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1 Introduction 

 

1.1 Ewing Sarcoma 

 

1.1.1 Introduction 

Ewing Sarcoma is a highly malignant, small-round cell basophilic tumor 

affecting the bone and soft tissue. It is the second most common primary malignant 

bone tumor after osteosarcoma, accounting for 10-15%. Children and adolescents 

between 10 and 20 are mainly affected. It is prone to metastasize. First described in 

1921 by Dr. James Ewing, the tumor’s origin is still mysterious, with undifferentiated 

mesenchymal cells of the bone or neural-crest-derived cells often considered. It mainly 

presents without many prior symptoms but becomes apparent due to pain, swelling, 

or pathological fractures. (Balamuth & Womer, 2010; Bernstein et al., 2006; Bosma et 

al., 2018; Burchill, 2003; Grünewald et al., 2018; Tu et al., 2017) 

 

1.1.2 Genetic Alterations 

In general, the genomic background of EwS is quiet, with a low mutation 

burden. (Crompton et al., 2014; Gröbner et al., 2018) 

However, the EWS-FLI1 fusion gene is characteristic for EwS. It typically results 

from the translocation t(11;22)(q24;12) and is found in 85% of Ewing tumors. Similar 

translocations can be detected in the remaining cases, which also fuse EWS or other 

FET gene family members to other ETS family of transcription factors members. 

Therefore, EWS-FLI1 and other ETS proteins could function as potential treatment 

targets, though this has proven difficult up until now due to a lack of enzymatic activity 

and potentially problematic small molecule binding. (Delattre et al., 1992; Grünewald 

et al., 2018; Hsing et al., 2020; Toomey et al., 2010; Zöllner et al., 2021) 

EWS-FLI1 encodes for an oncoprotein that acts as an aberrant transcription 

factor where the N-terminal transactivation domain of EWS is combined with the C-

terminal FLI1 DNA-binding domain. Normally, the ETS family of which FLI1 is a 

member, as transcription factors regulate cell differentiation, proliferation, migration, 

apoptosis, and angiogenesis. (Balamuth & Womer, 2010; Delattre et al., 1992; 
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Grünewald et al., 2018; Hsing et al., 2020; Mackintosh et al., 2010; Scotlandi et al., 

2020; Toomey et al., 2010) 

 

1.1.3 Epidemiology and Presentation 

Ewing sarcoma is most common in children and adolescents, primarily affecting 

those aged 10 to 24. With an incidence of 2.93 per one million people per year, it is 

relatively rare. The disease is most prevalent among white males, with the lower 

incidences in African and Asian populations. (Balamuth & Womer, 2010; Bernstein et 

al., 2006; Burchill, 2003; Ozaki, 2015) 

Ewing sarcomas typically occur in flat bones like the pelvis and long bones of 

the legs and arms, with a predilection for the diaphysis of long bones and early soft 

tissue involvement. The bones of the chest wall can also be affected. Extraskeletal 

Ewing sarcoma is rarer but can be found anywhere, mainly in the soft tissues of the 

upper thigh, buttocks, upper arm, and shoulders. (Abboud et al., 2021; Bernstein et 

al., 2006; Bosma et al., 2018; Burchill, 2003) Ewing sarcomas can metastasize to other 

bones and/or the bone marrow, lungs, and other organs. Metastasis into the liver, 

central nervous system, or lymph nodes is rare—about 25% of patients present with 

metastatic disease at diagnosis (Balamuth & Womer, 2010; Bernstein et al., 2006). 

 

1.1.4 Prognosis 

Prognostic factors in Ewing sarcoma include patient characteristics, tumor 

specifics, and treatment response. Age does not appear to be a significant variable in 

most studies, but sometimes, younger patients seem to have more favorable 

outcomes. Ethnicity may also play a role in prognosis. Some studies suggest that non-

white patients, while less likely to develop Ewing Sarcoma, have a poorer outcome if 

they do. (Bosma et al., 2018; Cotterill et al., 2000; Worch et al., 2010) Another 

important prognostic factor is the tumor size at diagnosis. Larger tumors (>8 cm or > 

200 mL) are associated with a worse prognosis. (Bosma et al., 2018; Gaspar et al., 

2015) Moreover, metastases, especially at diagnosis, impact the outcome negatively 

(Bosma et al., 2018; Cotterill et al., 2000; Gaspar et al., 2015). The lungs are the most 

common site of metastatic disease. Interestingly, patients with only lung metastases 

have a better prognosis than those with metastases at other sites or multiple sites of 

metastases. (Balamuth & Womer, 2010; Bosma et al., 2018; Cotterill et al., 2000; 
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Gaspar et al., 2015)  Furthermore, tumors in the extremities have a better prognosis 

than those in the pelvis or axis (Bosma et al., 2018; Cotterill et al., 2000). The 

histological response and the serum LDH level are also discussed as possible 

prognostic factors. (Bosma et al., 2018) Patients with localized disease have survival 

rates exceeding 70%, whereas those with advanced Ewing Sarcoma (approximately 

30% 5-year survival rate for patients with metastases) and early (<24 months post-

diagnosis: 4-8,5% 5-year survival rate) or multiple relapses have poorer prognoses. 

Despite all therapeutic advancements, the relapse rate of patients, in general, is 30-

40%, with a 5-year survival rate in late occurrences of 23-35%. (Bernstein et al., 2006; 

Grünewald et al., 2018)  

 

1.1.5 Clinical Symptoms  

Ewing sarcoma symptoms are often nonspecific, leading to delayed diagnosis. 

Pain and swelling are common. The pain is typically recurring, exacerbated by physical 

activity, and continues at night. (Bernstein et al., 2006; Widhe & Widhe, 2000) Both 

parents and physicians often think it is due to bone growth or a sports injury. This 

frequently results in a trial of conservative management with anti-inflammatory or 

antibiotic medication before making the correct diagnosis. These diagnosis delays 

range from weeks to years, with a median of 160 days. (Bernstein et al., 2006; 

Goedhart et al., 2016; Khan et al., 2021) Systemic symptoms like fever, malaise, and 

weight or appetite loss may also occur, especially in metastatic disease (Bernstein et 

al., 2006).  

A pathologic fracture can also be the first symptom, especially in tumors of the 

lower extremity, with 15% of patients having one at diagnosis. Tumors in the spine can 

cause back pain and can escalate to spinal paralysis. (Ozaki, 2015; Zöllner et al., 

2021)  

 

1.1.6 Treatment  

Historically, patients had a dismal prognosis. Until the late 1970s, the survival 

rate for patients was approximately 10%. (Balamuth & Womer, 2010; Bernstein et al., 

2006; Hesla et al., 2021) 

However, the introduction of chemotherapy into the multimodal treatment 

strategy significantly improved survival rates to > 70% for localized disease. This is 
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thought to be due to the fact that the systemic treatment of Ewing Sarcoma eradicates 

micrometastasis, which is crucial for improving long-term survival. Patients are usually 

enrolled in clinical trials, which allows for the continuous modification and improvement 

of treatment protocols. One example is the Euro-Ewing 2012 trial, which provides the 

current treatment protocol in Europe. (Anderton et al., 2020; Balamuth & Womer, 

2010; Bernstein et al., 2006; Gaspar et al., 2015; Grünewald et al., 2018; Hesla et al., 

2021; Zöllner et al., 2021)  

The standard treatment protocol for Ewing sarcoma relies on a combination of 

cyclic, multi-agent chemotherapy, surgery, and radiation (Balamuth & Womer, 2010; 

Bernstein et al., 2006; Hesla et al., 2021).  

The neoadjuvant, or induction chemotherapy, lasts at least 12 weeks with six 

cycles of vincristine, ifosfamide, doxorubicin, and etoposide (VIDE) in three-week 

intervals. The aim is to shrink the primary tumor and eradicate possible metastases. 

(Anderton et al., 2020; Grünewald et al., 2018; Hesla et al., 2021)  

After a disease response evaluation, patients undergo surgery and/or radiation. 

Surgical resection is critical for managing the primary tumor. The complete removal of 

it with a wide enough margin should always be the aim to improve the prognosis of 

patients. Limb-sparing surgeries should be favored over amputation whenever 

possible. Endoprosthesis, allo- or autologous bone grafts, or rotationplasty can be 

employed should reconstruction be necessary. (Anderton et al., 2020; Bernstein et al., 

2006; Gaspar et al., 2015; Grünewald et al., 2018; Hesla et al., 2021; Zöllner et al., 

2021) 

Radiation therapy can be used either alone or together with surgery, as EwS is 

a very radiosensitive tumor. It can be utilized for inoperable tumors, in the case of 

small operating margins, or intralesional resection. It can also be used palliatively to 

alleviate symptoms such as pain. (Bernstein et al., 2006; Gaspar et al., 2015; Zöllner 

et al., 2021) Local treatment with surgery, radiotherapy, or a combination thereof 

should also include the resection or irradiation of metastatic lesions (Haeusler et al., 

2010; Zöllner et al., 2021). 

Following local treatment, patients are randomized into risk groups depending 

on tumor response and disease progression and receive consolidation chemotherapy 

with either vincristine, actinomycin D, and ifosfamide (VAI) or vincristine, actinomycin 

D, and cyclophosphamide (VAC). Alternatively, Busulfan and Mephalan can be 

applied in poor risk groups. (Anderton et al., 2020) 
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Arm B of the Euro-Ewing 2012 trial tests the North American model, which 

includes induction therapy with vincristine, doxorubicin, and cyclophosphamide 

alternating with ifosfamide and etoposide (VDC/IE) followed by consolidation with 

vincristine and cyclophosphamide in turns with ifosfamide and etoposide or vincristine, 

actinomycin D, ifosfamide, busulfan and melphalan (IE/VC/VAI/BuMel). (Anderton et 

al., 2020; Hesla et al., 2021) 

In advanced cases, autologous (auto-SCT) or allogeneic stem cell 

transplantation (allo-SCT) can be considered, particularly for relapsed patients. 

Patients are treated with high-dose chemotherapy and or irradiation, followed by the 

infusion of their own or donor stem cells to restore the bone marrow and regular blood 

cell production. In allo-SCT, there is also the hope for a Graft versus Tumor effect, 

although this remains debatable and is often tied to toxic GvHD. (Bernstein et al., 

2006; Burdach, 2004; Burdach et al., 2000; Grünewald et al., 2018; Hesla et al., 2021) 

However, all these treatments come with significant morbidities that can be 

divided into acute and chronic adverse effects, which is especially important as most 

patients are young and must live with them for a long time, and over 70% of EwS 

survivors report impairments. (Ginsberg et al., 2010; Grünewald et al., 2018) Among 

others, chemotherapy can cause short-term toxicity, such as nausea and 

myelosuppression, and long-term effects, such as cardiotoxicity, infertility, and 

secondary malignancies. Surgical risks include infection and functional impairments, 

while radiation can cause tissue damage, growth impairments in pediatric patients, 

and secondary neoplasms. (Allo-) SCT carries a significant risk of graft-versus-host 

disease and severe infections. (Bernstein et al., 2006; Burdach et al., 2000; Caruso et 

al., 2019; DANIEL KELLY BENJAMIN et al., 2002; Friberg et al., 2002; Fuchs et al., 

2003; Ginsberg et al., 2010; Grünewald et al., 2018; Hardes et al., 2010; Hesketh, 

2008; Hesla et al., 2021; Hudson, 2010; Paulino & Fowler, 2005; Simbre et al., 2005; 

Zöllner et al., 2021) 

 

1.1.7 Novel Therapeutic Approaches 

Due to the still poor prognosis of advanced Ewing Sarcoma cases and the 

toxicities that accompany the current treatments, new, more effective, and less 

harmful ones are needed. 
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One attractive option are targeted therapies, which include new drugs that 

target more specific molecular structures, such as EWS-FLI1 or targets thereof, as 

targeting the fusion protein has proven challenging, other mutations, like those 

affecting the IGF-1 pathway, and the tumor microenvironment. Agents include 

monoclonal antibodies and “small molecules.” These drugs are investigated in 

preclinical and clinical trials to see if they could provide effective yet less toxic 

treatment options. (Fayzullina et al., 2022; Gaspar et al., 2015; Tsimberidou, 2015; 

Wu et al., 2006; Zöllner et al., 2021)  

Immunotherapy, which leverages the immune system to target and eliminate 

cancer cells, plays a huge part in targeted therapy. Some of the most prominent agents 

are checkpoint inhibitors, such as anti-PD1/PD-L1 or anti-CTLA-4, which block the 

ability of cancer cells to block the immune system. Immunotherapy and checkpoint 

inhibitors, in particular, have already shown promising results in various malignancies, 

especially hematologic ones, and slowly in solid ones. However, they have shown 

limited success in treating Ewing sarcoma, characterized by a low mutation burden, a 

lack of HLA class I expression, and an immunosuppressive tumor microenvironment. 

(Couzin-Frankel, 2013; Hesla et al., 2021; Morales et al., 2020; Waldman et al., 2020; 

Zöllner et al., 2021)  

Another immunotherapeutic approach is adoptive T cell transfer. Chimeric 

antigen receptor (CAR-T) cell therapies modify a patient’s T cells to express a 

synthetic receptor that recognizes and attacks cancer cells. They have also proven 

effective in other cancers, especially hematologic malignancies. However, success in 

solid tumors has been limited due to a lack of tumor infiltration and 

immunosuppressive microenvironment. T-cell receptor (TCR) Therapy is another form 

of T-cell therapy and the focus of this thesis. (Morales et al., 2020; Rohaan et al., 2019; 

Sterner & Sterner, 2021; Waldman et al., 2020)  

Oncolytic virus therapy could be another promising approach. It utilizes viruses, 

which are pro-inflammatory and have cytolytic properties, either directly via replication-

associated necrosis or oncolysis or by initiating the release of antigens that can trigger 

the immune system. Preclinical studies, even in our laboratory, have shown the 

potential effectiveness of these therapies in targeting Ewing sarcoma, especially when 

administered together with other treatments, such as targeted T-cell therapy. (Morales 

et al., 2020; Schober et al., 2024)  
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Epigenetic therapy could also be interesting, considering the importance of 

epigenetic modifications in Ewing sarcoma (Grünewald et al., 2018). Epigenetic 

therapies for cancer, including DNA methyltransferase inhibitors (DNMTi), histone 

deacetylase inhibitors (HDACi), and histone methyltransferase inhibitors (HMTi), could 

be combined with current immunotherapies to make these therapies more effective, 

maybe even reversing immune evasion. The potential of HDACi has been shown by 

Sakimura et al. (2005), who showed that FK228 can reduce tumor growth and even 

induce apoptosis in Ewing’s family tumors.  (Gomez et al., 2020; Sakimura et al., 2005)  

Current research indicates that a combination of new therapies among 

themselves and with traditional therapy regimes will likely garner the best results. 

(Gomez et al., 2020; Hesla et al., 2021; Waldman et al., 2020) 

 

1.2 Tumor Immunology and Adoptive T-Cell Therapy  

1.2.1 Cancer and the Immune System 

The immune system plays an important role in preventing the development and 

growth of cancer by monitoring the body's tissues by recognizing and eliminating pre-

cancerous and cancerous cells through a differing antigen profile. This phenomenon 

is described in the immunosurveillance hypothesis. (Schreiber et al., 2011; Waldman 

et al., 2020)  

It has been shown that lymphocytes specific for tumor antigens can be found 

in tumors as tumor-infiltrating lymphocytes (TILs) and even correlate with patient 

outcomes. This has led to the idea of purposefully “creating” those cells in one way or 

another to generate an effective immune response against cancer—adoptive cell 

therapy. (Husby et al., 1976; Morotti et al., 2021; Rohaan et al., 2019; Rosenberg & 

Restifo, 2015; Rosenberg et al., 1986)  

However, cancer cells, in turn, can develop ways to avoid being recognized and 

destroyed by the immune system. This is known as immune evasion and plays an 

important role in cancer progression and the failure of immunotherapies, especially 

after initial tumor regression. Mechanisms can relate to a dysfunctioning immune 

system or the tumor itself and include a loss of tumor antigens, the loss of MHC class 

I, and an increased resistance to immune measures, for example, by blocking 

apoptosis. Other strategies include the development of an immunosuppressive 

environment. The discovery of these mechanisms has led to the evolution of the 
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immunosurveillance theory to the immunoediting theory, which acknowledges a back-

and-forth of elimination, equilibrium, and escape between the neoplasm and the 

immune system. This has to be taken into consideration when devising new strategies 

for treatment. (Muenst et al., 2016; Schreiber et al., 2011; Seliger, 2005)  

 

1.2.2 Adoptive T-Cell Therapy and TCR - Therapy 

Adoptive cell therapy represents a pioneering approach to cancer treatment. 

Based on the findings described above, it strives to utilize immune cells, as an 

autologous or allogeneic transplant, introduced into the patient to target malignancies 

more directly and effectively. It is an interesting anti-cancer approach as the T cells 

can be expanded in vitro and even be selected based on their avidity and desired 

effector functions, to ensure the best possible combination. Once administered, as 

living treatments, the cells even grow and can sustain their anti-tumor effects in vivo. 

The oldest modality is Tumor-Infiltrating Lymphocyte Therapy, which relies on the 

isolation of immune cells and their expansion ex vivo and reintroduction into the 

patient. Natural Killer Cell Therapy follows the same process but tries to harness the 

ability of NK cells to target un-processed, un-presented antigens, which facilitates their 

rapid and potent anti-tumor response, maybe even in an “off-the-shelf manner.” Next 

to utilizing naturally occurring cells, Chimeric Antigen Receptor T Cell Therapy and T 

Cell Receptor Therapy rely on genetically engineered T cells. This enables the 

generation of larger quantities of specific cells with a potentially more potent anti-tumor 

response. T-cell receptor therapy, the focus of this thesis, engineers T cells to express 

a specific TCR.  (Chruściel et al., 2020; Liu et al., 2021; Morotti et al., 2021; Restifo et 

al., 2012; Rohaan et al., 2019; Rosenberg & Restifo, 2015)  

However, clinical application of TCR-engineered T-cell therapy in Ewing 

sarcoma is still at its nascent stage, where both preclinical and clinical trials evaluate 

its antitumor efficacy and potential toxicity. Major hurdles to be tackled include the 

need for an appropriate target and the TCRs’ specificity to avoid “on-target off tumor” 

and off-target effects, respectively. Moreover, there is the precondition for MHC 

expression and the necessity to overcome the previously mentioned immune-

suppressive environment, antigen escape, and an adequate T-cell infiltration of the 

tumor. (Biele et al., 2021; Blaeschke et al., 2016; Chruściel et al., 2020; Rath & Arber, 

2020; Rohaan et al., 2019; Rosenberg & Restifo, 2015; Thiel et al., 2017) 
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1.2.3 T-Cell Receptors (TCRs) 

T-cell receptors are responsible for the fact that T cells, which are constantly searching 

the organism, can recognize antigens on target cells and induce the adaptive immune 

response. (Davis & Bjorkman, 1988; Mazzotti et al., 2022; Shah et al., 2021) 

TCRs consist of two different heterodimers composed of an alpha (α) and a 

beta (β) chain, or rarely a gamma () or delta () chain, each containing variable (V) 

and constant (C) domains (Davis & Bjorkman, 1988; Shah et al., 2021). Structurally 

similar to immunoglobulins, TCR V domains have a highly variable complementarity-

determining region (CDR) responsible for antigen binding and recognition. The 

variable region of the chains is generated through somatic recombination of V, J, and 

D gene segments. The constant (C) domain is essential for intracellular signaling as it 

facilitates the interaction with CD3. The TCR forms a complex with the /// subunits 

of CD3 signaling proteins. (Davis & Bjorkman, 1988; Rudolph et al., 2006; Shah et al., 

2021) 

Importantly, T cells undergo positive and negative selection, to ensure the 

safety and specificity of the T cells. Positive selection refers to the fact, that T cells 

need to be able to recognize MHC molecules, whereas negative selection removes 

self-reactive T cells. (Davis & Bjorkman, 1988; Shah et al., 2021; Viret & Janeway, 

1999) 

TCRs must be presented with the antigen by an antigen-presenting molecule, usually 

a major histocompatibility complex (MHC) molecule, to be able to recognize it. A 

distinction can be made between MHC class I, which is recognized by CD8+ cells, and 

MHC class II, which is recognized by CD4+ cells. CD8 and CD4 act as coreceptors in 

this context and increase the sensitivity for the antigen. (Davis & Bjorkman, 1988; 

Pishesha et al., 2022; Rudolph et al., 2006; Shafer et al., 2022; Shah et al., 2021) 

Before being presented, antigens need to be processed. In the case of MHC class I, 

this usually happens as proteolysis in the cytosol and endoplasmic reticulum, whereas 

MHC class II presents antigens that were extracellularly captured and then processed 

in endolysosomal compartments. (Pishesha et al., 2022) This work focuses on Human 

leukocyte antigen (HLA)-A*0201, Europe's most common HLA allele (Gonzalez-

Galarza et al., 2011). 
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The MHC molecules can activate the T cell upon binding. In that case, a signaling 

cascade is initiated by the phosphorylation of immunoreceptor tyrosine-based 

activation motifs in the CD3 complex, which activates the T cell and enables effector 

functions like proliferation, differentiation, the secretion of cytokines, and cytotoxicity. 

(Mariuzza et al., 2020; Pishesha et al., 2022; Shafer et al., 2022; Shah et al., 2021)  

In conclusion, TCRs are responsible for guiding T cells to their targets by 

recognizing and distinguishing between diverse peptides bound to MHC molecules. 

This makes TCRs attractive for genetic engineering. They can be modified to direct T 

cells specifically to a desired target, that needs to be destroyed. (Mariuzza et al., 2020; 

Shafer et al., 2022; Shah et al., 2021) 

 

1.2.4 TCR Engineering 

Over the years, different strategies have been developed to engineer T cells. 

Viral vector systems, such as retroviral and lentiviral vectors, were the main delivery 

forms. These vectors enable a more or less efficient gene transfer and expression of 

these genes in the transduced T cells. Nevertheless, safety concerns are associated 

with them. Mispairing between the introduced and endogenous TCR may occur, 

leading to non-productive T cells in the best-case scenario and causing cross-

reactivity and graft versus host disease (GvHD) in the worst-case scenario. 

Furthermore, the endogenous TCR can suppress the newly introduced one, also 

hampering the T cells’ functionality. Insertional mutagenesis is another problem that 

can arise when using a vector transfer strategy. (Bendle et al., 2010; Ghosh et al., 

2020; Howe et al., 2008; Schober et al., 2019; Shafer et al., 2022; Xue et al., 2022) 

CRISPR-Cas9 is an alternate strategy that has more recently be used in TCR 

engineering. This method lowers the possibility of side effects by ensuring precise 

alpha- and beta-chain pairing, knocking out the endogenous TCR and regulating 

insertion sites, allowing for example for a more physiological TCR expression. (Foy et 

al., 2023; Schober et al., 2019; Xue et al., 2022) 

The most common method is transducing a natural, or only minimally altered, 

antigen-specific TCR into the T cell using either of the methods described above 

(Schober et al., 2019; Shafer et al., 2022; Tsimberidou et al., 2021). However, other 

approaches like introducing a single-chain TCR consisting of the TCR α and β chains 
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fused together by a flexible linker region and a C domain have also been explored to 

avoid the risk of mispairing. (Aggen et al., 2012; Knies et al., 2016; Shafer et al., 2022) 

Moreover, TCRs can be chosen and enhanced for example regarding levels of 

functionality. Efforts have shifted towards developing TCRs with high affinity for target 

antigens, as cytotoxicity relates to affinity, for example by introducing amino acid 

sequence variations into TCRs. However, some studies have shown that higher 

affinity can potentially lead to higher cross-reactivity. Furthermore, a too-strong affinity 

can provoke early T-cell exhaustion, limiting the continuous recognition of tumor cells. 

(Baulu et al., 2023; Campillo-Davo et al., 2020; Shafer et al., 2022)  

 

1.2.5 Molecular Targets 

T-cell recognition and killing of tumor cells in T-cell therapy is an antigen-

specific event. Therefore, identifying the ideal tumor-specific T-cell target is crucial. 

The chosen antigen must significantly impact the tumor, affecting growth or 

metastasis, and, at best,  only be expressed on the tumor to avoid cross-reactivity 

(Leko & Rosenberg, 2020; Rath & Arber, 2020; Shafer et al., 2022). 

Tumor-associated antigens (TAA) are present on tumor cells, but also on some 

normal cells. Tumor-specific antigens (TSA) are expressed only on tumor cells. 

Further, it can be differentiated between differentiation antigens, overexpressed 

antigens, cancer germline antigens, viral antigens, or neoantigens. (Leko & 

Rosenberg, 2020; Rath & Arber, 2020; Shafer et al., 2022) Due to the MHC restriction 

of CD8+ and CD4+ T cells, the TAA/TSA gene product must be processed and 

presented to T cells by MHC molecules (Pishesha et al., 2022; Rudolph et al., 2006; 

Szeto et al., 2020). 

The antigens chosen and investigated for this study are the following:  

 

LIPI 

 

LIPI, a lipase, plays a significant role in oncogenesis and metastasis. 

Mahlendorf and Staege (2013) showed that it is specific for and overexpressed in 

Ewing family tumor cells. (Mahlendorf & Staege, 2013; Pirson, 2010; Staege et al., 

2004) 
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GPR64 

 

GPR64 is a G protein-coupled receptor relevant to the development, 

progression, invasiveness, and metastasis of several cancers, including Ewing 

sarcoma. Studies have shown that GPR64 is overexpressed in Ewing sarcoma cells 

and is only normally expressed in human epididymis. It is also overexpressed in 

nephroblastoma. (Pirson, 2010; Richter et al., 2013; Schirmer et al., 2018) 

 

PAX7 

 

PAX7 is a transcription factor known for its crucial role during fetal development 

and cancer growth. It is over-expressed in Ewing sarcoma and not present in normal 

tissue. It can also be found in alveolar rhabdomyosarcoma and synovial sarcoma. 

(Baldauf et al., 2018; Charville et al., 2017) 

 

CHM1 

 

Chondromodulin 1, a glycoprotein, is an angiogenesis inhibitor and is normally 

involved in enchondral bone formation. In Ewing sarcoma, CHM1 facilitates 

invasiveness and induces metastasis, especially in the lung. It is a downstream target 

of EWS-FLI1. It is virtually not expressed on normal tissue and is highly expressed in 

Ewing sarcoma. (Blaeschke et al., 2016; Hiraki & Shukunami, 2000; Pirson, 2010; U. 

Thiel et al., 2011; von Heyking et al., 2017) 
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2 Aim 

 

This doctoral thesis aimed to identify TCRs targeting Ewing sarcoma tumor-

associated antigens essential for tumor metastasis and/or tumor survival for adoptive 

transfer. The antigens are the Ewing sarcoma-specific antigens CHM1 (von Heyking 

et al., 2017) and LIPI (Mahlendorf & Staege, 2013; Staege et al., 2004) (Grünewald et 

al., unpublished data), PAX7, specific for both Ewing sarcoma and alveolar 

rhabdomyosarcoma (Baldauf et al., 2018) , and GPR64, specific for Ewing sarcoma 

and nephroblastoma (Richter et al., 2013), to address tumor-specific targets that are 

present in more than one tumor entity.  

T cells with suitable TCRs were tested in interferon-gamma (IFNγ) ELISpots 

and FACS analyses and identified and subsequently sequenced in a standard 

approach with the help of PCR primers for various Vα- and Vβ-chains. Single-cell RNA 

sequencing was used as a second method to identify and verify relevant TCR 

sequences in a more streamlined manner.  

Figure 1 provides an overview of the workflow to identify TCR sequences for 

transgenic T cells. 

The identified TCRs can be used for further testing in vitro and in vivo and will 

provide parts of a toolbox for CRISPR/Cas9 and retroviral-mediated T-cell engineering 

within our research group. They could form the basis for a possible TCR library to 

deliver precise, targeted patient therapy to improve outcomes and reduce the side 

effects affecting patients of (advanced) Ewing Sarcoma now. 

 

 

Figure 1 Workflow. With selected peptides pulsed HLA-A*0201+ dendritic cells were used to prime HLA-A*0201- 

CD8+ T cells (1). After two weeks of cocultivation, proliferating T cells were multimer-stained, sorted (2), and 

expanded through a single-cell dilution process (3). The selected clone populations were evaluated for HLA-

A*0201/peptide specificity in ELISpot assays (4). Selected EwS-specific candidates were further expanded, and 

the DNA sequence of the TCR (6) was analyzed using electrophoresis (5) and PCR (7). ScRNAseq was employed 

to comprehensively analyze T cells (8), created with BioRender.com.  
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3 Materials 

 

3.1 Technical Equipment  

Table 1 Technical Equipment 

 

Name Manufacturer 

Autoclave V95/ VX95 Systec GmbH & Co. KG, Linden, 

Germany 

Balance (analytical) 770 Kern & Sohn GmbH, Balingen-

Frommern, Germany 

BD IMagTM Cell separation system BD, New Jersey, USA 

Cell counting chamber Neubauer Brand, Wertheim, Germany 

Cell counting chamber Neubauer Paul Marienfeld GmbH & Co KG, 

Germany 

Cell Sorter MoFlow Astrios S2 Beckmann Coulter GmbH, Brea, USA 

Centrifuge 5427R Eppendorf SE, Hamburg, Germany  

Centrifuge Biofuge fresco Heraeus, Hanau, Germany 

Centrifuge MIKRO 220-R Andreas Hettich GmbH & Co KG, 

Tuttlingen, Germany 

Centrifuge Multifuge 3 S-R Haraeus, Hanau, Germany  

Centrifuge Sorvall RC6 Thermo Fisher Scientific, Waltham, 

USA 

Controlled-freezing box Nalgene, Rochester, USA 

Electrophoresis chamber Easy cast Thermo Fisher Scientific, Waltham, 

USA 

Erlenmeyer Flask Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

ELISpot reader AID iSpot Reader Unit AID GmbH, Straßberg, Germany 

FACS Aria Cell Sorter BD, New Jersey, USA 

Flow cytometer FACSCaliburTM BD, New Jersey, USA 

Flow cytometer MACS Quant10 Miltenyi Biotec, Bergisch Gladbach, 

Germany 
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Freezer/Refrigerator (- 20 °C/ +4°C)) 

cool vario 

Siemens, Munich, Germany 

Freezer (- 80 °C) Hera freeze Heraeus, Hanau, Germany 

Freezer (-80°C) TDE40086FV Thermo Fisher Scientific, Waltham, 

USA 

Freezer (-80°C) HLE series Thermo Fisher Scientific, Waltham, 

USA 

Fridge (+ 4 °C) cool vario  Siemens, Munich, Germany 

Fridge (+4°C) KG28XM4 Siemens, Munich, Germany 

Fume Cupboard Airflow Köttermann GmbH, Uetze, Germany 

Gamma-Bestrahlungsgerät Biobeam 

GM 

Gamma-Service Medical GmbH, 

Leipzig, Germany 

Hairdryer ZWT LS1202D Z.W.T. 

Heating block Thermomixer Comfort Eppendorf, Hamburg, Germany 

Hybrid graphic printer UP-X898MD Sony, Tokyo, Japan  

Ice machine AF 100 Scotsman Ice Systems, Vernon Hills, 

IL, USA 

Ice machine Flake line Wessamat Eismaschinenfabrik GmbH, 

Kaiserslautern, Germany 

Incubator Hera cell Heraeus, Hanau, Germany 

Liquid nitrogen tank L-240 K series Taylor-Wharton, Theodore, USA 

Liquid nitrogen tank Level Controller 

type 

Worthington Industries, Columbus, 

USA 

Micropipets (0,5 – 10 µL, 10 – 100 µL, 

20 – 200 µL, 100 – 1000 µL) 

Eppendorf SE, Hamburg, Germany 

 

Microscope Axiovert 100 Zeiss, Jena, Germany 

Microscope DMIL LED Leica Camera AG, Solms, Germany 

Microwave oven Siemens, Munich, Germany 

MidiMACS Separator Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

Mini-Centrifuge Sprout  Kisker Biotech GmbH & Co KG, 

Steinfurt, Germany 

Mini-Centrifuge Mini Star VWR International, Radnor, USA 
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MS2 Minishaker  Janke & Kunkel IKA-Werke GmbH & 

Co. KG, Staufen, Germany 

Multichannel pipette (10-100 µL) Eppendorf SE, Hamburg, Germany 

NanoPhotometer Implen, Munich, Germany 

Pipetting assistant Easypet Eppendorf SE, Hamburg, Germany 

Pipetting assistant Integra Integra Biosciences GmbH, Biebertal, 

Germany 

Power supplier Standard Power Pack 

P25 Biometra 

Analytik Jena, Jena, Germany 

Precision balance Explorer Ohaus, Parsippany, USA 

Rotary Kisker Biotech GmbH & Co. KG 

Sterile Bench Hera Haraeus, Hanau, Germany 

Thermal cycler iCycler BioRad, Richmond, CA, USA 

Thermocycler Mastercycler epgradient Eppendorf SE, Hamburg, Germany 

UV transilluminator Gene Genius Syngene, Cambridge, UK 

Vortexer Vortex-Genie2 Janke & Kunkel IKA-Werke GmbH & 

Co. KG, Staufen, Germany 

Water bath GFL, Burgwedel, Germany 

Water purification system TKA 

GenPure 

TKA GmbH, Niederelbert, Germany  

 

 

3.2 Consumable Supplies 

Table 2 Consumable Supplies 

Name Manufacturer 

Butterfly Safety-Multifly-Cannula Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Cell culture flasks 25/75/175 mL Greiner Bio-One GmbH, Kremsmünster, 

Austria 

Cell culture flasks 25/75/175 mL TPP, Trasadingen, Switzerland 

Cell strainer BD, New Jersey, USA 

Cryo tubes 1,6 mL Greiner Bio-One GmbH, Kremsmünster, 

Austria 
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Falcons 15/50 mL Greiner Bio-One GmbH, Kremsmünster, 

Austria 

Filters (sterile) Minisart Sartorius, Göttingen, Germany 

Gloves latex Meditrade Medicare, Kufstein Austria  

Gloves nitrile Sempermed, Vienna, Austria 

Gloves nitrile Medline, Northfield, USA 

LS columns Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

MultiScreen Filterplates (ELISpot) Merck KgaA, Darmstadt, Germany  

Parafilm Eppendorf SE, Hamburg, Germany 

Pipet tips ARTR Aerosol resistant tips  Thermo Fisher Scientific, Waltham, USA 

Pipet tips ARTR Aerosol resistant tips  Starlab GmbH, Hamburg, Germany   

Plates for cell culture (96 wells) BD, New Jersey, USA 

Plates for cell culture (96 wells) TPP (Techno Plastic Products AG), 

Trasadingen, Switzerland 

Pointed bottom plates (96 wells) Greiner Bio-One GmbH, Kremsmünster, 

Austria 

Reservoir for reagents VWR, Ismaning, Germany 

Round bottom FACS tubes BD, New Jersey, USA 

Round bottom FACS tubes Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Scalpels Braun, Tuttlingen, Germany 

Serological pipets Cellstar R Greiner Bio-One GmbH, Kremsmünster, 

Austria 

Sterifilter 0,45 qn Omnilab, Germany 

Syringe Original Perfusor 50mL B-Braun Melsung SE, Melsung, 

Germany 

Omnifix-F 1mL B-Braun Melsung SE, Melsung, 

Germany 

Tubes 0,5/1,5/2 mL Eppendorf SE, Hamburg, Germany 

Tubes 0,5/1,5/2 mL Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Twin.tec real time PCR plate 96 Eppendorf SE, Hamburg, Germany 
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3.3 Chemicals and Reagents 

Table 3 Chemicals and Reagents 

Name Manufacturer 

100 mM dNTP Set Invitrogen, Life Technologies, 

Darmstadt, Germany 

1 kb plus DANN ladder Invitrogen, Life Technologies, 

Darmstadt, Germany 

2-Propanol Roth, Karlsruhe, Germany 

3-Amino-9-ethylcarbazole Sigma-Aldrich, St. Louis, Missouri, USA 

5% trypsine Gibco, Thermo Fisher Scientific, 

Waltham, USA 

6x DNA loading dye Fermentas, St. Leon-Rot, Germany 

MEM NEAA 100x Gibco, Thermo Fisher Scientific, 

Waltham, USA 

Acetate Sigma-Aldrich, St. Louis, Missouri, USA 

AEC  Sigma-Aldrich, St. Louis, Missouri, USA 

Agarose Invitrogen, Life Technologies, 

Darmstadt, Germany 

AIM V medium Gibco, Thermo Fisher Scientific, 

Waltham, USA 

Anti-PE Microbeads Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

AutoMACS TM Rinsing Solution Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

Anti Human CD 14 Magnetic Particles BD, New Jersey, USA 

ß2-Microglobuline from human urine Sigma-Aldrich, St. Louis, Missouri, USA 

BCP (1-Bromar-3-Chloro-Propane) Sigma-Aldrich, St. Louis, Missouri, USA 

BD IMag Buffer (10x) BD, New Jersey, USA 

CD8 MicroBeads, human Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

CD8+ T Cell Isolation Kit human Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

DEPC Water Ambion, Darmstadt, Germany 
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Desoxyribonuclease A  Invitrogen, Life Technologies, 

Darmstadt, Germany 

DMEM medium Gibco, Thermo Fisher Scientific, 

Waltham, USA 

DMSO AppliChem GmbH, Darmstadt, Germany  

DPBS (10x) Gibco, Thermo Fisher Scientific, 

Waltham, USA 

EDTA Merck KgaA, Darmstadt, Germany 

Erythrocyte Lysis Buffer Pharmacy of Klinikum rechts der Isar, 

Munich, Germany 

Erythrocyte Lysis Buffer  Thermo Fisher Scientific, Waltham, USA 

Ethanol Roth, Karlsruhe, Germany 

Ethidium Bromide Sigma-Aldrich, St. Louis, Missouri, USA 

FACS TM Clean BD, New Jersey, USA 

FACS TM Flow BD, New Jersey, USA 

FACS TM Rinse BD, New Jersey, USA 

Fetal bovine serum (FBS) Gibco, Thermo Fisher Scientific, 

Waltham, USA 

Ficoll-Paque Sigma-Aldrich, St. Louis, Missouri, USA 

GM-CSF ImmunoTools, Friesoythe, Germany 

HBSS Gibco, Thermo Fisher Scientific, 

Waltham, USA 

HCl Merck KGaA, Darmstadt, Germany 

Heparin-natrium 5000  Ratiopharm, Ulm, Germany 

Human Serum Type AB Lonza, Basel, Switzerland 

Hydrogen peroxide solution Sigma-Aldrich, St. Louis, Missouri, USA 

IFNy R&D Systems, Minneapolis, Minnesota, 

USA 

IL-1ß R&D Systems, Minneapolis, Minnesota, 

USA 

IL-2  R&D Systems, Minneapolis, Minnesota, 

USA 
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IL-4 R&D Systems, Minneapolis, Minnesota, 

USA 

IL-6 R&D Systems, Minneapolis, Minnesota, 

USA 

IL-7 R&D Systems, Minneapolis, Minnesota, 

USA 

IL-12 PAN-Biotech GmbH, Aidenbach, 

Germany 

IL-15 R&D Systems, Minneapolis, Minnesota, 

USA 

Isopropanol Sigma-Aldrich, St. Louis, Missouri, USA 

L-glutamine 200mM Gibco, Thermo Fisher Scientific, 

Waltham, USA 

MACS R BSA Stock Solution Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

Multimers for CHM1, LIPI, Pax7, GPR64, 

STEAP 

Provided by Prof Dr. Dirk Busch, Institute 

for Medical Microbiology, Immunology 

and Hygiene, Technical University 

Munich, Munich, Germany 

OKT3 BD, Franklin Lakes, USA 

Pentamer CHM1 & PAX7 ProImmune, Oxford, UK 

N,N-Dimethylformamide Roth, Karlsruhe, Germany 

Pen Strep Gibco, Thermo Fisher Scientific, 

Waltham, USA 

Peptides CHM1(319), Pax7 (489), LIPI, 

GPR64 (862), FLU 

Thermo Fisher Scientific, Waltham, 

USA, Ulm, Germany 

Peptides Pax7, CHM1, FLU peptides & elephants GmbH, 

Henningsdorf, Germany  

PGE2 Cayman Chemical Company, Ann Arbor, 

Michigan, USA 

Proleukin (recombinant human 

interleukin 2) 

Novartis, Basel, Switzerland 

Proleukin Clinigen, Germany 
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Propidium iodide staining solution BD, New Jersey, USA 

Propidium iodide staining solution Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

RPMI 1640 medium  Gibco, Thermo Fisher Scientific, 

Waltham, USA 

Sodium acetate Merck KGaA, Darmstadt, Germany  

Sodium pyruvate Gibco, Thermo Fisher Scientific, 

Waltham, USA 

Taq DNA polymerase Invitrogen, Life Technologies, 

Darmstadt, Germany 

TNF-a R&D Systems, Minneapolis, Minnesota, 

USA 

Tri Reagent Solution Ambion, Darmstadt, Germany 

Tris (Trishydroxymethylaminomethan) Merck KGaA, Darmstadt, Germany 

Trypan blue Gibco, Thermo Fisher Scientific, 

Waltham, USA 

Tween 20 Sigma-Aldrich, St. Louis, Missouri, USA 

Unlabeled Pro5 R MHC class I 

Pentamers 

ProImmune, Oxford, UK 

Labeled Pro5 R MHC class I Pentamers ProImmune, Oxford, UK 

X-vivo 15 medium Gibco, Thermo Fisher Scientific, 

Waltham, USA 

 

3.4 Kit 

Table 4 Kits 

Name Manufacturer 

BD IMag TM Anti-Human CD14 

Magnetic Particles 

BD, New Jersey, USA 

CD8 + T Cell Isolation Kit Miltenyi Biotech, Bergisch-Gladbach, 

Germany 

Strataprep DNA Gel Extraction Kit Agilent Technologies, Böblingen, 

Germany 
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High-Capacity Reverse Transcription Kit Applied Biosystems, Life Technologies, 

Darmstadt, Germany 

AccuPrime R Taq DNA Polymerase 

System 

Invitrogen, Life Technologies, 

Darmstadt, Germany 

 

3.5. ELISpot Reagents 

 

3.5.1 Capture Antibodies 

Table 5 Capture Antibodies 

Antibody Working concentration Manufacturer 

Anti-h-IFN-y mAb 1-D1K, 

purified 

10 µg/mL mABTech, Nacka Strand, 

Sweden 

 

3.5.2 Detection Antibodies 

Table 6 Detection Antibodies 

Antibody Working concentration Manufacturer 

Anti-h-IFN-y mAb 7-B6-1, 

biotinylated 

2µg/mL mABTech, Nacka Strand, 

Sweden 

 

 

3.5.3 Enzymes and Buffers 

Table 7 Enzymes and Buffers 

Name Manufacturer 

Streptavidin-Horse Radish Peroxidase mABTech, Nacka Strand, Sweden 

3-Amino-9-ethl-carbazole (AEC) Sigma-Aldrich, St. Louis, Missouri, USA 

 

Name Composition 

Acetate buffer 37,5 mL distilled H2O + 3,75 mL 0,2 N-

acetic acid + 8,8 mL 0,2 N-sodium 

acetate 

AEC solution 1 AEC tablet (20mg) + 2,5 mL DMF + 

47,5 mL acetate buffer 
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Development solution 10ml AEC solution + 25 µL 30 % H2O2 

 

 

3.6 Flow Cytometry Antibodies 

Table 8 Flow Cytometry Antibodies 

 

Specificity Format Clone Manufacturer 

CD3 FITC/ APC HIT3A BD, New Jersey, 

USA 

CD3  PE-Vio 770 REA613 Miltenyi Biotech, 

Bergisch 

Gladbach, 

Germany 

CD4 APC-Vio 770 REA623 Miltenyi Biotech, 

Bergisch 

Gladbach, 

Germany 

CD4  FITC RPA-T4 BD, New Jersey, 

USA 

CD8 APC/PE REA734 Miltenyi Biotech, 

Bergisch 

Gladbach, 

Germany 

CD8 

 

FITC/ PE/ APC RPA-T8 BD, New Jersey, 

USA 

CD83 APC HB15e BD, New Jersey, 

USA 

CD83 APC REA714 Miltenyi Biotech, 

Bergisch 

Gladbach, 

Germany 

CD86 FITC 2331 (FUN-1) BD, New Jersey, 

USA 
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HLA-DR PE TU36 BD, New Jersey, 

USA 

Anti-human HLA-

A2 

FITC BB7.2 BD, New Jersey, 

USA 

Mouse IgG1 FITC/ PE/ APC X40 BD, New Jersey, 

USA 

IgG1 (Isotype 

Antibody) 

FITC/ PE/ APC  Miltenyi Biotech, 

Bergisch 

Gladbach, 

Germany 

Pro 5 Fluorotag  PE (R-PE)  ProImmune, 

Oxford, UK 

Unlabeled Pro5 R 

MHC class I 

Pentamers 

  ProImmune, 

Oxford, UK 

Labeled Pro5 R 

MHC class I 

Pentamers 

PE (R-PE)  ProImmune, 

Oxford, UK 

 

3.7 Peptides 

 

The peptides were provided by ThermoFischer TM or peptides & elephants with 

a purity of >90%. To stock them, they were dissolved in DMSO at a concentration of 

10 µg/µL. 

 

Table 9 Peptides 

Gene HLA-Allele Sequence Position 

CHM1 A*0201 VIMPCSWWV 319 

CHM1 A*0201 VLISGAVLL 46 

CHM1 A*0201 LISGAVLLL 47 

CHM1 A*0201 IALVGPDDV 10 

CHM1 A*0201 LLFGAIGAF 54 

CHM1 A*0201 SSPARLLKV 34 
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CHM1 A*0201 VVLISGAVL 45 

CHM1 A*0201 YTMSINGKL 77 

PAX7 A*0201 CLFMESYKV 489 

PAX7 A*0201 QLAAFNHLL 280 

PAX7 A*0201 ALPGTVPRM 3 

Pax7 A*0201 HMNPVSNGL 374 

Influenza A*0201 GILGFVFTL - 

GPR64 A*0201 YLFAIFNTL 862 

 

3.8 Cell Culture Media, Solutions and Buffers 

3.8.1 Cell Culture Media and Universal Solutions 

Table 10 Cell Culture Media and Universal Solutions 

Name Composition 

Standard Medium RPMI 1640  

10 % FCS 

2mM L-glutamine 

100 U/mL Pen Strep 

293T-Medium DMEM 

10 % FCS 

2mM L-glutamine 

1mM Sodium pyruvate 

1 x NEAA 

100 U/mL Pen Strep 

LCL medium RPMI 1640 

10 % FCS 

2mM L-glutamine 

1mM Sodium pyruvate 

 1 x NEAA 

100 U/mL Pen Strep 

T-cell medium AIM V 

5% human serum type AB 
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2mM L-glutamine 

100 U/mL Pen Strep 

Standard freezing medium FCS 

10 % dimethyl sulfoxide (DMSO) 

Freezing medium for T cells Human serum type AB 

10 % DMSO 

3.8.2 Buffer and Gel for DNA electrophoresis 

Table 11 Buffer and Gel for DNA electrophoresis 

Name Ingredients 

TAE running buffer 50 x TAE: 2 M Tris, 10 % EDTA (0,5 M), 

5,71% HCl 

Electrophoresis gel 240 ml TAE buffer (1x), 2% agarose, 5 

µL EtBr 

 

3.9 Oligonucleotides 

Table 12 Primers for Vαβ -Repertoire Analysis 

 

P-5`αST CTG TGC TAG ACA TGA GGT CT 

P-3`αST CTT GCC TCT GCC GTG AAT GT 

3-TCα 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 R=A/G 

Vα3 GGT GAA CAG TCA ACA GGG AGA 

Vα4 TGA TGC TAA GAC CAC MCA GC 

Vα5 GGC CCT GAA CAT TCA GGA 

Vα6new 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 
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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 CGC 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 

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 

Vα24new 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 

Vα31new TCG GAG GGA GCA TCT GTG ACT A 

Vα32 CAA ATT CCT CAG TAC CAG CA 

 

P-5`βST AAG CAG AGA TCT CCC ACA C 

P-3`βST GAG GTA AAG CCA CAG TTG CT 

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

Vβ1 GCA CAA CAG TTC CCT GAC TTG GCA C 

Vβ 2 TCA TCA ACC ATG CAA GCC TGA CCT 

Vβ3 GTC TCT AGA GAG AAG AAG GAG CGC 

Vβ4 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 
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Vβ5.2T TTC CCT AAT TAT AGC TCT GAG CTG 

Vβ6.1new 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 

Vβ9new CCT AAA TCT CCA GAC AAA GCT 

Vβ10 CTC CAA AAA CTC ATC CTG TAC CTT 

Vβ11 TCA ACA GCT TCC AGA ATA AGG ACG 

Vβ12 AAA GGA GAA GTC TCA GAT 

Vβ12S3 GCA GCT GCT GAT ATT ACA GAT 

Vβ13new TCG ACA AGA CCC AGG CAT GG 

Vβ13.1 CAA GGA GAA GTC CCC AAT 

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 

Vβ21 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 

Vβ24new TC CAG GAG GCC GAA CAC TTC T 

  

3.10 Cell Lines and Primary Cell Lines 

Table 13 Cell Lines & Primary Cell Lines 
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Cell line Description HLA-Allele Medium 

A673 ES cell line A*0201 + Standard Medium 

TC71 ES cell line A*0201 + Standard Medium 

EW7 ES cell line A*0201 + Standard Medium 

697 B-cell precursor 

leukemia cell line 

A*0201 + Standard Medium 

K562 Chronic 

myelogenous 

leukemia cell line  

A*0201 - Standard Medium 

LCL Lymphoblastoid 

cell line 

A*0201 + LCL - Medium 

SB-KMS-KS1 Ewing Tumor 

(formerly SBSR-

AKS) 

A*0201 - Standard Medium 

T2 TAP-transporter 

deficient hybrid of 

T and B 

lymphoblastoid cell 

line 

A*0201 + LCL - Medium 

PBMCs Peripheral blood 

mononuclear cell 

derived from a 

Buffy Coat via 

Ficoll-Paque 

- TCM 

CD8+ T cells Isolated from 

PBMCs using 

negative selection 

- TCM 

CD14+ Monocytes Isolated from 

PBMCs using 

positive selection 

- X-Vivo 

Pool-PBMCs Mixed PBMCs from 

4 different donors 

- TCM 

 

 



   
 

 38 

4 Methods 

 

4.1 General techniques 

4.1.1 Cell Culture 

Depending on their growth rate, suspension cell lines were split every two 

days. To that end, half of the medium was removed and replaced with new one.  

The medium was carefully aspirated to split adherent cells. The cells were then 

rinsed with 5 to 10 mL of PBS and, depending on their adherence, incubated with 3 to 

5 mL trypsin at 37°C for 3 to 5 minutes. If necessary, the vessel was gently tapped to 

aid detachment. Afterward, the detachment was verified microscopically. The loose 

cells were washed by centrifuging at 1500 rpm for 5 minutes and seeded into culture 

vessels with fresh medium at the appropriate number of cells.   

 

4.1.2 Counting Cells  

To count cells, they were diluted 1:2 or higher with trypan blue, depending on 

the estimated cell count. Ten microliters were then placed into a Neubauer counting 

chamber.  

The cells were counted in the chamber's four outer squares, consisting of 16 

small squares. Only the unstained, glowing cells were considered; defective cells are 

stained blue by trypan blue. Furthermore, only the cells touching the top and left 

margins of the small squares were counted.  

The cell number was calculated by multiplying the cell number/square with the 

dilution factor and 104. Multiplying the result again by the medium volume in milliliters 

yielded the total cell number in the sample.  

 

4.1.3 Cell Freezing and Thawing  

First, the cells were counted. After centrifugation at 1500 rpm for five minutes, 

the cells were resuspended at 1-2 x 106 cells/mL in a suitable freezing medium and 

transferred into labeled cryovials, filling them with 1 mL each. Human AB serum with 

10% DMSO was used for T cells, and other cells were frozen in FCS along with 10% 

DMSO.  The cryovials were placed in a Mr. Frosty for at least 24 hours.  

Cells were kept either in the liquid nitrogen freezer or the -80°C.   
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To defrost cells, they were thawed by mixing them with suitable media and then 

centrifuged at 1500 rpm for five minutes to wash them. The cell pellet was then 

transferred into culture media. 

 

4.2 Determining the Binding Properties of Peptides 

4.2.1 HLA-A*0201 Peptide Binding Properties In Silico Prediction 

An in silico analysis of PAX7 and CHM1 peptide nonamers was conducted 

using SYFPEITHI, a database of MHC ligands and peptide motifs, to find suitable 

targets for adoptive T-cell transfer. The nonamers were checked for HLA-A*0201 

binding potential. 

Moreover, the ScanProsite tool was used to check for cross-reactivity. The most 

promising candidates were tested in an HLA*0201 binding assay. 

 

4.2.2 T2/ HLA-A*0201 Peptide Binding Assay  

T2 cells were centrifuged (1500 rpm, 5 min) and washed with PBS. Cells were 

counted and reduced to a final concentration of 1x106 cells/mL. Per well, 250 µL of the 

suspension was used.  

Then, the T2 cells were pulsed with peptides in increasing concentrations (10 

µg/mL, 50 µg/mL, 100 µg/mL). Non-pulsed cells functioned as a negative control, 

whereas cells pulsed with an influenza peptide were used as the positive control.  

The cells were incubated overnight (16 hours), and the HLA-A*0201 binding efficacy 

was measured using FACS. The relative bond was determined by dividing the intensity 

of the fluorescence at a specific concentration by the intensity of fluorescence of the 

non-pulsed cells. A good epitope was identified by having comparable values to the 

positive control. 

 

4.3 Specific T Cell Generation 

4.3.1 Isolation of Peripheral Blood Mononuclear Cells  

Using Ficoll density gradient centrifugation, peripheral blood mononuclear cells 

(PBMC) were isolated. For this purpose, the blood cell concentrate (buffy coat) was 

thinned with an equal volume of PBS to facilitate layering over the already 

added Ficoll (35 mL concentrate to 15 mL Ficoll). The tube was tilted slightly, and the 
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blood mixture was pipetted gently along the tube’s side to prevent mixing. 

Subsequently, the layered mixture was centrifuged at 2220 rpm for 10 minutes without 

a break, and the PBMCs, now forming a distinct white layer, were aspirated and 

transferred to another tube. To remove thrombocytes, PBS was added until a volume 

of 50 mL was reached, and the tube was centrifuged with breaking at 700 rpm for 7 

minutes. Cells were counted and washed with PBS by centrifuging at 1300 rpm for 7 

minutes with breaking.  

The isolated cells could then be used immediately or were frozen until usage.   

The blood concentrates were acquired at the DRK-Blutspendedienst Baden-

Württemberg/ Hessen in Ulm. Heparinized whole blood was centrifuged in a 50 mL 

tube for 10 minutes at 2200 rpm. The serum was aspirated, and the rest was mixed 

1:1 with PBS and treated like the buffy coats.  

 

4.3.2 Pool-PBMC Manufacturing 

Four blood cell concentrates from four individuals were used as the basis for 

the pool-PBMCs. First, each concentrate was handled separately, isolating the 

PBMCs as described above (see 4.3.1.)  

Each sample was counted and then standardized to the same number of cells. 

Afterward, the buffy coats were mixed and centrifuged at 2200 rpm for 10 minutes. 

The pool PBMCs were then frozen (see 4.1.3) or used immediately.  

 

4.3.3 CD14+ Cell Isolation  

CD14+ monocytes were isolated from PBMCs (HLA-A*0201+ healthy blood 

donor) utilizing the BD Anti-Human CD14 Magnetic Particles kit and the 

BD IMag following the manufacturer’s instructions.   

The BD IMag buffer was prepared with sterile, distilled water at 1:10.   

The PBMCs were counted and washed with an excess volume of the 

BD IMag buffer. The supernatant was carefully aspirated.   

Per 2x107 cells, 50 µL of thoroughly vortexed BD IMag anti-human CD14 

particles were used. After mixing, the cells were incubated at room temperature for 30 

minutes. The BD IMag particle labeling volume was then increased to 9 mL with 1x 

BD IMag buffer, distributed into 3 FACS tubes, and placed on the magnet for 8-10 

minutes. The supernatant containing the negative fraction was aspirated with the 
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tubes still on the magnet. The remaining cells were resuspended in a 4 mL buffer after 

being removed from the magnet. They were returned to the magnet for 2-4 minutes, 

and the supernatant was again aspirated. This step was repeated once.  

In the end, the stained, positive fraction was resuspended in an appropriate 

buffer or media.  

CD14+ cells were used for the generation of dendritic cells.  

  

4.3.4 Dendritic Cell Generation 

After PBMC and CD14+ cell isolation, the identified cells were utilized to 

generate dendritic cells. They were transferred into a medium of X-VIVO 15 medium 

containing 1% human serum type AB, 1000 U/mL IL-4, and 800 U/mL GM-CSF. After 

2 days, cytokines were added again using the same amount. Medium and serum were 

renewed if necessary. On days 5-6, naïve dendritic cells were checked 

microscopically, and maturation-promoting factors (1000 U/mL IL-6, 10 ng/mL IL-1ß, 

10ng/mL TNF-alpha and 1ug/mL PGE2) were added into the flask.   

The morphology was checked again in the following 1 to 2 days. If the dendritic 

cells were mature, they displayed distinct dendrites.  

Afterward, the immune phenotype was analyzed by flow cytometry, staining for 

CD86, CD83, and HLA-DR.  

Subsequently, the mature DCs were pulsed with the desired peptide (30 

μmol/mL) and ß2-microglobulin (20 ng/mL) for 2 to 4 hours and used for T cell priming 

or frozen and stored at -80°C until further use.  

 

4.3.5 CD8+ T Cell Isolation 

CD8+ T cells can be isolated from PBMCs using the CD8+ T Cell Isolation Kit, 

following the manufacturer’s instructions.  

First, the buffer was prepared by mixing the MACS BSA Stock Solution (PBS, 

0.5% bovine serum albumin (BSA), and 2 mM EDTA with the autoMACS Rinsing 

Solution in a ratio of 1:20.  

Cells of interest were counted, centrifuged, and resuspended in 40 µL buffer 

per 107 total cells. 10 µL/ 107 cells of the provided Biotin-Antibody Cocktail were added 

and incubated for 5 minutes at 2-8°C. Then, 30 µL buffer/ 107 cells and 20 µL/107 cells 
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of CD8+ T Cell MicroBead Cocktail were added. The mixture was again incubated for 

10 minutes at 2-8°C.  

An LS column must be put into a suitable MACS Separator to separate the cells 

and prepared by rinsing it with 3 mL of buffer. After that, the cell suspension was 

pipetted into the column. This being a negative selection, the flow-through containing 

the enriched CD8+ cells had to be collected. Subsequently, the column was washed 

with 3 mL of buffer, and the flow-through was again collected.  

The stained cells were removed from the column by extracting it from the 

magnet and flushing 5 mL of buffer through the column using a plunger.  

 

4.3.6 In Vitro T-cell Priming  

The previously generated and with the desired peptide-pulsed HLA-A*0201+ 

DCs were co-cultured with HLA-A*0201- CD8- T cells (5 x 103 DCs per well: 105 CD8+ 

T cells per well). For that purpose, each well of a labeled 96-well plate was filled with 

200 µl T cell medium and the required amount of both cell types. The T-cell medium 

was enriched with 1000 U/mL IL-6 and 10 ng/mL IL-12.  

After one week, the cells were re-stimulated using an equal amount of pulsed 

DCs, supplemented with 5ng/mL IL-7 and 100 U/mL IL-2.  

 

4.3.7 Cell Sorting and Multimer Staining  

The previously primed CD8+ cells were washed and then stained to determine 

their specificity for CD8 and the multimer in question (for the procedure, see Chapter 

4.6.2 Flow Cytometry).  

To prepare the cells for sorting, they were washed with T-cell medium and 

counted.   

2 x 105 cells were either not stained or stained with the appropriate amount of 

CD8 antibody (FITC and PE). The remaining cells were stained with CD8 antibody 

and the specific multimer provided by the working group of Prof. Dirk Busch, Institute 

for Medical Microbiology, Immunology and Hygiene, Technical University Munich, an 

unlabeled Pro5 R MHC class I Pentamer by ProImmune or a labeled Pro5 R MHC 

class I Pentamer by ProImmune and used according to their protocols and indication 

of quantity.  In the end, there were four samples per sorting. 
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The sorting took place in the laboratory of Prof. Dirk Busch, Institute for Medical 

Microbiology, Immunology and Hygiene, Technical University Munich, using a FACS 

Aria. The cells were filtered on-site, and propidium iodide (1µg/mL) was added to the 

samples to exclude dead cells from sorting.  

The T cells were sorted for CD8-FITC, multimer PE, and/or multimer APC or 

for the unlabeled or labeled Pro5 R MHC class I Pentamers specific for the peptide in 

question and placed in a tube filled with 500 µLof human AB serum. Samples and 

sorted cells were transported on ice. 

 

4.3.8 Limiting Dilution  

After sorting the CD8+ cells, they were expanded using limited dilution to single 

out the most promising clones.  

To do so, each well of a 96-well plate received a single T cell in 200 µL of T-

cell medium along with anti-CD3 (30 ng/mL), 105 irradiated LCL (100 Gray), and 5x104 

irradiated Pool-PBMCs (30 Gray). Additionally, 100 U/mL IL-2 and 2 ng/mL IL-15 were 

mixed into the T-cell medium. The single T cell was assigned statistically to a well 

based on the number of sorted cells in a predetermined medium volume.  

After a week, the T cells were re-stimulated by replacing half of the medium 

and the cytokines. 

 

4.3.9 T-Cell Expansion 

  T cells (at least 5x104 cells) were resuspended in a 25 mL T-cell medium. 

Irradiated LCL (100 Gray, 5x 106 cells/flask) and Pool-PBMCs of 4 healthy donors (30 

Gray, 2,5 x 107) were added as feeder cells. Furthermore, 30 ng/mL of Anti-CD3 was 

added immediately. One day after the start of the expansion, IL-2 (100 U/mL) and IL-

15 (2ng/mL) were mixed into the suspension.  

Afterward, cytokines were refreshed every two days, and the medium was 

replaced whenever necessary.   

 

4.4 Identifying specific T cell clones 

4.4.1 ELISpot Assay 

One day before starting the protocol, adherent cells were stimulated with 100 

U/mL INFy to increase their HLA presentation.  
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On the first day, 50 µL of the required antibody solution (capture antibody mAb 

1-D1K and PBS) was carefully pipetted into each well of the ELISpot plate and 

incubated for the night at 4°C.  

On the second day, T2 cells, if utilized, were pulsed with the peptide that 

needed to be tested and the FLU-negative control for two hours, mixed continuously, 

and washed three times with T-cell medium. The ELISpot plates were dumped, 

washed four times with 200µL PBS/well in 10-minute refrigerated intervals, and then 

blocked for unspecific binding by T-cell medium (150µL/well) for 60 minutes. The plate 

was then emptied out again. 

Meanwhile, the T cells to be tested were counted and washed three times with 

T-cell medium. 50 µL of T-cell medium containing the required number of T cells 

(e.g., 1000 or 5000 T cells) was put into each well and incubated for 30 minutes at 

37°C. Target cells were also counted and washed twice with T cell medium. 

Subsequently, 20,000 T2 and target cells/well were added in another 50 µL of T-cell 

medium by layering it on top of the T cells without mixing and incubated for 20 hours 

at 37°C.  

On the third day, the plates were emptied again and washed six times with PBS 

mixed with 0.05% Tween. 100 µL of the detection antibody (7-B6-1-Biotin in PBS and 

5% BSA) was added to each well and incubated for 2 hours at 37°C. Afterward, the 

plates were washed again with PBS and 0,05% Tween, and 100 µL of streptavidin-

horseradish peroxidase in PBS, and 5% BSA was pipetted into each well.  

After incubating for one hour, away from light and at room temperature, the 

plates were again washed three times using PBS Tween and three times with normal 

PBS.   

Finally, 100 µL of development solution (see 3.5.3) was added to each well. 

The reaction was halted after approximately 10 minutes or when spots were visible by 

rinsing the plates under running water.  

The plates were dried to analyze the plates using the ELISpot reader.   

 

4.4.2 Flow Cytometry  

The desired cells were counted. Per staining, 2 to 4 x 105 cells were added into 

a 96-well round bottom plate and then centrifuged at 1500 rpm for 5 minutes. Cells 

were resuspended in 50 µL of staining buffer. Next, 3µL of the appropriate antibody 
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was added, and the plate was incubated for 30 minutes at 4°C. Afterward, the plate 

was washed. For that, 100 µL of staining buffer was added to the samples and 

centrifuged at 1500 rpm for 5 minutes. The washing step was then repeated. The 

samples were then transferred into 300 µL PBS for the analysis. 

 

4.5 Sequencing TCRs 

4.5.1 RNA Isolation 

To isolate RNA from a sample, 1 mL TriReagent solution was used to 

homogenize 5-10 x 106 cells. The homogenate was then incubated at room 

temperature for 5 minutes.  

100 µL BCP was added for every milliliter of TriReagent solution, mixed, and 

then again incubated at room temperature for 5 - 15 minutes. After the time elapsed, 

the solution was centrifuged at 12000 g at 4 °C for 10 - 15 minutes. 

500 µL isopropanol was added per 500 µL of the solution's aqueous phase, 

vortexed for a few seconds, and then again incubated at room temperature. The 

centrifuge was used again at 12000 g for 8 min at 4 – 25 °C. Afterward, the supernatant 

was discarded, 1 mL of 75% ethanol per 1 mL solution was added, and the mix was 

centrifuged at 7500 g for 5 min. After removing the ethanol, the RNA pellet was air-

dried and then liquefied in 30 – 40 µL DEPC H20. 

The concentration of RNA was tested with a nanophotometer.  

 

4.5.2 cDNA Synthesis 

The High-Capacity Reverse Transcription Kit was used to transcribe RNA into 

cDNA.  

First, 2 PCR master mixes were prepared. Their composition is listed in Table 14 and 

15. 

Table 14 Mix A  

Buffer 2 µL 

Primer 2 µL 

dNTPs 0,8 µL 
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Secondly, the 20 µL combination of both master mixes was processed in a 

thermocycler. The settings are given in Table 16.  

 

Table 16 Phases and Temperatures in Thermocycler 

Phase Temperature (°C) Duration (min) 

1 25 10 

2 37 60 

3 37 60 

4 85 5 

5 4 ∞ 

 

The concentration of DNA was tested in a nanophotometer. 

 

4.5.3 Vαβ-Repertoire Analysis 

The AccuPrimeTM Taq DNA Polymerase System was used to analyze the Vα – 

and Vβ-repertoire of the T cell clones.  

A PCR was performed after RNA was isolated from the desired clone (5.7.1) 

and transcribed into cDNA (5.7.2). 

To amplify the TCR repertoire, 34 alpha chain-specific primers and 38 beta 

chain-specific primers, and two internal controls per chain were used. These variable 

primers attach to the 5'-end of the different TCR variable chains. 3' TCα and 3' CβII 

were used as the respective 3’-primers. They correspond to a constant region close 

to the variable chain. The internal controls P-5`αST and P-3`αST and P-5`βST and P-

3`βST are binding in the constant regions of their respective chains.  

The primer sequences can be found in Chapter 3.9. 

Again, a PCR master mix was prepared according to Table 17. 

 

Reverse 

Transcriptase 

1 µL 

 5,8 µL 

Table 15 Mix B  

RNA 1 µg 

DEPC - H20   X µL 

 14,2 µL 
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Table 17 PCR ingredients 

  

10x Buffer I 2,5 µL 

H20 18,5 µL 

Primer P-5`αST/ P-5`βST 0,5 µL 

Primer P-3`αST/ P-3`βST 0,5 µL 

Primer 3`TCα/ 3`CβII 1 µL 

Primer Vαx/Vβx 1,5 µL 

AccuPrimeR Taq DNA Polymerase 0,5 µL 

 

The PCR was conducted using a thermocycler using the settings listed in Table 18 

and with phases 2-4 conducted for 40 cycles.  

 

Table 18 Phases and Temperatures PCR in Thermocycler 

Phase Temperature (°C) Duration (min) 

1 94  6 

2 94 1 

3 54 1 

4 68 1 

5 68 7 

6 4 ∞ 

 

4.5.4 Gel Electrophoresis and Sample Extraction 

The fragments of the Vαβ-Repertoire analysis were separated in 2 % agarose 

using gel electrophoresis.  

The gel was cast after adding 0.02 µL/mL ethidium bromide.  

The DNA solutions were mixed with 6x loading dye and pipetted into the gel 

slots. A 1 kb plus ladder was also running in the electrophoresis to determine the size 

of the fragments, which was performed at a voltage of 5 – 10 V/cm.  

Promising fragments were then cut from the gel under UV light with the help of 

a scalpel and could then be extracted from the gel via the Strataprep DNA gel 

extraction kit.  
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300 µL extraction buffer was pipetted into an epi containing the gel cube and 

dissolved at 50°C for approximately 10 minutes.  

The solution was then placed into a micro spin cup in a 2 mL tube and 

centrifuged for 30 seconds. The flow-through was discarded, and 750 µL wash buffer 

was added to the micro spin cup, which was again centrifuged for 30 seconds.  

After transferring into another 1.5 mL Epi, pipetting 50 µL DEPC-H20 onto the 

fiber matrix, and incubating for 5 minutes at room temperature, the tube was 

centrifuged for 30 seconds a last time.  

A nanophotometer measured the concentration of the DNA in the flow-through. 

 

4.5.5 TCR sequencing 

Sequiserve in Vaterstetten sequenced all samples using the corresponding 

primers. The Basic Local Alignment Search Tool (BLAST) and the open reading frame 

finder (ORFfinder) were used to analyze the sequencing results.  

 

4.5.6 Single-Cell RNA Sequencing 

Single-cell RNA sequencing was performed with the help of Sabrina Wagner 

from the Institute for Medical Microbiology, Immunology and Hygiene, Technical 

University Munich, Germany. 

 

4.6 Data Analyses and Statistics 
 

GraphPad Prism 10 and FlowJo were utilized to analyze data and create 

graphics.  

Where applicable, ELISpot assays were analyzed with a two-tailed T-test, and Error 

Bars indicate the results from duplicate experiments. A p-value of <0.05 was seen as 

statistically significant.   

 

The methods were implemented according to protocols used in our laboratory, which 

can lead to similarities with previous work published by members of our laboratory. 

For example, the methods were previously described in (Blaeschke, 2016; Kirschner, 

2017; Pirson, 2010; Storz, 2020). 
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5 Results 

 

5.1. LIPI 

 

Two pre-generated T-cell clones targeting LIPI (Lipase 1), a protein that plays 

a significant role in oncogenesis and metastasis (Mahlendorf & Staege, 2013; Staege 

et al., 2004), were re-evaluated for their specificity and functionality. 

Both clones were stained with FITC CD8, the specific LIPI multimer, and an 

unspecific STEAP1 multimer for comparison. The staining results (see Figure 2 A) 

clearly showed that the clones are CD8 positive, confirming their identity as T cells. 

They also showed positive binding to the specific LIPI-multimer, whereas the 

unspecific STEAP1 multimer did not bind, indicating that these clones are specific for 

the LIPI-peptide. 

Following this, two ELISpot assays (see Figure 2 B) were performed to test further 

peptide specificity, HLA-A*0201 restriction, and the ability of the T-cell clones to 

recognize Ewing sarcoma cell lines in IFNγ ELISpot assays.  
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Figure 2 LIPI clones 1A5 & 2C10 are peptide-specific in FACS and ELISpot analysis but neglect EwS-tumor 

cell lines (A) Cells were stained for FITC CD8+ and a LIPI-specific PE-multimer as a positive control (left) and with 

FITC CD8+ and a STEAP1-specific PE-multimer as a negative control (right) (B) The clones were tested in an IFNy 

ELIspot for peptide specificity and HLA-A*0201 restriction and their ability to identify EwS cell lines. LIPI-pulsed T2 

cells served as the positive control, while FLU-pulsed T2 cells served as the negative control for peptide specificity. 

EwS cell lines A673, TC71, EW7: HLA-A*0201+ EwS served as a positive control, while SB-KMS-KS: HLA-A*0201- 

EwS, 697: HLA-A*0201+ pediatric cALL and K562: MHC- NK cell control were used as a negative control, regarding 

peptide specificity and HLA-A*0201 restriction. 
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The ELISpot assays confirmed the flow cytometry results, showing significant T-cell 

activity in wells containing target cells loaded with the LIPI peptide and almost none in 

wells with irrelevant FLU-control peptide. However, LIPI clones 1A5 and 2C10, 

although able to recognize peptide-pulsed T2 cells, did not recognize any Ewing 

sarcoma cell lines, specifically A673, TC71, or EW7, suggesting that LIPI may not be 

expressed on the tested tumor cell lines. Consequently, these clones were not 

pursued further. 

 

5.2 PAX7 

 

Next, PAX7 was analyzed as a potential target. It is linked to cancer growth and 

is also present in alveolar rhabdomyosarcoma and synovial sarcoma (Baldauf et al., 

2018; Charville et al., 2017). 

 

5.2.1 In Silico Analysis 

An in silico analysis was conducted to identify PAX7 peptides suitable for 

processing and presentation via HLA-A*0201 (see Chapter 4.2.1). The analysis, which 

can be found in Table 19, suggested four peptides with high scores in binding strength, 

including PAX7 489, PAX7 280, PAX7 3, and PAX7 374. Importantly, these peptides 

showed no hits in the cross-reactivity scan. These peptides were selected for further 

evaluation and commissioned.  

Table 19 In silico prediction of binding scores & cross-reactivity identifies 4 PAX7 nonamers (using 

SYFPEITHY & ScanProsite). PAX7-peptides were tested in silico using SYFPEITHY & ScanProsite for a high 

binding score and no hits in the cross-reactivity test. Four promising peptides were chosen for further evaluation. 

Table was sorted by binding score in descending order.  

Position Sequence Score (SYFPEITH) Hits (Cross-

reactivity) 

280 QLAAFNHLL 24 no hit 

489 CLFMESYKV 24 no hit 

3 ALPGTVPRM 23 no hit 

374 HMNPVSGL 23 no hit 
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5.2.2 PAX7-HLA-A*0201-Binding Assay 

A T2/HLA-A*0201 peptide binding assay (see Figure 3) was performed as 

described in Chapter 4.2.2 to analyze the binding properties of the four peptides 

relative to an influenza peptide (GILFGFVFTL). The PAX7 489 peptide (CLFMESYKV) 

emerged as a promising HLA-A*0201 binder, comparable to the influenza peptide, the 

positive control, and was selected for further use. An increased binding affinity could 

also be observed with higher peptide concentrations.  

 

Figure 3 HLA-A2 Binding Assay via FACS analysis identifies PAX7 489 as a good binding peptide. 

Nonamers identified in in silico testing were tested for their HLA-A2*0201 binding capacities. The fluorescence 

intensity in comparison to FLU (positive control) and an intensity increase associated with a higher peptide 

concentration were evaluated. 

5.2.3. Generation of PAX7 specific T cell clones 

To generate allo-restricted, PAX7-specific cytotoxic T cells, CD8+ HLA-

A*0201+ T cells were co-cultured with PAX7 489-pulsed DCs for 14 days. The 

maturation status of DCs was confirmed by the presence of CD83, CD86, and HLA-

DR markers (see Figure 4). 
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Figure 4 DCs were considered mature when positive for CD86, HLA-DR, and CD83 DCs were tested for their 

maturity level in a FACS analysis, either a) unstained, or b) & c) stained with CD86 FITC, HLA-DR PE, and CD83 

APC. 

After 14 days, the CD8+ HLA-A2*0201 + T cells were stained with CD8 and the 

PAX7 multimer. Alternatively, unlabeled Pro5 R MHC class I Pentamers specific for 

PAX7 and made visible by the Pro5 Fluorotag R-PE, or the labeled Pro5 R MHC class 

I Pentamer specific for PAX7 were used for staining. Typically, 2 x 107 cells were used. 

Double-positive cells were sorted at the Institute for Medical Microbiology, 

Immunology and Hygiene, Technical University Munich, Germany (exemplary see 

Figure 6 A) and expanded using limiting dilution (see Chapter 4.3.8). 

Several runs were conducted to increase the likelihood of identifying promising 

cells, adjusting different variables. For example, various colors (APC vs. PE) and 

multimers (CD8 vs. CD3 and CD4) were used for staining to avoid potential 

interference with the peptide-specific multimer. Furthermore, a labeled Pro5 R MHC 

class I Pentamer and then an unlabeled Pro5 R MHC class I Pentamer were tested, 

in contrast to the previously used multimer, hoping for better binding properties. 

Moreover, HLA-A*0201+ blood from a known young donor was used instead of Buffy 

coats from unknown donors to increase the probability of selecting young, vital cells. 
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Figure 5 T cells were chosen for further testing based on a crown-like clonal T-cell growth pattern on the 

bottom of the well. Following the sorting and a 2-week limiting dilution process, the cells were evaluated 

microscopically regarding their growth pattern. 

After two weeks of expansion (see Chapter 4.3.8), the T cells were always 

tested in screening ELISpots for their ability to recognize target peptides. Cell 

populations for the screening ELISpot were selected based on their growth pattern, 

meaning a dense crown on the bottom of the wells (see Figure 5). One such screening 

ELISpot can be found in Figure 6 B.  

Clones were selected and considered specific depending on their ability to 

identify the positive control, T2 cells pulsed with the PAX7-peptide. Furthermore, the 

non-recognition of the negative control, T2 cells pulsed with a FLU-peptide, was 

considered.  

 

Clones showing a strong response to PAX7-peptide-pulsed T2 cells and 

minimal response to a FLU-peptide control in the screening ELISpot were selected for 

further expansion (see Chapter 4.3.9).  PAX7 clone 6E12 showed the best recognition 

of loaded T2 cells but also some cross-reactivity with FLU-pulsed T2 cells.  

Figure 6 (C,D,E) shows the results of the Confirmation ELISpot of the most 

promising clone, 6E12.  The T-cell clone 6E12 showed a good recognition of the 

positive control, suggesting a peptide specificity. Some potential cross-reactivity was 

observed, as the clone also recognized the negative control (FLU-pulsed T2 cells) but 

to a lesser degree.  
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Moreover, 6E12 was able to recognize Ewing sarcoma cancer cell lines, 

notably the HLA-A201+ A673 and TC71 tumor cell lines, much better than the HLA-

A201- SB-KMS-KS cell line, implying an HLA-A*201 restriction.  

 

Figure 6 PAX7 T cell-sorting - identified PAX7 clone 6E12 recognized PAX7-loaded T2 cells and EwS cancer 

cell lines in IFNy ELISpot. (A) In vitro primed CD8 + T cells were stained for FITC CD8 and PE Pentamer/Multimer. 

Double-positive cells were gated (P5) and subsequently sorted. (B,C,D,E) After the limiting dilution process, the T 

cell clones were tested in IFNy ELIspots for peptide specificity, HLA-A*0201 restriction, and their ability to identify 

EwS cell lines. PAX7-pulsed T2 cells served as the positive control, while FLU-pulsed T2 cells served as the 

negative control for peptide specificity. EwS cell lines A673 and TC71: HLA-A*0201+ EwS served as a positive 

control, while SB-KMS-KS: HLA-A*0201- EwS was used as a negative control regarding HLA-A*0201 restriction. 

Clones eliminated after the screening ELISpot not shown. 

Based on these findings, this clone was chosen for further investigation and 

expanded to generate enough cells to potentially identify a TCR. 

Despite initial promising results, the specificity and viability of clone 6E12 
could not be replicated over time. A FACS analysis and an additional ELISpot assay 
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was performed to investigate this phenomenon. The results are shown in 

 
Figure 7.  
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Figure 7 IFNy ELISpot and FACS analysis of T-cell clone 6E12 show little remaining PAX7-peptide-

specificity and many non-viable cells. (A, B) PAX7- (& CHM1) specific T cell clones were tested again in IFNy 

ELIspots for peptide specificity, HLA-A*0201 restriction, and their ability to identify EwS cell lines after a prolonged 

culture time. PAX7- (& CHM1-) pulsed T2 cells served as the positive control, while FLU-pulsed T2 cells served as 

the negative control for peptide specificity. EwS cell lines A673 and TC71: HLA-A*0201+ EwS served as a positive 

control, while SB-KMS-KS: HLA-A*0201- EwS was used as a negative control regarding HLA-A*0201 restriction. 

(C) T cells were stained with specific PAX7-PE-pentamer and FITC CD8, pictured on the right, and with an 

unspecific CHM1-PE-multimer and FITC CD8 as control, pictured on the left. (Error bars indicate the standard 

deviation of a duplicate, * p <0,0332) 

The peptide specificity suggested in the conducted ELISpots could not be 

replicated, neither in an additional ELISpot assay, which showed barely any 

recognition of PAX7-pulsed T2 cells, nor in a FACS analysis, as no significant 

difference between the relevant (PAX7) and irrelevant (CHM1) staining could be 

identified. Furthermore, a large amount of cell debris or non-viable cells was observed. 
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As a result, further investigation of this clone was halted. Attempts to generate another 

promising PAX7 clone were unsuccessful. However, the initial ELISpot results suggest 

potential for future efforts, particularly with approaches like scRNAseq that may reduce 

cultivation time and minimize cell death and overgrowth. 

 

5.3 GPR64 

 

 GPR64, which is involved in tumor progression and metastasis, was also 

investigated. It is over-expressed in several cancers, including Ewing sarcoma.  

(Richter et al., 2013; Schirmer et al., 2018) 

 

5.3.1 Background 

Previously, GPR64-862-specific clones were generated in our laboratory, but a 

TCR was never isolated, and no clone was preserved. Therefore, a new attempt to 

generate a GPR64-862-specific clone was initiated. Our group previously identified 

the target peptide, GPR64-862. 

 

5.3.2 Generation of GPR64 specific T-Cell Clones 

To generate allo-restricted, GPR64-specific, cytotoxic T cells, CD8+ HLA-

A*0201 + T cells were co-cultured with GPR64-862-pulsed DCs for 14 days. 

The DCs' maturation status was always checked before adding the adjusted 

amount, depending on the percentage of mature DCs. DCs were considered mature 

when positive for CD83, CD86, and HLA-DR (see Figure 4, equivalent to PAX7-

generation). 

After 14 days, the CD8+ HLA-A2*0201 + T cells were stained with CD8 and the 

GPR64-multimer. Typically, 2 x 107 cells were used. Double-positive cells were sorted 

at the Institute for Medical Microbiology, Immunology and Hygiene, Technical 

University Munich, Germany (exemplary see Figure 8 A). Subsequently, they were 

expanded using limiting dilution (see Chapter 4.3.8). 

After two weeks of expansion (see Chapter 4.3.8), the T cells were tested in 

screening ELISpots for their target recognition. Cell populations for the screening 

ELISpot were selected based on their growth pattern, characterized by a dense crown 

on the bottom of the wells (see Figure 5, equivalent to PAX7-generation).  
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One such screening ELISpot, containing the most promising clones, can be 

found in Figure 8 B. 

Clones were selected depending on their ability to identify the positive control - 

T2 cells pulsed with the GPR64-peptide. Furthermore, the non-recognition of the 

negative control - T2 cells pulsed with a FLU peptide, was considered.  

Promising clones identified in the screening ELISpot were then further 

expanded (see Chapter 4.3.9). Figure 8 C, D, and E shows the results of the 

confirmation ELISpot for the most promising clone, C520.  

Clone C520 demonstrated good recognition of the positive control, indicating 

peptide specificity. However, it did not recognize Ewing sarcoma cancer cell lines 

better than the negative control. Despite this, the HLA-A*0201+ A673 and TC71 tumor 

cell lines were better identified than the HLA-A*0201- SB-KMS-KS cell line, suggesting 

potential HLA-A*0201 restriction.  

 

Figure 8 GPR64 T cell-sorting – identified GPR64 clone C520 recognized GPR64-loaded T2 cells and HLA-

A*0201 positive cell lines in IFNy ELISpot. (A) In vitro primed CD8 + T cells were stained for FITC CD8 and PE 

Pentamer/Multimer. Double-positive cells were gated (P6) and subsequently sorted. (B,C,D,E) After the limiting 

dilution process, the T cell clones were tested for peptide specificity, HLA-A*0201 restriction, and their ability to 
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identify EwS cell lines in IFNy ELISpots. GPR64-pulsed T2 cells served as the positive control, while FLU-pulsed 

T2 cells served as the negative control for peptide specificity. EwS cell lines A673 and TC71: HLA-A*0201+ EwS 

served as a positive control, while SB-KMS-KS: HLA-A*0201- EwS, was used as a negative control HLA-A*0201 

restriction. Clones eliminated after the screening ELISpot not shown. 

 

Due to slow growth, a FACS analysis was not performed to ensure sufficient 

cells for RNA isolation. 

 

5.3.3 Identification of TCR Chains  

RNA was isolated (see Chapter 4.5.1) and transcribed into cDNA (see Chapter 

4.5.2). Gel electrophoresis was performed to identify the relevant Vα and Vβ chains 

for a potential TCR. 

Specific bands were found at a height of 300 to 500 bp. The results are shown 

in Figure 9. 

 

Figure 9 TCR PCR identifies several PCR products representing potential Vα & Vβ chains for the 

identification of the GPR64-862 TCR sequence. Different primers were used to amplify the expressed alpha- 

and beta-chains in the GPR64 clone. Bands between 500 – 300 bp (red boxes) were cut and sent for sequencing. 

The green box refers to the primer, that identified a TCR chain. Green boxes represent a successfully sequenced 

chain. 

The bands representing potentially promising sequences (red boxes) were cut 

from the gel and sent for sequencing. 
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The analysis at Sequiserve in Vaterstetten and a comparison with the BLAST 

and the ORFfinder identified only one Vβ chain. The BLAST results corresponding to 

the relevant primers containing the complete sequences and analysis, identifying the 

sequences as α- and ß-chains of TCRs can be found in Appendix 2.  

The relevant primer, Vβ8, can be found in Table 20. 

Table 20 Vß8 was identified as the relevant primer for the Vß-chain. 

Primer Primer-Sequence 

Vβ8 ATT TAC TTT AAC AAC AAC GTT CCG 

  

 

Attempts to generate a different GPR64 clone have not yet been successful. 

Future efforts using techniques like scRNAseq, which allow for shorter cultivation 

times, may reduce cell death and overgrowth, thereby increasing the chances of 

successful clone generation. 

 

5.4 CHM1 

 

CHM1 mediates metastasis in Ewing Sarcoma, especially into the lung. It is a 

downstream target of EWS-FLI1. (Blaeschke et al., 2016; Charville et al., 2017; U. 

Thiel et al., 2011; von Heyking et al., 2017) 

 

5.4.1 Background 

CHM1 is a promising target due to its already successful experimental use in 

patients (Thiel et al., 2017). Generating a new CHM1 clone could expand the available 

TCR options for patient treatment and potentially shed light on the issues encountered 

with the other targets in this thesis. 

An in silico analysis (see Chapter 4.2.1) identified suitable CHM1 peptides that 

could be processed within cells and presented via HLA-A*0201. Table 21 lists six 

interesting peptides with the highest predicted binding strength: CHM1 47, CHM1 10, 

CHM1 54, CHM1 34, CHM1 45, and CHM1 77. Importantly, no cross-reactivity was 

observed. These peptides were selected for further evaluation and commissioned. 
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Table 21 In silico prediction of binding scores & cross-reactivity identifies 6 CHM1 nonamers (using 

SYFPEITHY & ScanProsite). CHM1-peptides were tested in silico using SYFPEITHY & ScanProsite for a high 

binding score and no hits in the cross-reactivity test. Six promising peptides were chosen for further evaluation. 

Table was sorted by binding score in descending order. 

 

Position Sequence Score (SYFPEITHI) Hits (Cross-

reactivity) 

47 LISGAVLLL 27 no hit 

10 IALVGPDDV 20 no hit 

54 LLFGAIGAF 20 no hit 

34 SSPARLLKV 19 no hit 

45 VVLISGAVL 19  no hit 

77  YTMSINGKL 19 no hit 

 

 

5.4.2 CHM1 Binding Assay 

A T2/HLA-A*0201 peptide binding assay was performed (see Chapter 4.2.2) to 

analyze the binding properties of the six peptides compared to an influenza peptide 

(GILFGFVFTL). None of the peptides showed promising binding properties - except 

for CHM1 319, the established nonamer previously used in our laboratory to discover 

a TCR and successfully create a transgenic T cell (Blaeschke et al., 2016; U. Thiel et 

al., 2011). For CHM1 319, binding properties were comparable to FLU and increased 

with an increased peptide concentration. The results can be found in Figure 10.  
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Figure 10 HLA-A2 Binding Assay via FACS analysis confirms only CHM1 319 as a good binding peptide. 

Nonamers identified in in silico testing were tested for their HLA-A2*0201 binding capacities. The fluorescence 

intensity in comparison e to FLU (positive control) and an intensity increase associated with a higher peptide 

concentration were evaluated. 

 

Work began to generate another clone targeting the known CHM1 nonamer 

(VIMPCSWWV), aiming to establish a "clone library" with varying TCR characteristics 

for patient treatment, for example, regarding affinity to the target. Furthermore, the 

nonamer could function as a positive control, especially considering the multiple 

failures regarding the generation of a PAX7-specific and subsequent sequencing of 

the TCR.  

 

5.4.3 Generation of CHM1-specific T cell clones 

To generate allo-restricted, CHM1 319-specific cytotoxic T cells, CD8+ HLA-

A*0201+ T cells were co-cultured with CHM1 319-pulsed DCs for 14 days. The 

maturation status of DCs was confirmed by CD83, CD86, and HLA-DR markers (see 

Figure 4, equivalent to PAX7-generation). 
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After 14 days, the CD8+ HLA-A2*0201 + T cells were stained with CD8 and the 

CHM1 multimer, the unlabeled Pro5 R MHC class I Pentamers specific for CHM1 and 

made visible by the Pro5 Fluorotag R-PE, or the labeled Pro5 R MHC class I Pentamer 

specific for CHM1. Typically, 2 x 107 cells were used. Double-positive cells were sorted 

at the Institute for Medical Microbiology, Immunology, and Hygiene, Technical 

University Munich, Germany (exemplary see Figure 11 A). Subsequently, they were 

expanded using limiting dilution (see Chapter 4.3.8). 

Again, several runs were conducted to increase the likelihood of identifying 

promising cells, adjusting different variables. For example, various colors (APC vs. 

PE) and multimers (CD8 vs. CD3 and CD4) were used for staining to avoid potential 

interference with the peptide-specific multimer. Furthermore, a labeled Pro5 R MHC 

class I Pentamer and then an unlabeled Pro5 R MHC class I Pentamer were tested, 

in contrast to the previously used multimer, hoping for better binding properties. 

Moreover, HLA-A*0201+ blood from a known young donor was used instead of Buffy 

coats from unknown donors to increase the probability of selecting young, vital cells. 

After two weeks of expansion (see Chapter 4.3.8), the T-cells were tested in 

screening ELISpots for their target recognition (see Figure 11 B). Cell populations for 

the screening ELISpot were selected based on their growth pattern, characterized by 

a dense crown on the bottom of the wells (see Figure 5, equivalent to PAX7-

generation). 

Clones were selected depending on their ability to identify the positive control, 

T2 cells pulsed with the CHM1-peptide. Furthermore, the non-recognition of the 

negative control, T2 cells pulsed with a FLU-peptide, was considered. CHM1 clone 

5E3 showed the best recognition of loaded T2 cells and very little cross-reactivity (T2-

FLU).  

Promising clones identified in the screening ELISpot were then further 

expanded (see Chapter 4.3.9). The results of the confirmation ELISpot of the most 

promising clone, namely 5E3, can be found in Figure 11 C and D.  
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Figure 11 CHM1 T cell-sorting – identified CHM1 clone 5E3 recognized CHM1-loaded T2 cells and HLA-

A*0201 positive cell lines to some extent in IFNy ELISpot. (A) In vitro primed CD8 + T cells were stained for 

FITC CD8 and PE Pentamer/Multimer. Double-positive cells were gated (P5) and subsequently sorted. (B, C, D) 

After the limiting dilution process, the T cell clones were tested again for peptide specificity, HLA-A*0201 restriction, 

and their ability to identify EwS cell lines in IFNy ELISpots. GPR64-pulsed T2 cells served as the positive control, 

while FLU-pulsed T2 cells served as the negative control for peptide specificity. EwS cell lines A673 and TC71: 

HLA-A*0201+ EwS served as a positive control, while SB-KMS-KS: HLA-A*0201- EwS, was used as a negative 

control regarding HLA-A*0201 restriction. Clones eliminated after the screening ELISpot not shown.  

Clone 5E3 demonstrated good recognition of the positive control, indicating 

peptide specificity. However, it did not recognize Ewing sarcoma cancer cell lines 

better than the negative control. Despite this, the HLA-A*0201+ A673 and TC71 tumor 

cell lines were better identified than the HLA-A*0201- SB-KMS-KS cell line, suggesting 

potential HLA-A*0201 restriction. Based on these findings, this clone was chosen for 

further investigation and expansion. 

A FACS analysis was performed (see Figure 12 C). It showed a partial CD8+ T 

cell population shift, suggesting a CHM1-peptide specificity. An unspecific HLA-

A*0201-multimer, PAX7, served as the negative control. Additionally, the FACS 
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analysis also showed some non-viable cells. Another IFNy ELISpots after a prolonged 

expansion period confirmed the peptide specificity for CHM1, the EwS cell line 

recognition, and HLA-A*0201 restriction (see Figure 12 A and B). 

 

Figure 12 FACS analysis, depicting a partial shift of CD8+ T-cell population, and IFNy ELISpot of CHM1-

specific T cell clone 5E3 confirm peptide-specificity and HLA-A*0201 restriction. (A,B) CHM1- (&PAX7) 

specific T cell clones were tested again in IFNy ELIspots for peptide specificity, HLA-A*0201 restriction, and their 

ability to identify EwS cell lines after a prolonged culture time. CHM1- (& PAX7-) pulsed T2 cells served as the 

positive control, while FLU-pulsed T2 cells served as the negative control for peptide specificity. EwS cell lines 

A673 and TC71: HLA-A*0201+ EwS served as a positive control, while SB-KMS-KS: HLA-A*0201- EwS was used 

as a negative control regarding HLA-A*0201 restriction. (C) T cells were stained with specific CHM1-PE-pentamer 
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and FITC CD8, pictured on the right, and with an unspecific PAX7-PE-pentamer and FITC CD8 as control, pictured 

on the left. (Error bars indicate the standard deviation of a duplicate, * p <0,0332, ** p<0,0021, ***p<0,0002) 

 

5.4.4 Identification of TCR Chains  

RNA was isolated (see Chapter 4.5.1) and transcribed into cDNA (see Chapter 

4.5.2). Gel electrophoresis was performed to identify the relevant Vα and Vβ chains 

for a potential TCR. 

Specific bands were found at a height of 300 to 500 bp. The results can be 

found in Figure 13. 

The bands representing potentially promising sequences (red boxes) were cut 

from the gel and sent for sequencing.  

 

 

Figure 13 TCR PCR identifies several PCR products representing potential Vα & Vβ chains for the 

identification of the CHM1-319 TCR sequence. To amplify the expressed alpha- and beta-chains in the CHM1 

clone, different primers were used. Bands between 500 – 300 bp (red boxes) were cut and sent for sequencing. 

Green boxes refer to the primers that identified a TCR chain. Green boxes represent a successfully sequenced 

chain. 

The analysis at Sequiserve in Vaterstetten as well as a comparison with the 

BLAST and the ORFfinder identified 2 Vα -chains and 3 Vβ-chains, suggesting a lack 

of monoclonality in the sample.  
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The BLAST results corresponding to the relevant primers containing the 

complete sequences and analysis, identifying the sequences as α- and ß-chains of 

TCRs can be found in Appendix 3. The relevant primers can be found in Table 22. 

Table 22 Relevant primers identified for a possible TCR. 

Primer Primer-Sequence 

Vα14.1 CAG TCC CAG CCA GAG ATG TC 

Vα14 CAG TCT CAA CCA GAG ATG TC 

Vβ4 ACA TAT GAG AGT GGA TTT GTC ATT 

Vβ6.1new GCC CAG AGT TTC TGA CTT ACT TC 

Vβ7 CCT GAA TGC CCC AAC AGC TCT C 

 

 

5.5 Single Cell RNA Sequencing 

To compare and verify the sequences found for GPR64 and CHM1 and asses 

the possibility of doing future experiments with a different approach, a sample of CHM1 

5E3 and GPR64 C520 was also sequenced using single-cell RNA sequencing with 

the help of Sabrina Wagner from the German Cancer Consortium in the Institute for 

Medical Microbiology, Immunology and Hygiene of the Technical University Munich.  

For GPR64, no full TCR sequence was identified either. After sample 

preparation, there was only one GPR64 cell detectable, and it proved negative for CD8 

and CD3 and therefore considered irrelevant (see Figure 14).  

 

Figure 14 scRNAseq identifies CHM1-CD8-positive T-cell clones. T cells in the sample were tested for TCR 

expression and T cell markers. TCR+ (black), CD8A+, and CD3D+ cells could be found in the samples for CHM1 

(turquoise). Only one GPR64+ cell (pink) was found, negative for TCR-, CD8-, and CD3-. The identified CHM1-
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specific cells (turquoise) were sequenced (Figure from Sabrina Wagner, German Cancer Consortium in the Institute 

for Medical Microbiology, Immunology and Hygiene of the Technical University Munich). 

For CHM1, an α- and ß-chain corresponding to one cell could be identified. The 

result can be found in Table 23.  

 

Table 23 A full TCR could be identified via scRNAseq targeting CHM1, highlighted in red. The black 

sequences show another target (DKK2) that was also investigated by our group and tested in the same experiment.  

 

This analysis shows yet another TCR sequence distinct from those found with 

the traditional method. Nevertheless, the nature of scRNAseq, which sequences only 

one cell at a time and groups them, suggests that this is a full TCR, meaning there is 

no mispairing between alpha—and beta-chains and that, at least in this sample, there 

was only one clone with only one TCR.   

This sequence can now be used for the generation of transgenic T cells 

presenting the identified TCR. This is now being done in our laboratory using retroviral 

transduction as well as CRISPR/Cas9. While it was not yet possible to identify TCRs 

for LIPI, GPR64, and PAX7, this study has successfully identified a TCR targeting an 

Ewing sarcoma-specific antigen, namely CHM1, which is essential for tumor 

metastasis and/or tumor survival. This is a vital step in the process of creating TCR 

transgenic T cells. Furthermore, introducing scRNAseq in the process helps 

streamline future attempts.  
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6 Discussion 

 

6.1 The Current Treatment  

 

Through the introduction of a multimodal therapy regime, which includes a 

combination of chemotherapy, surgery, and radiation, progress has been made over 

the last decades. Yet, Ewing Sarcoma still remains a therapeutical challenge.  Survival 

rates for patients with localized disease are plateauing at 70-80%, while survival rates 

for patients with advanced disease are far worse at <30%. Moreover, the treatments 

are associated with severe toxicities, highlighting the need for better and less toxic 

treatment options. (Balamuth & Womer, 2010; Grünewald et al., 2018; Hesla et al., 

2021; Zöllner et al., 2021) 

To reiterate, patients are usually included in clinical trials for treatment. The 

most common treatment protocols focus on multiagent chemotherapy, including 

agents like vincristine, doxorubicin, cyclophosphamide, ifosfamide, and etoposide 

(see 1.1.6). (Anderton et al., 2020; Bernstein et al., 2006; Hesla et al., 2021) 

In advanced or relapsed cases, auto-SCT or allo-SCT in combination with high-

dose chemotherapy in different constellations has been tested as a treatment option. 

While some studies have reported improved outcomes in relapsed or refractory 

patients and a possible Graft versus Tumor effect, the success rate differs, and event-

free long-term survival remains a challenge, especially considering the accompanying 

toxicities. (Bernstein et al., 2006; Burdach et al., 2000; U. Thiel et al., 2011; U Thiel et 

al., 2011) 

The other treatment pillars also have complications, which can be separated 

into acute and late effects. (Grünewald et al., 2018) 

The effects of chemotherapy can further be divided into more general and agent-

dependent side effects. Anthracyclines such as doxorubicin are known to be 

cardiotoxic. Alkylating agents, such as cyclophosphamide and ifosfamide, are also 

associated. Moreover, they are associated with infertility, which is especially important 

and life-altering, as patients are usually young, and family planning is still in their 

future. (Bernstein et al., 2006; Hudson, 2010; Simbre et al., 2005) In the short term, 

chemotherapy can induce nausea, vomiting, and most agents commonly used in 

treatment regimens have at least a moderate to high emetogenic potential. An 



   
 

 71 

increased infection risk due to myelosuppression, which usually limits agent dosage, 

is well documented. (Friberg et al., 2002; Grünewald et al., 2018; Hesketh, 2008) 

Both radiation and chemotherapy can cause secondary malignancies. 

Occurrences of secondary malignancies have been well documented for EwS-long-

term survivors, with Caruso et al. (2019) listing incidences of up to 20,5% after 30 

years. Solid tumors, especially osteosarcoma, were the most common, while leukemia 

presented the largest entity. (Bernstein et al., 2006; Caruso et al., 2019; Fuchs et al., 

2003; Grünewald et al., 2018; Paulino & Fowler, 2005) Radiation can further damage 

the surrounding tissue and cause pulmonary fibrosis and growth impairment in 

pediatric patients. (Fuchs et al., 2003; Grünewald et al., 2018; Hesla et al., 2021; 

Zöllner et al., 2021) Bone healing problems, fractures, and infection risks accompany 

surgery. Especially, endoprostheses in limb-sparing surgeries carry risks like 

loosening, mechanical failure, and periprosthetic infections. (Hardes et al., 2010; 

Hesla et al., 2021; Zöllner et al., 2021) The main complication in allo-SCT is GvHD, 

which is when the donor cells attack the recipient’s tissues. It can lead to severe 

complications, including death, as well as long-term complications, such as non-

malignant organ dysfunction and a loss of quality of life. Infections are not only a cause 

of morbidity but also mortality, caused by neutropenia and a diminished T-cell 

response even more than a year after engraftment. This is further exacerbated by the 

clinically needed immunosupression. (Burdach et al., 2000; DANIEL KELLY 

BENJAMIN et al., 2002; Mohty & Mohty, 2011; Ruutu et al., 2012) 

To sum it up, patients suffering from advanced Ewing sarcoma still have poor 

outcomes, while the adverse effects of current treatments are substantial. Therefore, 

future research is required to develop safer and more effective treatment strategies, 

leading to better patient outcomes and general improvement in the quality of life.  

 

As mentioned in the introduction, adoptive T Cell therapy could be a possible 

approach. Especially, considering that while allo-SCT has not been able to achieve a 

breakthrough in advanced EwS-treatment, its tentatively described effects indicate 

that other immunotherapeutic approaches may be worth pursuing. Immunotherapy, 

including targeted therapy, in general, has revolutionized cancer treatment and has 

shown promising results across various cancer types. Adoptive cell therapy, in 

particular, includes TIL, TCR-T Therapy, and CAR-T Therapy, which leverage the 

immune system to target and eliminate cancer cells. More targeted approaches like 
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TCR T cell therapy, might even be able to separate the unwanted Graft versus Host-

effect from the wanted Graft-versus-Tumor effect in an allogenic setting. (Blaeschke 

et al., 2016; Nicholson et al., 2012; Rohaan et al., 2019) 

 

In light of this, in this thesis, I aimed to identify specific TCRs that can be utilized 

for adoptive transfer treating Ewing Sarcoma. 

But why might the TCR Therapy approach be better than CAR-T Therapy for 

the treatment of Ewing Sarcoma? 

 

6.2 CAR-T Therapy and TCR Therapy 

 

CARs were developed as monoclonal antibodies plus intracellular T-cell 

activation domains. (Leko & Rosenberg, 2020) This informs their structure as a 

synthetic receptor with an extracellular antigen-binding domain, a hinge region, a 

transmembrane domain, and an intracellular signaling domain. (Sterner & Sterner, 

2021) 

Based on antibodies, CARs can identify surface antigens without relying on 

MHC molecules for antigen presentation. (Sterner & Sterner, 2021) While limited to 

extracellular antigens, CARs are also able to recognize non-proteins like 

carbohydrates or glycolipids. (June et al., 2018; Sadelain et al., 2009)  

CARs have proven successful in treating hematologic malignancies, such as B-cell 

leukemia or lymphoma. (Huang et al., 2020; Sterner & Sterner, 2021) Maude et al. 

(2014) were able to produce high remission rates in relapsed and refractory ALL 

patients. Porter et al. (2011) treated CLL patients with CART19 infusions, resulting in 

remissions that were sustained for at least ten months. (Maude et al., 2014; Porter et 

al., 2011) These and other reports of remarkable clinical outcomes and long-term 

survival in patients' bodies established CAR-T cells as “living drugs” and a powerful 

therapeutic option, although low persistence of CAR-T cells has also been reported. 

(Huang et al., 2020; Mohanty et al., 2019) 

One of the major advantages of CAR-T therapy is the MHC-independent T-cell 

activation. (June et al., 2018; Sterner & Sterner, 2021)  
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This makes CAR-T therapy suitable for a broader spectrum of patients, 

irrespective of their HLA type and genetic backgrounds. (Baulu et al., 2023; Shafer et 

al., 2022; Wachsmann et al., 2022) 

Moreover, CARs are highly potent effector cells, killing efficiently and producing 

cytokines abundantly, at least in the short term. However, in situations of continuing 

or large quantities of antigen, CAR-T cells run the risk of activation-induced cell death. 

Engineered TCR T-cells, on the other hand, are able to retain a central memory pool. 

(Wachsmann et al., 2022) 

CAR-T therapy also has other limitations. The fact that CAR-T cells can only 

target surface antigens is one of them. Therefore, their application is limited to cases 

where such antigens are present. Many tumors, especially solid or pediatric tumors, 

may not express suitable antigens or if they do only in a very heterogeneous manner. 

(Baulu et al., 2023; Greenbaum et al., 2021; Gröbner et al., 2018; Marofi et al., 2021; 

Shafer et al., 2022) 

Antigen escape is another issue for CAR-T therapy. Tumors can fully or partially lose 

antigens, especially targeted during treatment rendering it ineffective. (Sterner & 

Sterner, 2021) However, this is also true for TCR Therapy, but maybe to a lesser 

extent, as T cells theoretically only need one antigen to elicit a response, whereas 

CARs need many. (Shafer et al., 2022) However, CAR-T cells, being MHC-

independent, do not run the risk of the loss of MHC-associated antigen presentation 

through MHC-class I downregulation, a main mechanism of immune escape. (Garrido 

et al., 2017; June et al., 2018; Muenst et al., 2016; Seliger, 2005) 

The immunosuppressive environment of solid tumors and problematic tumor 

infiltration also pose a substantial hurdle for both CAR-T therapy and TCR therapy. 

(Greenbaum et al., 2021; Marofi et al., 2021; Shafer et al., 2022; Sterner & Sterner, 

2021; Wei et al., 2022) 

Additionally, CAR-T therapy can cause severe side effects and toxicities. 

Cytokine release syndrome, CRS, caused by a massive cytokine release of the CAR-

T cells, can manifest as an influenza-like syndrome with fever or even organ 

dysfunction and death. (June et al., 2018; Neelapu et al., 2018; Sterner & Sterner, 

2021) Neurotoxicity is also a common occurrence with patients developing seizures, 

delirium, cerebral edema, or hemorrhage. (June et al., 2018; Neelapu et al., 2018; 

Sterner & Sterner, 2021) 
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For TCR-T Therapy, T cells can also be engineered to express a TCR capable of 

identifying a specific antigen. (Shafer et al., 2022) Similar to natural T cells, a TCR 

alpha- and beta chain are introduced into the T cell and facilitate the desired specificity 

together with the endogenous CD3 complex. (Shafer et al., 2022) 

As indicated above, in contrast to CAR T-cells, TCR T-cells can only detect 

antigens that have been processed and are being presented by MHC molecules. 

(Shafer et al., 2022) However, the MHC presentation makes it possible for TCR T-

cells to also recognize intracellular antigens. (Baulu et al., 2023; Shafer et al., 2022) 

In the case of Ewing Sarcoma, given that it is a solid tumor with a low mutation burden 

characterized by an intracellular fusion protein EWS-FLI1, this seems to be an 

advantage. (Crompton et al., 2014; Gröbner et al., 2018) 

TCR T cells are highly sensitive towards their target antigen. They are 100 

times more sensitive to their specific antigen than CAR-T cells, meaning a lower 

antigen density is enough to elicit a response. (Baulu et al., 2023; Salter et al., 2021; 

Shafer et al., 2022; Wachsmann et al., 2022) Furthermore, being MHC-dependent, 

TCR T cells engage more natural signaling pathways, possibly resulting in better tumor 

detection and killing while elevating T cell persistence. (Baulu et al., 2023; Wu et al., 

2020) 

In conclusion, TCRs seem to be the better choice for a solid tumor like Ewing 

Sarcoma.  This is due to TCR-T cells’ ability to recognize intracellular and extracellular 

antigens, allowing for targeting a broader range of antigens, their greater sensitivity to 

their target epitope, especially in situations with lower antigen concentrations, a 

potentially more physiological downstream signalling that may prevent exhaustion and 

drive survival and a reduced risk of CRS. (Baulu et al., 2023; Chruściel et al., 2020; 

Shafer et al., 2022; Wei et al., 2022) 

 

6.3 Target Selection 

 

With TCR Therapy as the chosen approach, suitable targets have to be 

selected. Targets with constant, high expression should be preferred to ensure that 

the TCRs can efficiently and sustainably recognize and eliminate cancer cells. Tumor 

biology and the role the targets play in it need also be considered; targets involved in 

essential pathways for tumor growth, survival, and metastasis are prioritized, as they 
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will most likely impact tumor progression and, therefore, influence the development of 

the disease. Of particular interest in this context are driver mutations, especially if they 

are shared by patients and homogenously expressed. (Leko & Rosenberg, 2020; Rath 

& Arber, 2020; Shafer et al., 2022; Thiel et al., 2017) 

Another key factor is the specificity of the target antigen. Targets with minimal 

expression in normal tissues should be selected to reduce the risk of off-tumor on-

target effects and toxicity. TCRs specific for the antigen will optimally only target 

cancer cells, minimizing the damage to healthy tissues and the risk of GvHD frequently 

experienced in allo-SCT. (Hinrichs & Restifo, 2013; Leko & Rosenberg, 2020; Rath & 

Arber, 2020; Shafer et al., 2022; U. Thiel et al., 2011) 

To give an example, CHM1 is overexpressed in Ewing Sarcoma cells.  

Furthermore, CHM1 is involved in metastasis. Disrupting it could impact important 

biological processes that support tumor spread, especially lung metastasis, and, 

therefore, influence the progress of the disease. Moreover, the limited expression of 

CHM1 in normal tissues reduces the risk of “on-target, off-tumor” effects, making 

CHM1 a safer target for TCR-based therapy, as the TCRs would primarily attack the 

cancer cells, as they are the only ones expressing it. All of this, taken together, makes 

CHM1 a suitable target for TCR Therapy. (U. Thiel et al., 2011; Thiel et al., 2017; von 

Heyking et al., 2017) The other targets were evaluated similarly (see 1.2.5.).  

It is important to remember that Ewing sarcoma is a rather non-immunogenic 

tumor, showing very low somatic mutation rates and, therefore, not providing many 

neoantigens that could be used as possible targets for immunotherapy. That is why 

we focused on overexpressed antigens and non-mutated cancer-specific genes, only 

expressed during embryogenesis or immune-privileged germline, such as the testis, 

which lacks HLA-class 1, reducing the risk for off-tumor toxicity. (Crompton et al., 

2014; Gröbner et al., 2018; Shafer et al., 2022) 

 

6.4 The findings 

 

LIPI, PAX7, GPR64, and CHM1 were evaluated as targets for T cell-based 

immunotherapy in Ewing Sarcoma. 
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6.4.1. LIPI 

The two preexisting LIPI clones, 1A5 and 2C10, were confirmed as a LIPI/HLA-

A*0201 restricted CD8+ T cell line in a FACS analysis, as they were able to be stained 

by a LIPI-specific multimer and not by an irrelevant one. Moreover, both LIPI-specific 

T cell clones targeted LIPI-pulsed T2 cells while neglecting the FLU-pulsed negative 

control in IFN-  ELISpots. This indicates that the clones were specific for the LIPI 

nonamer. However, they demonstrated no Ewing sarcoma cell-specific recognition.  

Lacking EwS-cell line recognition has been observed several times in our 

research group. Several reasons were proposed back then. First, these specific clones 

could not detect the epitope on the cell lines. Other clones might be capable of doing 

that.  Second, the antigen density is lower on cell lines compared to pulsed T2 cells, 

a concern, especially in case of a possible low avidity clone, which therefore cannot 

target the cell lines, as avidity plays a central role in TCR sensitivity. On the other 

hand, a too-high avidity clone might be less effective in low-dose peptide:MHC-

situations, and the density with which each target is exhibited is unclear. This is related 

to third, the cell line expresses the antigen but presents it badly, or fourth, the epitope 

is not processed at all. This can be tested by COS7 transfection, for example. We 

assumed the fourth variant at that point – a possible lacking expression on the cancer 

cell lines, at least of that protein isoform. (Campillo-Davo et al., 2020; Pirson, 2010; U. 

Thiel et al., 2011) 

Regarding the peptide presentation on cell lines, it is important to consider, that 

cell lines progress in culture. Ben-David et al. (2018) showed that established cancer 

cell lines exhibit clonal and genetic diversity. This is associated with different cellular 

properties, cellular function, and morphology. It could even be shown that this had a 

major impact on drug response. Hughes et al. (2007) corroborate this, especially when 

cells are in culture for a long time and passaged often. Cells might experience genetic 

drift or selective pressure and, therefore, demonstrate different key functions.  

All this introduces variability in cell behavior and elicited responses, making it more 

difficult to understand and reproduce experimental data or even produce wrong 

results. (Ben-David et al., 2018; Hughes et al., 2007; Pamies et al., 2022) 

An additional concern is inter- and intraspecies contamination, as more than 

one-third of cell cultures are supposed to contain cross-contamination. Microbial 
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contamination, especially mycoplasma, can often be found. It can distort experiments 

by introducing unwanted variables and interfering with most aspects of cell physiology, 

including cell growth. (Hughes et al., 2007; Masters et al., 2001; Pamies et al., 2022; 

Uphoff & Drexler, 2011; Young et al., 2010) 

In light of this, phenotypic variability, which is even detectable when genetic 

and environmental differences are minimized, which they were possibly inadvertently 

not in the experiments, needs to be considered – especially concerning peptide 

presentation or growth rates. (Ben-David et al., 2018; Geiler-Samerotte et al., 2013; 

Pamies et al., 2022) 

This could be a reason why tumor cell lines were not recognized by LIPI clones and 

not well recognized in the ELISpot assays of GPR64 and CHM1 clones. Maybe the 

cells did not express the peptide on their surface at the time, did so badly, or exhibited 

impurities. 

It is also important to consider that proteins can have isoforms. This includes 

peptides derived from LIPI and might also be an explanation for their missing cell line 

recognition if the cell lines were to express another isoform. Protein isoforms are 

based on the same gene but exhibit different amino acid sequences and occur due to 

splicing, mutations, or post-translational modifications. (Mann & Jensen, 2003; Psatha 

et al., 2017; Sinitcyn et al., 2023; Torrens-Fontanals et al., 2021)  These isoforms 

could affect the binding affinity and recognition of the peptides by TCRs and, therefore, 

the final success of a possible therapy. Post-translational modifications, for example, 

influence the activation, location, the turnover, and even protein-protein-interactions. 

(Mann & Jensen, 2003)  It may be pertinent in future studies to consider protein 

isoforms during the development of TCRs so that they can specifically recognize and 

function effectively against peptides, as well as their isoforms. The lack of protein 

isoform exploration is common in proteomic studies, for example due to missing 

suitable methods, representing a field that needs to be further explored. (Mann & 

Jensen, 2003; Psatha et al., 2017; Sinitcyn et al., 2023) 

Moreover, as mentioned above, the chosen target has to be processed and 

expressed on the tumor cell. COS cells have the ability to express a specific protein 

for a limited period (Aruffo, 1998; Edwards & Aruffo, 1993). Consequently, transducing 

COS7 cells with HLA-A2- and peptide-cDNA would have demonstrated whether the 

peptides are physiologically processed and presented on the cell surface. 

Furthermore, this method could have confirmed the ability of TCRs to recognize the 
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peptides. In fact, T cells release IFN-y when confronted with double-transfected COS-

7 cells if the epitope is present. (Pirson, 2010; U. Thiel et al., 2011) Nevertheless, the 

step of transducing COS7 cells with HLA-A2 and peptides was omitted. Only for 

CHM1-319 has the peptide processing been confirmed by this method before. (Pirson, 

2010; U. Thiel et al., 2011) However, this approach might have clarified the issues with 

poor recognition of tumor cells, such as the LIPI clones. COS7 cell transduction could 

have given an indication of whether the problem lay with the T cells, the peptides and 

their presentation, or the tumor cells. 

 

6.4.2 PAX7 

In contrast, the PAX7-specific clone 6E12 was able to detect EwS-cell lines, as 

well as the PAX7-pulsed T2 cells, in vitro, indicated by IFN- release in ELISpot 

Assays. Unfortunately, the initial specificity could not be replicated over time, and the 

clone population became increasingly unviable. For that reason, a TCR sequence for 

this antigen could not be identified yet. Besides, generating any PAX7 clone proved 

very difficult with many unsuccessful runs, with sometimes not a single clone being 

able to recognize PAX7-pulsed T2 cells in the Screening IFN-  ELISpots. Possible 

reasons for that, adjustments we made to find this one initially specific clone, and 

possible reasons for the specificity loss and demise of it could be related to the chosen 

original cells or the sorting and staining process.  

A vital step in T-cell generation is choosing the best possible cells to generate 

T cells.  

T cells are isolated from PBMCs, which can be easily obtained from healthy donor 

blood or buffy coats, which are leukocyte concentrates and a by-product from Blood 

Banks. Due to this, they are convenient, readily available, and commonly used in 

research settings. (Kleiveland, 2015) 

Importantly, the physiological status (nutrition, hormones, infections) influences the 

composition of the PBMCs, which can lead to experimental variations (Kleiveland, 

2015). It could, therefore, be assumed that using fresh blood from young, healthy 

donors to win PBMCs is more likely to garner high-functioning cells. They are less 

likely to be affected by age-related changes or environmental factors, as the donor is 

young and known.  



   
 

 79 

Moreover, fresh blood was utilized immediately, while the buffy coats used in 

our laboratory were older. The buffys even traveled to our laboratory from Ulm to 

Munich by train. A study by Mondragão-Rodrigues et al. (2023) showed that 

monocytes from Fresh Buffy Coats – blood collection and processing on the same day 

- were better at functioning as antigen-presenting cells and activating Natural Killer 

cells than monocytes from Overnight Buffys – collecting and processing on different 

days. While not directly testing the impact on T-cell functionality, this indicates that 

even short storage times can have an effect on the cells. Furthermore, we also used 

PBMCs from the Buffys to generate DCs in our experiments, highlighting the potential 

impact even more. (Mondragão-Rodrigues & Macedo, 2023) 

Additionally, all steps in handling PBMCs, including the collection, possible 

cryopreservation, thawing, and culture, influence T-cell viability and immunogenicity. 

For example, a relation between anticoagulant, post-venipuncture processing time, 

temperature - interesting also in relation to the train journey - and PBMC viability and 

functionality has been postulated. (Browne et al., 2024) This could also be controlled 

better when fresh blood from a young, known donor is used.  

In conclusion, fresh blood samples could increase the likelihood that T cells are in the 

best possible condition for expansion and activation, hopefully improving the overall 

success of generating specific T cells. In our case, the sorting yields increased after 

switching from buffy coats to fresh blood. 

Moreover, after priming, the T cells must be sorted to isolate the relevant 

antigen-specific T cells. The “right” T cell must be expanded to identify the “right” TCR 

later. Fluorescence-activated cell sorting (FACS) was used to analyze and sort single 

cells with the desired characteristics - CD8-positivity, and the ability to bind the MHC 

multimer/pentamer in our case. This was based on the detection of the specific 

antibodies or MHC- multimers/pentamers, respectively. (Davis et al., 2011; Givan, 

2011; Orfao & Ruiz-Arguelles, 1996; Picot et al., 2012)  

Cells are sorted if they are detected in a pre-drawn sort region. This is called 

gating.  

Importantly, different gating strategies lead to different outcomes. Gating is a manual 

process that selects zones of interest from bivariate graphs. Thereby, the analyzer 

sets thresholds for the detection of the desired markers to distinguish between target 

and non-target cells. However, different gating strategies lead to different results, 

especially quantitatively. (Anchang et al., 2014; Givan, 2011; Perfetto et al., 2004) 



   
 

 80 

Setting the gate more strictly or loosely, therefore, affects the yield when sorting. This, 

in turn, impacts the probability of isolating a desired cell. Nevertheless, it can also 

affect the level of avidity of the isolated cells, as the selection depends, among others, 

on the binding strength to the MHC multimer. The optimal level of avidity of T cells in 

potential future therapies is yet to be determined. (Anchang et al., 2014; Baulu et al., 

2023; Britten et al., 2009; Campillo-Davo et al., 2020; Davis et al., 2011; Schmid et al., 

2010; Shafer et al., 2022) In our case, setting a slightly less stringent sorting gate, 

obviously led to more sorted cells that could be tested and allowed us to have positive 

results in IFN Screening ELISpots. Maybe sorting too stringently only sorted highly 

avid cells, which exhausted too quickly and lost their effector functions, like IFN 

release. Additionally, lower affinity TCRs which would be more frequently included 

when gating more loosely, are, as mentioned above, more sensitive in low-dose 

peptide: MHC-situations, and the density with which each of the targets was exhibited, 

especially on the chosen EwS cell lines, is unclear. This is more important in the 

context of LIPI, GPR64, and CHM1 cell line recognition, but mentioned here for 

comprehensiveness. (Baulu et al., 2023; Campillo-Davo et al., 2020)  

The choice of multimer versus pentamer in the sorting process could also have 

influenced the detection of specific T cells and the avidity levels of sorted ones. In this 

study, we utilized MHC-multimers and pentamers specific for the respective target.  

They are peptide-MHC complexes that are multimerized. The multimeric 

structure improved the binding between TCR and the MHC complex, which is usually 

characterized by low affinity. This made it possible to detect and isolate specific T cells 

using FACS. Monomers would not have survived the process due to the fast off-rate 

of TCR/pMHC interaction. (Altman et al., 1996; Chang, 2021; Davis et al., 2011; 

Rudolph et al., 2006) 

MHC multimers, particularly tetramers, are widely used for TCR identification 

and immunological research. While already relatively sensitive, they may have a 

disadvantage in identifying lower affinity TCRs. (Chang, 2021; Davis et al., 2011) 

Pentamers, also multimers, consist of five MHC molecules. Due to their higher 

valency, they might have an increased binding avidity, for all MHC molecules can bind 

to CD8+ T cells. The enhanced sensitivity could reduce the risk of false negatives and, 

therefore, enable a more efficient and reliable identification of relevant TCRs. A study 

conducted in different labs by Britten et al. (2009) showed that CD8+ T cells specific 
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for two different antigens derived from PBMC from five different donors were more 

likely detected when pentamers were utilized compared to tetramers (81% vs. 61% 

responses). Moreover, pentamers are supposed to profit from great long-term stability. 

The use of pentamers has been validated in more than 1800 scientific publications. 

(Britten et al., 2009; Chang, 2021; Davis et al., 2011; ProImmune, 2024)  

This is consistent with the experiences gained during this study. Switching from 

multimers to pentamers produced improved yields with more positive clones in 

Screening ELISpot assays, or even any yield at all during sorting. 

Additionally, newer FACS machines can distribute the sorted cells into 

individual wells of a 96-well plate automatically. We seeded cells manually, which 

leads to a random settling of the sorted cells and possibly more than one cell per well 

by chance, facilitating the potential suppression of one clone by another. Therefore, 

the mechanical seeding could be the basis for a more controlled and precise way of 

limiting dilution. (Lindström & Andersson-Svahn, 2012; Lu et al., 2018) This could also 

constitute a possible reason why several alpha and beta chains could be detected 

when sequencing the CHM1 clone 5E3. Maybe there were several cells in one well, 

with only one facilitating the specificity. This can also be the basis for the hypothesized 

overgrowth and specificity loss of the PAX7 clone 6E12. (Lu et al., 2018) 

In conclusion, sorting and gating parameters can be adjusted to influence the yield 

and purity of T cells specific for the desired target. Under optimal sorting conditions, 

higher proportions should be specific for the target antigen. 

  

Nevertheless, the PAX7-489 nonamer was identified as a good binding peptide 

through in silico prediction and a PAX7-HLA-A*0201-Binding Assay, including 

comparable results to the FLU-positive control and a peptide-concentration dependent 

increase in HLA-A*0201 expression. These results taken together with the fact that a 

specific clone could be identified at first, recommend PAX7 as a promising therapeutic 

target, especially since PAX7 is not only overexpressed on Ewing Sarcoma, but also 

synovial sarcoma and alveolar rhabdomyosarcoma. (Baldauf et al., 2018; Charville et 

al., 2017) A potential TCR could, therefore, be used for patients with different types of 

cancers.  
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6.4.3 GPR64 

For GPR64, there were already several more or less successful generation 

attempts in our laboratory (Pirson, 2010). However, a TCR was never isolated.  

While a promising clone emerged, we were also unsuccessful in sequencing a TCR.  

The identified GPR64-clone C520 was able to recognize GPR64-pulsed T2 cells while 

detecting the FLU-pulsed negative cells significantly less in IFN-  ELISpots, 

suggesting a peptide-specific recognition. Interestingly, the HLA-A*0201+ cell lines 

A673 and TC71 were detected only as well as the negative control. However, the HLA-

A*0201- cell line SB-KMS-KS was barely detected, suggesting a potential HLA-A*201 

restriction. 

Such a recognition pattern is not unheard of in our research group. In the work of 

Blaeschke et al. (2016), a similar pattern can be observed, with around 400-500 IFN-

  spots/1000 T cells for T2 & FLU and TC71 and A673. They also acknowledged that 

the IFN-  release of T cells targeting pulsed T2 cells is more pronounced than in co-

culture with cancer cell lines, postulating a non-physiological setting. They explained 

the background IFN-  release in the well with FLU-pulsed T2 cells as a possible weak 

allo-recognition amplified by the very dense presentation of peptide/MHC-complexes 

on T2 cells and the activation of T cells is associated with the epitope density. Back 

then, they could not detect any cross-reactivity in subsequent tests. Therefore, we still 

went ahead with this clone. (Blaeschke et al., 2016; Campillo-Davo et al., 2020) 

Unfortunately, the clone did not expand as hoped.  

Our T cells were often in culture for an extended period of time, most often due 

to a cell number that was too small to proceed with subsequent experiments in a timely 

manner. We suspect that this played a substantial role with regard to the problem of 

identifying more specific TCRs. The failure of T cell clones to grow to sufficient 

numbers is well documented in the conventional process of T cell cloning. 

Martkamchan et al. (2016) mention three weeks as the appropriate time period for cell 

expansion (Martkamchan et al., 2016). According to Sudarsanam et al. (2022), most 

protocols mention 7-14 days as standard culture periods, at least for CAR T cell 

expansion (Sudarsanam et al., 2022). This was exceeded.  

Long-cultivation problems introduce additional problems to an already 

problematic T-cell expansion. These include competition for space in the case of 

overgrowth, nutrients, and growth factors or the accumulation of metabolic waste 
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products. This reduces cell viability and can ultimately lead to cell death. (Lu et al., 

2018; Martkamchan et al., 2016; Pamies et al., 2022; Rathmell et al., 2000) Jeurink et 

al. (2008) showed that the number of non-viable cells increased steadily from day to 

day up to day 7 in culture after polyclonal stimulation, and in our case, the cells were 

in culture much longer (Jeurink et al., 2008). This supports the large number of non-

viable cells we identified in the FACS analyses, especially in the one from PAX7. 

Overgrowth and prolonged culture times could also mean the growth of an 

unspecific clone (especially remembering the manual seeding process or cross-

contamination with another clone from another well or flask) and, consequently, the 

suppression of the specific desired one. This might be an explanation for the specificity 

loss observed in the PAX7 clone 6E12. (Pamies et al., 2022) 

Moreover, there can be temporary alterations in the TCR expression of T cells 

during T-cell activation, as surface TCRs can cycle between intracellular 

compartments (internalization) and the plasma membrane. These TCR expression 

levels influence the T-cell responses to a certain antigen, and the longer the cultivation 

time, the more likely differences in expression are. Three reasons for TCR 

downregulation are proposed by Schrum et al. 2003. Two are interesting in our case. 

First, the cells are actively signaling or not ‘resting’ due to growth factors, which were 

supplied continuously. Second, the utilized TCR ligand is very strong. Anti-CD3 would 

be an example of that and was used in our T-cell expansion protocol. TCR 

downregulation can be sustained for several days. (Schrum et al., 2003) This could 

have led to different, sometimes diminished, specificities and effectiveness levels of T 

cell populations over time and in different tests. Both up- and downregulation of 

surface TCR influences the signaling potential of T cells. However, some TCR 

expression on the cell surface always remains. Moreover, changing avidities can be 

observed as surface TCRs undergo avidity maturation. (Labrecque et al., 2001; 

Schrum et al., 2003) This is also an important point to consider, when thinking about 

the specificity loss observed in the PAX7 clone. 

Additionally, T cells can become exhausted, which is associated with the loss 

of effector functions, such as decreased cytokine production or diminished cytotoxic 

activity, and the expression of inhibitory receptors. Exhaustion is known to contribute 

to the fact that T cells do not grow enough to proceed with the TCR identification 

progress. (Dunsford et al., 2020; Lu et al., 2018; Wherry, 2011) All of this could have 

introduced a potential variability in the reproducibility of specificity results, and as 
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mentioned above, T cell growth was not only an issue in the GPR64 clones mentioned 

here but also in a lot of other generation attempts that were conducted. Furthermore, 

a member of our laboratory showed that at least retrovirally transduced T cells lost all 

effector functions after 54 days in culture, underlining our observations here, that a 

prolonged culture time results in T cell exhaustion. (Xue, 2022) It could also constitute 

another possible reason for our inability to reproduce PAX7 specificity after some 

culture time. 

Strategies addressing these challenges could include the adjustment of nutrient 

concentrations and stimuli, keeping the culture time as short as possible, and including 

rest periods to prevent exhaustion and TCR downregulation. (Dunsford et al., 2020; 

Pamies et al., 2022; Schrum et al., 2003; Sudarsanam et al., 2022; Wherry, 2011) 

Considering this, it might be worth looking at the T-cell stimulation and 

expansion protocols and two highly relevant players.  

DCs are professional antigen-presenting cells. They capture and process 

antigens to exhibit them as MHC-peptide complexes and stimulate T cells to initiate 

immune responses. They also provide co-stimulatory signals required for the 

activation of T cells. Moreover, they play an important role in the regulation of T cells 

and the immune system, for example, with regard to T cell tolerance and the negative 

selection of autoreactive cells. (Banchereau & Steinman, 1998; Steinman, 2003) 

Cytokines also play an essential role in T-cell stimulation (Bachmann & 

Oxenius, 2007; Banchereau & Steinman, 1998; Steinman, 2003). IL-2, for example, is 

crucial for the immune response, progressing the T-cell cell cycle and encouraging T 

cells to proliferate, grow, and differentiate. It is routinely used in cell cultures, including 

ex vivo expansion of T cells. (Bachmann & Oxenius, 2007; Smith, 1988; Sudarsanam 

et al., 2022) This is also true for our laboratory, where it is utilized for T-cell priming 

and expansion protocols. 

Proleukin is the recombinant form of IL-2. Although its effects should be similar 

to natural IL-2, it is a more homogeneous product and may offer enhanced stability. It 

is used clinically to treat cancer patients, such as renal cell carcinoma or melanoma, 

and viral infections like HIV. (Baigent, 2002) 

In this study, dendritic cells and IL-2, later Proleukin, were used to expand T 

cells. T cells were usually primed two times with DCs and cytokines, but more frequent 

stimulation (e.g., three times) could enhance the efficacy of T-cell priming. Continual 

and repeated stimulatory signals at the right time maintain T cells in an activated state, 
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promote their survival, and sustain their function. It has been shown that strong or 

weak stimulation is correlated with the number of activation events in T cells. 

(Bachmann & Oxenius, 2007; Richard et al., 2021; Smith, 1988; Sudarsanam et al., 

2022) Nevertheless, the stimulation frequency needs to be balanced against 

overstimulation. Overstimulation or stimulation at the wrong time can lead to T-cell 

exhaustion – marked by a loss of the capacity to perform effector activities and the 

expression of inhibitory receptors – activation-induced cell death, or toxicity. 

(Bachmann & Oxenius, 2007; Dunsford et al., 2020; Martkamchan et al., 2016; 

Sudarsanam et al., 2022; Wherry, 2011; Wherry & Kurachi, 2015) 

Maybe a different stimulation regimen could have improved the viability and 

effectiveness of the T cells.  

Additionally, single-cell sequencing may provide a chance to decrease the 

culture times—and, therefore, the risks associated with prolonged ones—and may 

further provide insights into cellular and genomic heterogeneity, thus helping identify 

issues related to TCR expression and T-cell exhaustion. (Lu et al., 2021; Lu et al., 

2018; Schrum et al., 2003; Szabo et al., 2019; Wherry, 2011; Wherry & Kurachi, 2015) 

Nevertheless, the cell number was enough for one sequencing round. Sadly, 

only a beta-chain could be identified using traditional sequencing, and no relevant 

GPR64 cell was detectable by the time we tried to utilize scRNAseq. This could all be 

related to the problems associated with the long cultivation times given above, or due 

to sequencing problems described in the next section. 

However, GPR64 still presented itself as a viable target, as detection was possible at 

first. This is especially true as GPR64 is also highly expressed in nephroblastoma. 

(Richter et al., 2013) 

 

6.4.4 CHM1  

In the case of CHM1, a new TCR was successfully identified. The clone 5E3 

was confirmed as a CHM1/HLA-A*0201 restricted CD8+ T cell line in a FACS analysis, 

showing partial positivity to a CHM1-specific MHC-pentamer compared with an 

irrelevant PAX7-multimer. Notably, a lot of non-viable cells could also be detected, 

which we also interpreted as a result of a rather long T-cell cultivation time. The 

detection patterns observed in the IFN--ELISpots were comparable to that of the 

GPR64 clone C520, and results were therefore interpreted analogously. 
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Moreover, while no other CHM1-nonamers could be identified as good binding 

peptides in the CHM1-HLA-A*0201-Binding Assay, despite in silico prediction, the 

known CHM1-319 nonamer (VIMPCSWWV) was reinforced as such.  

The PCR and the traditional sequencing of clone 5E3 identified several alpha- 

and beta-chains, suggesting a non-clonality of the cell population. Reasons for that 

could be contamination or the seeding procedure during limiting dilution, as explained 

in the examples of clones specific for the other epitopes. Nevertheless, some T cells 

also naturally express multiple alpha chains. However, the phenomenon of multiple 

chains was also encountered by our research group before. ScRNAseq could provide 

a remedy for this. In our case, scRNAseq was able to identify one alpha- and one beta-

chain, which we know belongs together, as it was sequenced in a single cell, reducing 

the risks of mispairing in subsequent engineering steps and connected unwanted 

issues like specificity loss or cross-reactivity. (Blaeschke, 2016; Lu et al., 2018) 

As mentioned above, single-cell RNA sequencing could be an asset for 

identifying TCRs more efficiently. (Baulu et al., 2023; Shafer et al., 2022) It can provide 

a transcriptional analysis of individual cells and even provide information about their 

functional states. This enables scRNA to identify and describe cellular subpopulations. 

(Kolodziejczyk et al., 2015; Stubbington et al., 2017)  

scRNAseq can identify the TCR of individual cells in a sample. It can further 

provide information about monoclonality or potential heterogeneity in a clone 

population by determining whether identical or different TCR sequences exist. 

Moreover, since the TCR is identified from a single cell, the likelihood of mismatched 

alpha- and beta-chains during subsequent engineering steps and associated 

problems such as specificity loss or cross-reactivity can be reduced. This is important 

as traditional sequencing, which we employed in a first step, comes with hurdles. 

Some TCRs cannot be amplified by PCR very well. Furthermore, it is known that up 

to 30% of T cells have two different TCRα chains, but only one leads to a specific TCR. 

(Lu et al., 2021; Lu et al., 2018) This also needs to be considered in the light of the 

fact that we could identify several alpha chains and beta chains during the traditional 

sequencing of the CHM1 clone and only a beta chain when sequencing the GPR64 

clone. While there are also other explanations, such as previously mentioned 

overgrowth, contamination, or more than one cell per well, these amplification 

problems and multiple chains need to be examined as well, especially since the 

occurrence of multiple alpha and beta chains even after multiple limited dilution steps 
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was already observed in earlier works of our research group. (Blaeschke, 2016; Lu et 

al., 2018) 

The value of scRNAseq in this regard is indicated by the fact that during the scRNAseq 

of the CHM1 clone 5E3, one TCR with one alpha- and one beta-chain from one cell 

could be identified, which can now be engineered with greater confidence.  

Furthermore, in the future, the clone colonies can not only be sequenced more 

efficiently and more precisely but also be investigated regarding their functionality and 

activation state. Doing this may be crucial for effective TCR identification and the 

subsequent T-cell therapy development, as this aids in expanding and selecting the 

best cell subsets from a cell biology perspective, for example, those that have a high 

expression of effector cytokines like IFN- or IL-2. (Baulu et al., 2023; Lu et al., 2021; 

Lu et al., 2018; Shafer et al., 2022) 

Moreover, as mentioned in the previous paragraph, analyzing the genetic 

information in a single cell might significantly reduce the time required in culture to 

expand T-cell clones. (Lu et al., 2021; Lu et al., 2018) This shorter culture time reduces 

the possibility of overgrowth, cell death, or exhaustion, and other problems associated 

with longer durations of culture – all of which I encountered during my study. (Lu et al., 

2018) 

Summarizing, while one CHM1-specific T cell could be identified, we struggled 

to generate more CHM1-specific T cells and failed to identify any for the other targets. 

While this is statistically possible, it is unlikely. We see the reasons for the problematic 

TCR identification mainly in the peptide presentation, especially on tumor cells, T cell 

characteristics, like affinity or exhaustion, T cell expansion, and sequencing strategies. 

Moreover, it is important to remember, that while some phenomena were explained 

mainly at the example of a clone specific for one epitope, all of them played a role in 

the hampered generation of clones from all entities.  

 

6.5 Conclusion 

 

PAX7, GPR64, and CHM1 are promising targets for adoptive immunotherapy 

in advanced EwS. PAX7 also overexpressed in synovial sarcoma and alveolar 

rhabdomyosarcoma, and GPR64, present in nephroblastoma, are especially 

interesting T-cell targets.  
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The successfully identified TCR sequence for CHM1 will now indeed provide 

parts of a toolbox for T-cell engineering within our research group. It could be part of 

a potential foundation of a TCR library enabling the delivery of highly specific, targeted 

therapy for advanced Ewing Sarcoma patients.  

Nevertheless, more research and optimization are needed. Optimizing methods 

such as multimer/pentamer technologies, optimized DC stimulation, and single-cell 

RNA sequencing can enhance and simplify the identification, expansion, and possibly 

efficacy of TCRs.  

Future research will focus on the identification of further targets and the re-exploration 

of those pursued in this thesis. The identified TCR sequence will be further 

investigated in in vitro experiments and a mouse model. Transgenic T cells expressing 

the identified TCR will be genetically engineered by retroviral transduction and 

CRISPR-Cas9. 

  



   
 

 89 

7 Summary 

 

Ewing sarcoma is a highly aggressive bone and soft tissue cancer that mostly affects 

children and adolescents. It is characterized by EWS/ETS fusion oncogenes, which 

encode aberrant transcription factors responsible for transactivation and 

transformation.  At the time of diagnosis, 75% of patients with EwS display a local 

disease, including micro-metastases. However, 25% initially present with an already 

metastatic disease. These patients with metastatic disease, and especially with 

advanced Ewing sarcoma (≥ 2 bone metastases, and/or bone marrow involvement 

and/or relapse ≤ 2 years after diagnosis) still have a dismal prognosis.  

Ewing Sarcoma is usually treated with a multimodal approach combining 

chemotherapy and local therapy, including surgery and/or irradiation.  

Advanced Ewing sarcoma, in particular, is treated with a combination of high-dose 

chemotherapy and stem cell transplantation, albeit with varied results. However, 

current treatment protocols often lead to severe side effects. All of this, taken together, 

highlights the need for new therapeutic approaches. 

 

We examined T cell-based adoptive immunotherapy against nonamers derived from 

the EwS-associated antigens LIPI, GPR64, PAX7, and CHM1. 

To that end, nonamers selected in silico for their potential binding strength and lacking 

cross-reactivity were tested for their actual binding capacities in T2-HLA-A*02:01-

binding assays. The selected peptides were then used to pulse HLA-A*02:01+ 

dendritic cells, which were employed to prime HLA-A*02:01- CD8+ T cells. After the 

two-week co-cultivation period, the T cells were stained with multimers and 

subsequently sorted. Afterward, the identified cells were expanded using a single-cell 

dilution process. Selected based on their growth pattern, the clones were evaluated 

for HLA-A*02:01-restriction, peptide specificity, and Ewing sarcoma cell line detection 

in ELISpot assays and FACS analyses. Promising candidates were further expanded 

to analyze the DNA sequences of their T cell receptors (TCR). This was done both by 

using gel electrophoresis and polymerase chain reaction and by single-cell RNA 

sequencing.  

The T cells pulsed with LIPI antigen showed limited recognition of EwS, only targeting 

peptide-pulsed T2 cells as a positive control and failing to recognize EwS cell lines. 
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On the other hand, PAX7 and GPR64-specific T cells demonstrated peptide-specificity 

and the ability to target EwS cell lines in vitro, although PAX7 lost its specificity after 

an extended cultivation time. At the same time, a complete TCR sequence could not 

be identified for the GPR64-clone. Moreover, the CHM1-clone exhibited peptide-

specificity and Ewing Sarcoma cell line specificity in ELISpot assays and FACS 

analyses. For the CHM1-specific T cell clone, a new TCR was successfully identified 

using both PCR and scRNAseq. 

 

In conclusion, PAX7, GPR64, and CHM1 appear as promising targets for adoptive 

immunotherapy in advanced EwS. Notably, PAX7 is also overexpressed in synovial 

sarcoma and alveolar rhabdomyosarcoma, while GPR64 is in nephroblastoma, 

making these antigens particularly interesting as potential T cell targets. The 

discovered CHM1 TCR sequence will be further investigated in additional in vitro 

experiments and a mouse model. However, we struggled to identify TCRs for any 

other targets. The problematic identification of TCR may primarily be attributed to 

issues with peptide presentation, particularly on tumor cells. Factors such as T cell 

characteristics, including affinity or exhaustion, as well as T cell expansion and 

sequencing strategies, contribute to this challenge. Therefore, our future research will 

focus on revisiting PAX7 and GPR64, with an emphasis on scRNAseq, as this 

technique simplifies TCR identification, particularly after extended cell cultivation—a 

challenge encountered, particularly with PAX7 cells. These findings highlight the 

potential of targeted T cell therapy in addressing advanced EwS but stress the need 

for continued optimization of T cell manufacturing to make the generation of specific 

T cells for a wider variety of targets more efficient.  
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8 Zusammenfassung 

 

Das Ewing-Sarkom ist ein hochaggressiver Knochen- und Weichteiltumor, der 

hauptsächlich Kinder und Jugendliche betrifft. Es ist durch EWS/ETS-

Fusionsonkogene gekennzeichnet, die aberrante Transkriptionsfaktoren kodieren, die 

für Transaktivierung und Transformation verantwortlich sind. Zum Zeitpunkt der 

Diagnose zeigen 75 % der Patienten mit EwS eine lokale Erkrankung, einschließlich 

Mikrometastasen. Allerdings präsentieren sich 25 % der Patienten initial mit einer 

bereits metastasierten Erkrankung. Diese Patienten mit metastasierter Erkrankung 

und insbesondere mit fortgeschrittenem Ewing-Sarkom (≥ 2 Knochenmetastasen 

und/oder Knochenmarkbefall und/oder Rezidiv ≤ 2 Jahre nach Diagnose) haben 

weiterhin eine schlechte Prognose. 

 

Das Ewing-Sarkom wird in der Regel mit einem multimodalen Ansatz 

behandelt, der eine Kombination aus Chemotherapie und lokaler Therapie, 

einschließlich Operation und/oder Bestrahlung, umfasst. Das fortgeschrittene Ewing-

Sarkom wird insbesondere mit einer Kombination aus hochdosierter Chemotherapie 

und Stammzelltransplantation behandelt, wenn auch mit unterschiedlichen 

Ergebnissen. Die aktuellen Behandlungsprotokolle führen jedoch oft zu schweren 

Nebenwirkungen. All dies zusammen unterstreicht die Notwendigkeit neuer 

therapeutischer Ansätze. 

 

Wir haben T-Zell-basierte adoptive Immuntherapien gegen Nonamere 

untersucht, die von den mit EwS assoziierten Antigenen LIPI, GPR64, PAX7 und 

CHM1 abgeleitet sind. Zu diesem Zweck wurden in silico ausgewählte Nonamere, die 

sich durch ihre potenzielle Bindungsstärke und fehlende Kreuzreaktivität auszeichnen, 

in T2-HLA-A*02:01-Bindungsassays auf ihre tatsächlichen Bindungskapazitäten 

getestet. Die ausgewählten Peptide wurden dann verwendet, um HLA-A*02:01+ 

dendritische Zellen zu generieren, die eingesetzt wurden, um HLA-A*02:01- CD8+ T-

Zellen zu primen. Nach einer zweiwöchigen Kokulturzeit wurden die T-Zellen mit 

Multimeren gefärbt und anschließend sortiert. Danach wurden die identifizierten Zellen 

durch Einzelzelldilution expandiert. Auf der Grundlage ihres Wachstumsverhaltens 

wurden die Klone auf HLA-A*02:01-Restriktion, Peptidspezifität und Ewing-Sarkom-
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Zellliniendetektion in ELISpot-Assays und FACS-Analysen untersucht. 

Vielversprechende Kandidaten wurden weiter expandiert, um die DNA-Sequenzen 

ihrer T-Zell-Rezeptoren (TCR) zu analysieren. Dies wurde sowohl durch Gel-

Elektrophorese und Polymerase-Kettenreaktion als auch durch Einzelzell-RNA-

Sequenzierung durchgeführt. 

 

Die mit LIPI-Antigen gepulsten T-Zellen zeigten eine begrenzte Erkennung von 

EwS, indem sie nur die peptid-pulsierten T2-Zellen als positive Kontrolle angriffen und 

keine EwS-Zelllinien erkannten. Andererseits demonstrierten PAX7- und GPR64-

spezifische T-Zellen Peptidspezifität und die Fähigkeit, EwS-Zelllinien in vitro zu 

erkennen, obwohl PAX7 nach längerer Kultivierungszeit seine Spezifität verlor. 

Gleichzeitig konnte für den GPR64-Klon keine vollständige TCR-Sequenz identifiziert 

werden. Darüber hinaus zeigte der CHM1-Klon Peptidspezifität und Spezifität für 

Ewing-Sarkom-Zelllinien in ELISpot-Assays und FACS-Analysen. Für den CHM1-

spezifischen T-Zell-Klon wurde ein neuer TCR erfolgreich sowohl mittels PCR als 

auch scRNAseq identifiziert. 

 

Zusammenfassend scheinen PAX7, GPR64 und CHM1 vielversprechende 

Ziele für die adoptive Immuntherapie bei fortgeschrittenem EwS zu sein. 

Bemerkenswert ist, dass PAX7 auch in Synovialsarkomen und alveolären 

Rhabdomyosarkomen überexprimiert wird, während GPR64 in Nephroblastomen 

vorkommt, was diese Antigene als potenzielle T-Zell-Ziele besonders interessant 

macht. Die entdeckte CHM1-TCR-Sequenz wird in weiteren in vitro-Experimenten und 

in einem Mausmodell weiter untersucht. Wir hatten jedoch Schwierigkeiten, TCRs für 

andere Ziele zu identifizieren. Die problematische Identifizierung von TCRs kann 

möglicherweise auf Probleme bei der Peptidpräsentation, insbesondere auf 

Tumorzellen, zurückgeführt werden. Faktoren wie T-Zell-Eigenschaften, 

einschließlich Affinität oder Erschöpfung, sowie T-Zell-Expansion und 

Sequenzierungsstrategien tragen zu dieser Herausforderung bei. Daher wird sich 

unsere zukünftige Forschung auf die erneute Untersuchung von PAX7 und GPR64 

konzentrieren, mit einem Schwerpunkt auf scRNAseq, da diese Technik die TCR-

Identifikation, insbesondere nach verlängerter Zellkultivierung, vereinfacht – eine 

Herausforderung, die insbesondere bei PAX7-Zellen auftrat. Diese Ergebnisse 

unterstreichen das Potenzial der zielgerichteten T-Zell-Therapie bei der Behandlung 
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fortgeschrittener EwS, betonen jedoch die Notwendigkeit einer kontinuierlichen 

Optimierung der T-Zell-Herstellung, um die Erzeugung spezifischer T-Zellen für eine 

breitere Vielfalt von Zielen effizienter zu gestalten.   
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9 Appendix 

Appendix 1 

Table 24 Full table of binding scores & cross-reactivity of various PAX7 peptides (in silico using 

SYFPEITHY & ScanProsite). Four peptides (highlighted in green) showed a high binding score and no hits in the 

cross-reactivity test and were ordered for further analysis. Table was sorted by binding score in descending order.  

Position Sequence Score 
(SYFPEITHI) 

Hits (Cross-Reactivity) 

381  G L S P Q V M S I 27 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) 

151  G L V S S I S R V 25 Biopterin-dependent aromatic amino acid hydroxylase 
family profile : 
   >PS51410|BH4_AAA_HYDROXYL_2 (profile) 
Biopterin-dependent aromatic amino acid hydroxylase 
family profile : 

191  I L G D K G N R L 25 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) domain profile : 

224  F T A E Q L E E L 25 Protein prenyltransferases alpha subunit repeat profile : 
   >PS51147|PFTA (profile) Protein prenyltransferases 
alpha subunit repeat profile : 
 
      1 - 9:          score=4.592  [low confidence] 
        -------FTAEQLEEL------------------- 
 ADF-H domain profile : 
   >PS51263|ADF_H (profile) ADF-H domain profile : 
 
      1 - 9:          score=5.084  [low confidence] 
        ------------------------------------------------------------ 
        ------------------------------------------------------FTAEQL 
        EEL---------- 
 QLQ domain profile : 
   >PS51666|QLQ (profile) QLQ domain profile : 
 
      1 - 9:          score=8.107  [low confidence] 
        -FTAEQLEEL--------------------------  

388  S I L G N P S A V 25 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) domain profile : 
 
      1 - 9:          score=4.499  [low confidence] 
        ------------------------------------------------------------ 
        --------------------------SILGNPSAV-------- 
 GTF2I-like repeat profile : 
   >PS51139|GTF2I (profile) GTF2I-like repeat profile : 
 
      1 - 9:          score=5.012  [low confidence] 
        ----------------------------------------------SILGNPSAV----- 
        ----------------------------------- 

255  K L T E A R V Q V 24 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) domain profile : 
 
      1 - 9:          score=4.417  [low confidence] 
        --------------KLT---EARVQV---------------------------------- 
        ------------------------------------------- 
 Kininogen-type cystatin domain profile : 
   >PS51647|CYSTATIN_KININOGEN (profile) 
Kininogen-type cystatin domain profile : 
 
      1 - 9:          score=6.457  [low confidence] 
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        ------------------------------KLTEARVQV--------------------- 
        --------------------------------------------- 

280  Q L A A F N H L L 24 0 hit in 0 sequence 
405  S I S P L H G G L 24 Ephrin receptor-binding (ephrin RBD) domain profile : 

   >PS51551|EPHRIN_RBD_2 (profile) Ephrin receptor-
binding (ephrin RBD) domain profile : 

489  C L F M E S Y K V 24 0 hit in 0 sequence 
3  A L P G T V P R M 23 0 hit in 0 sequence 
374  H M N P V S N G L 23 0 hit in 0 sequence 
470  C L V P W A S P V 22 Reelin domain profile : 

   >PS51019|REELIN (profile) Reelin domain profile : 
 
 
>USERSEQ1  (9 aa) 
CLVPWASPV 
      1 - 9:          score=6.984  [low confidence] 

54  H I R H K I V E M 21 Protein prenyltransferases alpha subunit repeat profile : 
   >PS51147|PFTA (profile) Protein prenyltransferases 
alpha subunit repeat profile : 
 
 
>USERSEQ1  (9 aa) 
HIRHKIVEM 
      1 - 9:          score=4.610  [low confidence] 

287  L L P G G F P P T 21 CobBQ-type GATase domain profile : 
   >PS51274|GATASE_COBBQ (profile) CobBQ-type 
GATase domain profile : 
 
      1 - 9:          score=7.727  [low confidence] 
        --------------------------------------------LLPGGFPPT------- 
        ------------------------------------------------------------ 
        ------------------------------------------------------------ 
        -------------- 
 PfpI endopeptidase domain profile : 
   >PS51276|PEPTIDASE_C56_PFPI (profile) PfpI 
endopeptidase domain profile : 
 
      1 - 9:          score=6.969  [low confidence] 

408  P L H G G L D S A 21 GMP synthetase ATP pyrophosphatase (GMPS ATP-
PPase) domain profile : 
   >PS51553|GMPS_ATP_PPASE (profile) GMP 
synthetase ATP pyrophosphatase (GMPS ATP-PPase) 
domain profile : 
 
 
>USERSEQ1  (9 aa) 
PLHGGLDSA 
      1 - 9:          score=7.859  [low confidence] 

75  Q L R V S H G C V 20 Paired DNA-binding domain profile : 
   >PS51057|PAIRED_2 (profile) Paired DNA-binding 
domain profile : 
 
 
>USERSEQ1  (9 aa) 
QLRVSHGCV 
      1 - 9:          score=7.474  [low confidence] 

338  G L A A A A A A A 20 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) domain profile : 
 
 
>USERSEQ1  (9 aa) 
GLAAAAAAA 
      1 - 9:          score=4.623  [low confidence] 

33  L G Q G R V N Q L 19 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) domain profile : 
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>USERSEQ1  (9 aa) 
LGQGRVNQL 
      1 - 9:          score=4.128  [low confidence] 

30  S T P L G Q G R V 18 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) domain profile : 
 
 
>USERSEQ1  (9 aa) 
STPLGQGRV 
      1 - 9:          score=5.016  [low confidence] 

148  V P S G L V S S I 18 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) domain profile : 
 
 
>USERSEQ1  (9 aa) 
VPSGLVSSI 
      1 - 9:          score=4.479  [low confidence] 

304  Q L P D S T Y P T 18 Big-1 (bacterial Ig-like domain 1) domain profile : 
   >PS51127|BIG1 (profile) Big-1 (bacterial Ig-like domain 
1) domain profile : 
 
 
>USERSEQ1  (9 aa) 
QLPDSTYPT 
      1 - 9:          score=4.210  [low confidence] 

 

 

Appendix 2  

Table 25 BLAST results - Sequence of the identified Vβ chain of the GPR64 TCR. Only a Vβ -chain could be 

identified, after electrophoresis, PCR, and sequencing. The name sequence of the corresponding relevant primer 

is highlighted in yellow. Also listed is the identification of the sequence as TCR sequence. Also explained is the 

ORF and the number of ORFs (derived from BLAST & ORFfiner) 

 

Primer Identified Sequence number 

of 

ORFs 

relevant ORF identified 

as… 

>6-

GPR64\(Vb

-8><3CbII) 

ATTTACTTTAACAACAACGTTCCGATAGATGATTCA 

GGGATGCCCGAGGATCGATTCTCAGCTAAGATGCC 

TAATGCATCATTCTCCACTCTGAAGATCCAGCCCTC 

AGAACCCAGGGACTCAGCTGTGTACTTCTGTGCCA 

GCACCCTAGAGCCTCAGCCCCAGCATTTTGGTGAT 

GGGACTCGACTCTCCATCCTAGAGGACCTGAACA 

AGGTGTTCCCACCCGAGGTCGCTGTGTTTGAGCCAT

C 

 

2  

(ORF2 

negativ

e 

strand) 

MPEDRFSAKMPNASFSTL 

KIQPSEPRDSAVYFCASTLE 

PQPQHFGDGTRLSILEDLNKVFPPEVAVFE

P 

Homo 

sapiens T 

cell receptor 

beta chain 

(TCRBV8S1

-TCRBJ1S5) 

mRNA, 

complete 

cds 
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Table 26 BLAST results - Sequences of the identified Vα and Vβ chains of the CHM1 TCR. Several Vα- and 

Vβ-chains could be identified via electrophoresis, PCR, and sequencing, indicating viable T cells in the sample but 

calling monoclonality into question. The name sequence of the corresponding relevant primer is highlighted in 

yellow. Also listed is the identification of the sequence as TCR sequence. Also explained is the ORF and the 

number of ORFs (derived from BLAST & ORFfiner) 

Prime
r 

Identified Sequence number 
of ORFs 

relevant ORF identified 
as… 

RecN
ame 

AltName Shor
t 

Flags 

>CHM
1-Va-
14\(Va
-14) 

TGTGCAGGAGGCAGAGACYGTGACC
CTGAGCTGCACAT 
ATGACACCAGTGAGAGTRATTATTAT
TTRTTCTGGTACAA 
RCAGCCTCCCAGCAGGCAGATGATT
CTCGTTATTCGCCAA 
GAAGCTTATAAGCAACAGAATGCAAC
RGAGAATCGTTTCT 
CTGTGAACTTCCAGAAAGCAGCCAAA
TCCTTCAGTCTCAA 
GATCTCAKACTCACAGCTGGGGGAT
GCCGCGATGTATTTY 
TGTGCTTC 

1 MILVIRQEAYKQ
QNAT 
ENRFSVNFQKAA
KSFS 
LKISXSQLGDAA
MYFCA 

Homo sapiens 
mRNA for T cell 
receptor alpha 
chain V-J-
region, partial 
cds, isolate: 
Donor4-TRA1 

Full=T 
cell 
recept
or 
alpha 
variabl
e 38-
2/delta 
variabl
e 8; 
Full=T 
cell 
recept
or 
alpha 
chain 
MC.7.
G5 

Full=MC.7.G5 
TRA; Full=TR 
alpha chain 
TRAV38-
2DV8*01J31*0
1C*01 

 Flags: 
Precur
sor 
[Homo 
sapien
s] 

>CHM
1-Va-
14-
1\(Va-
14-1) 

TGTGCAGGAGGCAGAGACYGTGACC
CTGAGYTGCACATAT 
GACACCAGTGAGARTRATTATTATTT
RTTCTGGTACAAGCA 
GCCTCCCAGCAGGCAGATGATTCTC
GTTATTCGCCAAGAA 
GCTTATAAGCAACAGAATGCAACRGA
GAATCGTTTCTCTG 
TGAACTTCCAGAAAGCAGCCAAATCC
TTCAGTCTCAAGAT 
CTCAGACTCACAGCTGGGGGACAC 

1 MILVIRQEAYKQ
QNATEN 
RFSVNFQKAAKS
FSLKIS 
DSQLGD 

Homo sapiens 
mRNA for T cell 
receptor alpha 
chain V-J-
region, partial 
cds, isolate: 
CM(3)-TRA151 

Full=T 
cell 
recept
or 
alpha 
variabl
e 38-
1; 
Full=T 
cell 
recept
or 
alpha 
variabl
e 38-
2/delta 
variabl
e 8; 
Full=T 
cell 
recept
or 
alpha 
chain 
MC.7.
G5 

Full=MC.7.G5 
TRA; Full=TR 
alpha chain 
TRAV38-
2DV8*01J31*0
1C*01 

 Precur
sor 
[Homo 
sapien
s] 

>CHM
1-Vb-
4\(Vb-
4><3C
bII) 

ACATATGAGAGTGGATTTGTCATTGA
CAAGTTTCCCATCAG 
CCGCCCAAACCTAACATTCTCAACTC
TGACTGTGAGCAACA 
TGAGCCCTGAAGACAGCAGCATATAT
CTCTGCAGCGTTGAAG 
ACCGGGGACCAGGCTATGGCTACAC
CTTCGGTTCGGGGACCA 
GGTTAACCGTTGTAGAGGACCTGAAC
AAGGTGTTCCCACCC 
GAGGTCGCTGTGTTTGAGCCATC 

3 
(
O
R
F
2 
+ 
O
R
F
3 
n
e
g
at
iv
e 
st
ra
n
d) 

MSPEDSSIYLCSVE
D 
RGPGYGYTFGSGT
RL 
TVVEDLNKVFPPEV
AVFEP 

Homo sapiens 
clone BC2 T cell 
receptor beta 
chain (TRB) 
mRNA, partial 
cds 

Full=T 
cell 
recept
or 
beta 
variabl
e 29-1 

  Precur
sor 
[Homo 
sapien
s] 

CHM1
-Vb-6-
1\(Vb-
6-
1><3C
bII) 

CACAATGAAGCTCAACTAGAAAAATC
AAGGCTGCTCAG 
TGATCGGTTCTCTGCAGAGAGGCCTA
AGGGATCTTTCT 
CCACCTTGGAGATCCAGCGCACAGA
GCAGGGGGACTC 
GGCCATGTATCTCTGTGCCAGCAGCT
CTTCAGTGGGTG 
GGGCCAACGTCCTGACTTTCGGGGC
CGGCAGCAGGCTG 
ACCGTGCTGGAGGACCTGAAAAACG
TGTCCCACCC 

2 
(
O
R
F
2 
n
e
g
at
iv
e 
st
ra

MYLCASSSSVGGA
NV 
LTFGAGSRLTVLED
L 
KNVSH 

Homo Sapiens 
mRNA for T-cell 
receptor beta 
chain (TRB 
gene), clone 
HA-1H Donor C 
TRBV7-9*01 

Full=T 
cell 
recept
or 
beta 
chain 
MC.7.
G5 

Full=TR beta 
chain 
TRBV25-
1*01J2S3*01C
2*01 

MC.
7.G5 
TRB 

Precur
sor 
[Homo 
sapien
s] 
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n
d) 

>CHM
1-Vb-
7\(Vb-
7><3C
bII) 

CCTGAATGCCCCAACAGCTCTCTCTT
AAACCTTCACCTACA 
CGCCCTGCAGCCAGAAGACTCAGCC
CTGTATCTCTGCGCC 
AGCAGCCATCCCCGCCCTACGAGCA
GTACTTCGGGCCGG 
GCACCAGGCTCACGGTCACAGAGGA
CCTGAAAAACGTGT 
TCCCACCCGAGGTCGCTGTGTTTGA
GCCATC 

1 MPQQLSLKPSPTR
PAA 
RRLSPVSLRQQPS
PPYE 
QYFGPGTRLTVTE
DL 
KNVFPPEVAVFEP 

Homo sapiens 
clone 510 T cell 
receptor beta 
mRNA, partial 
cds 

Full=T 
cell 
recept
or 
beta 
chain 
MC.7.
G5 

Full=TR beta 
chain 
TRBV25-
1*01J2S3*01C
2*01 
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7.G5 
TRB 

Precur
sor 
[Homo 
sapien
s] 
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