding 25 µl of H2O2 per 10 ml of developing 

solution. 100 µl were added per well, afterwards plates were developed for up to 8 min before the 

reaction was stopped with running tap water.  

ELISpot plates were airdried thoroughly and spots were counted on an AID-ELIRIFL04 ELISpot 

reader. 

 

4.19 xCELLigence 

Cell proliferation of A673 and SK-N-MC cells was measured with an impedance-based instrument 

system (xCELLigence, Roche/ACEA Biosciences) enabling label-free real time cell analysis. 

Briefly, 1-3 x 104 cells were seeded into 96-well E-plates with 200 µl media containing 10% FBS, 

and were allowed to grow up to 72 - 100 h. Cellular impedance was measured periodically every 

15 min across gold micro-electrodes on the bottom of tissue culture E-plates. The presence of the 

cells on top of the electrodes affects the local ionic environment at the electrode/solution 

interface, leading to an increase in the electrode impedance, which is displayed as cell index (CI) 

values. The more cells are attached on the electrodes, the larger the increase in electrode 

impedance. 

When the target cells reached the exponential growth phase 100 µl of media were replaced by 

100 µl of T cell suspension. T cell activity could be observed by detachment of targets cells and 

therefore a decrease in the electrode impedance and reduced CI values. 

 

4.20 Vesicle release of T cells after target stimulation 

To measure T cell activity via FACS a LAMP1 (CD107a) antibody was used (Betts et al. 2003). 

Briefly, 2 x 105 T cells were washed twice with TCM and re-suspended in 100 µl TCM. T cells 

were then incubated with up to 4 x 105 target cells in a total volume of 200 µl for up to 2 h at 37 °C 

in round bottom 96-well plates. Afterwards, cells were washed twice with FACS buffer and stained 

for CD107a-FITC and CD8-APC for 30 min at 4 °C. Before measurement with the 

FACSCalibur™, the cells were washed twice with FACS buffer before being taken up in PBS.  
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4.21 RNA isolation 

Isolation of RNA from tumor cell lines or T cells was done using TRI Reagent. Pelleted cells were 

homogenized in 1 ml TRI Reagent. After adding 100 µl BCP per ml of TRI Reagent the solution 

was vortexed and incubated at RT for 10 min. To separate RNA from DNA and protein fractions, 

the solution was centrifuged at 12.000 g, for 10 min, at 4 °C. The aqueous phase was transferred 

into a new tube. To precipitate the RNA 500 µl of isopropanol was added. After vortexing for      

10 sec and incubation at RT for 10 min the RNA was centrifuged at 12.000 g at RT for 8 min. 

Supernatant was discarded and pellet was washed once with 75% ethanol. After a centrifugation 

step at 7.500 g for 5 min the supernatant was discarded and the pellet was air dried briefly before 

the RNA was dissolved in DEPC-H2O. RNA concentration was measured using a 

NanoPhotometer™ (Pearl, Implemen). 

 

4.22 cDNA synthesis 

For further analysis RNA was reverse transcribed using the High Capacity cDNA Reverse 

Transcription Kit by Applied Bioscience. Shortly, 1 µg of RNA was used for the transcription 

towards cDNA with 50 U of MultiScribe© Reverse Transcriptase. Master Mix was prepared as 

follows: 

 

Master Mix 1: 

Buffer       2 µl 

Primer       2 µl 

dNTPs       0,8 µl 

MultiScribe© Reverse Transcriptase   1 µl 

      ---------------------- 

       5,8 µl 

 

 

 

 



 

 

 
Methods 

 
  

49 
 

Master Mix 2: 

RNA       1 µg 

DEPC-H2O      X µl 

      ---------------------- 

       14,2 µl 

 

Both Master Mixes were adjusted to a total volume of 20 µl. Thermo Cycler settings were as 

follows: 

 

Step Temperature [°C] Duration [min] 

1 25 10 

2 37 60 

3 37 60 

4 85 5 

5 4 ∞ 

 

cDNA samples were then used for gene expression analysis in qRT-PCR reactions or for the 

identification of TCR sequences via PCR and sequencing. 

 

4.23 Quantitative Real-Time PCR (qRT-PCR) 

 

Quantification of synthesized cDNA via qRT-PCR was used to examine differential gene 

expression. qRT-PCR was performed using Maxima™ Probe/ROX qPCR Master Mix (2x) 

(containing Hot Start Taq DNA Polymerase, PCR buffer and dNTPs) and specific TaqMan® Gene 

Expression Assays (Applied Biosystems), which consist of two unlabeled PCR primers and a 

FAM™ dye-labeled TaqMan® MGB probe. Analyses were performed in 96-well plates and the 

reaction mix was prepared according to the manufacturer’s instructions.  
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qRT-PCR Master Mix: 

 

Maxima™ Probe/ROX qPCR Master Mix   10 µl 

TaqMan® Gene Expression Assay    1 µl 

cDNA template       0.5 µl 

RNase-free water      8.5 µl 

 

Fluorescence was detected and measured in an AB 7300 Real-time PCR system using a three 

step cycling protocol: 1 s 50 °C; 10 min 95 °C; (15 s 95 °C; 1 min 60 °C) 40x. 

Gene expression profiles were normalized to the mRNA levels of the housekeeping gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and calculated using the 2-ddCt method. 

 

4.24 PCR for identification of specific TCR-alpha and -beta chains 

The TCR sequence of selected T cell clones was identified via PCR and sequencing. A total of 34 

different 5’-Vα-primers and 38 different 5’-Vβ-primers were available for the variable regions of 

the TCR (Steinle et al. 1995). The corresponding 3’ primers (3’T-Cα and P-3’βII) bound in the 

constant region of the corresponding α- or β-chain. As an internal control a primer pair was used 

amplifying parts of the constant region. 

 

PCR Master Mix for the detection of the TCR β-chain: 

 

DEPC-H2O   18,5 µl 

Puffer (10x)   2,5 µl 

P-5’βST (2,5 pmol/µl)  0,5 µl 

P-3’bST (2,5 pmol/µl)  0,5 µl 

3’CβII (5 pmol/µl)  1,0 µl 

cDNA    0,5 µl 

Polymerase   0,5 µl 
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PCR Master Mix for the detection of the TCR α-chain: 

 

DEPC-H2O   18,5 µl 

Puffer (10x)   2,5 µl 

P-5’αST (2,5 pmol/µl)  0,5 µl 

P-3’αST (2,5 pmol/µl)  0,5 µl 

3’T-Cα (5 pmol/µl)  1,0 µl 

cDNA    0,5 µl 

Polymerase   0,5 µl 

 

23.5 µl of either master mix were pipetted into 96-well Eppendorf-PCR plates and 1.5 µl of a 

specific Vα/Vβ TCR PCR primer was added. 

 

The thermocycler was programmed as follows: 

 

Step Description Temperature [°C] Duration [min] 

1 Initial denaturation 94 6 

2 Denaturation 94 1 

3 Annealing 54 1 

4 Elongation 68 1 

5 Final elongation 68 7 

6 Cooling 4 ∞ 

 

Steps 2 to 4 were repeated 40 times. 

 

4.25 Gel electrophoresis and -extraction of PCR products 

PCR products were diluted in 6x loading buffer and loaded on a 1,5% agarose gel with 

supplemented 0,7 µg/ml ethidiumbromide. DNA probes were separated at a voltage of 110 mV for 

about 50 min. For size determination a 1 Kb Plus DNA Ladder was used. Amplified DNA products 
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were visualized under UV light and documented. PCR products of expected size were cut out with 

a scalpel and DNA was extracted using the NucleoSpin Gel-Extraction-Kit (Macherey-Nagel). To 

do so, 300 µl of gel extraction buffer was added to the gel piece and incubated at 50 °C until it 

was dissolved. The dissolved gel was transferred to a microspin cup seated in a 2 ml recaptable 

tube and spun for 30 sec at maximum speed in a table-top centrifuge. Flow-through was 

discarded and fiber matrix was washed once with 750 µl of 1x wash buffer for 30 sec at maximum 

speed. The wash buffer was discarded and the microspin cup was dried at maximum speed for 

30 sec. For elution of bound DNA the microspin cup was transferred into a fresh 1.5 ml tube and 

50 µl DEPC-H2O was placed directly on top of the fiber matrix. After 5 min of incubation at RT the 

tube was again centrifuged at maximum speed for 30 seconds. Concentration of recovered DNA 

was measured using a NanoPhotometer™. 

 

4.26 Sequencing and analysis of TCRs 

All sequencing samples were sent for analysis to Sequiserve (Vaterstetten) with the according 

primers. Sequencing results were analyzed using IMGT, the international ImMunoGeneTics 

information system® http://www.imgt.org (founder and director: Marie-Paule Lefranc, Montpellier, 

France) (Brochet et al. 2008, Giudicelli et al. 2011). Productive TCR sequences without stop 

codons or in-frame junctions were followed up and new primers covering the whole sequence of 

the TCR chain were ordered. PCR products from these new primers were again sequenced. This 

sequence was subsequently used to construct the transgenic TCR.  

 

4.27 Construction of transgenic MP71 vector system 

In 5’-3’ direction the TCR β-chain was placed in front of the α-chain. Both were linked via a P2A 

sequence to ensure an equal expression (Leisegang et al. 2008). To prevent mispairing with the 

endogenous TCR in donor T cells, after transduction specific AAs in the human constant chain 

were replaced with the corresponding AAs from the constant murine TCR chains (Sommermeyer 

et al. 2010). According to Sommermeyer et. al five substitutions in the TCR beta chain (Q18K, 

S22A, F133I, E136A, and Q139H) and four substitutions in the TCR alpha chain (P90S, E91D, 

S92V, and S93P) are necessary to ensure correct dimerization. Using the GeneArt™ Project 
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Configurator a Kozak sequence was added. A codon optimization further increases the 

expression of the transgenic construct. NotI and EcoRI restriction sites were added 5’ and 3’ of 

the sequence for cloning into the MP71 vector system (Engels et al. 2003). Synthesis of the 

modified transgenic TCR and subcloning into the MP71 vector was performed by GeneArt™, 

Regensburg. 

 

4.28 Transformation of competent bacteria 

Transformation of MAX Efficiency® Stbl2™ Competent Cells (Invitrogen) was carried out 

according to the manufacturer. Cells were thawed on ice and 1 – 10 ng of MP71 plasmid DNA 

with the inserted sequence of the codon optimized transgenic TCR was added. After incubating 

the cells for 30 min on ice they were heat-shocked for 25 sec in a water bath at 42 °C. Afterwards 

they were placed again on ice for 2 min before adding RT S.O.C. Medium. Cells were put on a 

shaker for 90 min at 225 rpm and 37 °C. Afterwards, cells were spread on LB plates containing 

100 µg/ml ampicillin and incubated over night at 37 °C. 

 

4.29 Mini- and Maxi-preparation of plasmid DNA 

Isolation of plasmid DNA from transformed E. coli cells was performed with the EndoFree Plasmid 

Maxi Kit from Quiagen according to the manufacturer’s manual. DNA concentration was 

measured using a NanoPhotometer™. The insert was controlled via restriction enzymes and 

agarose gel electrophoresis.  

 

4.30 Production of retroviral particles 

Transfection of the packaging cell line GalV was done using the TransIT®-293 Reagent by Mirus 

according to the manufacturer’s protocol. GalV cells were seeded in 6 well plates at a 

concentration of 2 x 105 per well in a total of 3 ml medium. After 24 h the medium of the 

packaging cells was replaced and the cells were transfected with the MP71 Plasmid DNA for the 

transgenic TCR. Per well 9 µl of TransIT was added to 200 µl of serum free DMEM in 5 ml round 

bottom tubes, vortexed and incubated at RT for 20 min. 1 µg of plasmid DNA was added to the 
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TransIT/DMEM solution, carefully mixed and incubated for additional 30 min at RT. Afterwards the 

solution was pipetted dropwise onto the GalV cells and incubated at 37 °C for 48 h. 

The virus in the supernatant was removed after 48 h and 72 h, respectively, centrifuged and 

filtered through a 45 µm filter before being added to the PBMCs. Virus was used fresh or stored at 

-80 °C. 

 

4.31 Transduction of PBMCs 

PBMCs were isolated from HLA-A*02:01 negative Buffy coats via density gradient centrifugation. 

T cells were resuspended in TCM at a concentration of 1 x 106 cells per ml. After addition of 

100 U/ml IL-2 and 30 ng/ml OKT3 cells were rested for 48 h at 37 °C in cell culture treated 24 well 

plates.  

Non-treated 24 well plates were coated with 400 µl of a 12,5 µg/ml retronectin solution over night 

at 4 °C. Before spin infection wells were blocked with a 5% BSA in HBSS solution for 30 min at 

37 °C and washed twice with 2,5% HEPES in HBSS. Previously isolated and activated PBMCs 

were counted and set to a concentration of 1 x 106 per ml TCM. 

1 ml of virus supernatant and PBMCs, respectively, were added into retronectin-coated 24 well 

plates, respectively, and protamine-sulfate (cend = 4 µg/ml), HEPES (cend = 0,5%), and                

IL-2 (cend = 100 U/ml) was added. Plates were centrifuged for 90 min at 820 g in a centrifuge 

preheated at 32 °C and stored at 37 °C over night afterwards. The next day cells were harvested 

and split 1:1. Cells were again placed on coated 24 well plates with fresh virus plus additives and 

centrifuged at 820 g / 90 min / 32 °C. Medium was replaced after 48 h and transduction efficiency 

was checked 24 h later via FACS multimer staining.  

 

4.32 Isolation of transduced T cells via anti-PE magnetic microbeads 

TCR transgenic T cells were isolated from non-transduced T cells via magnetic Anti-PE 

MicroBeads (Miltenyi Biotec) according to the manufacturer’s protocol. Transduced T cells were 

pooled, washed twice with FACS buffer, and stained with specific multimer-PE for 30 min at 4 °C. 

For the magnetic labeling T cells were washed once in FACS buffer and MACS buffer, 

respectively. 1 x 107 cells were then diluted in 80 µl of MACS buffer. 20 µl of Anti-PE MicroBeads 



 

 

 
Methods 

 
  

55 
 

were added and cells were incubated at 4 °C for 15 min before being washed once with 2 ml 

MACS buffer. Labeled cells were placed on a previously equilibrated column at a concentration of 

up to 1 x 108 cells in 500 µl. After 3 washing steps with 3 ml of MACS Buffer each, cell count was 

determined after removing the column from the separator and flushing out the magnetically 

labeled cells with 5 ml of MACS Buffer by firmly pushing the plunger into the column. 

Efficiency of magnetic separation was then confirmed via multimer FACS and isolated TCR 

transgenic T cells were taken into culture in 25 ml TCM with irradiated feeder cells. 

 

4.33 In vivo validation of TCR transgenic T cell efficacy 

To analyze local tumor growth in vivo, 2 x 106 A673 cells were re-suspended in a final volume of 

0.2 ml PBS/0.2% FCS. 2 x 106 A673 tumor cells were inoculated subcutaneously at the lower 

back of immunodeficient Rag2-/-γc-/- mice. After 3 days mice received a full body irradiation with 

3.5 Gy to facilitate engraftment of human T cells. 5 x 106 TCR transgenic T cells together with 

5 x 106 CD8+ depleted PBMCs were injected i.p. the following day. Control groups received either 

no T cells, CD8+ depleted PBMCs, or CD8+ depleted PBMCs plus 5 x 106 unspecific T cells. 

1.5 x 107 IL-15 secreting NSO cells (previously irradiated with 80 Gy) were injected i.p. twice per 

week. Mice were sacrificed after 17 days of tumor growth or at a maximum tumor size of > 10 mm 

(Fig. 5). Tumor size was determined. Also blood, bone marrow, and tumor samples were 

collected and analyzed for T cell persistence. 

 

 

Figure 5: Time scale for validation of transgenic TCR in vivo efficacy. Mice were inoculated with 2 x 106 
s.c. A673 ES cells at the lower back. On day 3 mice received a fully body irradiation with 3.5 Gy before 
receiving the TCR transgenic T cells on day 4. IL-15 secreting NSO cells were administered twice per week. 
Mice were sacrificed on day 17 and analyzed for tumor growth and T cell persistence. 



 

 

 
Methods 

 
  

56 
 

4.34 Immunohistochemistry 

Histological analyses were performed in cooperation with Dr. Thomas Grünewald (Institute of 

Pathology, Medical Department, Ludwig-Maximilians-Universität München). 

Immunohistochemistry (IHC) analyses of tumors were performed on formalin fixed, paraffin-

embedded samples. All tissue slides were collected at the Department of Pathology of the 

Ludwig-Maximilians-Universität München. The following primary antibodies were used: CD8 

(1:100, SP16, DCS) and PAPPA (1:50, HPA001667, Sigma Aldrich) 

 

4.36 Statistical analyses 

Descriptive statistics was used to determine mean, standard deviation (SD) and standard error of 

the mean (SEM). Differences were analyzed by unpaired two-tailed student’s t-test as indicated 

using Excel (Microsoft) or Prism 5 (GraphPad Software); p values < 0.05 were considered 

statistically significant (*p < 0.05; **p < 0.005; ***p < 0.0005). 
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5. Results 

5.1 ADRB3 and PAPPA are over expressed in Ewing Sarcoma 

In a previous publication we identified different over-expressed genes in ES (Staege et al. 2004). 

Among them was the Beta-3 adrenergic receptor (ADRB3) and Pappalysin-1 (PAPPA), which 

were shown to be over-expressed in biopsies of primary ES and metastases. We determined 

expression of ADRB3 and PAPPA in ES samples compared to a normal body map using the R2: 

Genomics Analysis and Visualization Platform (http://r2.amc.nl) (Fig. 6 A). Further we assessed 

ADRB3 and PAPPA expression in different ES cell lines (Fig. 6 B). Expression analysis showed 

increased expression of both antigens in comparison to the normal body map. Only for PAPPA 

very high expression levels in placenta were detected. Regarding the different ES cell lines 

ADRB3 and PAPPA expression could be confirmed. 
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Figure 6: ADRB3 and PAPPA are ES associated target antigen. (A) ADRB3 and PAPPA are over-
expressed in Ewing Sarcoma compared to a Normal Body Atlas. (B) Expression of both TAAs was detected 
via qRT-PCR in different ES cell lines. Results are shown relative to A673. Error bars represent standard 
deviation of duplicate experiments. 

 

5.2 Selection of suitable ADRB3 and PAPPA 9-mer peptides for allogeneic T cell 

priming 

For the selection of suitable 9-mer peptides for allogeneic T cell priming the “SYFPEITHI: 

database for MHC ligands and peptide motifs“ (www.syfpeithy.com) was used (Rammensee et al. 

1999). In silico analysis of the amino acid sequence of selected target genes resulted in a list of 

predicted ligation strength of possible 9-mer peptides to HLA-A*02:01. The peptide sequence for 

ADRB3 (Entry P13945) and PAPPA (Entry Q13219) was obtained from the UniProt web page 

(UniProt)(UniProt). A list of the peptides with the highest ligation strength according to 

SYFPEITHY is listed below (Tab. 20 + 21). 
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Table 22: List of predicted binding affinities for ADRB3 peptides for HLA-A*02:01 sorted by 
decreasing SYFPEITHY score 

Protein Position 1 2 3 4 5 6 7 8 9 SYFPEITHY score 

38 A L A G A L L A L 32 

295 G L I M G T F T L 29 

309 F L A N V L R A L 28 

321 S L V P G P A F L 28 

44 L A L A V L A T V 26 

 

Table 23: List of predicted binding affinities for PAPPA peptides for HLA-A*02:01 sorted by 
decreasing SYFPEITHY score 

Protein Position 1 2 3 4 5 6 7 8 9 SYFPEITHY score 

1064 L I I P V V H D L 29 

1434 I I L P M N V T V 28 

111 Y L P G Q W V Y L 26 

157 V L M L G G S A L 25 

601 V L G H T T D S V 25 

715 S L T I W V T F V 25 

 

Peptides with the highest predicted binding strength were ordered. Tap deficient T2 cells were 

then incubated with increasing amounts of peptide over night. Measurement of surface          

HLA-A*02:01 stabilization was done via staining with a FITC labeled HLA-A*02:01 FACS 

antibody. Fluorescence intensity of measured samples was compared to the influenza matrix 

peptide (GILGFVFTL). Suitable peptides for allogeneic priming should show binding affinities 

comparable to the influenza positive control. For ADRB3 we chose the 9-mer peptide ADRB3295 

(Fig. 7). Although we did not observe HLA stabilization over night we still could show increased 

peptide binding after 4 h.  
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Figure 7: Flow-cytometry confirms ADRB3295/HLA-A*02:01 binding on T2 cells. T2 cells loaded with 
ADRB3295 show HLA-A*02 positivity in FACS analysis comparable to the influenza positive control already 
after 4 hours of incubation. Data are presented as mean and SEM. All experiments were carried out in 
triplicates. Error bar represent standard deviation of triple experiments. 
 

For the PAPPA antigen we could identify two different peptides PAPPA1434 and PAPPA601 with 

comparable binding properties (Fig. 10 A). Both were then further tested in titration assays and 

showed specific peptide concentration depended HLA-A*02:01 stabilization on T2 cells over night 

(Fig. 10 B). Although both peptides proofed to be suitable for allogeneic priming only the 

PAPPA1434 9-mer peptide was chosen for further allogeneic priming due to its more efficient    

HLA-A*02:01 stabilization compared to PAPPA601. 
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Figure 8: PAPPA1434 more efficiently stabilizes the MHC I complex on TAP deficient T2 cells. (A) Five 
different 9-mer peptides with high HLA-A*02:01 predicted binding affinities were loaded onto T2 cells. 
PAPPA1434 and PAPPA601 showed MHC I stabilization over night after FACS analysis. (B) Peptide titrations 
further revealed higher stabalizing capabilities for PAPPA1434 in comparison to PAPPA601. Data are 
presented as mean. All experiments were carried out in triplicates. Error bars represent standard deviation of 
triple experiments. 

 

5.3 Allogeneic T cell priming with peptide loaded dendritic cells and cell sort of 

multimer specific T cells. 

DCs were generated from isolated CD14+ monocytes. After 7 days of culture DCs were controlled 

for their maturation. DCs were considered mature when at least 90% of the population was 

positive for CD83, CD86, and HLA-DR (Fig. 9 A). Allogeneic T cells were then incubated twice 

with peptide loaded DCs. Peptide specific T cells were isolated via FACS sorting. To isolate 

pMHC specific T cells directed against either ADRB3295 or PAPPA1434 the previously primed 
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T cells were pooled and stained for CD8 and its specific multimer, respectively. Using a FACS 

Aria cell sorter CD8-FITC and multimer-PE double positive T cells were isolated (Fig. 9 B). In total 

796 double positive T cells were isolated from 2 x 107 T cells. This represents 0.04% of the T cell 

population. Afterwards isolated T cells were then further cultured using single cell dilution to 

generate clonal T cells populations for analysis. 

 

Figure 9: Maturation of dendritic cells and FACS sorting of multimer postive T cells after allogeneic T 
cell priming. (A) DCs were considered mature when positive for CD86, HLA-DR and CD83. (B) Multimer 
specific T cells in region P5 were isolated via specific multimer assisted FACS sort.  

 

5.4 Generation of ADRB3 specific TCR transgenic T cells 

5.4.1 Screening for ADRB3295 T cell specificity after single cell dilution 

Cultured clones were first tested in IFNγ Screening ELISpot assays. Peptide loaded T2 cells with 

either unspecific influenza (T2 -) or specific ADRB3295 (T2 +) peptide were used to show peptide 

specificity. A673 (HLA-A*02:01+) and SK-N-MC (HLA-A*02:01-) were used for HLA restriction and 

ES specificity, respectively. In total 7 clones were tested (Fig. 10). Only the T cell clones 1F4, 

1H12 and 4B4 only showed peptide specificity and HLA restriction. 
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Figure 10: IFNγ Screening ELISpot assays to identify peptide specific and HLA-A*02:01 restricted T 
cell clones. Screeing for peptide specificity and HLA-A*02:01 restriction eliminated the unspecific T cell 
clones 1B5, 1H5, 2C6, and 2F7. Only the clones specifically recognizing T2 + (black bar) and A673 (white 
bar) but not T2 - and SK-N-MC (1B4, 1F4, and 1H12) were considered specific. 

 

5.4.2 ES specificity of T cell clone ADRB3-1F4 

Regarding the results from the initial IFNγ ELISpot assay three different clones were selected for 

further analysis. Among them was the T cell clone ADRB3-1F4 which showed a distinct 

recognition of ADRB3295 peptide pulsed T2 cells (Fig. 11 A). Sensitivity limit of the TCR for its 

peptide was up to a 10 nM peptide concentration in T2 peptide titrations (Fig. 11 B). Also, the 

HLA-A*02:01 positive ES cell lines A673, EW7, and TC-71 were recognized in IFNγ ELISpots in 

contrast to SK-N-MC (HLA-A*02:01-). The MCH negative cell line K562 served as an additional 

NK cell control (Fig. 11 C). Lysis of ES cell lines was shown via grB release. ADRB3-1F4 T cells 

were titrated onto A673 or SK-N-MC target cells. For A673, specific grB release was shown 

whereas for SK-N-MC, the grB levels were in the range of the K562 and T cell controls with no 

target cell (Fig. 11 D). This shows specificity of the ADRB3-1F4 TCR towards HLA-A*02:01+ ES 

cells. According to these results the corresponding TCR of this T cell clone 1F4 was chosen for 

the generation of TCR transgenic T cells. 
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Figure 11: Wild type T cell clone ADRB3-1F4 specifically recognizes and kills HLA-A*02:01+/ADRB3295 
expressing ES cell lines. (A) ADRB3-1F4 shows peptide specificity against ADRB3295 (T2 +) peptide 
loaded T2 cells. (B) Recognition of T2 cells is dose dependent in peptide titration assay. IFNγ release 
diminishes at a threshold of < 10 nM. (C) ADRB3-1F4 T cells specifically recognize HLA-A*02:01+/ADRB3+ 
ES cell lines compared to controls in IFNγ ELISpot assays. (D) Dose-dependent killing of HLA-
A*02:01+/ADRB3+ ES cell lines compared to controls was determined by ELISpot granzyme B release. A673, 
EW7 and TC-71; HLA-A*02:01+ ES, SK-N-MC: HLA-A*02:01- ES, K562: MHC- NK cell control. Error bars 
represent standard deviation of triplicate experiments. Data are presented as mean and SEM. Asterisks 
indicate significance levels. p values < 0.05 were considered statistically significant (*p < 0.05; **p < 0.005; 
***p < 0.0005). 

 

5.4.3 ADRB3-1F4 TCR PCR identifies Vα2 and Vβ17 chains 

Isolated RNA of the ADRB3-1F4 clone was transcribed into cDNA. For the identification of the Vα 

chain a set of 34 different primers was used. In the agarose gel three PCR products within a 

range of 350 – 500 bp were identified next to the internal TCR constant chain control (550 bp). 

These three PCR products were cut out, isolated and sequenced (Fig 12). According to the 

IMGT/V-QUEST only the PCR product for the Vα2 resulted in a productive TCR sequence 

(TRAV12-2*02). The Vα12 sequence was an unproductive TCR (TRAV-19*01F). For Vα29 the 

sequence was unspecific and gave no result.  
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Figure 12: TCR PCR identifies Vα2 expression in ADRB3-1F4 T cells. ADRB3-1F4 only had one 
productive variable α-chain (TRAV12-2*02 detected by the Vα2 primer) marked by a green box. All other 
sequenced PCR products were unspecific or showed no open reading-frame (red bordered boxes). Internal 
constant alpha chain control: 550 pb; Expected PCR product sizes for Vα chains: 350 – 500 bp. 

 

For the identification of the corresponding Vβ chain the IOTest® Beta Mark Kit was used to show 

expression of the Vβ chain via FACS analysis (see Table 14). This kit covers 70% of the human 

Vβ repertoire. The positivity of the T cells for FITC and PE in Tube B indicates the expression of a 

Vβ17 (TRBV19) TCR (Fig. 13 left). Additionally, this FACS analysis confirmed T cell clonality. A 

PCR for Vβ17 further confirmed the FACS results (Fig 13 right). Sequencing results and in silico 

IMGT/V-QUEST results for the sequenced PCR product identified the Vβ-chain TRBV19-01. 
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Figure 13: ADRB3-1F4 T cells express the Vβ17 chain and are clonal. (A) The IOTest® Beta Mark Kit 
showed the expression of the Vβ17 on the cell surface of the ADRB3-1F4 T cells detected by FITC and PE 
double positivity in Tube B. Absence of a second T cell populations further confirmed T cell clonality. (B) 
Expression of Vβ17 was further confirmed via PCR. PCR product was extracted from the gel and sequenced. 

 

As these primers only cover the Vα- and Vβ-chain to some extent, new primers were chosen 

according to these results covering the whole sequences of the TRAV12-2*02 and TRBV19-01 

TCR. The sequencing results of these PCRs were then used for the construction of the transgenic 

TCR (Tab. 25 + 26). 

 

5.4.4 Generation of ADRB3-1F4 TCR transgenic T cells 

The transgenic TCR was constructed as described in 4.27 and cloned into the pMP71 vector 

system. GalV 293T virus producing packaging cells were transfected with the plasmid DNA 

containing the transgenic ADRB3-1F4 TCR. After transduction the efficiency was controlled after 

additional 72 h. TCR transgenic T cells were identified by their capability to specifically bind its 

specific multimer. An unspecific multimer served as a control. Isolation of TCR transgenic T cells 

was carried out via magnetic labeling (Fig. 14). Multimer-PE stained T cells were labeled with 

anti-PE magnetic beads and purified using a magnetic column. These purified TCR transgenic 

T cells were then further cultured. 
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Figure 14: Transduction and isolation efficiency of ADRB3-1F4 TCR transgenic T cells. Flow cytometry 
revealed a transduction rate of 59% (middle) for ADRB3295 specific TCR transgenic T cells. An irrelevant 
multimer served as control (left). Purification using HLA-A*02:01-ADRB3295-multimer staining revealed a 
99% positive ADRB3-1F4 TCR transgenic T cell population after magnetic bead separation (right). 

 

5.4.5 Functionality of ADRB3-1F4 TCR transgenic T cells 

Donor PBMCs transduced with the transgenic TCR were tested for their peptide specificity 

towards ADRB3295 and influenza matrix protein peptide loaded T2 cells, as well as their ability to 

specifically recognize and kill HLA-A*02:01+ ES cell lines. The ADRB3-1F4 TCR transgenic 

T cells showed comparable results to the wild type TCR regarding recognition of pulsed T2 cells 

pulsed with the specific peptide (Fig. 15 A). Sensitivity of the transgenic TCR towards the 

ADRB3295 peptide was observed up to a peptide concentration of 1 nM (Fig. 15 B). 

Regarding the recognition of ES cell lines the transgenic T cells showed a specific recognition of 

HLA-A*02:01+ ES cells lines A673, TC-71, and EW7 in contrast to the SK-N-MC (HLA-A*02:01-) 

and K562 (MHC I-) controls (Fig. 15 C). To show killing efficiency of the TCR transgenic T cells 

the xCELLigence assay was used. After addition of the transgenic T cells to the ES target cells 

only the A673 cells showed distinct reduction in adherence. In contrast, the controls were 

unaffected in their growth and showed no detachment over time (Fig. 15 D). This assay not only 

demonstrated in real-time the specificity of the transgenic TCR towards HLA-A*02:01+ ES cells 

but also showed the rapidity in which the reaction takes place.  
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Figure 15: Functional evaluation of ADRB3-1F4 TCR transgenic T cells. (A) ADRB3-1F4 TCR 
transgenic T cells specifically recognize ADRB3295 (T2 +) pulsed T2 cells in contrast to the unspecific 
influenza (T2 -) control. (B) ADRB3-1F4 TCR transgenic T cells recognize ADRB3295 peptide pulsed T2 cells 
in an IFNγ ELISpot assay in a dose dependent manner. IFNγ release diminishes at a threshold of < 1 nM. 
(C) HLA-A*02:01+/ADRB3+ ES cell lines are specifically recognized in contrast to its controls. (D) 
Killing/detachment of A673 ES cell line is shown in real time in xCELLigence assay. The control cell line SK-
N-MC is not affected in its growth by the presence of the TCR transgenic T cells. Adherence/growth of target 
cells is shown via the cell index. An arrow indicates time of ADRB3-1F4 T cell addition. A673, EW7 and TC-
71: HLA-A*02:01+ ES; SK-N-MC: HLA-A*02:01- ES; E/T ratio for ELISpot assay: (A and B) 1:4, (C) 1:2. Error 
bars represent standard deviation of triplicate experiments. Asterisks indicate significance levels. *p < 0.05; 
**p < 0.005; ***p < 0.0005. 

 

5.4.6 Impeded cell growth and increased apoptosis after TCR transduction 

Although we were able to generate ADRB3-1F4 TCR transgenic T cells, the transduction of donor 

PBMCs often resulted in low cell count after isolation and further cultivation. Therefore we chose 

to simultaneously transduce 3 different donor PBMCs with different HLAs. As a control we 

additionally transduced donor T cells with a different, already established transgenic TCR directed 
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against CHM1. When we compared the cell counts of the ADRB3-1F4 transgenic T cells with the 

CHM1-4B4 TCR transgenic T cells, we observed a reduced cell count after 7 days for ADRB3 

T cells in comparison to CHM1 in two of the donor PBMCs. Only donor #3 showed a normal 

growth rate for ADRB3 (Fig. 16 A). 

Annexin-V staining revealed no increased apoptosis levels for CHM1-4B4 transduced T cells. The 

same results were observed for ADRB3-1F4 transgenic T cells with donor #3 as well as for donor 

#1. However, for donor #2 we saw highly increased levels of apoptosis already 24 h after 

transduction for the ADRB3-1F4 TCR. These levels increased even further over the next two days 

(Fig. 16 B). 

 

Figure 16: Impeded growth and annexin positivity were measured for ADRB3-1F4 TCR transgenic T 
cells (A) For donors #1 and #2 ADRB3-1F4 TCR transgenic T cell expansion is hampered compared to 
CHM1-4B4 TCR transgenic T cells as measured by total cell counts at expansion day 3 and day 7, 
respectively; (B) Flow cytometry only shows increased annexin-v positivity for donor #2 although growth 
impairment was also seen in donor #1 after ADRB3-1F4 TCR transduction in contrast to CHM1-4B4 TCR 
transgenic T cells. Error bars represent standard deviation of triplicate experiments. Asterisks indicate 
significance levels. *p < 0.05; **p < 0.005; ***p < 0.0005. 

 

5.4.7 ADRB3 is not expressed in CD8+ T cells 

The group of Dolores Schendel has previously shown that target gene expression in T cells can 

lead to T cell mediated apoptosis in an autologous setting, a phenomenon termed fratricide 

(Leisegang et al. 2010). However, when we analyzed CD8+ T cells for their ADRB3 expression via 

qRT-PCR we did not measure target gene expression (Fig. 17). Therefore we could exclude the 
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expression of our target gene as the target of fratricide responsible for the impeded cell growth for 

the HLA-A*02:01+ donor #2. 

 

Figure 17: CD8+ T cells do not express ADRB3. ADRB3 expression was assessed in CD8+ T cells 
relative to A673. 

 

5.4.8 TCR transduced T cells are positive for CD107a 

Although we could detect increased apoptosis for ADRB3-1F4 TCR transgenic T cells we further 

aimed to directly measure T cell activity after the transduction. The Lysosome-associated 

membrane protein 1 (LAMP1/CD107a) is a transmembrane protein and has shown to be a 

specific marker for degranulation in active T cells upon target recognition (Betts et al. 2003). We 

analyzed our transductions for T cell activity via CD107a FACS staining. Again, CHM1-4B4 

transduced donor T cells were negative for CD107a. However, in two donors (#1 and #2) PBMCs 

transduced with ADRB3-1F4 – in which impeded cell growth had been observed before - we also 

measured increased overall CD107a positivity. Moreover, in donor #1, which showed impeded 

cell growth but no signs of increased apoptosis, CD107a positivity was measurable (Fig. 18 A). 
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Figure 18: T cells activity was assessed via CD107a staining in FACS after transduction with the 
transgenic ADRB3-1F4 and CHM1-4B4 TCR. (A) Transduced T cells with the ADRB3-1F4 transgenic TCR 
show elevated T cell activity via CD107a staining already 24 h after transduction in comparison to CHM1-
4B4 transduced T cells. CD107a positivity was only measurable in donors with impeded cell growth after 7 
days. (B) CD107a T cell activity was still measurable after 7 days in donor #1 and correlate with impeded 
cell growth. Error bars represent standard deviation of triplicate experiments. Asterisks indicate significance 
levels. *p < 0.05; **p < 0.005; ***p < 0.0005. 

 

Seven days after transduction again annexin and CD107a positivity was analyzed. In donor #1, 

increased annexin levels were measured (Fig. 18 B left). Also, CD107a positivity was measurable 

indicating ongoing T cell activity (Fig. 18 B right). Again, no increase in annexin and CD107a were 

detected in donor #3. In donor #2 no further measurements were possible as no living T cells for 

analysis were left after 7 days. 
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observed (Fig. 19). Donor #3 for ADRB3 as well as all three samples for CHM1 remained 

negative. 

 

Figure 19: ADRB3-1F4 TCR transgenic T cells are positive for CD107a. After incubation of the ADRB3-
1F4 or CHM1-4B4 TCR transgenic T cells with three different donor PBMCs CD107a positivity was only 
measurable for the ADRB3-1F4 T cells in which impeded cell growth had been previously observed. Live 
gate was set on CD8+/multimer+ double positive T cells. Error bars represent standard deviation of triplicate 
experiments. 

 

This shows that the transgenic TCR is active upon recognition of certain donor PBMCs. 

Furthermore, CD107a positivity correlates with impeded cell growth. 

 

5.4.9 Alanine/serine scan analysis confirms cross reactivity of the ADRB3-1F4 TCR 

As TCRs are capable of recognizing more than one pMHC combination we determined the 

possible peptide cross reactivity potential of both transgenic TCRs, ADRB3-1F4 and CHM1-4B4, 

respectively. Alanine/serine or alanine/threonine substituted peptides at each position were 

ordered and loaded onto T2 cells. For both experiments, we used peptide concentrations close to 

the minimum detection limit to exclude unspecific reactivity due to overloaded T2 cells. For both 

TCRs results were similar, and both showed various positions at which amino acids could be 

exchanged (Fig. 20 A + B). Although this result indicates a major peptide cross-reactive potential, 

the amount of possible peptides with these motives differ significantly in humans. An X in the 

motive indicates peptides that were not essential for target recognition. For the ADRB3 motive   

X-L-X-X-X-X-F-X-[LA] 5068 different peptides with this motive were found. For CHM1 however, 
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the corresponding motive X-X-X-X-X-[ST]-W-W-[VT] resulted in only 38 hits (Fig. 20 C). When we 

further analyzed the in silico binding strength of these predicted peptides for HLA-A*01,         

HLA-A*02:01, and HLA-A*03 we observed an increased binding strength for the ADRB3 peptides 

for all three HLAs in comparison for the CHM1 peptides (Fig. 20 D).  

 

Figure 20 Amino-acid exchange scans yield only limited power to predict cross-reactivity of CD8+ 
TCR transgenic T cells in contrast to in silico HLA-A*02:01 binding prediction. (A + B) ADRB3295-TCR 
transgenic T cells (left) as well as CHM1319-TCR transgenic T cells (right) reveal unspecific recognition upon 
selective amino-acid exchange of respective target antigens to (A) alanine/serine and (B) alanine/threonine 
in IFNγ ELISpot assays. (C) The number of peptides carrying the ADRB3 specific core motive is much 
higher in comparison to peptides carrying the CHM1 specific core motive. (D) Peptides with similar 
ADRB3295 motive patterns (n=780) show higher binding scores for HLA-A*02:01 in comparison to the 
peptides with similar CHM1316 motive (n=33) (middle). Also, binding affinities of peptides similar to ADRB3 
(n=180) show higher binding affinities towards HLA-A*01 (left) and HLA-A*03 (right) in comparison to CHM1 
(n=33). Error bars represent standard deviation of triplicate experiments if not indicated otherwise. Asterisks 
indicate significance levels. *p < 0.05; **p < 0.005; ***p < 0.0005. 

ADRB3295 Alanine/Serine scan

Inf
lue

nz
a wt G L I M G T F T L

0

500

1000

1500 Alanine
Serine

ADRB3295 peptide
IF

N
γ 

sp
ot

s 
pe

r 5
.0

00
 T

 c
el

ls

CHM1319 Alanine/Threonine scan

Inf
lue

nz
a wt V I M P C S W W V

0

500

1000

1500 Alanine
Threonine

CHM1319 peptide

IF
N

-γ
 s

po
ts

 p
er

 5
.0

00
 T

 c
el

ls

HLA-A*02:01

ADRB3
CHM1

0

10

20

30

40 ***

S
Y

FP
E

IT
H

Y
 S

co
re

 (H
LA

-A
*0

20
1)

A B

C

HLA-A*01

ADRB3
CHM1

0

5

10

15 **

S
Y

FP
E

IT
H

Y
 S

co
re

 (H
LA

-A
*0

1) HLA-A*03

ADRB3
CHM1

0

5

10

15

20

25 ***

S
Y

FP
E

IT
H

Y
 S

co
re

 (H
LA

-A
*0

3)

ADRB3
CHM1

0

2000

4000

6000

N
um

be
r o

f p
ep

tid
es

 c
ar

ry
in

g 
th

e 
co

rre
sp

on
di

ng
 m

ot
iv

e

D



 

 

 
Results 

 
  

74 
 

5.4.10 HLA-A2 blocking of ES cells shows cross reactivity of ADRB3-1F4 TCR transgenic T 

cells in contrast to LCL scan 

We further assessed the MHC I cross-reactive potential of the ADRB3-1F4 TCR using ADRB3295 

pulsed and unpulsed LCL cell lines (Fig. 21 A). Interestingly this assay did not confirm the cross-

reactive potential as mainly LCLs of the HLA-A2 superfamily were recognized. Further pulsing of 

the target cells only increased T cell reactivity against two LCL cell lines also expressing the  

HLA-A2 superfamily showing unspecific ADRB3295 binding. In a second approach we were 

blocking the accessibility of HLA-A*02 molecules on the ES cell lines (Fig. 21 B). Here, only minor 

reduction in reactivity of the T cells against the target cell lines could be observed. This further 

indicates that apart from HLA-A*02:01, other HLA types are also being recognized on the ES cell 

surface by the transgenic TCR. 

 

Figure 21: Various LCL cell lines and HLA-A*02 blocking of ES target cell lines to distinguish T cell 
cross-reactivity. (A) Recognition of LCLs was limited to two cell lines expressing the HLA-A2 superfamily. 
Further pulsing the cells with specific ADRB3295 peptide showed unspecific binding/T cell reactivity in two 
cases. ES cell line A673 served as a positive control. (B) Blocking of the HLA-A*02 molecules on ES cell 
lines shows reduced but still detecable IFNγ release in ELISpot assays. SK-N-MC: HLA-A01:01, 25:01; 
A673: HLA-A01:01, 02:01; TC-71: HLA-A*02:01, 68:01; EW7: HLA-A*02:01, 03:01. E/T ratio for ELISpot 
assay: 1:2. Error bars represent standard deviation of triplicate experiments. 

 

5.4.11 CD107a can be used to predict viability of TCR transduced T cells 

As shown before, CD107a positivity after transduction of the ADRB3-1F4 TCR is associated with 

impeded expansion rates. To predict future transduction outcome we tested possible donor 

PBMCs with ADRB3-1F4 TCR transgenic T cells and stained for CD107a positivity. Out of six 

different PBMCs, ADRB3-1F4 only showed for one donor no CD107a positivity. For CHM1-4B4 

however no CD107a positivity was detected (Fig. 22). This shows that we have no limitations 
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regarding possible donors for the CHM1 transgenic TCR whereas for ADRB3 only one donor 

would have been suitable. 

 

Figure 22: TCR transgenic T cells are negative for CD107a when incubated with a possible donor. 
ADRB3-1F4 TCR transgenic T cells are only negative for CD107a when incubated with the HLA-A*29/HLA-
A*33 positive donor whereas for CHM1-1B4 no T cell reactivity via CD107a upon incubation was measurable. 
Error bars represent standard deviation of triplicate experiments. 

 

5.5 Generation of PAPPA specific TCR transgenic T cells 

5.5.1 ES specificity of PAPPA-2G6 T cells 

In IFNγ ELISpot the PAPPA-2G6 T cell clone showed specificity towards PAPPA1434 (T2 +) 

peptide pulsed T2 cells in contrast to the influenza (T2 -) negative control (Fig. 23 A). This peptide 

specificity is concentration dependent as shown in T2 peptide titration assay up to 1 nM          

(Fig. 23 B). Further, reactivity towards HLA-A*02:01+ ES cell lines A673, TC-71, and EW7 was 

observed whereas the ES HLA-A*02:01- cell line SK-N-MC was not being recognized (Fig. 23 C). 

Specific lysis of A673 was shown for PAPPA-2G6 T cells in xCELLigence assay. SK-N-MC cells 

served as a negative control and were not affected by the addition of the T cells whereas A673 

detached upon addition of PAPPA-2G6 T cells (Fig. 23 D). 
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Figure 23: Wild type T cell clone PAPPA-2G6 specifically recognizes and kills HLA-A*02:01+/PAPPA+ 
ES cell lines. (A) PAPPA-2G6 shows peptide specificity against peptide loaded T2 cells. (B) Reactivity is 
dose dependent in IFNγ ELISpot T2 titration assays. IFNγ release diminishes at a threshold of < 1 nM. (C) 
HLA-A*02:01+/PAPPA+ ES cell lines are recognized specifically in contrast to the controls in IFNγ ELISpot 
assays. (D) Killing/detachment of A673 ES cell line is shown in real time in xCELLigence assay. The control 
cell line SK-N-MC is not affected in its growth by the presence of the TCR transgenic T cells. An arrow 
indicates addition time point of PAPPA-2G6 T cells. Data are presented as mean and SEM. E/T ratio for 
ELISpot assay: 1:4. A673, EW7 and TC-71: HLA-A*02:01+ ES; SK-N-MC: HLA-A*02:01- ES; K562: MHC- NK 
cell control. Error bars represent standard deviation of triplicate experiments. Asterisks indicate significance 
levels. p values < 0.05 were considered statistically significant (*p < 0.05; **p < 0.005; ***p < 0.0005). 

 

5.5.2 Identification of the PAPPA-2G6 TCR sequence 

For the identification of the Vβ-chain the IOTest® Beta Mark Kit was used to identify the 

expressed Vβ TCR. A single FITC positivity in Tube H indicated the expression of a Vβ7.2 TCR 

(Fig. 24 A). FACS results were further confirmed via PCR (Fig. 24 B). Sequencing results and 

IMGT/V-Quest analysis identified this partial sequence as the TRBV4-2*01F TCR. 

For the Vα-chain three different PCR products were isolated and sequenced (Fig. 24 C). The 

identified DNA sequences and IMGT/V-Quest analysis for the Vα29 sequence were inconclusive. 
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The Vα8 and Vα15 sequences were identical and in silico analysis predicted the TRVA5*01F as 

the identified TCR sequence. 

New specific primers directed against both identified variable chains were ordered. For both, PCR 

products of the expected size were extracted from the gel and sequencing results were further 

used for the construction of the transgenic TCR (Fig. 24 D). For the construction of the transgenic 

TCR the same modifications were made as previously for the ADRB3-1F4 transgenic TCR (see 

4.27 and Tab. 27 + 28). 
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Figure 24: Identification of the PAPPA-2G6 TCR sequence. (A) FITC positivity in tube H of the IOTest® 
Beta Mark Kit indicates the expression of the Vβ7 TCR. (B) Vβ7 expression was confirmed via PCR (green 
box). (C) Different primers were used to amplify the expressed Vα chain in the PAPPA 2G6 T cells. TCR 
PCR  products (green/red boxes) were sequenced and analysed. (D) Full TCR PCR with specific primers for 
TRAV5 and TRBV4-4. PCR products (green boxes) were sequenced and analysed. 
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5.5.3 ES reactivity of PAPPA-2G6 TCR transgenic T cells 

The MP71 construct bearing the transgenic PAPPA-2G6 TCR was amplified using 

MAX Efficiency® Stbl2™ Competent Cells. After retroviral transduction multimer positive T cells 

were isolated via magnetic beads and further cultured (Fig. 25 A). In IFNγ ELISpot specificity of 

the TCR transgenic T cells towards T2 cells pulsed with the PAPPA1434 peptide was maintained in 

contrast to the influenza control peptide (Fig. 25 B). Also, in T2 peptide titrations the sensitivity of 

the TCR towards the peptide pulsed T2 cells remained comparable to the wild type TCR         

(Fig. 25 C). Next to peptide reactivity also HLA-A*02:01+ ES cell lines A673, TC-71, and EW7 are 

still being recognized in contrast to the HLA-A*02:01- ES cell lines SK-N-MC and SB-KMS-KS1 

(Fig. 25 D). Furthermore, killing assay was repeated in the xCELLigence. Reactivity of the 

transgenic T cells directed against the HLA-A*02:01+ ES cells A673 in contrast to the SK-N-MC 

control was confirmed (Fig. 25 E). 
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Figure 25: Generation and ES specificity of PAPPA-2G6 TCR transgenic T cells. (A) Transduction 
efficiency for PAPPA-2G6 TCR transgenic T cells of 47.3 % was determined via FACS multimer staining 
(middle). Multimer-PE stained transgenic T cells were isolated via magnetic beads (right) (B) PAPPA-2G6 
transgenic T cells show peptide specificity against peptide loaded T2 cells. (C) Reactivity is dose dependent 
in IFNγ ELISpot T2 titration assays. IFNγ release diminishes at a threshold of < 10 nM. (D) HLA-
A*02:01+/PAPPA+ ES cell lines are recognized specifically compared to the controls in IFNγ ELISpot assays. 
(E) Killing/detachment of A673 ES cell line is shown in real time in xCELLigence assay (top). The control cell 
line SK-N-MC is not affected in its growth by the presence of the TCR transgenic T cells (bottom). An arrow 
indicates addition time point of PAPPA-2G6 T cells. Data are presented as mean and SEM. E/T ratio for 
ELISpot assay: 1:4. A673, EW7 and TC-71: HLA-A*02:01+ ES; SK-N-MC and SB-KMS-KS1: HLA-A*02:01- 
ES; K562: MHC- NK cell control. Error bars represent standard deviation of triplicate experiments. Asterisks 
indicate significance levels. p values < 0.05 were considered statistically significant (*p < 0.05; **p < 0.005; 
***p < 0.0005). 
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5.5.4 Validation of PAPPA 2G6 cross reactivity potential 

To determine cross reactivity of the transgenic TCR an IFNγ ELISpot assay with unpulsed and 

PAPPA1434 peptide pulsed LCL cells lines was performed. Recognition of target cell lines was not 

completely limited to the HLA-A2 superfamily. Also pulsing these cells with PAPPA1434 specific 

peptide increased T cell reactivity in one case (Fig. 26 A).  

As for the TCRs directed against ADRB3 and CHM1, we performed an alanine/serine scan for the 

PAPPA1434 peptide to predict possible cross-reactive peptide targets (Fig. 26 B). Pulsing T2 cells 

with alanine/serine substituted amino acids peptides resulted in IFNγ ELISpot assay in the motive 

X-X-[LS]-[AP]-M-[NS]-X-X-[VS]. According to the ExPASy ScanProsite tool 71 peptide sequences 

including the PAPPA1434 were found carrying this motive. Among these candidates, 7 peptides 

had an affinity score for HLA-A*02:01 of 20 or greater in SYFPEITHY in silico binding prediction 

(Tab. 22). These 7 peptides were ordered for further evaluation of PAPPA-2G6 TCR peptide 

cross reactivity. 

 

Figure 26: Various LCL cell lines and alanin/serin scan to validate MHC cross reactivity and pMHC 
specificity. (A) PAPPA-2G6 TCR transgenic T cells recognize LCLs expressing different HLAs next to the 
HLA*A02 superfamily. Binding of PAPPA1434 to A*0204 further increased T cell reactivity. (B) The 
alanin/serin scan identifies essentials peptides for the pMHC recognition of the PAPPA-2G6 TCR. Error bars 
represent standard deviation of triplicate experiments. E/T ratio for ELISpot assay: 1:4. 
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Table 24: List of potential cross reactive peptides recognized by PAPPA-2G6 TCR transgenic T cells 
sorted by SYFPEITHY binding affinity score. Identical peptides with PAPPA1434 are shown in capital 
letters. 

Gene name Description Sequence SYFPEITHY Score 

STAT4 
Signal transducer and activator 

of transcription 4 
dlLPMspsV 26 

MT-ND2 
NADH-ubiquinone 

oxidoreductase chain 2 
tlLPMsnnV 25 

HECW1/2 
E3 ubiquitin-protein ligase 

HECW1/2 
qIsPMsafV 22 

CREBBP CREB-binding protein aasPMNhsV 21 

C16orf62 UPF0505 protein C16orf62 atLaMsekV 20 

OAT 
Ornithine aminotransferase, 

mitochondrial 
kvLPMNtgV 20 

EPSIN2 Epsin-2 laLaMsreV 20 

 

5.5.5 Evaluation of putative PAPPA-2G6 peptide cross reactivity 

The 7 peptides with an in silico binding affinity of ≥ 20 were ordered and loaded onto T2 cells in 

an IFNγ ELISpot assay. Among these 7 peptides only OAT was recognized by the transgenic 

TCR (Fig. 27 A). When we loaded OAT and PAPPA1434 on a T2 titration assay with decreasing 

concentrations we observed a 100 fold higher sensitivity of PAPPA-2G6 TCR transgenic T cells 

against the PAPPA1434 specific peptide in contrast to OAT (Fig. 27 B). 

 

Figure 27: PAPPA-2G6 TCR transgenic T cells recognize T2 cells pulsed with an OAT derived peptide. 
(A) Different peptides identified via the alanine/serine scan have been loaded onto T2 cells. Next to the 
PAPPA1434 specific peptide only one more peptide is being recognized indicating a potential cross reactivity 
against OAT. (B) Peptide sensitivity for OAT and PAPPA1434 was assessed in T2 titration assays in IFNγ 
ELISpot. OAT recognition was measurable up to 100 nM. For PAPPA1434 the IFNγ signal was elevated up to 
1 nM. Error bars represent standard deviation of triplicate experiments. E/T ratio for ELISpot assay: 1:4. 
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We further assessed the OAT and PAPPA expression in ES cell lines, the osteosarcoma cell line 

SaOS and HLA-A*02:01+ T cells. In contrast to the ES cell lines the SaOS cell line and CD8+ 

T cells are negative for PAPPA but show OAT expression (Fig. 28 A). When we assessed target 

cell reactivity in IFNγ ELISpot assay we observed reactivity of the PAPPA-2G6 T cells towards 

SaOS as well as against HLA-A*02:01+ PBMCs. HLA-A*02:01- PBMCs are not being recognized 

(Fig. 28 B + C). Although the ELISpot results already indicated T cell reactivity towards          

HLA-A*02:01+ T cells we further assessed a transduction of HLA-A*02:01+/- PBMCs. Here, 

CD107a positivity after transduction of the HLA-A*02:01+ PBMCs could be observed, in contrast 

to the negative controls (Fig. 28 D). Further, we observed an impeded cell growth, which 

corresponds with the T cell activity measured via CD107a (Fig. 28 E). 
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Figure 28: Putative recognition of OAT by PAPPA-2G6 TCR transgenic T cells. (A) OAT (grey bars) is 
expressed in all tested cell lines. The osteosarcoma cell line SaOS and CD8+ T cells are negative for PAPPA 
(white bars) expression. Expression of OAT and PAPPA was evaluated in relation to the ES cell line A673. 
(B+C) PAPPA-2G6 T cells show IFNγ release upon recognition of A673, SaOS, and HLA-A*02:01+ PBMCs 
in IFNγ ELISpot assays. The HLA-A*02:01- control cells (SK-N-MC and PBMCs) are not being recognized. 
(D) Upon transduction in HLA-A*02:01+ T cells, the PAPPA-2G6 TCR transgenic T cells show vesicle 
release measured via CD107a positivity. (E) Cell growth is impeded in HLA-A*02:01+ transduced T cells. 
Data are presented as mean and SEM. E/T ratio for ELISpot assay: 1:4. A673: HLA-A*02:01+ ES; SK-N-MC: 
HLA-A*02:01- ES. Error bars represent standard deviation of triplicate experiments. Asterisks indicate 
significance levels. p values < 0.05 were considered statistically significant (*p < 0.05; **p < 0.005; ***p < 
0.0005). 
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5.5.6 Reduced tumor burden after application of PAPPA-2G6 TCR transgenic T cells 

Before application, the transgenic T cells were checked for phenotypic markers. Positivity for 

CD45RO+++, CD62L++, and CD45RA+ was characteristic for an effector memory (TEM) 

phenotype except for the weak CCR7 expression (Fig. 29 A). 

To study the in vivo efficacy and the immunotherapeutic potential of the PAPPA-2G6 TCR 

transgenic T cells in Rag2-/-γc-/- mice 3 control groups and 1 study group were chosen. Mice in all 

groups were inoculated with A673 s.c. on day 1. The mice received a full body irradiation on day 

3. Additionally 1.5 x 107 irradiated IL-15 secreting NSO cells were injected twice per week i.p. The 

control groups were either untreated (n=6), received 5 x 106 CD8+ depleted PBMCs (n=6) or 

5 x 106 CD8+ depleted PBMCs substituted with 5 x 106 unspecific T cells (n=5). The study group 

received 5 x 106 CD8+ depleted PBMCs substituted with 5 x 106 specific PAPPA-2G6 TCR 

transgenic T cells (n=14). 

On day 17 xenografted A673 tumors were resected and their weight was determined. Among the 

three different control groups no significant difference in tumor weight was measurable. However, 

the study group that was treated with the TCR transgenic T cells showed a significant tumor 

weight reduction in contrast to the controls (Fig. 29 B). 

 

Figure 29: PAPPA-2G6 TCR transgenic T cells show in vivo efficacy. (A) Transgenic T cells were 
checked for phenotypic markers before application. Green = isotype control, Blue = antibody staining (B) 
Mice treated with PAPPA-2G6 TCR transgenic T cells showed significant tumor growth reduction in contrast 
to the controls. 

Con
tro

l

PBMCs (
CD8

+  de
ple

ted
)

PBMCs  
(+

un
sp

ec
ific

 C
D8

+ )

PAPPA-2
G6 T

CR T
 ce

lls
0.0

0.2

0.4

0.6

0.8
***

**
**

Tu
m

or
 W

ei
gh

t (
g)

A B



 

 

 
Results 

 
  

86 
 

5.5.7 Detection of TCR transgenic T cells in blood, bone marrow and tumor samples  

Next to in vivo treatment efficacy we analyzed the mice for engraftment of TCR transgenic T cells 

in blood and bone marrow and for T cell infiltration into the tumor. Samples from blood, bone 

marrow and tumors were collected and stained for CD8, CD4, and specific multimer. In mice that 

had received unspecific T cells we were able to detect CD4+ and CD8+ cells in all tissues (Fig 30). 

T cell populations of mice that were treated with the PAPPA-2G6 transgenic T cells also showed 

multimer positivity in blood, bone marrow and tumors samples (Fig 31 A). 

 

Figure 30: FACS staining shows persistence of unspecific T cell in vivo. Different samples were 
stained for CD8-APC and CD4-FITC to control engraftment of unspecific T cells in the control groups. Blood 
and bone marrow showed higher numbers of T cells engraftment than tumor samples.  

 

Next to FACS analysis tumor-infiltrating T cells were additionally identified in 

immunohistochemistry slides (Fig. 31 B). In the control groups, unspecific T cells could be found 

at the tumor side, however, these unspecific T cells less frequently showed infiltration of the 

tumor site. This fact further highlights the potential of the PAPPA-2G6 TCR transgenic T cells. 

Furthermore, PAPPA expression was detected in A673 xenografts in contrast to adjacent normal 

murine tissue (Fig. 31 C right). Placental tissue served as a positive control (Fig. 31 C left). 
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Figure 31: Detection of engraftment and infiltration of PAPPA-2G6 TCR transgenic T cells treated 
mice via FACS and immunohistochemistry. (A) FACS staining for CD8 and specific multimer shows 
transgenic T cells circulating in blood (left). Furthermore, T cells were detected in bone marrow (middle) and 
infiltrating into the A673 tumors (right). An irrelevant multimer served as a control (B) Tumor slides were 
stained with a specific antibody against CD8 in immunohistochemistry. Infiltration by T cells could be shown 
in PAPPA-2G6 treated mice (top). CD8 positivity upon mice treated with unspecific T cells was less frequent. 
(C) Immunohistochemistry further showed strong immunoreactivity in trophoblast layers of placental villi (left; 
positive control) and xenografted A673. 
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6. Discussion 

6.1 Cancer immunotherapy  

Allogeneic stem cell transplantation is an established treatment option for hematologic 

malignancies. Donor T cells induce a GvT effect beneficial in eradication of malignancies (Kolb et 

al. 1995). This treatment option, however, may be accompanied by a GvHD disease, which can 

result in a life-threatening situation for the patient (Baird et al. 2010). The identification and 

isolation of tumor specific T cells represents an option to specifically direct the potential of T cells 

towards the tumor rather than the host tissue (Thiel et al. 2011). Two different types of T cell 

therapies have emerged in the last decade: T cells expressing the classical TCR and, by contrast, 

T cells expressing an artificial chimeric antigen receptor (CAR) (Gross et al. 1989, Gross et al. 

1989). Whereas the mode of action for the TCR relies on the identification of pMHC, the CAR 

T cell is independent of the MHC I expression of patients as this approach depends on the ability 

of antibodies recognizing peptide structures of cell surface molecules. Due to its MHC 

independent target recognition this approach is available for a broader range of patients. 

However, CAR T cells can only address surface molecules whereas the classical TCRs are not 

restricted in their target choice (Kershaw et al. 2013). Furthermore, down regulation of tumor 

surface molecules during CAR T cell treatment was observed resulting in CAR resistant cancer 

cells (Maude et al. 2014). However, both approaches show the risk of off target reactivity and 

GvHD when the target protein is expressed in healthy tissue. Yet only for CAR T cells the 

cytokine release syndrome (CRS) was reported (Morgan et al. 2010).  

An obstacle for cellular T cell therapy is the high cost and time-consuming generation of wild type 

T cell populations against tumors in terms of an individualized cancer therapy. Furthermore, 

T cells may be exhausted due to extended division cycles and therefore less effective in 

persistence and in vivo efficacy. The retroviral insertion into random T cells of a certain subtype 

and optimized culture conditions represent a possibility to improve cellular immunotherapy in the 

future (Thiel et al. 2011, Blaeschke et al. 2016). 

For AES patients allo-SCT represents an treatment option (Burdach et al. 2000). However, 

survival rates in patients that received reduced- versus high-intensity conditioning before allo-SCT 

did not differ, implicating an absence of a graft vs Ewing sarcoma (GvES) effect (Thiel et al. 
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2011). Yet, a recent study identified a new subgroup of AES patients. These patients with bone 

marrow (BM) involvement had a fatal outcome despite high dose therapy and allo-SCT, whereas 

patients with no BM involvement may be cured (Thiel et al. 2016). These findings underline the 

requirement for additional therapeutic strategies to direct T cell reactivity towards ES (Thiel et al. 

2011). 

 

6.2 Selection of potential targets for T cell mediated immunotherapy 

The selection of a suitable antigen is of great importance for the generation of specific T cells as a 

therapy form against a certain type of cancer. Potential T cell antigens can be viral antigens 

expressed in malignant transformations, tumor specific antigens (such as EWS-FLI1 or          

BCR-ABL), cancer testis antigens, or TAAs (Cheever et al. 2009). As the ES is typically 

characterized by the EWS-FLI1 translocation a tumor specific antigen derived from EWS-FLI1 

would be an ideal target for T cell mediated therapy (Delattre et al. 1992). However, both EWS 

and FLI1 are highly expressed in various cell types of healthy tissue. The fusion region of both 

proteins would represent an ideal target for T cell mediated immunotherapy. Yet, only for MHC II 

the EWS-FLI1 fusion region proofed to be capable of initiating an immune response whereas for 

MHC I no such peptide derived from the fusion region has been reported (Meyer-Wentrup et al. 

2005). Evans et. al used peptides with modified anchor regions to improve the MHC I binding to 

generate specific T cells against this fusion region. Although they were able to isolate specific 

T cells still their EWS-FLI1 specificity is questionable as the wild type peptide is not able to 

stabilize HLA-A*02:01 MHC Ι (Evans et al. 2012). The presentation of the specific peptide on 

MHC I is crucial for the reactivity of T cells. The group of Hans-Georg Rammensee introduced 

high performance liquid chromatography mass spectrometry (HPLC-MS)-based approach was 

used to elude and analyze peptides bound to MHC I (Schirle et al. 2000, Singh-Jasuja et al. 

2004). Identified tumor associated peptides can be used for T cell priming or cancer 

immunization. With the improvements in exome sequencing it is now even possible to synthesize 

minigenes consisting of mutated peptides specifically identified for each patient. These minigenes 

are introduced in autologous APCs, where they are processed. Co-culture of the APCs with the 

patients autologous T cells can stimulate an immune response and may be re-infused into the 

patient (Robbins et al. 2013). However, sequencing data implied that childhood sarcomas are 
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much less frequently mutated rendering this approach less attractive (Lawrence et al. 2013, 

Agelopoulos et al. 2015). Approaches, targeting EWS-FLI1 with conventional drugs have not 

gained the desired success (Uren et al. 2005). Therefore we considered targeting TAAs in Ewing 

sarcoma. Using DNA microarray we have previously identified 37 genes that are up-regulated in 

ES in comparison to normal body tissue (Staege et al. 2004). For three of these antigens we were 

already able to isolate tumor specific T cells showing the general feasibility of our approach (Thiel 

et al. 2011, Schirmer et al. 2016). To effectively kill the tumor via multiple targets we also 

attempted to generate additional TCR transgenic T cells directed against ADRB3 and PAPPA.  

The ADRB3 receptor belongs to the family of transmembrane receptors with seven 

transmembrane segments (Coman et al. 2009). It is mainly located in the adipose tissue and 

involved in the regulation of lipolysis and thermogenesis. A gene mutation resulting in the 

replacement of tryptophan by arginine at position 64 (Trp64Arg) is linked an increased risk for 

obesity (Clement et al. 1995). This single nucleotide polymorphism (SNP) has been implicated for 

an increased risk for colon cancer and gall bladder cancer risk (Takezaki et al. 2001, Rai et al. 

2015). However, a SNP in ADRB3 for Ewing sarcoma has not been reported so far.  

PAPPA was first described as a circulating protein that emerges during pregnancy (Lin et al. 

1974). PAPPA exists in two major forms. During pregnancy two PAPPA molecules are covalently 

linked with two eosinophil major basic protein (proMPB) molecules. In this form it is functionally 

inactive (Oxvig et al. 1993). In its active form PAPPA can be circulating as a dimer without bound 

proMPB (Lawrence et al. 1999). Furthermore, PAPPA can be tightly bound via 

glycosaminoglycans to the cell surface (Conover 2012). PAPPA functions thereby as a zinc 

metalloproteinase cleaving IGF binding protein-4 (IGFBP-4) when IGF is bound to IGFBP-4 and 

reducing its affinity to IGF towards its binding partner. Thereby IGF is released and accessible for 

interacting with the IGF receptor (IGFR) on the cell surface. With PAPPA directly linked to the cell 

surface the concentration of IGF at the receptor site is even further increased locally (Lawrence et 

al. 1999, Conover 2012). PAPPA expression is important in normal healing responses and tissue 

regeneration, as IGFs have shown to be important for normal growth, maintenance, and 

regeneration of essentially all tissues (Miller et al. 2007, Rehage et al. 2007, Conover 2012). IGF 

is one of the most prominent growth factors deposited in the bone matrix, bound to IGFBP4 it 

represents a key substance in bone modeling (Canalis et al. 1993, Mohan et al. 1995, 
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Pfeilschifter et al. 1995). PAPPA knock out mice are reduced in size by 40 % as IGFBP4 

effectively inhibits IGF-stimulated mitogenesis (Conover et al. 2004). It has been reported that 

PAPPA is associated with breast, ovarian, renal, gastric, and lung cancer, as well as pleural 

mesothelioma (Dalgin et al. 2007, Bulut et al. 2009, Boldt et al. 2011, Nagarajan et al. 2012, 

Huang et al. 2013, Loddo et al. 2014). Furthermore, it was shown that proteolytic activity of 

PAPPA enhances tumorigenic potential supporting tumor growth (Alexiadis et al. 2006, Bulut et 

al. 2009, Boldt et al. 2011). The IGF-1 pathway is crucial in the ES metabolism (Scotlandi et al. 

1996, Kim et al. 2009). EWS-FLI1 induces the expression of IGF and simultaneously represses 

the expression of IGFBP-3 (Prieur et al. 2004, Cironi et al. 2008, Herrero-Martin et al. 2009). As 

previously reported by our group PAPPA is overexpressed in ES and may therefore further 

contribute to this autocrine loop with its IGFB4 cleaving abilities (Staege et al. 2004). PAPPA is 

an important factor for growth of ES as shown in PAPPA knock out assays. Here, in vitro growth 

is hampered. In an in vivo study prolonged survival in mice was recently reported after PAPPA 

knock out (Heitzeneder S 2016). These finding further highlight the importance of PAPPA 

expression for tumor progression not only for ES but also for other types of cancer.  

 

6.3 Cross reactive potential of allogeneic TCRs 

An emerging draw-back in TCR immunotherapy is the potential risk of cross reactivity and the 

resulting GvHD. For a long time the paradigm of “one clonotype - one specificity” was widely 

accepted believing that a single specific TCR exits for every foreign peptide. Yet cross reactivity 

studies revealed that a single TCR may be able to recognize up to 106-107 different peptides. This 

insight highlights the potency of TCRs to distinguish non-self from self rather than different non-

self peptides from another (Mason 1998, Sewell 2012). The theoretical TCR diversity is 

approximately 1018 in humans. However, the individual TCR repertoire is only about 108 due to 

negative selection during T cell development leading to holes in the T cell repertoire (Arstila et al. 

1999, Frankild et al. 2008, Robins et al. 2009). At the same time the number of peptides 

presented by self-MHC is about 1015. Thus T cells need to recognize more than 106 peptides for 

an effective immune response (Mason 1998, Wooldridge et al. 2012). 

In this work we addressed cross reactivity due to the fact that especially off-target/off-site 

reactivity can cause major side effects. MHC I recognition was determined using IFNγ Elispot 
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assays against various LCL cell lines covering a broad spectrum of HLA types. Furthermore, 

these cells were tested after pulsing them with the specific peptide. However, in the case of the 

ADRB3-1F4 this assay was not able to detect cross reactivity that we observed for this TCR. Only 

LCLs expressing the HLA-A2 super-family were recognized by the TCR. Yet for PAPPA-2G6 

putative restrictions for patient/donor MHC I combinations could be identified. 

As a second approach we used alanine/serine/threonine amino acid substituted peptides to 

identify essential amino acids for TCR/pMHC recognition and to further identify 9-mer peptides 

with a similar sequence pattern that can represent putative cross reactive targets. This assay was 

previously used to investigate titin cross reactivity of MAGE-A3 specific TCRs and proofed to be 

suited for the here investigated TCRs to indicate putative cross-reactive peptides (Cameron et al. 

2013, Linette et al. 2013). Yet, although for CHM1-4B4 the INFγ ELISpot assay was comparable 

to ADRB3-1F4, the results differed substantially. This assay only predicted three essential amino 

acids for ADRB3-1F4 and four for CHM1-4B4, respectively. Although this may indicate 

nonspecific peptide recognition for both TCRs, the amount of possible peptides carrying the core 

motive was significantly less for CHM1-4B4 in contrast to ADRB3-1F4. Further, also the 

SYFPEITHY binding affinities towards HLA-A1, -A2, and -A3 were significantly weaker. These 

results are congruent with our finding that the selection of possible donors for CHM1-4B4 

transductions is not impaired by cross reactivity. The combination of the large amount of peptides 

carrying the ADRB3-1F4 core peptide sequence and the increased affinity of these peptides 

towards different HLAs is a possible reason for the impeded cell growth after TCR transduction as 

for nearly every MHC I several binders/TCR targets can be found within the 5068 identified 

peptides. Annexin positivity has already been proven to be associated with TCR transgenic 

mediated fratricide (Leisegang et al. 2010). But in our studies we could not observe annexin 

positivity with impeded cell growth for every donor. Therefore we aimed to measure T cell 

reactivity directly. Also we wanted to be able to show transgenic TCR mediated cross reactivity. 

The Lysosome-associated membrane protein 1 (LAMP1/CD107a) is a transmembrane protein 

that has shown to be a specific marker for degranulation of active T cells upon target recognition 

(Betts et al. 2003). Using this marker for T cell activity transgenic TCR mediated cross-reactivity 

could be shown directly after transduction. Further we were able to demonstrate an association 
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between T cell reactivity of our transduced T cells with impeded cell growth and to predict the 

outcome future transductions. 

Next to overall peptide reactivity for the ADRB3-1F4 TCR this assay was also used for the 

PAPPA-2G6 TCR. Among 7 putative off-target peptides, which were further investigated, only the 

OAT peptide was recognized on peptide pulsed T2 cells. Among the identified peptides OAT had 

the most similarities (kvLPMNtgV) towards PAPPA1434 (IILPMNVTV). Within the identified 

peptides, a PM pattern in the sequence was commonly identified in 5 out of 7 9-mer peptides. 

Yet, OAT showed the highest similarity and constitutes the only peptide that shares 4 amino acids 

in a row with PAPPA1434. We assessed OAT cross reactivity and identified the osteosarcoma cell 

line SaOS and CD8+ T cells as OAT expressing and at the same time PAPPA negative cell lines. 

However, the SaOs cell line was recognized by PAPPA-2G6 TCR transgenic T cells in IFNγ 

ELISpot assays. Further, when we tried to generate HLA-A*02:01+/PAPPA-2G6 TCR transgenic 

T cells we observed CD107a positivity and impeded cell expansion rates. Both assays indicated 

cross reactivity potential.  

 

6.4 Improvements in T cell immunotherapy and potency for Ewing sarcoma 

treatment 

The ground for TCR transgenic T cell therapy was paved by Dembić in 1986 by showing that the 

functional activity of a certain T cell can be transferred to another T cell via its TCR (Dembic et al. 

1986, Dembic et al. 1986). This method allows the production of large populations of T cells 

directed against a specific target. Feasibility of this approach in humans was first shown with TCR 

transgenic T cells directed against MART-1 in melanoma patients (Morgan et al. 2006).  

Many studies use retro- or lentiviruses to introduce the transgenic TCR into donor T cells (Morgan 

et al. 2013). As the usage of viruses under GMP conditions is not without concern new methods 

are arising. The usage of transposons for the introduction of the T cell receptor DNA shows great 

potential. This method is rapid and cost effective without the need to generate viruses for 

transduction (Field et al. 2014, Deniger et al. 2016).  

Still, when the new TCR is introduced into the donor T cells it competes with the endogenous 

TCR for its presentation on the cell surface. A potential risk arises in the generation of new 

combinations of the endogenous and the introduced α- and β-chains. This process is known as 
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mispairing and can give rise to a TCR with unpredictable specificity (Bendle et al. 2010, Thomas 

et al. 2010). Yet it was observed that murine constant chains exhibit a higher affinity towards one 

another than the human counterparts. Exchanging the human constant chain for the murine one 

improved pairing of the introduced TCR and its presentation on the cell surface (Cohen et al. 

2006). However, introduction of foreign structures can result in immunological response (Davis et 

al. 2010). Sommermeyer et. al demonstrated that substituting specific AA in the constant chain 

with the murine counterpart is sufficient to increase the affinity of the introduced TCRs towards 

another and simultaneously reduce the risk for TCR mispairing (Sommermeyer et al. 2010). In our 

work we use a GMP approved vector system for the introduction of the TCR sequences that 

shows very good expression rates in lymphocytes (Engels et al. 2003). Moreover, potential 

mispairing is reduced via exchanging specific AA in the human constant chain for its murine 

counterparts (Sommermeyer et al. 2010). Using these methods we observed good albeit slightly 

varying transduction rates that however varied regarding the different TCRs constructs. 

Although immunotherapy as a tool to treat cancer shows great potential, off-target and off-tumor 

reactivity has increased cautiousness. Former safe but less effective TCRs caused after affinity 

maturation GvHD reactions in patients after affinity maturation (Cameron et al. 2013, Linette et al. 

2013, Morgan et al. 2013). Introduction of safety switches to shut down cross-reactive T cells 

represents a possibility. These safety features are supposed to eliminate TCR transgenic T cells 

in case of a GvHD and different concepts concerning this matter are being investigated. One of 

the first approaches was the introduction of the herpes simplex virus thymidine kinase (HSV-TK) 

(Tiberghien et al. 1994). Although it has shown promise as a safety feature it is of viral origin and 

can cause immunogenic reactions. Furthermore, T cell killing can take several days and may be 

incomplete which made this not the ideal method (Riddell et al. 1996, Tiberghien et al. 2001, 

Ciceri et al. 2009). Other studies use co-transduced surface molecules with approved therapeutic 

antibodies to eradicate cross-reactive T cells, e.g rituximab (Griffioen et al. 2009). A different 

approach relies upon the implementation of an inducible caspase 9 (iCasp9) system that is 

activated after administering a small molecule. A single application can eradicate up to 90 % of 

modified T cells within 30 min when causing a GvHD (Straathof et al. 2005, Di Stasi et al. 2011). 

However, to be efficient all introduced safety mechanisms require a reliable expression as long as 

the cells are active. 
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In vivo efficacy of ES immunotherapy treatment was shown in Rag2-/-γc-/- mice. This 

immunodeficient mouse model is suited to study immunotherapeutic approaches as it lacks 

development of functional B-, and T-, and NK cell populations (Goldman et al. 1998). Yet, as 

parts of the lymphatic system such as thymus and lymph nodes are missing in this mouse strand 

several adjustments have been necessary to improve survival and engraftment of the applied 

TCR transgenic T cells. To prepare the mice for the graft they received a full body irradiation 24 h 

before T cell injection (Traggiai et al. 2004). Moreover, to increase engraftment efficiency CD8+ 

depleted PBMCs were applied in addition to the TCR transgenic T cells. Additionally, IL-15 

secreting NSO cells were injected twice per week (Klebanoff et al. 2004, Wang et al. 2011). All 

these amendments were applied to facilitate T cell engraftment and tumor rejection.  

In our mouse experiments we chose 3 control groups to study the effects of the additionally 

applied NSO cells, T cell depleted PBMCs, or unspecific T cells on the tumor growth. In the 

controls no difference in tumor growth was observed after 17 d. By contrast, we did observe a 

significant reduced tumor weight in the mice treated with the PAPPA-2G6 TCR transgenic T cells.  

When we further controlled for T cell engraftment we saw CD8+/multimer+ T cells in the bone 

marrow. Furthermore, circulating T cells were found in blood from treated mice. These findings 

were of importance as it showed the potency of the transgenic T cells to engraft, proliferate, and 

circulate in vivo, which symbolizes the potency of immunotherapy, as these cells are capable to 

proliferate and sustain themselves. Yet the multimer staining was not as strong as in in vitro 

cultures. This effect might be due to the different in vivo environment. Nevertheless, expression of 

the transgenic TCR could be shown. T cell infiltration into the tumor site was observed for the 

TCR transgenic T cells as well as for the unspecific T cells. However, the amount of infiltrating 

T cells in the study group was larger than for the control group receiving unspecific T cells. In 

summary we were able to show in vivo efficacy of PAPPA2-2G6 TCR transgenic T cells in s.c. 

inoculated A673 ES tumor cell line. Of great importance was the confirmation of engrafting, 

circulating and tumor infiltration. Especially the bone marrow engraftment proved to be of great 

value. As we reported recently bone marrow involvement correlates with a fatal outcome in 

patients with AES (Uwe Thiel 2016). The finding of infiltrating PAPPA specific T cells into the 

bone marrow opens new treatment options, in particular for patients with marrow involvement. 
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7. Summary 

In this study we could generate TCR transgenic T cells after allogeneic T cell priming directed 

against the TAAs ADRB3 and PAPPA. Both TCRs were tested in vitro for their reactivity and 

killing towards HLA-A*02:01+ ES cell lines. After identification of the specific TCR sequence via 

PCR and additional Vβ chain FACS analysis the modified sequences were cloned into the MP71 

vector. Both TCRs were successfully introduced into donor T cells and TCR transgenic T cells 

were isolated using magnetic PE beads after staining the TCR transgenic T cells with its specific 

multimer. In IFNγ ELISpot assays both TCRs functionality was comparably to the wild type 

T cells. Effective killing of ES cells A673 was either shown in grB ELISpot assays or via 

detachment after addition of the T cells in xCELLigence system. 

The significance of cross reactivity of TCRs became increasingly evident. Therefore different test 

systems for cross reactivity were introduced and tested on the TCR transgenic T cells. 

Unfortunately, for the ADRB3-1F4 TCR a major cross reactivity revealed upon transduction, which 

resulted in impeded cell growth. Cross reactivity of transgenic T cells was shown via annexin V 

and CD107a. Furthermore, the cross-reactive potential of the TCR was confirmed in amino acid 

exchange scans. This cross reactivity made further experiments challenging due to a limited 

number of suited donors. Due to this fact, this TCR was considered not suitable for the clinical 

application and no further in vivo experiments were conducted. As for the PAPPA directed T cell 

clone 2G6 the level of potential cross reactivity we observed was much lower. Reactivity of the 

TCR transgenic T cells was assessed in Rag2-/-γc-/- mice. Mice treated with PAPPA specific TCR 

transgenic T cells had reduced tumor growth in subcutaneously inoculated A673 tumors. 

Furthermore, engraftment and tumor infiltration of the transgenic T cells could be confirmed.  
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Zusammenfassung 

In dieser Studie konnten wir T-Zellen mit transgenen T-Zellrezeptoren (TZR) gerichtet gegen 

PAPPA und ADRB3 nach allogener T-Zellstimulation herstellen. Beide TZR wurden in vitro 

bezüglich ihrer Reaktivität gegenüber ES Zellen und ihrer Fähigkeit diese zu lysieren getestet. 

Nach der Identifizierung der TZR mittels PCR und zusätzlicher Vβ-Analyse wurden die 

modifizierten TZR-Sequenzen in den MP71 Vektor kloniert. Beide TZR konnten erfolgreich in 

Spender T-Zellen eingebracht werden. Diese transgenen T-Zellen wurden mittels Anti-PE 

Magnetischer Beads nach Multimer-PE Färbung über Säulen aufgereinigt. In IFNγ ELISpot Tests 

zeigten beide TZR vergleichbare Werte wie ihre Wildtypzellen. Die Lyse der ES Zellen A673 

wurde im xCELLigence System mittels Messung der Ablösung der Zellen von ihrer Kulturfläche 

nach Zugabe der T-Zellen gemessen. 

Eine mögliche Kreuzreaktivität der TZR gewann im Laufe der Arbeit immer mehr an Bedeutung. 

Daher wurden unterschiedliche Testsysteme zum Nachweis von Kreuzreaktivität etabliert und an 

den transgenen TZRs ausgetestet. Leider zeigte der transgene TZR ADRB3-1F4 ein 

ausgeprägtes Kreuzreaktivitäsniveau welches sich in vermindertem Wachstum und erhöhten 

Apoptosewerten nach Transduktion niederschlug. Dies wurde unter anderem Mittels CD107a 

nach Transduktion nachgewiesen. Weiter wurde das Kreuzreaktivitätspotential durch einen 

Aminosäureaustausch im spezifischen Peptid bestätigt. Für den PAPPA spezifischen TZR erwies 

sich das Kreuzreaktivitätspotential im Aminosäureaustausch als deutlich geringer. Die in vivo 

Effektivität der transgenen T-Zellen konnte in Rag2-/-γc-/- Mäusen nachgewiesen werden. Mäuse 

die mit den transgenen T-Zellen behandelt wurden wiesen ein verringertes Tumorwachstum auf. 

Zusätzlich konnte die Persistenz der T-Zellen in der Maus und eine Infiltration der T-Zellen in den 

Tumor nachgewiesen werden. 
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10. Appendices 

10.1 Supplemental tables 

Table 25: ADRB3-1F4wt TCR sequence 

ADRB3-1F4wt ATGAGCAACCAGGTGCTCTGCTGTGTGGTCCTTTGTTTCCTGGGAGCAAA
CACCGTGGATGGTGGAATCACTCAGTCCCCAAAGTACCTGTTCAGAAAG
GAAGGACAGAATGTGACCCTGAGTTGTGAACAGAATTTGAACCACGATGC
CATGTACTGGTACCGACAGGACCCAGGGCAAGGGCTGAGATTGATCTAC
TACTCACAGATAGTAAATGACTTTCAGAAAGGAGATATAGCTGAAGGGTA
CAGCGTCTCTCGGGAGAAGAAGGAATCCTTTCCTCTCACTGTGACATCG
GCCCAAAAGAACCCGACAGCTTTCTATCTCTGTGCCAGTACTACAACGGG
GGTGAATGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCTAGAA
GATCTGCGGAACGTGACCCCCCCTAAGGTGTCCCTGTTCGAGCCCAGCA
AGGCCGAGATCGCCAACAAGCAGAAAGCCACCCTGGTCTGCCTGGCTAG
GGGCTTCTTCCCCGACCACGTGGAGCTGTCTTGGTGGGTGAACGGCAAA
GAGGTGCACAGCGGCGTCAGCACCGACCCACAGGCCTACAAAGAGAGC
AACTACAGCTACTGCCTGTCCTCTAGACTGCGGGTGTGCGCCACCTTCT
GGCACAACCCCCGGAACCACTTCCGGTGCCAGGTGCAGTTCCACGGCCT
GAGCGAAGAGGACAAGTGGCCCGAGGGCAGCCCCAAGCCCGTGACACA
GAACATCAGCGCCGAGGCCTGGGGCAGAGCCGACTGCGGCATCACCAG
CGCCAGCTACCACCAGGGCGTGCTGTCTGCCACCATCCTGTACGAGATC
CTGCTGGGCAAGGCCACCCTGTACGCCGTGCTGGTGTCCGGCCTGGTG
CTGATGGCCATGGTGAAGAAGAAGAACAGCGGCAGCGGCGCCACCAAC
TTCAGCCTGCTGAAACAGGCCGGCGACGTGGAAGAGAACCCTGGCCCTA
TGATGAAATCCTTGAGAGTTTTACTAGTGATCCTGTGGCTTCAGTTGAGCT
GGGTTTGGAGCCAACAGAAGGAGGTGGAGCAGAATTCTGGACCCCTCAG
TGTTCCAGAGGGAGCCATTGCCTCTCTCAACTGCACTTACAGTGACCGAG
GTTCCCAGTCCTTCTTCTGGTACAGACAATATTCTGGGAAAAGCCCTGAG
TTGATAATGTCCATATACTCCAATGGTGACAAAGAAGATGGAAGGTTTACA
GCACAGCTCAATAAAGCCAGCCAGTATGTTTCTCTGCTCATCAGAGACTC
CCAGCCCAGTGATTCAGCCACCTACCTCTGTGCCGTGGGTAACGACTAC
AAGCTCAGCTTTGGAGCCGGAACCACAGTAACTGTAAGAGCAAATATCCA
GAACCCCGAGCCCGCCGTGTACCAGCTGAAGGACCCCAGATCTCAGGA
CTCTACACTGTGCCTGTTCACCGACTTCGACAGCCAGATCAACGTGCCCA
AGACCATGGAAAGCGGCACCTTCATCACCGACAAGACCGTGCTGGACAT
GAAGGCCATGGACAGCAAGAGCAACGGCGCCATTGCCTGGTCCAATCAG
ACCAGCTTCACATGCCAGGACATCTTCAAAGAGACAAACGCCTGCTACCC
CAGCTCCGACGTGCCCTGCGACGCCACCCTGACCGAGAAGAGCTTCGA
GACAGACATGAACCTGAATTTCCAGAACCTGAGCGTGATGGGCCTGAGG
ATCCTGCTGCTGAAGGTGGCCGGCTTCAATCTGCTGATGACCCTGCGGC
TGTGGAGCAGCTGA 

 

Table 26: ADRB3-1F4mm TCR sequence with modifications 

ADRB3-1F4mm ATGAGCAACCAGGTGCTCTGCTGTGTGGTCCTTTGTTTCCTGGGAGCAAA
CACCGTGGATGGTGGAATCACTCAGTCCCCAAAGTACCTGTTCAGAAAG
GAAGGACAGAATGTGACCCTGAGTTGTGAACAGAATTTGAACCACGATGC
CATGTACTGGTACCGACAGGACCCAGGGCAAGGGCTGAGATTGATCTAC
TACTCACAGATAGTAAATGACTTTCAGAAAGGAGATATAGCTGAAGGGTA
CAGCGTCTCTCGGGAGAAGAAGGAATCCTTTCCTCTCACTGTGACATCG
GCCCAAAAGAACCCGACAGCTTTCTATCTCTGTGCCAGTACTACAACGGG
GGTGAATGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCTAGAG
GACCTGAAAAACGTGTTCCCACCCGAGGTCGCTGTGTTTGAGCCATCAAA
GGCAGAGATCGCTCACACCCAAAAGGCCACACTGGTGTGCCTGGCCACA
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GGCTTCTACCCCGACCACGTGGAGCTGAGCTGGTGGGTGAATGGGAAG
GAGGTGCACAGTGGGGTCAGCACAGACCCGCAGCCCCTCAAGGAGCAG
CCCGCCCTCAATGACTCCAGATACTGCCTGAGCAGCCGCCTGAGGGTCT
CGGCCACCTTCTGGCAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCA
GTTCTACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAA
CCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGACTGT
GGCATAACCTCCGCTTCTTACCATCAAGGGGTCCTGTCTGCCACCATCCT
CTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCGTGCTGGTCAGT
GCCCTCGTGCTGATGGCCATGGTCAAGAGAAAGGATTCCAGAGGCGGCA
GCGGCGCCACCAACTTCAGCCTGCTGAAACAGGCCGGCGACGTGGAAG
AGAACCCTGGCCCTATGATGAAATCCTTGAGAGTTTTACTAGTGATCCTG
TGGCTTCAGTTGAGCTGGGTTTGGAGCCAACAGAAGGAGGTGGAGCAGA
ATTCTGGACCCCTCAGTGTTCCAGAGGGAGCCATTGCCTCTCTCAACTGC
ACTTACAGTGACCGAGGTTCCCAGTCCTTCTTCTGGTACAGACAATATTC
TGGGAAAAGCCCTGAGTTGATAATGTCCATATACTCCAATGGTGACAAAG
AAGATGGAAGGTTTACAGCACAGCTCAATAAAGCCAGCCAGTATGTTTCT
CTGCTCATCAGAGACTCCCAGCCCAGTGATTCAGCCACCTACCTCTGTGC
CGTGGGTAACGACTACAAGCTCAGCTTTGGAGCCGGAACCACAGTAACT
GTAAGAGCAAATATCCAGAACCCTGACCCTGCCGTGTACCAGCTGAGAG
ACTCTAAATCCAGTGACAAGTCTGTCTGCCTATTCACCGATTTTGATTCTC
AAACAAATGTGTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAAAA
CTGTGCTAGACATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGC
CTGGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCA
TTATTCCAGAAGACACCTTCTTCCCCAGTGACGTCCCTTCCTGTGATGTC
AAGCTGGTCGAGAAAAGCTTTGAAACAGATACGAACCTAAACTTTCAAAA
CCTGTCAGTGATTGGGTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTA
ATCTGCTCATGACGCTGCGGCTGTGGTCCAGCTGA 

 

Table 27: PAPPA-2G6wt TCR sequence 

PAPPA-2G6wt ATGGGCTGCAGGCTGCTCTGCTGTGCGGTTCTCTGTCTCCTGGGAGCGG
TCCCCATGGAAACGGGAGTTACGCAGACACCAAGACACCTGGTCATGGG
AATGACAAATAAGAAGTCTTTGAAATGTGAACAACATCTGGGTCATAACG
CTATGTATTGGTACAAGCAAAGTGCTAAGAAGCCACTGGAGCTCATGTTT
GTCTACAGTCTTGAAGAACGGGTTGAAAACAACAGTGTGCCAAGTCGCTT
CTCACCTGAATGCCCCAACAGCTCTCACTTATTCCTTCACCTACACACCC
TGCAGCCAGAAGACTCGGCCCTGTATCTCTGCGCCAGCAGCCAAGTAGT
AGCGGACAATGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCTA
GAGGACCTGAAAAACGTGTTCCCACCCGAGGTCGCTGTGTTTGAGCCAT
CAGAAGCAGAGATCTCCCACACCCAAAAGGCCACACTGGTGTGCCTGGC
CACAGGCTTCTACCCCGACCACGTGGAGCTGAGCTGGTGGGTGAATGG
GAAGGAGGTGCACAGTGGGGTCAGCACAGACCCGCAGCCCCTCAAGGA
GCAGCCCGCCCTCAATGACTCCAGATACTGCCTGAGCAGCCGCCTGAGG
GTCTCGGCCACCTTCTGGCAGAACCCCCGCAACCACTTCCGCTGTCAAG
TCCAGTTCTACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGC
CAAACCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGA
CTGTGGCTTCACCTCCGAGTCTTACCAGCAAGGGGTCCTGTCTGCCACC
ATCCTCTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCGTGCTGGT
CAGTGCCCTCGTGCTGATGGCCATGGTCAAGAGAAAGGATTCCAGAGGC
GGCAGCGGCGCCACCAACTTCAGCCTGCTGAAACAGGCCGGCGACGTG
GAAGAGAACCCTGGCCCTATGAGGCAAGTGGCGAGAGTGATCGTGTTCC
TGACCCTGAGTATGAGTAGAGGAGAGGATGTGGAGCAGAGTCTTTTCCT
GAGTGTCCGAGAGGGAGACAGCTCCGTTATAAACTGCACTTACACAGAC
AGCTCCTCCACCTACTTATACTGGTATAAGCAAGAACCTGGAGCAGGTCT
CCAGTTGCTGACGTATATTTTTTCAAATATGGACATGAAACAAGACCAAAG
ACTCACTGTTCTATTGAATAAAAAGGATAAACATCTGTCTCTGCGCATTGC
AGACACCCAGACTGGGGACTCAGCTATCTACTTCTGTGCAGAGATTCGTC
ACACAGGCAAACTAATCTTTGGGCAAGGGACAACTTTACAAGTAAAACCA
GATATCCAGAACCCTGACCCTGCCGTGTACCAGCTGAGAGACTCTAAATC
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CAGTGACAAGTCTGTCTGCCTATTCACCGATTTTGATTCTCAAACAAATGT
GTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAAAACTGTGCTAG
ACATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAA
CAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGA
AGACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCG
AGAAAAGCTTTGAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGA
TTGGGTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGCTCATG
ACGCTGCGGCTGTGGTCCAGCTGA 

 

Table 28: PAPPA-2G6mm TCR sequence with modifications 

PAPPA-2G6mm ATGGGATGTAGACTGCTGTGTTGCGCCGTGCTGTGTCTGCTGGGAGCCG
TGCCTATGGAAACCGGCGTGACCCAGACCCCCAGACACCTCGTGATGGG
CATGACCAACAAGAAAAGCCTGAAGTGCGAGCAGCACCTGGGCCACAAC
GCCATGTACTGGTACAAGCAGAGCGCCAAGAAACCCCTGGAACTGATGT
TCGTGTACAGCCTGGAAGAGAGGGTGGAAAACAACAGCGTGCCCAGCC
GGTTCAGCCCCGAGTGCCCTAATAGCAGCCACCTGTTTCTGCATCTGCA
CACCCTGCAGCCCGAGGACAGCGCCCTGTATCTGTGTGCCAGCTCTCAG
GTGGTGGCCGACAACGAGCAGTTCTTCGGCCCTGGCACCAGACTGACC
GTGCTGGAAGATCTGAAGAACGTGTTCCCCCCAGAGGTGGCCGTGTTCG
AGCCTAGCAAGGCCGAGATCGCCCACACCCAGAAAGCCACCCTCGTGTG
TCTGGCCACAGGCTTCTACCCCGACCACGTGGAACTGTCTTGGTGGGTC
AACGGCAAAGAGGTGCACAGCGGCGTGTCCACCGATCCCCAGCCTCTGA
AAGAACAGCCCGCCCTGAACGACAGCCGGTACTGCCTGAGCAGCAGACT
GAGAGTGTCCGCCACCTTCTGGCAGAACCCCCGGAACCACTTCAGATGC
CAGGTGCAGTTTTACGGCCTGAGCGAGAACGACGAGTGGACCCAGGACA
GAGCCAAGCCCGTGACACAGATCGTGTCTGCCGAAGCCTGGGGCAGAG
CCGATTGTGGCATCACCAGCGCCAGCTACCATCAGGGCGTGCTGAGCGC
CACAATCCTGTACGAGATCCTGCTGGGCAAGGCCACCCTGTATGCAGTG
CTGGTGTCAGCCCTGGTGCTGATGGCCATGGTCAAGCGGAAGGACAGCA
GAGGCGGAAGCGGCGCCACCAACTTCAGCCTGCTGAAACAGGCCGGCG
ACGTGGAAGAGAACCCTGGCCCTATGAGACAGGTGGCCAGAGTGATCGT
GTTCCTGACCCTGAGCATGAGCAGGGGCGAGGACGTGGAACAGTCCCT
GTTCCTGTCTGTGCGCGAGGGCGACAGCAGCGTGATCAATTGCACCTAC
ACCGACAGCTCCAGCACCTACCTGTATTGGTATAAGCAGGAACCCGGCG
CTGGCCTGCAGCTGCTGACCTACATCTTCAGCAACATGGACATGAAGCA
GGACCAGCGGCTGACTGTGCTGCTGAACAAGAAGGACAAGCACCTGAGC
CTGCGGATCGCCGATACCCAGACAGGCGACAGCGCCATCTACTTTTGCG
CCGAGATCCGGCACACCGGCAAGCTGATCTTTGGCCAGGGCACCACACT
GCAAGTGAAGCCCGACATCCAGAACCCCGACCCCGCCGTGTACCAGCTG
AGAGACAGCAAGAGCAGCGACAAGAGCGTGTGCCTGTTCACCGACTTCG
ACAGCCAGACCAACGTGTCCCAGAGCAAGGACAGCGACGTGTACATCAC
CGACAAGACAGTGCTGGACATGCGGAGCATGGACTTCAAGAGCAACAGC
GCCGTGGCCTGGTCCAACAAGAGCGATTTCGCCTGCGCCAACGCCTTCA
ACAACAGCATTATCCCTGAGGACACATTCTTCCCCAGCTCCGACGTGCCC
TGCGACGTGAAGCTGGTGGAAAAGAGCTTCGAGACAGACACCAACCTGA
ACTTCCAGAACCTGAGCGTGATCGGCTTCAGAATCCTGCTGCTGAAGGT
GGCCGGCTTCAACCTGCTGATGACCCTGAGACTGTGGTCCAGCTGA 
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