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1 Introduction 
 
1.1 Ewing sarcoma (EwS) 
 
1.1.1 Epidemiology, localization, histology, and genetic alterations 
 
Ewing sarcoma (EwS) is a highly malignant and metastatic tumor of the bone and soft tissue 
which was first described exactly 100 years ago by James Ewing2. Within pediatric sarcoma 
entities, it is the second most common cancer with ~1.5 cases per million in patients with 
European descent3, 4. It mostly affects children, adolescents and young adults (AYA) with a 
median age at diagnosis of 15 years and a slight predominance in males (ratio male: female = 
3: 2)3, 5. Most frequent primary sites of bone disease include lower extremity, pelvis, chest wall, 
upper extremity and spine; extraosseous primary disease commonly presents at trunk, 
extremity, head and neck, and peritoneum6.  
 
Histologically, EwS is a member of the heterogenous entities of small round cell sarcomas with 
diffuse cell surface expression of the glycoprotein CD99, which is present in ~95% of cases7. 
A genetically unifying feature of the disease is a recurrent balanced chromosomal 
translocation, in most cases t(11;22)(q24;q12)8. This results in an oncogenic fusion gene 
comprised of the FET family gene EWS RNA Binding Protein 1 (EWSR1) and the DNA-binding 
ETS transcription factor Friend Leukemia Virus Integration 1 (FLI1)9. In those 15-20% of EwS, 
which are negative for the EWSR1-FLI1 oncogene, other ETS translocation partners for 
EWSR1 such as ERG10, ETV111, ETV412, and FEV13 can be identified14. The resulting fusion 
gene products form aberrant transcription factors influencing a plethora of genes involved in 
cell cycle progression, signal transduction, migration, telomerase activity, chromatin 
remodeling and many others15-17.  
 
Other recurrent somatic mutations in EwS are scarce18, with alterations in Cohesion Subunit 
SA2 (STAG2), Tumor Suppressor P53 (TP53) and deletion of CDK4 Inhibitor P16-INK4 
(CDKN2A) being detected at diagnosis in 15-27%, 5-7% and 10-20% of cases, respectively19-

21. Of note, all these mutations are associated with poorer prognosis21, 22. 
 
1.1.2 Prognosis and standard of care 
 
Metastatic disease at diagnosis (~25% of cases23, 24) dramatically decreases 5-year overall 
survival rates from ~70-80%, for localized state, to <30% for metastatic state, whereas for 
isolated metastasis to the lungs an overall survival of ~50% is expected25, 26. Patients with ≥ 2 
bone metastases, relapse ≤ 2 years after diagnosis, and/or bone marrow involvement carry 
worse prognosis with survival rates <15%27-29. 
 
Current standard of care for patients with newly diagnosed EwS in Germany, treated according 
to the Ewing 2008 protocol, is comprised of neoadjuvant multidrug chemotherapy (induction), 
local disease control by surgery and/or radiotherapy and consolidation chemotherapy. 
Induction chemotherapy consists of vincristine, ifosfamide, doxorubicin and etoposide (VIDE) 
at 21-day intervals for a total of 6 cycles for all patients. Consolidation therapy implies the use 
of vincristine, actinomycin D, ifosfamide, cyclophosphamide or busulfan and melphalan with 
autologous stem cell rescue, depending on risk stratification and response to induction 
therapy30. 
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1.1.3 Relapse, salvage therapy and outcome 
 
Therapy after recurrence remains challenging and currently there is no standard of care for 
these patients. Unfortunately, ~30-40% of patients with localized disease and ~60-80% with 
metastases experience a relapse with a median time of recurrence at 1.4 years and 1.0 years 
after diagnosis, respectively31. Factors associated with poor outcome are: early relapse (≤ 2 
years after diagnosis), systemic relapse, older age and high LDH (lactate dehydrogenase) 
levels26, 31.  
 
In this context, the role and Y-box binding protein 1 (YB-1), hypoxia-inducible factor 1	# 
(HIF1#) and formation of stress granules, regarding metastatic capacity and disease 
progression were extensively studied by Evdokimova, Sorensen and colleagues32-35. Here, 
high YB-1 expression was associated with poor outcome in high-risk sarcoma patients and 
YB-1 was identified as a driver of sarcoma metastasis by increasing EwS cell motility and 
invasiveness through enhancing HIF1	# levels and angiogenesis32. 
Also in other cancer entities, multifunctional YB-1 was shown to promote tumor growth by 
multiple mechanisms, such as enhancing aerobic glycolysis (Warburg effect)36 or inducing 
multidrug resistance37  and DNA repair mechanisms38. 
 
Concerning clinical management of relapsed EwS, most therapeutic insights are drawn from 
retrospective studies and there is no general consent on treatment recommendation. Current 
strategies include high-dose chemotherapy with autologous stem cell rescue39 and other 
multiagent regimens with combinations of irinotecan plus temozolomide, cyclophosphamide 
plus topotecan, gemcitabine plus docetaxel or single agent high-dose ifosfamide40-44. One 
international randomized controlled phase II/III trial comparing those 4 chemotherapy regimens 
for the treatment of recurrent or primary refractory EwS is still ongoing (EudraCT number: 
2014-000259-99). 
 
Despite those intensive treatments, post-relapse survival could not be increased in the past 2 
decades stagnating at <10% for early relapsed patients and 22-24% for localized relapses (5-
year overall survival) with a median time to death of 6 months, when a second complete 
remission could not be achieved25, 45. 
 
It remains to be elucidated if sole application of conventional chemotherapies in general, is 
appropriate for treating the sensitive group of early relapsed patients in the future, given the 
severe side effects and compromised quality of life induced by these highly toxic agents. 
Therefore, the field of pediatric cancer research broadened its’ focus not only on the intrinsic 
tumor features of EwS but also on immunological characteristics and the tumor 
microenvironment. 
 
1.1.4 Immunological features of Ewing sarcoma 
 
Tumor microenvironment (TME) 
As most pediatric solid malignances, EwS is an immunologically cold, non-T cell-inflamed 
tumor with low or even absent T cell infiltration46, 47. One possibility for this observation might 
be the relatively low somatic mutational burden18 and hence neoantigen load which is often 
consider a prerequisite for mounting an antitumor T cell response after immune checkpoint 
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blockade (ICB)48, 49. This also serves as a reasonable explanation for the low response rate of 
EwS to immune checkpoint blockade in a phase I/II trial with nivolumab (3 out 10 patients with 
initial stable disease, but only 1 patient with stable disease for 5 months)50, 51.  In the study of 
Davis et al., only one EwS patient showed ~1% PD-L1+ tumor cells (Programmed cell death-
ligand 1)50. This is in line with other published reports, showing mostly absent or low PD-L1 
expression on tumor cells, although PD-L1 expression can be induced by interferon gamma 
(IFN$) in vitro46, 52-54.  
 
As mentioned before, tumor infiltrating T cells are scarce in EwS. Reports describe the 
presence of CD8+ T cell infiltration in 15-38% of cases53, 54. Berghuis et al.55  and Stahl et al.47 
could associate higher T cell infiltration with a survival benefit via immunohistochemistry and 
transcriptome-based analyses, respectively. Furthermore, T cell infiltration was increased with 
higher intratumoral levels of CXCL9/10 and CCL5 (C-X-C Motif Chemokine Ligand 9/10 and 
C-C Motif Chemokine Ligand 5). Respective infiltrating T cells also stained positive for cognate 
receptors C-C Motif Chemokine Receptor 5 (CCR5, ~70%) and C-X-C Motif Chemokine 
Receptor 3 (CXCR3, ~80%)55. 
 
As T cells recognize tumor antigens in the context of a peptide/MHC complex (major 
histocompatibility antigen), human leukocyte antigen (HLA) class I and II expression on tumors 
play a pivotal role for mediating adaptive antitumor immunity. Another study from Berghuis et 
al. found that HLA class II expression could not be detected in EwS, due to functional 
impairment of the endogenous class II transactivator (CIITA)56. HLA class I expression was 
completely absent in 28% and partially absent in 51% of patient samples (n=61), and 
significant lower levels in metastatic lesions were observed. Comparable to PD-L1 induction, 
IFN$ could upregulate HLA class I in vitro56, also previously shown by members of our group57. 
 
Besides classical HLA class I expression, constituting a prerequisite for antigen recognition by 
T cells, there are also non-classical HLA I molecules in existence (HLA-G58, -E59, -F60), which 
are mainly attributed immunosuppressive characteristics61. Compared to classical HLAs, they 
exhibit little genetic diversity and do not play a major role in antigen presentation to T cell 
receptors (TCR)61. Non-classical HLA class I molecules were mostly studied in the context of 
immune tolerance at the fetal-maternal interface. Here, they are expressed together with HLA-
C in trophoblasts and suppress maternal immunity against the semi-allogenic fetus62. HLA-G 
was also observed to be expressed in viral infection, autoimmune disease, and organ 
transplantation63-66. It was shown that HLA-G and -E can restrict effector functions of T cells, 
natural killer (NK) cells and myeloid cells through specific interaction with respective inhibitory 
receptors on immune cells67-69. Induction of HLA-G was associated with IFN-% and -$, heat 
shock and hypoxia response elements and long interspersed elements (LINEs), amongst 
others70, 71 
 
HLA-G is also physiologically expressed in mesenchymal stem cells (MSCs) being associated 
with this cell type’s strong immunosuppressive features72, 73. With a possible origin of EwS from 
MSCs sharing functional characteristics with this cell type74, 75, Rössig et al. evaluated non-
classical HLA class I expression in patient biopsies and xenograft models. Indeed, they 
observed substantial HLA-G and -E expression in biopsy samples (HLA-G: 66%, n=59; HLA-
E: 85%, n=26) and their expression could be induced by inflammatory response to GD2-specific 
chimeric antigen receptor (CAR) T cells in xenograft mouse models71, 76. In these analyses, 
both HLA-G and -E were expressed on tumor cells, infiltrating immune cells or both, whereas 
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T cell suppression of ganglioside GD2-specific CAR T cells was mediated only by HLA-G 
expressing myeloid cells71. 
 
Myeloid cells, and within this compartment especially tumor-associated macrophages (TAMs), 
are the predominant immune cell population infiltrating EwS47, 71, 77, 78. Two studies confirmed 
a survival disadvantage with higher numbers of infiltrating (protumorigenic M2) macrophages47, 

77. In line with these observations are in vivo experiments of macrophage-depletion resulting 
in delayed tumor outgrowth77, 79. 
 
Systemic characteristics of EwS 
Other cells from the myeloid compartment with known immunosuppressive properties are 
immature or pathologically activated monocytic and granulocytic cells, so called myeloid-
derived suppressor cells (MDSCs)80, 81. They are scarce in healthy individuals but accumulate 
in the TME, in blood and lymphoid tissue when tumors progress82, 83. 
In EwS, Mackall and colleagues identified a novel MDSC subset in EwS patients’ blood derived 
from fibrocytes. Those cells were shown to suppress T cell proliferation, primarily via 
indoleamine oxidase (IDO), and their expansion positively correlated with CD4+GATA3+ T cells 
levels (GATA Binding Protein 3 = transcription factor upregulated in Th2 helper cells)84.  
Furthermore, CD4+ and CD8+ T cells isolated from the peripheral blood or bone marrow (BM) 
of patients with EwS, showed T cell exhaustion (i.e., Programmed cell death protein 1, PD-1-
positivity) compared to healthy individuals. Those T cells were only reactive towards a minority 
of EwS tumor antigens and only after unspecific restimulation, indicating a general lack of 
adaptive antitumor immunity in EwS85, 86. 
 
Cancer-host crosstalk can be mediated by various mechanisms with release of tumor-derived 
extracellular vesicles (EVs) being one of them87. In our group, Dr. med. Hendrik Gaßmann 
could show that EwS EVs influence monocyte-derived dendritic cell (DC) maturation leading 
to pathological activation accompanied by inhibition of T cell proliferation88. 
 
Lissat et al. observed elevated plasma levels of interleukin-6 (IL6) in a subgroup of EwS 
patients with poor prognosis. When analyzing the IL6 signaling pathway and the source of IL-
6 they found, that EwS cell were rescued from apoptosis upon serum starvation and increased 
their migratory capacity through IL6-IL6r/IL6ST interaction triggering Signal Transducer And 
Activator Of Transcription 3 (STAT3). Interestingly, the authors identified cancer stromal cells 
of being the source of IL689. This links IL-6 as chronic inflammatory stimulus, a hallmarks of 
cancer90, to uncontrolled tumor growth, angiogenesis, invasion and metastasis of EwS91. 
 
1.1.5 Experimental treatment options and early clinical trials 
 
Between 2005 and 2018 ~150 clinical trials (mainly phase I/II) were conducted worldwide for 
the treatment of recurrent EwS. Most of the trials were conducted in the United States of 
America (USA) as opposed to 20% in Europe, with ~30% of them in international 
collaborations. Mainly single-agent therapies (62%) were administered rather than 
combinations (38%). 23% of them tested chemotherapy and a rise of targeted as well as 
immunotherapies was observed. Tested immunotherapies mostly included the IGF1-IGFR1 
pathway (Insulin-Like Growth Factor 1 / Receptor 1), followed by ICB and tumor vaccination. 
Other molecular targets studied in early clinical trials include Vascular Endothelial Growth 
Factor Receptor (VEGF-R), Death Receptor 5 (TRAIL-R2), Endosialin (CD248, platelet-
derived growth factor pathway), B7-H3 (CD276) or GD2.  88% of trials were designed as single-
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arm interventions. In 79% of conducted trials response rate RR (complete or partial response) 
was defined as the primary endpoint rather than progression free or overall survival (PFS, OS). 
Results retrieved from a systematic review showed low RR of 10% with stable disease in 25% 
of 827 patients being the best response. Only 18% of published trials concluded a positive 
effect92, 93. 
 
Allogenic hematopoietic stem cell transplantation (allo-HSCT) was also applied for high-risk 
EwS patients to induce a graft-versus-tumor effect (GvT), inspired by positive result from the 
treatment of leukemia94, 95 and motivated by promising case report studies96. In a retrospective 
analysis, our group compared patients, who were transplanted with HLA-matched grafts 
versus HLA-mismatched (haploidentical) grafts, where a supposed GvT effect should have 
been distinct in the HLA-mismatch-transplanted group due higher non-self recognition. 
Opposed to our hypothesis, there was no survival difference between HLA-matched (n=27) 
versus -mismatched groups (n=39) and a GvT effect, if present, was clinically not relevant in 
this analysis97. In a smaller group of patients, we demonstrated that allo-HSCT combined with 
donor lymphocyte infusions (DLI) was associated with disease control and increased 
survival98. In summary, a supposed GvT effect induced by sole allo-HSCT is rare and most 
likely not relevant for most of the patients. Also, patients who received allo-HSCT due to their 
high-risk profile did not survive longer than patients receiving conventional therapy, assessed 
by matched-pair analysis (manuscript in preparation). 
 
As allo-HSCT and DLI are unspecific immunotherapies, great effort has been undertaken to 
specifically target EwS with the help of the adaptive immune system. 
 
 
1.2 Generating specific T cell responses against EwS 
 
In general, patients can benefit from specific T cell responses either through active or passive 
immunization. Vaccines induce a specific immune response after antigen uptake, processing, 
and presentation by antigen-presenting cells (APCs) and consecutive priming of naïve T cells 
for vaccinated antigens (active immunization). The idea of passive immunization is, to directly 
administer effector molecules or cells, which specifically recognize the antigen or target cell 
without priming. When cells are altered ex vivo (e.g. isolated from tumor samples, expanded 
or genetically engineered) and reinfused back into the patient, this process is referred as 
adoptive (T) cell transfer (ACT). 
 
1.2.1 Chimeric antigen receptor (CAR) T cell therapies 
 
CARs usually consist of (1) an antigen-binging domain (single-chain variable fragment, scFv) 
derived from a monoclonal antibody, (2) a transmembrane CD3& domain(1st generation)99, 100 
and of (3) one or several co-stimulatory signaling domains, such as CD28 or 41BB (2nd 
generation)101. Nowadays, there are even more advanced genetic constructs (3rd and 4th 
generation CARs), combining both co-stimulatory domains, and introducing genes coding for 
cytokines (e.g. IL12, IL15 or IL18)102, 103, chemokine receptors (e.g. CXCR1/2 for IL8)104, 
extracellular matrix (ECM)-degrading enzymes (e.g. heparinase)105 amongst others.  
CAR T cell therapies are on the rise, with several CAR T cell products currently having Food 
and Drug Administration-(FDA) and European Medicine Agency-(EMA)106 approval for the 
treatment of leukemia and other B cell malignancies107. 
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Thus far, the great success of CAR T cells against above-mentioned malignancies has not 
been observed in the treatment of solid tumors. This might be due to the hostile TME, where 
T cells face adverse stroma composition, hypoxia, immunosuppressive tumor metabolites 
etc.108 
 
Regarding CAR T cell therapies for EwS, GD2

109, Human Epithelia Growth Factor Receptor 2 
(HER2) and B7-H3110 have been established as most promising target antigens and, after 
successful preclinical evaluation, are now being studied in currently ongoing or yet to be started 
clinical trials (NCT03356782, NCT04433221, NCT04897321, NCT03618381, NCT04483778, 
NCT03635632). 
 
One successful application of HER2 CAR T cells in a patient with alveolar rhabdomyosarcoma 
and metastatic disease to the bone marrow has been published, describing induction of 
complete remission even after initial relapse, which was again treated with several CAR T cell 
infusion in combination with ICB (NCT00902044)111. Of note, this impressive response 
included the application of 9 cycles of 1x108 HER2 CAR T cells/m2/cycle, with preparative 
lymphodepletion by cyclophosphamide and fludarabine before the first 3 infusions. 
Nevertheless, the patient relapsed after 6 months with bone marrow disease and received 
another 8 cycles with the same dose of therapeutic cells and lymphodepletion regimen with 
additional ICB (pembrolizumab) every 3 weeks. The 2nd relapse therapy lasted 62 weeks, and 
pembrolizumab was given for a total of 52 weeks (~7 cycles, calculated as not specified in the 
manuscript). At time of this report, the patient was still in remission, 20 months after cessation 
of T cell infusion111. 
 
This illustrates well, that intense as well as combination immunotherapies are necessary to 
achieve treatment success, comparable to multimodal chemotherapy.  
 
Despite emerging success in the field of CAR T cell therapy, CARs inherit 2 major 
disadvantages compared to TCR T cell therapy: (1) Given its artificial nature, CAR T cells are 
restricted to recognition of surface antigens, whereas TCRs can recognize intracellular and 
surface proteins, after proteasomal degradation and loading onto MHCs. 
(2) CARs are dependent on a certain surface antigen density for proper activation112, 113, 
whereas TCR are much more sensitive for their cognate peptide/MHC complex (~10-100-fold 
more sensitive)114 and there is evidence that one single peptide/MHC complex can mount a T 
cell response115.  
 
1.2.2 T cell receptor (TCR) T cell therapies 
 
In the context of sarcoma, specific TCR-based immunotherapies were initially studies against 
synovial sarcoma targeting the cancer/testis antigen New York Esophageal Squamous Cell 
Carcinoma 1 (NY-ESO-1), which is re-expressed in several tumors and only expressed in germ 
cells of testis and placenta physiologically116. The first adoptive transfer of these therapeutic T 
cells resulted in objective responses in 4 out of 6 patients with metastatic synovial sarcoma117. 
Further studies confirmed good tolerability and convincing response rates in this entity, with 
only 3 out 42 patients showing disease progression, including 1 patient with a complete 
response118. 
 
As somatic mutation load in EwS is rather low18, hence mutated peptide antigens (neoantigens) 
are less likely to occur. Thus far, peptides derived from EWSR1-FLI1 fusion oncogene were 
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weak binders for HLA-A2 and were unable to elicit strong T cell responses. Only a modified 
peptide (with 3 amino acid substitutions compared to the original nonamer) from the breakpoint 
raised antitumor T cell responses in vitro and in vivo119. Furthermore, an immunogenic MHC-
II peptide was identified to stimulate T helper cells by our group previously but was not further 
pursued for clinical translation due to the absence of MHC-II expression on EwS and uncertain 
relevance of this peptide regarding natural procession120.  
 
Therefore, productive research thus far mostly focused on the identification of peptide 
candidates derived from cancer/testis and overexpressed antigens associated with malignant 
phenotypes. In this regard Staege et al. identified 37 relevant gene transcripts including 
Chondromodulin-1 (CHM1), Six transmembrane epithelia antigen of the prostate 1 (STEAP1) 
or Lipase I (LIPI), which could serve as suitable target antigens for a TCR, and functional 
relevance for some antigens was studied afterwards, e.g. for invasiveness of metastasis121, 122. 
Later, Gallegos et al. showed that EWSR1-FLI1 activates the cancer/testis antigen Fetal And 
Adult Testis-Expressed Transcript Protein 1 (FATE1), and this activation was linked to 
promoting EwS survival123. X Antigen Family Member 1A (XAGE-1)124 and others were also 
found to be expressed in EwS125.  
 
Previously, our group could identify several reactive TCRs, derived from the allo-TCR 
repertoire, and functionally evaluated candidate TCRs against peptides from CHM1, STEAP1, 
Pregnancy-Associated Plasma Protein A, Pappalysin 1 (PAPPA) and others126-129. Thereby, a 
CHM1319-3128/HLA-A*02:01-restricted TCR exhibited most promising characteristics. In the 
clinical setting, therapeutic CHM1-specific CD8+ T cells in combination with ICB in one patient 
induced partial regression of bone metastases associated with T cell homing to involved 
lesions130. 
 
Apart from first promising results confirming the rationale of this therapy, TCR T cell 
approached failed to mediate convincing disease control in EwS, being in line with the limited 
success of ICB or CAR T cells in this disease. Again, suggesting the need for combination 
treatments. 
 
1.2.3 Antitumor vaccination 
 
Antitumor vaccination constitutes another possible approach for mounting cancer specific T 
cell responses, with the prerequisite of intact pathways of antigen uptake, processing, 
presentation necessary for priming naïve T cells or stimulating pre-existing antitumor immunity. 
Until now, promising preclinical peptide vaccines, using antigens from the EWSR1-FLI1 fusion 
protein loaded onto DCs 120, 131, did not translate into tumor control in an early clinical trial when 
used as monotherapy132, hinting again low immunogenicity of fusion oncogene-derived 
peptides. When used as consolidation therapy after/ in combination with high-dose 
chemotherapy and autologous HSCT, tumor lysate- or peptide-loaded DC vaccination showed 
evidence of therapeutic activity, inducing specific T cell responses in treated patients 
associated with better prognosis133, 134. 
Most promising vaccination approaches for EwS patients were obtained through a vaccine 
called Virgil (or FANG). Here, the patient’s tumor cells were transfected with a GM-CSF 
transgene (Granulocyte-Macrophage Colony-Stimulating Factor) and the bifunctional 
shRNAfurin (short hairpin) leading to: (1) tumor antigen release, (2) recruitment, stimulation and 
enhanced migration of DC, and (3) blocking of furin-induced activation of immunosuppressive 
Transforming Growth Factor Beta 1/2 (TGF%1 and -2)135. Monthly intradermal injections 
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resulted in a 1-year survival of 73% (n=16) versus 23% (n=14) in a contemporaneous control 
group successfully inducing tumor-specific T cell responses136, 137. This led to the initiation of a 
phase IIb trial in combination with temozolomide and irinotecan, results are pending 
(NCT02511132). 
 
 
1.3 Cell cycle regulation and inhibition in EwS 
 
Cyclin-Dependent Kinases (CDK) are important molecules regulating the cell cycle state of a 
cell. To ensure controlled cell cycle progression, they act together with a complex signaling 
network, consisting of different cyclin molecules and cell-intrinsic inhibitors of cyclin kinases.  
Many studies on cell cycle control have been conducted in the last decades attributing the 
CDK4/6-RB/E2F pathway (RB, Retinoblastoma; E2F, E2F Transcription Factors) a major role 
in regulating transcription138-141. 
As the somatic translocation EWSR1-FLI1 is the main driver of EwS mediating oncogenic 
potential by inducing a specific transcriptome signature, epigenetic deregulation was further 
studied. Riggi et al. found that EWSR1-FLI1 induces chromatin opening and thereby creating 
de novo enhancers which interact with promotor regions; at the same time, conserved 
enhancers are silenced17. To identify the most relevant promotors/enhancers (i.e. super-
enhancers) and their target molecules, Kennedy et al. assessed epigenetic contributions to 
this malignancy in two EwS cell lines by chromatin immunoprecipitation and high-throughput 
sequencing (ChIP-seq). Most interestingly, one super-enhancer regulates cyclin D1 and 
promotes its expression, thereby rendering EwS selectively dependent on cyclin D1/CDK4142. 
 
1.3.1 CDK4/6 and the canonical mechanism of action/inhibition 
 
After mitotic stimuli, cells in G0/1 cell cycle state induce cyclin D1, which then forms an 
activating complex with CDK4/6 unleashing its kinase activity. The major target of 
phosphorylation is the tumor suppressor RB. The pocket protein RB, when active and 
hypophosphorylated, binds E2Fs within the pocket domain and thereby exerts its suppressive 
function by preventing G1-S transition. In turn, when phosphorylated by the cyclin D/CDK4/6 
and consecutively by the CDK2/cyclin E complex, leading to hyperphosphorylated and inactive 
(pRB), the pocket function is abrogated and E2Fs are being released, resulting in S-phase 
induction143-146. 
 
A deregulation of this pathway is frequently observed in human cancer, leading to the 
development of several specific inhibitors targeting CDK4/6. CDK4/6 inhibitors (CDK4/6i) 
induce a G1 cell cycle arrest by inhibiting the phosphorylation of RB139, 140, 147. Furthermore, a 
reduction of total RB and E2F1 is often observed140, 148, 149. 
 
Three different CK4/6 inhibitors have FDA approval for the therapy of metastatic breast cancer 
in combination with hormonal therapy150: abemaciclib (LY2835219, LY, Eli Lilly), palbociclib 
(PD-0332991, PD, Pfizer) and ribociclib (LEE011, LEE, Roche). 
 
Regarding EwS, LY and LEE have been studied in preclinical models as monotherapy142 and 
in combination with chemotherapy151 or IGFR1 inhibition152, providing rationale for further 
testing. Early clinical trials for recurrent/refractory solid tumors (including EwS) established the 
maximum tolerated dose (MTD) and the general safety of all inhibitors as monotherapy with 
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acceptable toxicities, such as leuko- and neutropenia, anemia, thrombocytopenia, and 
diarrhea153, 154. 
Most of the 3 substances did not show signs of objective response (secondary endpoint) when 
administered as monotherapy154, except for LEE, which induced stable disease in 9 out of 32 
patients (7 patients with neuroblastoma)155. 
Currently, mostly combination with chemotherapy, especially with agents used for salvage 
treatment (1.1.3), undergo clinical investigation (NCT04238819, NCT02644460, 
NCT03709680). 
 
Possible mechanisms explaining low response rates include acquired resistance, due to 
stronger cyclin E induction or E2F overexpression, which were shown to abrogate G1 arrest 
after CDK4/6 inhibition156, 157. 
 
1.3.2 CDK4/6 inhibition and non-canonical mechanism of immune activation 
 
Interestingly, recent evidence suggests that the canonical pathway of cell cycle inhibition might 
not be the major mechanism of action in a living organism. Those novel and indirect effects 
result in the activation of immune surveillance158. 
 
First hints for a immunomodulating role of the CDK4/6-RB/E2F pathway were already discover 
before the development of CDK4/6 inhibitors159, when IFN$ stimulation induced MHC class II 
genes in a RB-dependent way160, 161. 
In the context of CDK4/6 inhibitor therapy, Goel and colleagues were the first ones to describe 
effects of enhancing antitumor immunity by abemaciclib (LY). They could demonstrate 
increased antigen presenting capacities, and downregulation of the E2F target DNA 
Methyltransferase 1 (DNMT1). Resulting hypomethylation occurred at loci coding for 
endogenous retroviral elements (ERVs). Re-expression of ERVs was associated with Type III 
interferon secretion and induction of double-stranded (ds)RNA pattern recognition receptors, 
resembling an antiviral response in RB wild-type tumors.  
 
Addressing aspects of adaptive T cell immunity, Goel et al. found an increase of T cell 
infiltrating CD3+ T cells, whereas immunosuppressive T-regulatory helper cells (Tregs) were 
reduced, due to relatively selective suppression (mediated through reduced levels of DNMT1 
and Cyclin-Dependent Kinase Inhibitor 1, p21)162.  Additional research identified the T cell 
Transcription Factor NFAT4 (NFAT4), which regulates IL2 secretion, as a target of CDK6 
kinase, as stated by the authors. Through CDK4/6 inhibition, inactivating phosphorylation of 
NFAT4 is prevented and T cell cytokines are induced, especially being the case for tumor 
antigen-experienced T cells163 and memory CD4+ T cells164. Moreover, innate MDSCs and pro-
tumorigenic M2 macrophage population were shown to be reduced, although possible 
mechanisms are currently unclear165. 
Comparable effects in EwS cell lines concerning antigen presentation and ERV reactivation 
were assumed due to STAT1 activation, without addressing features of innate or adaptive 
immunity151. 
More importantly, when combining CDK4/6 inhibition with ICB (i.e. PD-L1 blocking 
pembrolizumab), all above-mentioned preclinical reports observed a strong increase of 
therapeutic efficacy162, 163, 165-167, marking the beginning of clinical investigation of this highly 
attractive combination therapy in several tumor entities (NCT03997448, NCT04220892, 
NCT03938337). 
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Another interesting aspect of CDK4/6 blockade was described by Uzhachenko and colleagues.  
They associated tumor-secreted chemokines Chemokine Ligand 5 (CCL5), CXCL9, and 
CXCL10 upon CDK4/6 inhibition with (1) mTOR-mediated metabolic stress induction and (2) 
T cell infiltration. Despite G1-arrested cell tumor cycle state, metabolic activity, especially 
mitochondrial, was maintained at high levels, leading to tumor cell hypertrophy, oxidative 
stress, cytokine secretion and inflammation with consecutive increase of tumor-infiltrating 
lymphocytes (TILs)168. 
 
 
1.4 Oncolytic virotherapy 
 
An oncolytic virus (OV) selectively infects and kills cancer cells without damaging normal 
tissues169.  
The potential of viruses to lyse tumor cells dates back to the mid-1800s, when virus infection 
coincidence with tumor regression, mostly in hematological malignancies and only short 
lasting170, 171.  
 
One of the first studies of anticancer effects of wildtype adenovirus (Ad) was performed in the 
1960s for cervical cancer. Here side-effects were reported as mild, flu-like symptoms, but 
chemotherapeutic agents, which were established at that time, fared better in terms to 
response and survival benefit172, 173 
 
It took until the 1990s until genomic editing of viruses produced reliable stains utilized for 
(cancer) gene therapy, after initial proposition of genomic attenuation by Southam in 1960174. 
 
1.4.1 Spectrum of viruses and tumor-selective replication 
 
Cell tropisms for a given virus determines which tissue will be infected preferentially175. In this 
regard, there are several viruses with a natural preference for tumors cell (e.g. parvovirus, 
reovirus, Newcastle disease virus, mumps virus and Moloney leukemia virus), whereas other 
viruses have to be engineered to render them specific for cancer cells (e.g. adenovirus, 
measles176, vesicular stomatitis virus (VSV), vaccinia and herpes simplex virus (HSV))175. 
 
Most engineered viruses include adeno-, paramyxo, - and herpes viruses. Common strategies 
aiming to acquire tumor-selective replication include: (1) deletions of viral functions 
dispensable in cancer cells, (2) introducing tumor-specific or tissue-specific promotors to 
control essential viral genes (Ad)177, (3) usage of non-pathogenic vaccination virus stains (such 
as the Edmonston B measles vaccine strain)178, or (4) deletion of factors important for virulence 
(neurovirulence gene depletion in HSV-1, used in Talimogene laherparepvec, short T-
VEC179)180, 181.  
 
1.4.2 Oncolytic adenoviruses and clinical application 
 
As mentioned above, tumor-selective replication of oncolytic adenoviruses (OAd) can be 
generated either through the induction of deletions (especially the E1 region of the virome, the 
first and therefore most important gene transcribed) or by rendering the expression of essential 
viral genes under cancer/tissue-specific cell promotors. 
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Deletions in the conserved region (CR) 2 in the E1A region, responsible for RB protein binding 
, are used in 2 oncolytic viruses, known as Ad-Delta24182 and dl922-947183. In proliferating 
tumor cells with inactive RB due to deletion or constitutive phosphorylation, the RB binding 
domain in CR2 of E1A is dispensable, as free E2F is already present to drive replication184. 
 
Some of these constructs with additional deletions and especially the introduction of an RGD-
motif (Arginine, Glycine, and Aspartate), facilitating integrin-mediated binding to host cells185, 
were already evaluated in early clinical trials. They proved to be safe, and the maximal tolerated 
dose was not reached with already some striking clinical responses being observed, such as in 
recurrent glioblastoma (~20% or participants were still alive after 3 years)186. 
 
Another prominent representative of OAd with clinical approval in China since 2005, is called 
ONYX-015 containing a deletion of E1B-55K (nucleotides 2019-3509). Naturally E1B-55K forms a 
complex with E4orf6 and the tumor suppressor p53 inducing degradation of p53, which would 
otherwise induce DNA repair (e.g. of linear Ad DNA) or induce early apoptosis thus preventing viral 
propagation. Hence, when functional loss of p53 is present in a host cell, E1B-55K is dispensable 
as proposed by the developers, leading to clinical investigation of this OAd for treatment of p53-
defective head and neck tumors184, 187. A later study revealed that ONYX-015 replication was 
actually independent of p53 but rather related to the presence of YB-1188 and as E1B-55K is an 
important multifunctional protein involved in mRNA transport, OAd with E1B-55K-depletions were 
not further developed in the Western world. 
 
Regarding the introduction of cancer- or tissue specific promotors to drive viral gene expression, 
examples include the utilization of a prostate-specific antigen promotor to activate E1A189, tissue-
specific tyrosinase for the treatment of melanoma190, or the elegant usage of the human telomerase 
reverse transcriptase promotor191, 192, as telomerase activation being  a general hallmark of 
cancer90. 
 
Also, for the treatment of pediatric malignancies, mostly Ad-Delta24-derivates or other 
constructs with deletions in regard to RB protein interaction, are in preclinical evaluation or 
assessed in early in clinical trials193-196. 
 
1.4.3 The YB-1-dependent oncolytic adenovirus XVir-N-31 
 
The established OAd used in the present study to evaluate combination therapies with tumor-
redirected T cells and CDK4/6i is called XVir-N-31. The human species C Ad type 5 served for 
genetic modifications. 
 
Tumor selective replication of XVir-N-31 (Ad dl520) was implemented by Prof. Dr. rer. nat. Per 
Sonne Holm and colleagues through a deletion in the CR3 domain of E1A affecting the splice 
variant of E1A-13S.  
 

 
 



1 Introduction 

17  

Illustration 1: Adenovirus – important structures and modifications of XVir-N-31. (a) Major 
components of a human species C adenovirus type 5 are: capsid protein hexon, penton base, fiber and 
knob as well as the linear DNA with a length of ~ 35kpb. (b) XVir-N-31 contains following deletions: 
E1A13S, E1B19K, E3 und was modified to express an RGD motif in the fiber protein (Adapted from Per 
Sonne Holm and colleagues). 
 
CR3 is essential to transactivate several early viral promoters, such as E2 early. E1A-13S 
transactivates E4orf6, which then, together with E1B-55K, actively translocate YB-1 into the 
nucleus where the E2 late promotor is being activated. Due to the depletion of E1A-13S, viral 
gene expression is uniquely dependent of the E2 late promotor.  
 
In tumor cells, viral gene expression especially concerning transactivation, can be 
compensated by nuclear expression of YB-1. As mention in 1.1.3, YB-1 was shown to drive 
pediatric sarcoma malignancy32, being associated with survival disadvantages, when present 
in the nucleus197, rendering this OAd highly attractive for the treatment of pediatric sarcoma 
entities at a disease state, when standard-of-care therapies failed. 
 
Furthermore, XVir-N-31 contains a deletion of the antiapoptotic E1B-19K198, the E3 region199 
increasing antigen-presenting capacities200 and an RGD-insertion in the fiber knob enhancing 
adenoviral tropism201, 202. 
 
 
1.5 Immunological features of oncolytic virotherapy 
 
Naturally, Ad infection causes an immune response, due to host cell sensing of Ad DNA 
associated with type I interferon induction203, host cell lysis and consecutive priming of specific 
cellular and humoral antiviral responses204. The induction of inflammation through an OAd 
causes a multitude of changes at the site of injection as well as systemically, which can be 
exploited for cancer therapy. But Ads also developed several strategies to evade intracellular 
and systemic antiviral defense mechanisms, mostly associated with the E3 region205, which 
have to be taken into account. 
 
1.5.1 Immunogenic cell death  
 
A specific feature of OV-mediated tumor lysis is called immunogenic cell death (ICD)206. This 
specific way of cell death is associated with an activation of the immune system, involving 
changes at the cell surface as well as the release of humoral factors207. These timely 
coordinated processes affect several receptors on antigen-presenting cells, which in the 
context of tumor cell death, induces and maintains tumor-/viral-specific T cell responses208. 
 
Specific factors attributed to ICD are pathogen- or danger-associated patterns (DAMP, PAMP). 
They are mainly characterized by the surface expression of calreticulin (CALR)209 and active 
release of immunostimulatory molecules, such as adenosine triphosphate (ATP)210 and high-
mobility group box 1 (HMGB1)206, 211, 212. 
 
In this context, OAd are often characterized according to their potentials to induce ICD193, 213 
by assessing CALR surface expression, ATP or HMGB1 release. 
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1.5.2 Interplay of adenovirus with innate and adaptive immunity 
 
Innate and adaptive immunity has been widely studied due to the use of adenoviral vectors for 
gene-delivery. Concerning Ad, innate immune sensing was mainly attributed to both Toll-like 
Receptor (TLR)-dependent and -independent pathways, including the Ad DNA recognition by 
TLR9214 (and TLR2215) and the cytosolic cyclic GMP-AMP synthase (cGAS), which are critical 
to mediate downstream type-I interferon signaling203, 216.  
 
In this regard, it is known that myeloid cells immediately react to Ad infection217. Usually, 
inflammatory stimuli such as Ad infection, initially cause a response of tissue-resident 
macrophages and the recruitment of neutrophils to the site of infection. As a second line of 
defense, monocytes are being mobilized from the bone marrow becoming the dominant 
immune cell population at the this point, which then differentiate into macrophages or dendritic 
cells and connect with the adaptive immune system after ~72h218. 
 
Adaptive immune responses were shown to be triggered most commonly by the capsid protein 
hexon (e.g. H910-924), directed against immunogenic peptides presented on various HLA 
haplotypes, such as HLA-A2 or HLA-DP4219-221. 
 
1.5.3 Abscopal effect 
 
The abscopal effect describes the phenomenon of tumor regression in localizations which were 
not directly treated, initially observed in irradiation222. The underlaying potential mechanisms 
also include the stimulation of immunogenic genes and activation of interferon signaling 
promoting DC migration, maturation and consecutively T cell priming and activation223. Mostly 
associated with systemic T cell responses after priming and activation, distant tumor lesions 
(e.g. non-irradiated) can then be recognized and lysed by T cells. 
 
Results from early clinical trials described an abscopal effect also in the context of OV, 
especially in combination with ICB or other co-stimulatory molecules introduced as transgene 
with the OV224-227. 
 
A recently published study also demonstrated the induction of an abscopal effect via tumor-
derived EVs. Here, infectious viral unites were packaged and released from injected tumor 
lesions via EVs, capable of infecting distant tumors228. 
 
1.5.4 Combination with immune checkpoint blockade 
 
As OVs are immunogenic oncolytic agents, combination strategies with ICB are highly 
promising. Indeed, the addition of T-VEC to pembrolizumab for the treatment of malignant 
metastatic melanoma could double response rates compared to pembrolizumab-monotherapy 
and was able to induce a complete response rate of 33%. These responses were observed 
independent of baseline CD8+ T cell infiltration, resulting in an even further increase of T cell 
infiltration in responding patients226. 
 
Also, for the treatment of glioblastoma/ -sarcoma, an Ad-Delat24 (called DNX-2401) is 
currently assessed together with pembrolizumab (NCT02798406) with final results being 
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pending. A press release from 2020 reported of a median overall survival of 12.5 months, with 
4 patients being alive beyond 23 months including 2 durable complete responses229. 
 
Currently, most OVs (Ad, HSV, vaccinia virus, VSV, Reo- and Maraba virus) are being studied 
in early clinical trials together with ICB230. 
 
 
1.6 Combinations of cellular-, target-, and virotherapy 
 
Similar to the development of multiagent chemotherapies, future directions in the field of cancer 
immunotherapy also point towards combination approaches. They are mainly designed to 
increase and maintain therapeutic T cell responses.  With growing knowledge of mechanism 
of target-antigen presentation/ - variation, and -loss as well as better understanding of 
immunosuppressive cellular and humoral factors, therapies become even more elaborate. 
 
1.6.1 Adoptive T cell therapy and small molecule inhibitors 
 
Adoptively transferred T cells (CAR-or TCR-transgenic) are combined with ICB231 due to 
obvious reasons of T cell exhaustion and PD-L1 expression of tumor cells in several clinical 
trials, with ICB being often assessed for relapse therapy after T cell transfer232. 
 
Other interesting combinations especially developed for EwS included the usage of small 
molecule inhibitors (smi) such as an inhibitor of EZH2 (Enhacer of Zeste Homolog 2) to induce 
the surface expression of GD2 which is associated with superior target recognition and killing 
by GD2-specific CAR-T cells233. 
 
Interestingly, GD2-specific CAR-T cells also showed synergistic effects with HGF-neutralizing 
antibody (AMG102) in vitro and in an in vivo EwS model, but underlying mechanisms are yet 
to be clarified234. 
 
Also, the CDK4/6 inhibitor palbociclib was studied in the context of ACT due to its non-
canonical effects of enhancing antigen presentation and T cell functionality.   
Uzhachenko et al.168 used an OT-1-OVA mouse model of ACT, where implanted mouse tumors 
express ovalbumin (OVA) and tumor-specific CD8+ T can be harvested from OT-1 mice which 
contain transgenic TCR inserts specific for the recognition of OVA-peptide257-264 on tumor 
cells235, recapitulating ACT in a syngeneic setting. The authors showed that palbociclib 
pretreatment for 2 weeks increased OT-1 T cell recruitment into the tumors associated with 
better outcomes and efficacy of exogenous transferred tumor-redirected T cells168. 
 
1.6.2 Adoptive T cell therapy and oncolytic virotherapy 
 
Unfortunately, ACT for solid tumors, mostly utilizing CAR-T cells, did not translate into 
convincing clinical responses thus far, as observed for CD19-CAR-T cells against 
lymphoblastic malignancies236. Several reasons contribute to the limited success of ACT in 
solid tumors: (1) target antigen expression is variable and can be lost, especially when 
dispensable for tumors, (2) long and complex T cell trafficking routes (from the bloodstream 
into the dense TME, matching chemo-/cytokine receptors are needed), (3) immunosuppressive 
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local (TME) and systemic factors (limiting T-cell expansion, infiltration, and cytotoxicity), as 
well as (4) T cell exhaustion after exposure to the cognate antigen237. 
 
In order to overcome those obstacles, OV has the potential to address and abrogate many of 
these limitations. As OVs are known to induce IFNs, cytotoxic CAR-T cell functionality and 
clonal expansion, which was shown to be increased by type I IFNs, can be enhanced through 
combination with OV, thereby providing a potent signal 3 in addition to inherent signal 1 
(antigen recognition) and signal 2 (co-stimulation, e.g. via CD28)238-240. Concerning the hostile 
TME, ICD by OV (as described in 1.5.3) has the potential to reverse immunosuppression by 
depleting MDSCs or regulatory T cells, by increasing antigen (cross-) presentation, epitope 
spreading, breaking the tumor-induced peripheral tolerance, and inducing cytotoxic T cell 
infiltration241, 242. 
 
To further ameliorate synergistic effects of CAR-T cells and OV, various approaches through 
genetically editing either OV or CAR-T cells are applied. Comparable to the ‘armored CAR T 
cells’, cytokine-armed OVs were designed to produce various pro-inflammatory cytokines 
associated with increased T cell activity243, 244. First combination strategies are currently 
evaluated in phase I trials (NCT03740256, NCT01953900). 
 
1.6.3 Small molecule inhibitors and virotherapy 
 
The rationale to combine small molecule inhibitors with OV either aims to increase viral 
replication, or to abrogate immunosuppressive characteristics, compared to the concept of 
cytokine-armed OVs. 
 
In this context, blockade of immunosuppressive TGF-%-signaling was shown to increase 
therapeutic efficacy of an oncolytic HSV (oHSV) in a (patient-derived) glioblastoma model245. 
Similar, VEGF blockade was demonstrated to modulate tumor-infiltrating myeloid cells and 
thereby enabling stronger effects of oHSV246. 
 
Regarding, viral replication or adenoviral vector-mediated gene delivery, Lv et al. could show 
that JQ1, an inhibitor of the bromodain and extra-terminal (BET) family proteins, increased 
adenoviral efficacy due to superior association of BRD4 with CDK9247. Other classes of 
inhibitors, which were studied in regard to increased gene-delivery or replication, target histone 
acetylation (HDACi), such as vorinostat or FK288. Whereas, CAR expression and gene-
delivery were increased by respective inhibitors, viral replication was rather antagonized248, 
reflecting the high complexity of the adenoviral life cycle when interfering with histone 
acetylation. 
 
One study also described positive effects of the CDK4/6i palbociclib resulting in increased 
oncolytic activity of Ad5/3-delta24, which was only observed in estrogen receptor-positive but 
not in -negative cell lines. Here, the role of RB/E2F1 protein complex was not further studied249.
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2 Research objective and specific aims of the study 
 
2.1 Research objective 
 
The main objective of this study was to introduce and preclinically assess combination 
therapies including the oncolytic adenovirus XVir-N-31 for the treatment of EwS.  
 
 
2.2 Specific aims of the study 
 
As EwS is considered a non-immunogenic tumor, due to low somatic mutational burden, 
scarce T cell infiltration, accompanied by little-to-no response to ICB, the oncolytic adenovirus 
XVir-N-31 (in combination with tumor-redirected T cells and CDK4/6i) was tested towards its 
suitability for EwS therapy and the induction of synergistic effects concerning antitumoral 
immunological changes. 
 
Specific hypotheses were defined as follows: 
 

1. EwS-redirected TCR transgenic CD4+ T cells synergize with CD8+ counterparts 
regarding antitumor activity and control in vivo 

2. EwS cell lines are susceptible to oncolytic adenovirus XVir-N-31 leading to de novo 
formation of infectious viral particles and inducing tumor cell lysis 

3. EwS-redirected (i.e. TCR transgenic T cells) synergize with XVir-N-31 concerning 
tumor cell lysis 

4. XVir-N-31 induces markers of immunogenic cell death in infected tumor cells 
5. XVir-N-31 in combination with CDK4/6i increases oncolytic capacity in EwS 
6. XVir-N-31 in combination with CDK4/6i augments immunogenicity of EwS and induces 

tumor-infiltrating T cells resulting in tumor regression 
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3 Materials and Methods 
 
3.1 Materials 
 
3.1.1 List of manufacturers 
 
Table 1: List of manufacturers 
Manufacturer Location 

Abcam Cambridge, UK 
ACEA San Diego, California, USA 
Agilent Technologies Santa Clara, California, USA 
Analytik Jena Jena, Germany 
AppliChem Darmstadt, Germany 
Applied Biosystems Darmstadt, Germany 
ATCC Rockyville, Maryland, USA 
B. Braun Biotech Melsungen, Germany 
BD Biosciences Europe Heidelberg, Germany 
Berthold detection systems Pforzheim, Germany 
Biochrom Berlin, Germany 
BioLegend San Diego, California, USA 
Bio-Rad Laboratories Richmond, California, USA 
Bio-Techne Minneapolis, Minnesota, USA 
Brand Wertheim, Germany 
Branson Connecticut, USA 
Carestream Health Rochester, New York, USA 
Cayman Chemical Company Ann Arbor, Michigan, USA 
Cell Signaling Technology Frankfurt a. M., Germany 
Clarivate Analytics Philadelphia, Pennsylvania, USA 
Childhood Cancer Repository (CCR) Texas Tech University, USA 
Corning Corning, New York, USA 
CP-Pharma Burgdorf, Germany 
Dako Hamburg, Germany 
DRK-Blutspendedienst Ulm, Germany 
DSMZ Braunschweig, Germany 
Elma Singen, Germany 
Eppendorf Hamburg, Germany 
Exbio Prague, Czech Republic 
Falcon Oxnard, California, USA 
Feather Osaka, Japan 
Gamon Technology Corp. Guangzhou, China 
Cayman Chemical Company Ann Arbor, Michigan, USA 
Gamma-Service Medical Leipzig, Germany 
GE Healthcare Little Chalfont, UK 
Genzyme Neu-Isenburg, Germany 
GLW Würzburg, Germany 
Greiner Bio-One Frickenhausen, Germany 
Heidolph Instruments Schwabach, Germany 
Heraeus Hanau, Germany 
Hoffmann Group Munihc, Germany 
ibidi Gräfelfing, Germany 
IKA-Werke Staufen, Germany 
Implen München, Germany 
Instech Laboratories Plymouth Meeting, Pennsylvania, USA 
Kern & Sohn Balingen, Germany 
Kodak Rochester, New York, USA 
Leica Wetzlar, Germany 
Life Technologies Carlsbad, California, USA 
Lonza Basel, Switzerland 
MedChem Express Monmouth Junction, New Jersey, USA 
Merck Millipore Darmstadt, Germany 
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Metabion Planegg, Germany 
Mettler Toledo Greifensee, Switzerland 
Microsoft Albuquerque, New Mexico, USA 
Miltenyi Biotec Bergisch Gladbach, Germany 
Mirus Madison, Wisconsin, USA 
Nalgene Rochester, New York, USA 
Nobamed Wetter, Germany 
Paul Marienfeld Lauda-Königshofen, Germany 
PerkinElmer Akron, Ohio, USA 
Promega Madison, Wisconsin, USA 
Qiagen Chatsworth, California, USA 
R&D Systems Minneapolis, Minnesota, USA 
Roche Penzberg, Germany 
Roth Karlsruhe, Germany 
Sanofi Bridgewater, New Jersey, USA 
Santa Cruz Biotechnology (Biotech) Heidelberg, Germany 
Sarstedt Nümbrecht, Germany 
Sartorius Göttingen, Germany 
Scientific Industries Bohemia, New York, USA 
Selleck Chemicals Houston, Texan, USA 
Siemens Munich, Germany 
Sigma Aldrich St. Louis, Missouri, USA 
Starlab Hamburg, Germany 
Systec Wettenberg, Germany 
TaKaRa Bio Europe Paris, France 
Tanon Science & Technology Shanghai, China 
Taylor-Wharton (Auguste Cryogenics Germany) Husum, Germany 
Tecan Männedorf, Switzerland 
Thermo Fisher Scientific Waltham, Massachusetts, USA 
TKA Niederelbert, Germany 
TPP Trasadingen, Switzerland 
UniEquip Planegg, Germany 
VWR Radnor, Pennsylvania, USA 
Wessamat Kaiserslautern, Germany 
Zeiss Jena, Germany 

 
3.1.2 List of chemicals and reagents 
 
Table 2: List of chemicals and reagents 
Chemical/reagent Manufacturer 

Acetic acid ≥ 99,7% Sigma-Aldrich 
ACK Lysis Buffer (Red blood cell lysis) Thermo Fisher Scientific 
Acrylamide/Bis-acrylamide solution 30% Sigma-Aldrich 
AIM-V Medium Thermo Fisher Scientific 
Albumin standard Thermo Fisher Scientific 
Amersham ECL Western Blotting Reagent Pack GE Healthcare 
Ammonium persulfate (APS) Sigma-Aldrich 
Anti-CD3/CD28 Dynabeads Thermo Fisher Scientific 
Anti-PE Microbeads Miltenyi Biotec 
autoMACS Rinse Solution Miltenyi Biotec 
"2-microglobulin Sigma-Aldrich 
Bovine serum albumin (BSA) ≥ 96% Sigma-Aldrich 
Bromophenol blue Merck Millipore 
CHM1319-peptide (VIMPCSWWV) Thermo Fisher Scientific 
Collagenase (Type IV) from Clostridium histolyticum  Sigma-Aldrich 
cOmplete, EDTA-free Protease Inhibitor Cocktail Roche 
DAPI (4’,6-diamidino-2-phenylindole) Sigma-Aldrich 
DAPI staining solution Miltenyi Biotec 
DEPC-treated water Thermo Fisher Scientific 
Dimethylsulfoxide (DMSO) AppliChem 
Dithiothreitol (DTT) VWR 
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DNase I, RNase-free Thermo Fisher Scientific 
dNTP Roche 
D-luciferin PerkinElmer 
Dulbecco’s Modified Eagle’s Medium (DMEM) Thermo Fisher Scientific 
Dulbecco’s Phosphate Buffered Saline 10x (PBS) Thermo Fisher Scientific 
D(+)-Glucose Merck Millipore 
Ethanol (EtOH) ≥ 99,8% Roth 
FACS Clean BD Biosciences 
FACS Flow BD Biosciences 
FACS Rinse BD Biosciences 
Fetal bovine serum (fetal calf serum, FCS) Biochrom 
Ficoll-Paque GE Healthcare 
GoTaq qPCR master mix Promega 
Glycerine ≥ 99% Sigma-Aldrich 
Glycine ≥ 99% Sigma-Aldrich 
HBSS (Hank’s buffered salt solution) Thermo Fisher Scientific 
HEPES Sigma-Aldrich 
Human AB serum Sigma-Aldrich 
Human IgG Genyzme 
Hydrochloric acid (HCl) 32% Merck Millipore 
Isofluran CP-Pharma 
Isopropanol Merck Millipore 
Influenza-peptide (GILGFVFTL) Thermo Fisher Scientific 
L-Glutamine 200mM Thermo Fisher Scientific 
Lipofectamine RNAiMAX Transfection Reagent Thermo Fisher Scientific 
Liquid DAB+ Substrate Chromogen System Dako 
MACSQuant Calibration Beads Miltenyi Biotec 
MACSQuant/MACSima Storage Solution Miltenyi Biotec 
MACSQuant Running Buffer Miltenyi Biotec 
MACSQuant Washing Solution Miltenyi Biotec 
Methanol (MeOH) ≥99,8% Merck Millipore 
Methylcellulose, viscosity: 400 cP Merck Millipore 
Minimum Essential Medium Non-Essential Amino Acids 
(100x, NEAAs) 

Thermo Fisher Scientific 

Nonidet P40 Substitute (NP40) Sigma-Aldrich 
Opti-MEM, Reduced Serum Medium (1x) Thermo Fisher Scientific 
PageRule Prestained Protein Ladder Thermo Fisher Scientific 
Formaldehyde solution about 37% Merck Millipore 
Penicillin-streptomycin 
10.000U/ml 

Thermo Fisher Scientific 

Proleukin (recombinant human, rh IL-2) Novartis 
Propidium iodide ≤ 95% Sigma-Aldrich 
Prostaglandin E2 (PGE2) Cayman Chemical Company 
Protamine sulfate Sigma-Aldrich 
Retronectin TaKaRa 
rh GM-CSF Sanofi 
rh IFN# R&D Systems 
rh IL-1" R&D Systems 
rh IL-4 R&D Systems 
rh IL-6 R&D Systems 
Rh IL-7  
rh IL-15 R&D Systems 
RNase A, DNase and protease-free(10mg/mL) Thermo Fisher Scientific 
Roswell Park Memorial Institute Medium (RPMI-)1640 Thermo Fisher Scientific 
Skim milk powder Sigma-Aldrich 
Sodium azide  (NaN3) Sigma-Aldrich 
Sodium chloride (NaCl) Sigma-Aldrich 
Sodium hyroxide (NaOH) Merck Millipore 
Sodium dodecyl sulfate (SDS) ≥ 98,5% Sigma-Aldrich 
Sodium metavanadate (NaVO3) Sigma-Aldrich 
Sodium (Na-)pyruvate (100mM) Thermo Fisher Scientific 
Sodium phosphate dibasic (NaH2PO4) Merck Millipore 
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Sodium phosphate monobasic (Na2HPO4) Merck Millipore 
Sulforhodamine B sodium salt (SRB) Sigma-Aldrich 
Tetramethylethylenediamine (TMED) Sigma-Aldrich 
TransIT-293 Mirus 
Trichloroacetic acid (TCA) ≥ 99,7% Sigma-Aldrich 
Tris(hydroxymethyl)aminomethane (TRIS) Merck Millipore 
Trypsin EDTA Thermo Fisher Scientific 
Trypan blue stain (0.4%) Thermo Fisher Scientific 
Tween-20 Sigma-Aldrich 
X-VIVO 15 medium Lonza 

 
3.1.3 List of consumables 
 
Table 3: List of consumables 
Material Manufacturer 

Tissue Culture Dish (100 x 20 mm) Falcon 
Tissue Culture Plate, 6 and 24 well Falcon 
Tissue Culture Plate, 96 well (U, round bottom) TPP 
Cell culture flasks (25, 75, and 175 cm2) Greiner Bio-One 
Cell scraper (16 cm) Sarstedt 
Cell strainers (EASY stainer) 40 and 70 $m Greiner Bio-One 
Columns (MACS, LS, MS) Miltenyi Biotec 
CryoPure Tube 1.6 mL Sarstedt 
Cuvettes Roth 
E-plate 96 (for xCELLigence assay) ACEA 
Fast Optical Reaction Plate (MicroAmp, 96 well) Applied Biosystems 
Filters, 0.2 and 0.45 $m Sartorius 
FTP-20-38 Plastic Feeding Tubes, 20gs x 38mm Instech Laboratories 
Gloves (latex), size S-L Nobamed 
Hybond-P PVDF membrane GE Healthcare 
Hypodermic needle (23G and 27G) B. Braun Biotech 
Hypodermic syringe (for intratumoral injection) Micro-Fine 
0.5 mL 30G 

BD Biosciences 

Optical Adhesive Film (MicroAmp) Applied Biosystems 
Pipettes (2, 5, 10, and 25 mL) Greiner Bio-One 
Pipette tips (10, 20, 100, 200, 1000 #L) with and without 
filter 

Starlab 

Scalpel (disposable) No. 10 Feather 
Safe-lock micro tubes (0.2, 1.5, 2 mL), DNA-/ DNase-/ 
RNase-/PCR inhibitor-free 

Sarstedt 

Safe-lock microcentrufuge tubes (1.5, 2 mL) Eppendorf 
Syringes (Original Perfusor 50 mL; Omnifix-1, 10, 20 mL) B. Braun Biotech 
Tubes for cell culture (CELLSTAR); 15, 50 mL Greiner Bio-One 
Tubes for flow cytometry (5 mL) Sarstedt 
Whatman gel blot paper GE Healthcare 
$-slides (6 channels) Ibidi 

 
3.1.4 Equipment 
 
Table 4: Equipment 
Instrument Specification Manufacturer 

Analytical balances 770-14, EW3000-2M  Kern & Sohn 
Autoclaves V95, 2540 EL Systec 
RNA analysis Bioanalyzer 2100 Agilent Technologies 
Biological Safety Cabinets HERAsafe KS 18, Class II Thermo Fisher Scientific 
Caliper (digital) ABS Holex Hoffmann Group 
Cell count chamber Neubauer Paul Marienfeld 
Centrifuges Microcentrifuge 5415 R Eppendorf 
 Multifuge 3SR (Heraeus) Thermo Fisher Scientific 
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CO2 Incubators HERA cell 150 Thermo Fisher Scientific 
Cryotank K series CryoStorage System 

24K 
Worthington Industries 

   
Electrophoresis Cell VE-180 Mini Verticel Gel Tanon Science & Technology 
Electrophoresis Blotting 
System (semi-dry) 

Biometra Fastblot B43 Analytik Jena 

Freezing containers Mr. Frosty, Nalgene Sigma-Aldrich 
Flow Cytometers  FACSCalibur BD Biosciences 
 MACSQuant Analyzer 10 Miltenyi Biotec 
FACS sorter FACS Aria BD Biosciences 
Freezer (-80°C) HERA freeze Thermo Fisher Scientific 
Fridge + Freezer (-20°C) Siemens coolVario Siemens 
Heating block ThermoMixer comfort 5355 Eppendorf 
Ice machine Flake Line Wessamat 
Irradiation machine BioBeam 8000 Gamma-Service Medical 
Bioluminescence Monitoring IVIS Lumina LT-Series III 

instrument 
PerkinElmer 

Light Pad LED Light Pad GB4 Gamon Technology Corp. 
Sonifier Digital Sonifier 250 Branson 
Magnetic separators BD Cell Separation Magnet BD Biosciences 
 MidiMACS Miltenyi Biotec 
 QuadroMACS Miltenyi Biotec 
Magnetic stirrer IKAMAG REO IKA-Werke 
Micropipettes (adjustable) 10, 20, 100, 200, 1000 $L Eppendorf 
 Multichannel 100 $L Eppendorf 
Microscopes Axiovert 100 Zeiss 
 Camera AxioCam Mrm Zeiss 
 Fluorescent Light HBO 50 Zeiss 
 Leica DM IL LED Leica 
Multiplex Immunoassay 
Reader 

Bio-Plex 200 System (Luminex 
200) 

Bio-Rad Laboratories 

Nanophotometer NanoPhotomete Pearl Implen 
PCR cycler iCycler Bio-Rad Laboratories 
pH meter FiveEasy Mettler Toledo 
Photometer Infinite M Nano Tecan 
Pipette controllers accu-jet pro Brand 
 Stripettor Ultra Corning 
Power supply Biometra Standard Power Pack 

P25 
Analytik Jena 

Real-Time PCR System StepOnePlus Applied Biosystems 
Shakers Duomax 2030 Heidolph Instruments 
 Orbital Shaker UniTwist 3D UniEquip 
 IKA Rocker 3D digital IKA-Werke 
Vortexers Genie 2 G560-E Scientific Industries 
 Microplate Genie Scientific Industries 
 MS2 Minishaker IKA-Werke 
 Relax Top Heidolph Instruments 
Western blot documentation Gel Logic 1500 Imaging System Kodak 
Proliferation system xCELLigence RTCA Roche/ACEA 
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3.1.5 Software 
 
Table 5: Software 
Software Version Company Application 

Adobe Illustrator 24.2.1 Adobe Data presentation, 
cartoons 

Adobe Photoshop 21.2.1 Adobe Image editing 
AxioVision 4.7.1 Zeiss Immunofluorescence 
Bio-Plax Manager 6.2 Bio-Rad Laboratories Multiplex Analysis 
Capture Molecular Imaging 5.0.7.24 Carestream Health Western blot 
CellQuest Pro 6.1 BD Biosciences Flow Cytometry 
EndNote  X9.3.3 Clarivate Analytics References 
Excel for Mac 16.54 Microsoft Data analysis 
FlowJo 10.8.0 BD Biosciences Flow Cytometry 
i-control for Infinite 200 Pro 2.0 Tecan Cell survival assay 
MACSQuantify 2.13.1 Miltenyi Biotec Flow Cytometry 
Prism for macOS 9.1.2 GraphPad Software Data presentation, 

statistical analyses 
R studio 1.3.1093 Public-benefit Corp Heatmaps, 

Synergyfinder 
R for Mac OS X Cocoa GUI 4.1.0 The R Foundation Heatmaps, 

Synergyfinder 
StepOne 2.3 Thermo Fisher Scientific sqPCR 
Word for Mac 16.54 Microsoft Writing  

 
 
3.1.6 Kits 
 
Table 6: Kits 
Name Manufacturer 

Anti-Human CD14 Magnetic Particles  BD Biosciences 

CD8+ T cell Isolation Kit Miltenyi Biotec 
DNeasy Blood & Tissue Kit (50) Qiagen 
Dynabeads CD4 Positive Isolation Kit Thermo Fisher Scientific 
Dynabeads CD8 Positive Isolation Kit Thermo Fisher Scientific 
FoxP3 Staining Buffer Set Miltenyi Biotec 
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems 
Human Cytokine Screening 48-Plax Panel Bio-Rad Laboratories 
Human ProcartaPlex Mix&Match 7-plex Thermo Fisher Scientific 
Inside Stain Kit Miltenyi Biotec 
MACSQuant Comp Bead Kit anti-REA Miltenyi Biotec 
Pierce BCA Protein Assay Kit Thermo Fisher Scientific 
RNA Nano Chips Agilent Technologies 
RNeasy Mini Kit (50) Qiagen 
MycoAlert Mycoplasma Detection Kit Lonza 
  

 
3.1.7 Buffers, media, and solutions 
3.1.7.1 Buffers and gels for western blot analysis 
 
Table 7: Buffers and gels for western blot analysis 
Buffer/gel Ingredients 

Antibody dilution buffer  5% BSA in TBS-T, 0.02% NaN3 
Protein loading buffer 0.25M TRIS-HCl (pH 6.8), 40% glycerine, 8% 

SDS, 0.04% bromophenol blue 
Protein lysis buffer 10mM TRIS-HCl (pH 7.2), 1% SDS, 1mM NaVO3, 

1 tablets protease inhibitor 
Running buffer (1x), immunoblot 25nM TRIS, 192mM glycine, 0.1% SDS 
Separating gel (10%), 10mL 4.0 mL     ddH2O 
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3.3 mL     Acrylamide/Bis-acrylamide 30% 2.5 
mL     1.5M TRIS (pH 8.8) 

 0.1 mL     10% SDS (in ddH2O) 
0.1 mL     10% APS (in ddH2O) 
0.004 mL TMED 

Stacking gel, 4mL 2.7 mL     ddH2O 
0.67 mL   Acrylamide/Bis-acrylamide 30% 
0.5 mL     1M TRIS (pH 6.8) 
0.04 mL   10% SDS (in ddH2O) 

 0.04 mL   10% APS (in ddH2O) 
0.004 mL TMED 

Transfer buffer (1x) 48mM TRIS, 39mM glycine, 10% MeOH 
TBS (10x) 0.5M TRIS-HCl (pH 7.6), 1.5M NaCl 
TBS-T 0.1% Tween-20 in TBS (1x) 

 
 
3.1.7.2 Buffers and solutions for cell cycle analysis 
 
Table 8: Buffers and solutions for cell cycle analysis 
Name Ingredients 

Sample buffer 0.1% glucose in PBS (1x), 0.22 #m filtration 
PI staining solution Propidium iodide (PI) 50 #g/mL and 100 U/mL 

RNase A in sample buffer 
 
3.1.7.3 Media 
 
Table 9: Media 

 
3.1.7.4 Solutions 
 
Table 10: Universal and specific buffers/solutions 
Name Ingredients Application 

4% formaldehyde (buffered) 4% formaldehyde solution, 55nM 
Na2HPO4, 12mM NaH2PO4, 2 H2O 

Immunofluoresence, 
histopathology 

   
Blocking solution HTT 1% BSA in PBS (1x) Hexon titer test 
Blocking solution IF 3% BSA in PBS (1x) Immunofluoresence 
Blocking solution WB 5% skim milk powder in TBS (1x) Western blot 
Tumor digestion buffer in vivo RPMI-1640, collagenase IV 200 U/mL, 

DNase I 100$g/mL 
Enzymatic dissection 

Flow cytometry staining buffer 2% FCS in PBS (1%) Flow cytometry 
Permeabilization solution IF 0.4% NP40 in PBS (1x) Immunofluoresence 
SRB staining solution (0.05%) 0.05% SRB (w/v) in 1% acetic acid Cell survival assay 

 
 

Name Ingredients 

Cryo medium 90% FCS, 10%DMSO, (for T cells, hAB serum was used) 
DC medium X-VIVO 15, 1% hAB serum 
Standard medium (tumor) RPMI-1640 medium 500 mL, FCS 10%, 2mM L-glutamine, 

penicillin 100 U/mL, streptomycin 100$g/mL  
T cell medium AIM-V medium 500 mL, 5% hAB serum, penicillin 100 U/mL, 

streptomycin 100$g/mL 
LCL medium RPMI-1640 medium 500 mL, FCS 10%, Na-pyruvate 1mM, NEAAs 

1mM, penicillin 100 U/mL, streptomycin 100$g/mL 
NSO medium DMED medium 500 mL, FCS 10%, Na-pyruvate 1mM, NEAAs 

1mM, penicillin 100 U/mL, streptomycin 100$g/mL 
HEK293 DMEM, FCS 10%, penicillin 100 U/mL, streptomycin 100$g/mL 
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3.1.8 Cell lines  
Cell line A673 was purchased from ATCC. A4573 was a kind gift of Prof. Poul Sorensen 
(University of British Columbia, Vancouver, Canada) and Dr Valentina Evdokimova (Ontario 
Institute for Cancer Research, Toronto, Canada), originally purchased from ATCC. TC32 was 
also kindly provided by Prof. Poul Sorensen, which was initially obtained from the Childhood 
Cancer Repository (CCR, Alex’s Lemonade Stand Foundation, Children’s Oncology Group, 
COG). SB-KMS-KS1 was established in our laboratory. HEK293 cells were kindly provided by 
Prof. Per Sonne Holm, originally purchased from ATCC. IL-15-producing NSO cells were a 
kind gift of Prof. Stanley Riddell (University of Washington School of Medicine, Seattle, USA). 
RD114 packaging cells were a kind gift from Prof. Manuel Caruso (Centre de recherche de 
Québec, Université Laval). Healthy donor buffy coats for extraction of peripheral blood 
monocytes were purchased from DRK-Blutspendedienst after informed consent and approval 
of local government regulatory authorities. All other cell lines were purchased from the German 
Collection of Microorganism and Cell Culture (DSMZ). 
 
Table 11: Cell lines used for experiments 

 
 
 Table 12: Cell lines used for experimental support 

 
 
3.1.9 Antibodies 
3.1.9.1 Antibodies for Flow Cytometry 
 
Table 13: Antibodies for flow cytometry – anti-human 
Specificity Fluorochrome Clone Concentration Company 

CAR FITC E1-1 1$g/106 cells Santa Cruz Biotech 
CD3 PE-Vio770 REA613 1:100 Miltenyi Biotech 
CD4 FITC SK3 1:100 BD Biosciences 
CD4 APC-Vio770 REA623 1:100 Miltenyi Biotech 

Cell line Location Age, sex pre-treatment Relevant mutations/ 

Pathway functionality 

Source 

A4573 unknown 17, f unknown unknown ATCC 
A673 unknown 15, f unknown p53: non-function250 

RB/E2F: functional151 
ATCC 

MHH-ES1 Peritoneal 
metastasis 

12, m unknown unknown DSMZ 

SK-N-MC retroorbital 
metastasis 

12, f post-chemo 
(VCDA) 

p53: non-function250 
RB/E2F: non-functional151 
  RB1 (missense: p.R698S)151 

DSMZ 

SB-KMS-KS1 Extra-
osseous 
metastasis  

17, f unknown unknown TUM 

TC32 ileum, soft 
tissue 

17, f at diagnosis p53: functional250 
RB/E2F: functional152 
  RB1 (splice site: p.P776R)20 

CCR 

Cell line Used for Source 

Healthy PBMCs Feeder cells, generation of monocyte-derived DCs and 
TCR-transgenic T cells 

DRK-
Blutspendedienst 

HEK293 Adenovirus production, hexon titer test Per Sonne Holm 
LCL Feeder cells, T cell expansion DSMZ 
NSOIL-15 in vivo experiments, IL-15 secretion Stanley Riddell 
(293Vec-) RD114 Packaging cell line, retrovirus production Manuel Caruso 
THP-1 DC maturation, T cell proliferation assay DSMZ 
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CD8 APC RPA-T8 1:100 BD Biosciences 
CD8 FITC REA734 1:100 Miltenyi Biotech 
CD25 APC REA579 1:100 Miltenyi Biotech 
CD11c APC B-ly6 1:50 BD Biosciences 
CD40 VioBright FITC REA733 1:100 Miltenyi Biotech 
CD45 VioGreen REA747 1:100 Miltenyi Biotech 
CD45 APC REA747 1:100 Miltenyi Biotech 
CD47 FITC REA220 1:100 Miltenyi Biotech 
CD54 (ICAM-1) PE REA266 1:100 Miltenyi Biotech 
CD80 PE REA661 1:100 Miltenyi Biotech 
CD83 APC-Vio770 REA714 1:100 Miltenyi Biotech 
CD86 VioBlue REA968 1:100 Miltenyi Biotech 
CHM1-multimer PE - 1:100 Busch Lab 
HLA-ABC APC REA230 1:100 Miltenyi Biotech 
HLA-ABC PerCP-Vio700 REA230 1:100 Miltenyi Biotech 
HLA-A2 FITC BB7.2 1:100 BD Biosciences 
HLA-DR APC REA804 1:100 Miltenyi Biotech 
HLA-DR PE-Vio770 REA805 1:100 Miltenyi Biotech 
CD183 (CXCR3) PE REA232 1:100 Miltenyi Biotech 
CD273 (PD-L2) APC-Vio770 REA985 1:100 Miltenyi Biotech 
CD274 (PD-L1) APC REA1197 1:100 Miltenyi Biotech 
CD274 (PD-L1) VioBright B515 REA1197 1:100 Miltenyi Biotech 
CD279 (PD-1) APC PD1.3.1.3 1:100 Miltenyi Biotech 
Ctrl Mouse IgG1,% APC X40 1:100 BD Biosciences 
Ctrl Mouse IgG1,% FITC X40 1:100 BD Biosciences 
Ctrl Mouse IgG1,% PE X40 1:100 BD Biosciences 
Ctrl Mouse IgG2a,% FITC G155-178 1:100 BD Biosciences 
REA Ctrl APC REA293 1:100 Miltenyi Biotech 
REA Ctrl FITC REA293 1:100 Miltenyi Biotech 
REA Ctrl VioBright B515 REA293 1:100 Miltenyi Biotech 
STEAP1-multimer PE - 1:100 Busch Lab 

 
 
Table 14: Antibodies for flow cytometry/purification – anti-mouse 
Specificity Fluorochrome Clone Concentration Company 

CD11b VioBright FITC REA592 1:100 Miltenyi Biotech 
CD45 PE-Vio770 REA737 1:100 Miltenyi Biotech 
CD279 (PD-1) APC REA802 1:100 Miltenyi Biotech 
F4/80 PE REA126 1:100 Miltenyi Biotech 
Ly6C VioGreen REA796 1:100 Miltenyi Biotech 
Ly6G PerCP-Vio700 REA526 1:100 Miltenyi Biotech 
MHC Class II (I-Ab) APC-Vio770 REA528 1:100 Miltenyi Biotech 
TCR " chain PE H57-597 1:100 BioLegend 

 
 
Table 15: Antibodies for flow cytometry – intracellular staining (human and mouse) 
Specificity Fluorochrome Clone Concentration Company 

FoxP3 PE 3G3 1:13 Miltenyi Biotech 
GATA3 APC REA174 1:13 Miltenyi Biotech 
ROR#(t) APC REA278 1:13 Miltenyi Biotech 
T-bet PE REA102 1:13 Miltenyi Biotech 
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Table 16: Further dyes and solutions used for flow cytometry 
Application Dye/Name REF Concentration Company 

Cell proliferation eFluor450 65-0842-85 According to 
protocol 

Thermo Fisher 
Scientific 

Dead cell exclusion DAPI staining 
solution 

130-111-570 1:100 Miltenyi Biotech 

Dead cell exclusion Propidium iodide 
(PI= solution 

130-093-233 1:100 Miltenyi Biotech 

Dead cell exclusion Viobility 405/520 
Fixable Dye 

130-109-814 According to 
protocol 

Miltenyi Biotech 

 
3.1.9.2 Antibodies for Western blotting (WB), hexon titer test (HTT), immunofluorescence 

(IF), and flow cytometry (non-conjugated) 
 
Table 17: Antibodies for WB, HTT, IF and flow cytometry (non-conjugated) 
Specificity REF Concentration Method Company 

Adenovirus-2/5 E1A Sc-25 1:500 WB Santa Cruz Biotech 
Adenovirus (hexon) AB1056 1:1000 HTT, WB Merck Millipore 
AlexaFluor488 goat 
anti-mouse IgG (H+L) 

A11029 1:250 IF, FlowCy Thermo Fisher 
Scientific 

AlexaFluor594 goat 
anti-rabbit IgG (H+L) 

A11012 1:250 IF Thermo Fisher 
Scientific 

Anti-mouse IgG%-HRP Sc-516102 1:1000 WB Santa Cruz Biotech 
Calreticulin MAB38981 0.25$g/106 cells FlowCy R&D Systems 
CXCL10 Sc-101500 1:100 WB Santa Cruz Biotech 
E2F1 3742S 1:500 WB Cell Signaling 

Technology 
E2F1 Sc-251 1:250 IF Santa Cruz Biotech 
GAPDH 2118S 1:2000 WB Cell Signaling 

Technology 
HLA A+B EPR1394Y  1:2000 Abcam 
HLA G EXB-1B-499-

C025 
1:500 WB Exbio 

MIF Sc-271631 1:250 WB Santa Cruz Biotech 
MmTC MAB141700    
Mouse anti-rabbit IgG-
HRP 

Sc-2357 1:1000 WB Santa Cruz Biotech 

Mouse IgG2a Isotype 
Control 

MAB0031 1:250 FlowCy R&D Systems 

p21 12D1 1:1000 WB Cell Signaling 
Technology 

p-RB D59B7 1:1000 WB Cell Signaling 
Technology 

Rabbit anti-goat IgG-
HRP 

P0449 1:1000 HTT Dako 

RB 554136 1:500 WB BD Biosciences 
YB-1 EP2708Y 1:2000 WB, IF Abcam 

 
 
3.1.10 Primer sequences for semi-quantitative PCR experiments 
All primers were ordered from Metabion. Mouse specific primer sequences for CXCL10, IL1B, 
TGFB1, MMP9 were used from Castro et.251, ARG1 primers were designed by Caroline 
Schöning  and HLA-A by Busheng Xue using Premier Primers software, NOS2 sequences are 
from Misson et al.252. Sequences for fiber and % actin were kindly provided by Prof. Per Sonne 
Holm. Mouse GAPDH primers are from Leiro et al. 253 Human CXCL10, HLA-B, and GAPDH 
primers are from PrimerBank (https://pga.mgh.harvard.edu/primerbank/).   
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Table 18: Primer Sequences 
Name Specificity Forward 5’-3’ Reverse 5’-3’ 

ARG1 mouse AAC ACG GCA GTG GCT TTA AC GGT TTT CAT GTG GCG CAT TC 
CXCL10 human GTG GCA TTC AAG GAG TAC CT TGA TGG CCT TCG ATT CTG GA 
CXCL10 mouse AAG TGC TGC CGT CAT TTT CT  TCT TTT TCA TCG TGG CAA TG 
Fiber DNA human Ad AAGCTAGCCCTGC AAACATCA CCCAAGCTACCAGTGGCAGTA  
GAPDH human CTC TGC TCC TCC TGT TCG AC  ACG ACC AAA TCC GTT GAC TC 
GAPDH mouse ACC GCA TCT TCT TGT GCA GT GCC AAA GTT GTC ATG GAT GA  
HLA-A human TCA CCC TGA GAT GGG AGC ATG TGG AGG AGG AAG AGC T 
HLA-B human CAG TTC GTG AGG TTC GAC 

AG 
CAG CCG TAC ATG CTC TGG A 

IL1B mouse ACG GAT TCC ATG GTG AAG TC GAG TGT GGA TCC AAG CAA T  
MMP9 mouse CAC CAC CAC AAC TGA ACC AC  CTC AGA AGA GCC CGC AGT 

AG 
NOS2 mouse CAG CTG GGC TGT ACA AAC 

CT 
CAT TGG AAG TGA AGC GTT TC  

TGFB1 mouse TGC GCT TGC AGA GAT TAA AA  GCT GAA TCG AAA GCC CTG TA 
" actin human TAA GTA GGT GCA CAG TAG 

GTC TGA 
AAA GTG CAA AGA ACA CGG 
CTA AG 

 
 
3.1.11 Small molecule inhibitors 
Following inhibitors were used for in vitro experiments: abemaciclib (LY, LY2835219), nutlin-
3a, palbociclib (PD, PD0332991), ribociclib (LEE, LEE011) and 10 'M stocks were generated 
according to supplier’s instruction using DMSO. All inhibitors were ordered from Selleck 
Chemicals. Ribociclib (succinate) for in vivo studies was purchased from MedChem Express 
and resuspended in 0.5% methylcellulose for oral gavage, according to manufacturer’s 
recommendation. Chemical compounds were stored at -20°C. 
 
3.1.12 Retroviral TCR constructs 
Identification of TCR V# and V%-chains of TCRs specific for STEAP1130 and CHM1319 in the 
context of HLA-A*02:01 as well as synthesis of retroviral TCR constructs with TCR 
modifications (codon optimization, murinization) was described by colleagues of this laboratory 
before126, 127, 129. 
 
 
3.2 Methods 
 
3.2.1 Ethical considerations 
This study was conducted in accordance with the Declaration of Helsinki and approved by the 
German regional regulatory government authorities. Isolation of PBMCs from healthy donors 
and generation of TCR transgenic T cells was approved under permission number 50-8791-
139.754.2122. Animal experiments were approved under permission numbers: 55.2-
2532.Vet_02-15-102, 55.2-2532.Vet_02-17-225, 55.2-2532.Vet_02-20-165. 
 
3.2.2 Cell biology techniques 
3.2.2.1 Cell culture 
The culture media used for specific cell types are described in Table 9. All cell lines were kept 
in a humified incubator (37°C, 5% CO2). Cells were passaged when reaching confluency of 
80-90% (for adherent cells). Non-adherent cells were kept at concentration of ~ 2x106/mL. 
Heat-inactivated FCS or huAB serum was used as cell culture supplement.  
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Specific T cell medium (Table 9) was utilized for culturing (TCR transgenic) T cells. Culture 
medium for CD4+ T cells was replenished with 50 U/mL IL-2 and 5 ng/mL IL-7, or 100 U/mL IL-
2 and 2 ng/mL IL-15 for CD8+ T cells. 
Cell lines were routinely tested for mycoplasma contamination (MycoAlert Mycoplasma 
Detection Kit) according to manufacturer’s protocol.  
 
3.2.2.2 Isolation of peripheral blood mononuclear cells (PBMCs) 
Health donor buffy coats were purchased from DRK-Blutspendedienst and peripheral 
mononuclear cells (PBMCs) were isolated by centrifugation with a density gradient using Ficoll-
Paque according to manufacturer’s instruction and as previously decribed254. In case of red 
blood cell contamination, after harvesting of the PBMC fraction, consecutive erythrocyte lysis 
was performed using ACK Lysis Buffer.  
 
3.2.2.3 Generation of monocyte-derived dendritic cells (moDCs) 
As previously described126, CD14+ monocytes were purified from fresh PBMC using the Anti-
Human CD14 Magnetic Particles kit and the BD Cell Separation Magnet according to supplier’s 
instructions. Then, CD14+ cells were cultured in DC medium (Table 9) supplemented with 1000 
U/mL IL-4 and 800 U/mL GM-CSF to induce DC differentiation. After 3 days, cytokines were 
renewed before immature DCs (imDCs) were used for experiments on day 5. DC maturation 
(as control) was induced for another 2 days by a maturation cocktail (MC) containing: 10 ng/mL 
IL-1%, 1000 U/mL IL-6, 10 ng/mL TNF, and 1 'g/mL PGE2. For the generation of THP-1-derived 
imDC, IL-4 and GM-CSF in identical concentrations was used. 
 
3.2.2.4 Generation of tumor-conditioned medium 
1.5x105 tumor cells were seeding in 6-well plates. 24 hours(h) afterwards, cells were treated 
with inhibitor or infected with virus. In case, the combination of CDK4/6i and XVir-N-31 was 
assessed, virus infection was performed 24h after addition of the inhibitor/mock. 48h post 
infection (hpi), supernatant was collected, centrifuged (Multifuge 3SR, 2200 rounds per minute 
(rpm), 5 min) and stored at -80°C until further usage. 
 
3.2.2.5 Generation of TCR transgenic T cells 
For generation of STEAP130/HLA-A*02:01-specific TCR-transgenic CD4+ and CD8+ T cells, T 
cell subset were positively isolated from fresh HLA-A*02-negative donor PBMC with respective 
Dynabead Positive Isolation Kits and the BD Cell Separation Magnet in accordance with 
manufacturer’s protocols. Here, T cells were activated with anti-CD3/CD28 Dynabeads (pre-
washed 25 $L/106 cells in 24-well plates), as previously described254. For the generation of 
CHM1319/HLA-A*02:01-specific TCR-transgenic T cells, the CD8+ subset was negatively 
isolated with the ‘untouched’ CD8+ T cell Isolation Kit using recommended MidiMACS and 
QuadroMACS magnets as well as LS columns from Miltenyi Biotech according to supplier’s 
instructions. Here, T cell activation was performed with 50 ng/mL OKT3. 
Introduction of respective TCR transgenes were performed with a retroviral infection system 
as previously published127, 129. In short, 3x105 RD114 packaging cells (plated in 6-well plates 
the day before) were transfected with TCR encoding retroviral plasmids (1 'g plasmid together 
with 9 'L TransIT/well). 2 and 3 days afterwards, retrovirus-containing supernatant was 
collected and used for T cell transduction. Transduction was performed by centrifugation (2200 
rpm, 90 min, 32°C) of ~106 T cells (activated 2 days before) in Retronectin-coated 24-well 
plates (5	'g Retronectin/well, non-tissue) supplemented with cytokines, 1% HEPES, and 4	
'g/mL protamine sulfate. 
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Transduction efficacy was evaluated by flow cytometry using STEAP1- or CHM1-specific 
multimers, compared to irrelevant multimers (kindly provided by the laboratory of Prof. Dr. Dirk 
Busch, Busch Lab), as previously published126, 127, 255. To obtain purities of ≥ 95%, TCR-
transgenic T cells were further enriched by Anti-PE Microbeads with the MidiMACS magnet 
and respective columns according to manufacturer’s protocol, after specific multimer-staining 
(PE). After enrichment, transgenic T cells were expanded with 5x106 irradiated LCL (100 Gray, 
Gy) and 2.5x107 irradiated PBMCs (30 Gy, pooled from 5 different donors) in 25 mL T cell 
medium. Cytokines were supplemented every 2-3 days. Irradiation of cells was performed with 
BioBeam8000. 
 
3.2.2.6 Generation of adenovirus constructs 
XVir-N-31 was designed by Prof. Per Sonne Holm and produced by Klaus Mantwill. They kindly 
provided the virus for all in vitro and in vivo studies. Their laboratory also kindly supplied 
adenovirus wildtype, which was originally obtained from Prof. David Curiel (Washington 
University, St. Louis, Missouri). The E1-deleted adenovirus vector expressing GFP under the 
control of a CMV promotor and additional RGD, was also provided by Prof. Per Sonne Holm 
and Klaus Mantwill. All adenovirus constructs were produced in HEK293 cells and purified by 
CsCl-gradient centrifugations (2 consecutive times) followed by chromatography-based size-
exclusion using disposable PD-10 desalting columns (GE Healthcare). 
 
3.2.2.7 Infection of cell lines with adenoviruses 
For infection, cells were plated in 10cm, 6- or 24-well plates. In case, inhibitors treatment was 
used in combination, desired concentrations of inhibitors were added 24h before virus infection 
and afterwards (only nutlin-3a was discontinued after infection). Desired multiplicities of 
infection (MOI, i.e. IFU/mL, previously established by a hexon titer test) were added in 2 mL, 
500 'L, or 150 'L serum-free medium for 1h (with gentle pivoting every 15 min). Afterwards, 
standard medium was replenished. Cells or supernatant were further processed at specific 
time points as indicated in respective experiments or figure legends. 
 
3.2.2.8 Determination of adenovirus particles 
Quantification of adenoviral viral infectious units (IFU) was done with a hexon titer test (HTT). 
Formation of infectious particles was assessed by immunohistochemistry staining of virus-
infected HEK293 cells (in a serial dilution) which were seeded in 24-well plates and infected at 
the same time. At ~44hpi, cells were fixed with ice-cold methanol and stained with a primary 
goat-anti-hexon antibody and a horseradish peroxidase (HRP)-conjugated secondary rabbit-
anti-goat antibody (Table 17) and developed with the Liquid DAB (3,3’-diaminobenzidine in 
chromogen) + Substrate Chromogen System. Positively stained cells were counted (10 
random fields across the well) and viral titer was determined as IFU/mL with following formula: 
(average number of stained cells/field*fields/well)/(volume of diluted virus per well (mL)* 
dilution factor. Methodological comparison of hexon titer tests was ensured.  
De novo production of XVir-N-31 in EwS cell lines was assessed at indicated time points. Here, 
supernatant and cells were collected after the use of a cell scraper, viral particles were 
released from intact cells by multiple thaw-freeze cycles, followed by centrifugation (1600rcf, 
10 min). Afterwards, supernatant was serially diluted and used to infect HEK293 in duplicates. 
 
3.2.2.9 Flow Cytometry 
Cell cycle analysis 
Cell cycle state of EwS cell lines was assessed by flow cytometry using PI. Here, 2x105 cells 
were plated in 6-well plates and treated with different concentrations of inhibitors the day 
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afterwards. After another 24h, cells were washed with sample buffer (Table 8), then fixed with 
70% ice-cold EtOH (drop-wise addition and continuous vortexing) and stored for at least 18h 
at -20°C. After thawing, cells were centrifuged and resuspended in 1mL staining buffer (Table 
8) and incubated for 30 min, at room temperature before acquisition in a FACSCalibur flow 
cytometer. 
 
Analysis of cell surface markers 
Cells in single cell suspension were stained in 96-well plates in PBS with primary fluochrome-
coupled antibodies. When using REA antibodies from Miltenyi Biotech (Table 13) a minimum 
incubation period of 15 min (at 4°C), otherwise antibody staining of 30 min was ensured. 
Staining concentration for respective antibodies are also given in Table 13, usually in regard 
to total staining volume. A maximum of 2x106 cells per well were stained with REA antibodies 
(xenografts), usually cell numbers from in vitro experiments ranged from 5-20x104 cell per 
staining. For multicolor staining panels (all in vivo experiments and all in vitro DC maturations 
and T cell activation experiments) auto-compensation with specific REA-compensation beads 
according to Miltenyi’s recommendation was performed. Dead cell exclusion was ensured by 
either DAPI, PI (added right before acquisition) or the fixable Viobilitiy 405/520 dye (staining 
together with surface markers, according to manufacturer’s protocol). 
When indicated, isotype staining with respective fluorophore was performed, or fluorescence-
minus one (FMO) controls were used. Anti-CALR staining was done with an uncouple primary 
mouse antibody (controlled with monoclonal IgG2a isotype), which was incubated at room 
temperature for 30 min, followed by a washing step and consecutive staining with a secondary 
AlexaFluor488 goat-anti-mouse IgG antibody for another 30 min at 4°C. All cells were washed 
with PBS after staining before acquisition.  
 
Analysis of intracellular transcription factors 
For intracellular analysis of transcription factors, first surface staining (together with fixable 
Viobility dye) was performed, as described above. Afterwards, cells were permeabilized and 
fixed for 30 min (4°C) and stained for T cell subset-specific transcription factors afterwards 
(Table 15). Here, specific kits from Miltenyi containing fixation/permeabilization buffer and 
specific solution were used according to supplier’s recommendation (Table 6). 
Cells for analysis of surface markers, transcription factors and T cell proliferation were acquired 
with MACSQuant Analyzer 10. 
 
Data analysis and gating strategy 
All fcs raw data was processed using FlowJo. Following gating strategy was applied in all 
analyses: doublet discrimination in FSC-H vs FSC-A à identification of cells in SSC-A vs FSC-
A à dead cell exclusion using DAPI (V1 vs V2) PI (B3 bs B2) or Viobility dye (V2 vs V1 or B1). 
When several populations were present, specific cells were identified as follows: human T cells 
by double-positivity for CD45/CD3 (or CD3/CD4 or CD3/CD8), human tumor cells by mouse 
and humane double-negativity for CD45, mouse myeloid cells by CD45/CD11b double-
positivity, neutrophils by Ly6G positivity in myeloid population, monocytes by Ly6C high-
positivity in Ly6G-negative myeloid population, and macrophages by F4/80 positivity in 
Ly6C/Ly6G double-negative myeloid cells. If specific marker expression in aforementioned 
subsets was analyzed, isotype controls or FMO controls were used. 
 
3.2.2.10 Phagocytosis assay 
GFP-expressing A673 cells, were retrovirally transduced with a GFP-expressing vector by 
Josefine von Oven. The pMP71_GFP-vector was a kind gift of Prof. Dr. med. Angela 
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Krackhardt (Medizinische Klinik III, Klinikum rechts der Isar, TUM). After flow cytometric 
validation of transduction efficacy, GFP-expressing tumor cells were sorted at the Department 
of Microbiology (Klinikum rechts der Isar, TUM) with FACS Aria 
Phagocytosis of GFP-transduced A673 cells was analyzed via flow cytometry in 96-well plates 
after a 4-h-coculture-periode of THP-1-derived and monocyte-derived imDCs. A673 cells were 
infected 48hpi prior coculture at indicated MOI. Tumor cells were considered as phagocytosed 
when staining double-positive for GFP and a monocyte/lymphocyte-lineage specific marker, 
such as CD11c-APC or CD45-APC. Each experiment was performed in biological replicates, 
as further specified in figure legend. 
 
3.2.2.11 T cell proliferation assay 
After culturing THP-1 in CM for 72h and maturation state via flow cytometry was assessed, 
THP-1 cells were pulsed with 10 'g/mL peptide and 20 'g/mL %2-microglobulin for 4h at 37°C 
and washed afterwards before CHM1319/HLA-A*02:01-specific TCR-transgenic CD8+ T cells 
were added at a 2:1 ratio in T cell medium containing 30 U/mL IL-2. CHM1319-peptide 
(VIMPCSWWV) and influenza-peptide (GILGFVFTL, as control, when indicated) were used for 
pulsation. Before start of coculture, T cells were labeled with 10 'M eFluor450 dye according 
to manufacturer’s recommendation and washed 3 times before adding to peptide-pulsed THP-
1 cells. T cell proliferation/activation was assessed 96h after start of coculture via flow 
cytometry after dead cell exclusion with DAPI or Viobility dye. 
 
3.2.2.12 xCELLigence Assay 
Virus- and/or T cell-mediated cytotoxicity was also studied by the xCELLigence assay installed 
in an incubator, which allows continuous detection of adherent cell growth by impedance-
based measurement. Cytotoxicity of T cells and OAd can be detected by detachment of 
adherent tumor cells after addition of effector cells or virus infection in a time-dependent 
manner. Here, 1-2x104 tumor cells were plated in specific E plates (96 wells) in triplicates or 
quadruplicates and therapeutic cells or virus was added at indicated timepoints at different 
effector-to-target ratios and different MOI. Virus infection was performed at a cell index of ~0.5 
- 1 and T cells were added at a cell index of ~1 – 2. 
 
3.2.2.13 Histopathology  
For analyzing metastatic tumor spread in the in vivo model of experimental metastasis, liver 
and lungs from mice were fixed with 4% buffered formaldehyde (Table 10). Paraffin-embedding 
and staining for hematoxylin/eosin (HE) was done by Prof. Dr. Dr. med. Thomas Grünewald at 
the Institute of Pathology of the Ludwig Maximilian University (LMU) of Munich. Then, the 
percentage of tumor involvement of each organ from a representative slide per animal was 
assessed and calculated in organ overview at 4x magnification. 
 
3.2.2.14 Immunofluorescence (IF) staining 
2-4x104 EwS cells were plated in ibidi '-slide and fixed 24-36h afterwards using 4% buffered 
formaldehyde (30 min), followed by permeabilization (10 min) and blocking for 1h at room 
temperature (Table 10). Primary antibodies were diluted in 0.5% nonfat milk in TBS-T (Table 
17) and incubated in a humified, dark chamber over night at 4°C. Secondary fluorochrome-
coupled antibodies (Table 10) were added also in 0.5% milk in TBS-T at room temperature for 
30 min. After a consecutive staining step with DAPI (1:5000 in MeOH) for 10 min in the dark, 
followed by washing of cells, they were acquired and photographed with a Axiovert 100 
microscope using fluorescent light with 100x magnification. 
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3.2.3 Molecular biology techniques 
3.2.3.1 DNA and RNA isolation 
Genomic DNA, for the assessment of viral genomic copies, was isolated using the DNeasy 
Blood & Tissue Kit and RNA, for reverse transcription and microarray analysis, was isolated 
using RNeasy Mini Kit according to manufacturer’s protocols. Afterwards, concentrations of 
DNA and RNA were determined by NanoPhotometer measurement before further processing.  
 
3.2.3.2 Reverse transcription 
To analyze gene expression, RNA was transcribed into complementary DNA (cDNA) using the 
High-Capacity cDNA Reverse Transcription Kit with a total volume of 20 'L containing 2 'L 
dNTP mix (100 mM), 1 'L MultiScribe Reverse Transcriptase (50 U/'L), 2 'L random primers 
(10x), 2 'L buffer (10x), and 1 'g RNA in 14.2 'L ddH2O. The reverse transcription program 
in the iCycler consisted of 3 steps: (1) Initiation at 25°C for 10 min, (2) Elongation at 37°C for 
120 min, and (3) Inactivation at 85°C for 5 min. 
 
3.2.3.3 Semi-quantitative Real Time PCR (sqPCR) 
SqPCR was used to determine viral genomic copies (fiber DNA) and to assess gene 
expression after reverse transcription (RT).For detection adenoviral genomic copies and gene 
expression of human genes from xenograft experiments 50ng genomic or cDNA per reaction 
were used. For the detection of mouse immune cell genes 375ng of cDNA was used for sqRT-
PCR due to the relative low numbers of tumor-infiltrating mouse cells. Total reaction volume 
adjusted in 96-well MicroAmp Fast Optical Reaction Plates was 15	'L, comprised of 7.5 'L 
GoTaq qPCR master mix, 0.75 'L of forward and reverse primers each, 1 'L of DEPC-H2O 
and 5	'L of genomic or cDNA in DEPC-H2O. Plates were sealed, centrifuged, and analyzed. 
Reaction and recording of fluorescence (with respective cycle threshold ct values, indicating 
the cycle number when excess of fluorescence intensity was significantly higher than 
background), were done in a StepOnePlus Real-Time PCR System, according to 
manufacturer’s recommendation, using settings described in Table 19. A melting curve 
analysis was performed to confirm specific PCR products. 
 
Table 19: sqPCR protocol 
Step Process Temperature duration 

1 Initiation 94°C 90 sec 
2 Denaturation 94°C 15 sec 
3 Annealing 60°C 15 sec  
4 Polymerase activity (go to step 2, 40x) 72°C 15 sec  

 
Relative quantification of synthesized products was performed using the Pfaffl method256:  
Relative normalized gene expression = 2^-ΔΔct, whereas Δct = ct (gene of interest) – ct (house-
keeping gene) and ΔΔct = Δct (treated condition) – ct (control condition) 
 
3.2.3.4 Determination of viral genomic copies 
Viral genomic DNA in vitro, indicative for viral replication, was studied using sqPCR with 
specific fiber DNA primers, applying the ∆∆ct method (3.2.3.3), normalized to % actin (Table 
18), and compared to viral DNA 4hpi (i.e. entry levels). To assess viral genomic DNA from 
explanted tumors (in vivo experiments), fiber DNA was normalized to % actin, applying ∆ct 
analysis. 
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3.2.3.5 Knock-down experiments 
siRNA-mediated knock-down experiments were performed using small inhibitory RNA, namely 
siE2F1 (Sigma-Aldrich: SASI_Hs01_00162220), siRB (Qiagen: SI00007091), and scramble 
siRNA (Qiagen: 1022076) to transfect cells in 6-well plates or 10cm dishes using Lipofectamine 
RNAiMAX Transfection Reagent together with Opti-MEM according to manufacturer’s 
instructions with final concentrations of siRNAs of 25pmol.  Knock-down for specific targets 
was confirmed by immunoblotting (3.2.3.7) after overnight transfection and afterwards 
adenovirus infection was performed as described in 3.2.1.7. 
 
3.2.3.6 Microarray analysis 
Microarrays were generated at our facility as previously described121, 257 (see 
www.affymetrix.com for the detailed protocol). Microarray chips were generated by Caroline 
Schöning, Dr. rer. nat. Kristina von Heyking and Jennifer Eck. Affymetrix Human Gene 1.0 ST 
microarrays were used for sample hybridization. CEL files were read using brainarry cdf. 
Before data analysis robust chip average (RMA) normalization and background correction was 
performed.  An R script for data analyses was kindly provided by Carolin Prexler, a PhD 
bioinformatic student in our laboratory. Pathway analysis was performed with the online open-
access analysis tool Reactome (reactome.org). 
 
3.2.3.7 Western blot analysis 
Cells were lysed on ice using a protein lysis buffer (Table 7). For in vitro experiments ~ 2x106 
cells and for explanted xenografts 3-5x106 cells (single cell suspension after mechanical and 
enzymatic dissociation) were used. Lysates were homogenized by sonification and sheared 
(27G needle) thoroughly before centrifugation at 30,000rcf (4°C) for 30 min. Protein 
concentration in respective supernatant was measured using the Pierce BCA Protein Assay 
Kit according to supplier’s recommendation. After equalization of protein concentration in 
protein loading buffer (supplemented with 100 'L 1M DTT to 500 'L buffer) and boiling (5 min, 
100°C), samples were either stored at -80°C or used directly for immunoblotting. Therefore, 
samples (with protein concentration of 20-40 'g per lane) were loaded into pockets of SDS 
gels (Table 7) and separated at 75-90 Volt in running buffer. Afterwards, proteins were 
transferred onto PVDF membranes, which were activated before in MeOH for ~ 2 min, with 
transfer buffer soaked Whatman papers connecting up with the electrodes of the semi-dry 
blotting system. Membranes were blocked with 5% nonfat dry milk in TBS-T. Protein band 
were detected with specific antibodies (Table 17) and the Amersham ECL Western Blotting 
Reagent Pack and visualized with the Gel Logic 1500 luminometer. 
 
3.2.3.8 Multiplex Chemo-/Cytokine Assay 
For in vitro screening assays, the Human Cytokine Screening 48-Plax Panel was used. To 
analyze chemo-/cytokines present in the TME, the Human ProcartaPlex Mix&Match 7-plex 
(containing IL-29, IL-8, CXCL10, LAP, MIF, SCGF beta, TNF alpha) was utilized. Both panels 
were used according to supplier’s recommendations and samples we acquired with a Bio-Plex 
200 System (Luminex 200). Supernatant from in vitro experiments was prepared as described 
in 3.2.1.5 at different MOI and time point, specified in figure legend. To assess chemo-/cytokine 
levels in the TME, tumors were mechanically dissected with a scalpel (no. 10) in PBS. 
Afterwards, cell suspension was centrifuged, and supernatant was stored (as described in 
3.2.1.5) at -80°C until measurement. 
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3.2.4 Animal experiments 
 
In vivo setups 
Different animal experiments were performed for this study, all approved by local authorities 
(also see 3.2.1 Ethical Considerations). Rag2-/-$c-/- mice (BALB/c background) were bred in 
our animal facility at Klinikum rechts der Isar (TranslaTUM) under pathogen-free conditions. 
Rag2-/-$c-/- mice were initially obtained from the Central Institute of Experimental Animals 
(Kawasaki, Japan). Experiments were performed in 12-30-week-old mice, both male and 
female. Experiments in female nude mice (NMRI-Foxn1nu/nu), purchased from Charles River 
Laboratories, were performed at an age of 10-20 weeks. For assessment of subcutaneous 
tumor growth (tumor volume), tumor cells were injected into the right and/or left flank as single 
cell suspension in PBS. Specific numbers of injected tumor cells are given in respective figure 
legends. When tumors reach a certain volume (also further specified in the result section), 
measured by caliper (volume = 0.5 x length x width2), animals were randomly assigned to 
indicated treatment groups and therapy was initiated. CDK4/6i was administered by oral 
gavage using specific, flexible plastic feeding tubes (Instech Laboratories). Tumor-HLA-
matched healthy donor non-specific PBMCs (matched for HLA-A2) were prepared as 
described in 3.2.2.2 for humanization, when indicated. For further introduction of peptide/HLA-
A*02:01-specific TCRs, HLA-A2-negative PBMCs were used and generated as described in 
3.2.2.5. IL-15-producing NSO cells were irradiated with 80 Gy prior to application. Both T cells 
and NSO cells were injected intraperitoneally (i.p.). Transferred cell numbers and intervals are 
given at each section.  
STEAP1130/HLA-A*02:01-TCR transgenic T cells were tested in 2 different setting, after a 
culturing and expansion period of ~	6 weeks. For s.c. tumor growth, mice were irradiated with 
3.5 Gy once the tumor was palpable (~	3 days after tumor inoculation with 2x106 A673 cells) 
and randomly divided into treatment/control groups: (1) 1x107 non-specific PBMCs, (2) 5x106 
transgenic CD4+ T cells together with 5x106 CD4-depleted non-specific PBMCs, (3) 5x106 
transgenic CD8+ T cells together with 5x106 CD8-depleted non-specific PBMCs, and (4) 
2.5x106 transgenic CD4+ T cells together with 2.5x106 transgenic CD8+ T cells and 5x106 non-
specific PBMCs. Mice also received 107 IL-15-producing NSO cells biweekly until the end of 
experiment at day 17. For experimental metastasis, assessing the effect of therapeutic 
STEAP1-specific T cells on metastatic organotropism, mice were irradiated (3.5 Gy) one day 
prior to tail vein-injection of both 2.5x106 A673 cells and T cells (groups 1-4, as described 
above), combined with biweekly i.p.-injections of 1x107 irradiated NSO cells. 30 days after 
tumor/T cell injection mice were sacrificed, organs were explanted (spleen, lung, and liver), 
and fixed in 4% buffered formaldehyde (Table 10). 
 
Bioluminescence monitoring of implanted tumor cells 
Tumor control of firefly luciferase-expressing A673-Luc (after s.c.-implantation) with STEAP1-
specific T cells was assessed as described above. A673-Luc was transfected in our lab before. 
Total photon flux (maximum; at 3-10 min after luciferin administration, i.p. 150 mg luciferin/kg 
body weight) was measured at indicated time points at the Institute of Molecular Immunology 
and Experimental Oncology (TUM), after introduction by PD Dr. rer. nat. Wohlleber to the IVIS 
Lumina LT-Series III instrument (exposure time of 10s). For acquisition, mice were shortly 
anesthetized with 2% isofluran. 
 
Harvesting and processing of tumors and organs 
Mice were sacrificed at the end of experiment by isofluran narcosis and cervical dislocation. 
Experiments were stopped when s.c. tumor reached a tumor volume of ≥ 1 cm3, deterioration 
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in well-being, such weight loss, increased frequency of breathing, decreased movement, 
changes in flight reactions, and others, as defined in respective approvals from local 
government regulatory authorities. Depending on desired read out, explanted tumors/spleens 
were cut into half (one part fixed in 4% buffered formaldehyde) or mechanically dissected with 
a scalped (No.10) as a whole in 4mL PBS. Next, 0.5mL of the tumor cell suspension was 
stored at -20°C for DNA isolation and sq-PCR analyses. Then, supernatant was stored at -
80°C after centrifugation (2200 rpm, 5 min, for multiplex chemo-/cytokine analyses) followed 
by the addition of 1mL tumor digestion buffer (Table 10) for enzymatic dissociation and 
incubation of samples at 37°C for 30 min. Afterwards, samples were filtered (70 'm) and 
washed in standard medium before distribution for further RNA and protein isolation, flow 
cytometry and cryopreservation. Spleens for flow cytometry analysis were treated comparably. 
All steps were performed on ice, if not indicated otherwise. 
 
3.2.5 Computational analyses 
3.2.5.1 Statistical analysis 
Statistical analysis was performed using Prism 9. For values with normal distribution, student’s 
t-tests and ordinary one-way or two-way analysis of variance (ANOVA) in combination with 
Tukey’s multiple comparison methods were conducted, as indicated in figure legends. For 
arbitrarily distributed values, Kruskal-Wallis and Mann-Whitney U test were applied, simple 
linear and non-linear regression modelling was used to identify correlations, further specified 
in respective figure legends. Survival differences were analyzed using the Mantel-Cox log-rank 
test. Levels of significance are given as asterisks. Analyses were performed with Prism 9. 
 
3.2.5.2 Bioinformatic analysis 
Bioinformatic analyses were supported by Carolin Prexler (PhD student in bioinformatics) who 
kindly provided an R-based analysis algorithm for microarray data. For publicly available data, 
raw expression datasets were download from the GEO database. Then RMA normalization 
and background correction was computed and annotation using brainarray cdf (ENTREZG) 
was performed. The CIBERSORT online-tool (cibersort.standord.edu) was used to analyze 
relative immune cell populations in publicly available data applying standard setting (LM22-ref-
sample, 100 permutations). Relative values were exported in excel and grouped towards 
CXCL10 expression levels as specified in the figure legends and analyzed with Prism 9. 
SynergyFinder Plus installation in R and performance of analysis was performed according to 
recommendation (https://synergyfinder.org)258. 
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4 Results 
 
4.1 Innate and adaptive antitumor immunity against EwS 
 
4.1.1 Transcriptome-based analysis reveals CXCL10 expression as a possible 

determinant for T cell infiltration, antigen presenting capacity and antitumor 
phenotype of myeloid subsets 

 
As previously published, CXCL9 and CXCL10 expression within the TME was associated with 
T cell infiltration55. Given the ambivalent role of the CXCL9/10-CXCR3-axis concerning 
antitumor immunity259 and tumor escape (e.g. due to autocrine signaling from tumors260), 
further insights were sought to be identified by transcriptome analysis from publicly available 
data.  
 
Utilizing relative gene expression values in combination with CIBERORT261 relative immune 
cell profiles from 117 EwS biopsies, the role of CXCL10 was further analyzed. Biopsies were 
grouped into: CXCL10 low with relative expression <100, CXCL10 induced with relative 
expression >100 and CXCL10 high with relative expression values >1000. 
 
Indeed, CD8+ T cell transcripts were gradually increased in patient biopsies with higher 
CXCL10 expression levels (CXCL10 induced or high) (Figure 1a), which is in agreement with 
previously published literature. In addition, transcripts associated with resting CD4+ memory T 
cells were decreased with higher CXCL10 levels. Regarding tumor-associated macrophages 
(TAMs), an increase of gene sets associated with antitumoral M1 macrophages was detected 
in CXCL10 induced and CXCL10 high biopsies with a concurrent decrease of 
immunosuppressive M2 macrophages in CXCL10 high patients (Figure 1b). 
 
Due to the observed induction of CXCL10, further possible associations with immunogenicity 
and antigen (cross-) presentation were analyzed. Therefore, respective transcripts were 
correlated with CXCL10 expression levels. Here, 2 patient data sets were combined 
(GSE34620 and GSE142162), and a total of 196 transcriptomes were evaluated.  
Of note, a selection of genes known to have co-stimulatory properties (CD80, CD83, and 
CD86) and all MHC class I haplotypes showed weak to moderate positive correlation with 
CXCL10 expression levels (Figure 1c-h). 
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CD8 T cells 

Figure 1: Transcriptome-based analysis reveals positive correlation of CXCL10 expression 

with increased CD8+ T cell and M1 macrophage transcripts and genes involved in antigen 

presentation. (A) Relative proportion of CD8+ T cells in bulk tumor transcripts, extracted from 
CIBERSORT after grouping respective patient biopsy samples into CXCL10 low-induced-high. Here, 
statistics were generated with the multiple comparison tool from Prism 9 (Version 9.1.2) in 
combination with ordinary one-way ANOVA. (b) Additional relative immune cell populations from 
CIBERSORT analyses were grouped in regard to CXCL10 expression (low-induced-high). The same 
software was used to analyze statistical differences but the multiple comparison tool in combination 
with 2-way ANOVA was utilized.(c-h) Correlation analyses were performed using Prism 9 linear 
regression modelling after extraction from the R2 platform1 (pre-analyzed with correlate 2 genes, 
log2 gene expression) and combination of data sets Delattre GSE34620 (n=117) and Surdez 
GSE142162 (n=79). Pearson r (R) and p-values were generated in Prism 9. Significance levels are 
indicated as asterisks: * p < 0.05, ** p < 0.005, ns = not significant or not show in (b); Error bars 
indicate the SEM. 
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4.1.2 EwS-redirected TCR transgenic CD4+ T cells exhibit antitumor activity in vitro 
and mediate local control of xenografted A673 cell line254  

 
Our group previously established a set of EwS-redirecting TCRs with potent antitumor efficacy 
in vitro and in vivo126-129. Those TCRs were cloned and identified from CD8+ T cells in and HLA-
A*02:01-mismatch approach against overexpressed tumor-associated antigens. Thus far, only 
antitumor activities of CD8+ T cell equipped with respective TCRs were assessed. Interestingly, 
we also observed CD4+ T cell infiltration in metastatic lesions in a model of experimental 
metastasis after i.v.-injection of EwS-redirected CD8+ T cells together with CD4+ T cells of 
unknown specificity derived from the same healthy donor262.  
 
This observation led to the hypothesis that CD4+ T cells contribute to tumor control in this 
model of experimental metastasis when co-injecting A673 EwS tumor cells and therapeutic 
EwS-redirected T cells. Hence, to study the contributing role of tumor-redirected CD4+ T cells, 
healthy donor cells were genetically modified to express an EwS antigen-specific TCR 
recognizing the nonameric peptide STEAP1130 (six transmembrane epithelial antigen of 
prostate 1) in the context of HLA-A*02:01. 
 
Indeed, those therapeutic TCR transgenic (tg)CD4+ T cells exhibited antitumor activity in vitro 
(Figure 2a-d) and furthermore contributed to local tumor control (Figure 2f+g). But when 
applied with tgCD8+ T cell neither synergistic nor additive effects, were observed (Figure 2e-
g). In our model of experimental metastasis after concurrent tail vein injection of both A673 
cells together with tgCD4+ T cells, or tgCD8+ T cells, or both cell types together, metastatic 
outgrowth in liver and lungs was only inhibited when administering tgCD8+ T cells without 
tgCD4+ T cells (Figure 2h-i). 
 
Assessing cytokine profiles from in vitro cocultures, conditioned medium (CM) from tgCD4+ T 
cells contained increased amounts of CXCL10 but lacked specific effector cytokines, such as 
IFN$ or tumor necrosis factor (TNF). In comparison to CM from tgCD4+ T cells, induction of 
IFN$ and TNF was observed in CM containing tgCD8+ T cell (Extended Data Figure 1a-c). 
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Figure 2: EwS-redirected TCR transgenic CD4+ T cells exhibit antitumor activity in vitro and 

mediate local control of s.c.-xenografted A673 cell line. (a) Validation of high purity of 
STEAP1130/HLA-A*02:01-specific TCR-transgenic CD4+ (tgCD4) and (b) tgCD8+ T cell, stained with 
CD4-FITC or CD8-APC and irrelevant multimer-PE (irr_M) or relevant multimer (STEAP1_M), before 
experimental use. (c) xCELLigence assays of contact-dependent A673 (HLA-A*02:01-positive) or SK-
N-MC (HLA-A*02:01-negative) tumor growth was measured and tgCD4 T cells (red cell) were added at 
an effector-to-target ratio (E:T) of 20:1 (at 46 days of T cell culture). Specific T cell recognition of target 
cells resulted in growth inhibition (detachment) of A673 tumor cells (purple line) but not of HLA-A*02:01-
negative SK-N-MC cells (black lines). (d) Donor-specific variation of antitumor activity of tgCD4+ T cells 
in xCELLigence assay at different E:T ratios, at 6 weeks of T cell culture (4 donors, red cell indicates 
the time of T cell addition). (e) Increase of antitumor activity of tgCD4 T cells with the time of T cell 
culture (assessed at day 16, left figure) day 30 or day 46, respectively. Furthermore, antitumor activity 
of tgCD8, and tgCD4/tgCD8 (1:1) T cells was measured at E:T of 10:1 and 2:1, indicating the superiority 
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of tgCD8 T cells at all time points, irrespective of E:T ratio and co-administration with tgCD4 T cells. (f) 
Antitumor activity of tgCD4, tgCD8, tgCD4/tgCD8 (1:1), and non-specific (n.-sp.) PBMC was analyzed 
at the end of experiment (i.e. day 17 after application) measured by tumor weight and (g) 
bioluminescence, each dot corresponds to one animal. (h + i) Control of metastatic organotropism was 
also analyzed for aforementioned treatment groups at 30 days after i.v.-injection of both tumor and 
therapeutic T cells in liver and lung. Each dot corresponds to the percentage of tumor spread in 
respective organ of one individual animal. Significance levels are indicated as asterisks: * p < 0.05, ** p 
< 0.005, ns = not significant; Man-Whitney U test was applied in case of skewed distribution, otherwise 
unpaired, two-tailed student’s t-test was performed. Error bars indicate the SEM. 
 
 
Results from this section can be summarized as follows: 

1. Higher levels of CXCL10 are associated with CD8+ T cell infiltration (relative immune 
cell populations, RNA-based). 

2. Higher levels of CXCL10 are associated with increased antitumor M1 macrophages 
and decreased M2 macrophages (both based on RNA-based relative immune cell 
characterization). 

3. Higher levels of CXCL10 are associated with increased immunogenicity and antigen-
presenting capacities (RNA-based) 

4. Increased protein levels (secretion) of CXCL10 are associated with tumor control in 
vitro. 

5. Tumor-redirected CD8+ T cells are more potent to control metastatic spread than tumor-
redirected CD4+ T cells in a model of experimental metastasis. 

 
 
As CXCL10, also known as IP-10 (Interferon gamma-induced protein 10), is a downstream 
target of IFN$, other therapies know to induce IFN signaling axes might be beneficial in 
controlling EwS and might synergize with cellular therapeutics. 
Hence, the YB-1-dependent oncolytic adenovirus XVir-N-31, designed by Prof. Per Sonne 
Holm, was assessed for preclinically targeting EwS in the upcoming sectio 
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4.2 EwS cell lines are lysed by XVir-N-31 and support viral replication 
 
Initially, EwS cell lines used in this project were screened for the expression of the natural 
receptor (CAR, CXADR) for AdV species C, type 5 which is a prerequisite for efficient entry 
into the cell. With the online-tool Cell Line Selector from the DepMap Portal (Broad Institute: 
depmap.org) expression values also for other possible receptors for AdV cell entry through 
RGD interactions such as ITGAV, ITGB3, and ITGB5 were extracted from the Cancer Cell Line 
Encyclopdia (CCLE)-expression data set ‘Expression 21Q3 Public’ to generate a heatmap 
(Figure 3a). 
 
In addition, CAR surface expression on a selection of EwS cell lines was examined by flow 
cytometry (Figure 3b). Here, CAR expression was observed to be the lowest on A673, which 
is in accordance with transcriptomic data and furthermore reflected by the higher need of MOI 
for A673 to induce tumor lysis in comparison to SK-N-MC or TC32 in vitro (Figure 4b).  

 

 
Figure 3: Analysis of receptor expression for oncolytic adenovirus XVir-N-31 (AdDelo3RGD). (a) 
Gene expression values (log2 expression) of relevant receptors with known potential of interaction with 
Ad-RGD (CXADR, ITGAV, ITGB3, ITGB5) were extracted with the tool Cell Line Selector from the 
DepMap Portal (Broad Institute: depmap.org) and visualized with the heatmap-function of Prism 9. (b+c) 
Flow cytometric analysis of cognate Ad5 receptor (CAR) surface expression with CAR-FITC, compared 
to isotype-FITC on 3 EwS cell lines A673, SK-N-MC, and TC32 after dead-cell-exclusion via DAPI 
staining. Measurement was performed from 3 replicates per cell line. Significance levels are indicated 
as asterisks: ****p < 0.0001, ns = not significant; generated with Tukey’s multiple comparison in 
combination with ordinary one-way ANOVA in Prism 9 (Version 9.1.2). Error bars indicate the SEM. 
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Further transcriptome analysis of patient biopsies concerning receptor expression relevant for 
AdV cell entry was extracted from the R2 database1. Here, relative CXADR expression in all 4 
available EwS data sets (Francesconi, Surdez, Savola, Delattre) was lower than in other 
tumors (e.g. glioblastoma, medulloblastoma, or rhabdoid tumors) but higher than in healthy 
tissues blood and muscle, which were included as controls. Expression of ITGAV, ITGB3, and 
ITGB5 was comparable to other tumor entities (Extended Data Figure 2). 
 
Also, a variety of established EwS cell lines were infected with an E1A-deleted (replication-
deficient) adenovirus carrying transgene-expression of GFP and RGD to test the susceptibility 
of respective cell lines towards adenovirus infection. 
 
Compared to the cell line HEK293, which is also utilized for AdV production due to high 
infectivity and strong support AdV replication (used as reference), EwS cell lines can be 
infected with an RGD-expressing AdV but to a lesser degree than HEK293 cells (Figure 4a). 
To test the potential of XVir-N-31 to mediate oncolysis, EwS cell lines were infected with 
increasing MOI allowing to draw ‘dose-response curves’ (Figure 4c). Here, all tested cell lines 
were lysed with MOI100 after 4-5 days after infection. Also, the cell line A673 presented as the 
least sensitive cell line tested (Figure 4b). Of note, all analyzed cell lines supported viral 
replication resulting in de novo production of infectious units (IFU), assessed by hexon titer 
test with EwS cell line lysates 48hpi and 72hpi. 
 
As productive replication of XVir-N-31 is dependent on the presence of YB-1 within the 
nucleus, immunofluorescence staining was performed to examine the distribution of YB-1 
(cytoplasmatic versus nuclear). In general, high amounts of YB-1 can be detected in EwS cell 
lines, although the majority of YB-1 is located within the cytoplasm (Extended Data Figure 3). 
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Figure 4: Established EwS cell lines are susceptible to adenovirus-RGD infection inducing XVir-

N-31-mediated oncolysis and de novo formation of infectious viral particles. (a) 1x105 cell were 
plated on 24-well plates and infected with GFP-expressing adenovirus-RGD with different multiplicity of 
infections (MOI) the day after. Immunofluorescence-photos were taken 48 hours post infection (hpi) 
using 10X magnification. HEK293 cells served as positive control. (b+c) A selection of EwS cell lines 
were infected with increasing MOI of XVir-N-31. 4-6 days after infection, cell viability was analyzed via 
SRB staining and photometric measurement of extinction. (d) De novo viral particle formation was 
analyzed by hexon titer test of EwS cell line lysates 48hpi and 72hpi, previously infected with indicated 
MOI. Significance levels are indicated as asterisks: * p < 0.05, ** p < 0.01, p*** < 0.005, ****p < 0.0001, 
ns = not significant; unpaired, two-tailed student’s t-test was performed. Error bars indicate the SEM. 
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Results from the section 4.2 can be summarized as follows: 
1. Coxsackie and adenovirus receptor (CAR) is expressed in and on EwS cell lines with 

varying RNA and surface levels.  
2. EwS cell lines are susceptible to adenovirus infection. 
3. High CAR expression is associated with lower MOI needed for complete tumor cell lysis 

in vitro.  
4. All tested EwS cell lines can be lysed by XVir-N-31. 
5. XVir-N-31 replicates in EwS cell lines leading to de novo formation of infectious units. 

 
 
4.3 Combination therapy of EwS-redirected CD8+ T cells and XVir-N-31 
 
After the establishment of productive infection of EwS cell lines resulting in tumor cell lysis, 
combination therapy of XVir-N-31 was initiated utilizing EwS-redirected CD8+ T cells. Those T 
cells were genetically modified to express a TCR recognizing the CHM1-derived nonameric 
peptide CHM1319 expressed on HLA-A*02:01 (CHM1 T cells). Respective TCR was previously 
characterized in vitro and in vivo by our group, confirming EwS antitumor activity against HLA-
A*02:01+ Ewing tumors/ cell lines126, 129, 130. 
 
4.3.1 CHM1 T cells and XVir-N-31 synergistically lyse EwS tumor cells in vitro 
 
Contact-dependent tumor cell growth over time and consecutive detachment of tumor cells 
(i.e. tumor cell killing) was analyzed by the xCELLigence assay. In Figure 5a-c, T cell killing 
activity of non-specific (n.-sp.) CD8+ T cells at an E:T ratio of 1:1 in combination with XVir-N-
31 at MOI10 and MOI100 was examined. Tumor cells were infected 24h before addition of T 
cells. In this setting, T cell-mediated killing was only increased 24h after addition of non-specific 
T cells with MOI100. This indicates that peptide-MHC/TCR-independent mechanisms of tumor 
cell recognition and lysis, such a non-classical formation of immunological synapses (e.g. via 
CD11a and CD54, also known as Lymphocyte Function Associated Antigen-, LAF-1 and the 
counter-receptor Intercellular Adhesion Molecule 1, ICAM-1)263, 264, might be in play when 
tumor cells are infected at high MOI. 
 
When assessing T cell killing activity of tumor-redirected CD8+ T cells (CHM1 CD8 T cells) 
together with XVir-N-31 (XVir), an increase of tumor cell killing was observed already at 12h 
after T cell addition which also showed a dose-dependent increased with higher MOI (Figure 
5d-f). To better distinguish and elaborate synergistic effects of XVir-N31 and CHM1 T cells, 
cell survival/viability of A673 and TC32 tumor cells were analyzed at 48hpi and 24h after 
addition of T cells utilizing SRB staining and the R tool SynergyFinder265, 266. Synergistic effects 
(red) occurred most likely at MOI50-100 and E:T ratios of 1:1 – 0.25:1, whereas lower MOI 
most likely induced additive effects in this experimental setting (Figure 5g+h). 
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Figure 5: CHM1319/HLA-A*02:01-restricted TCR-transgenic CD8+ T cells and XVir-N-31 

synergistically lyse tumor cells in vitro. (a) Contact-dependent A673 tumor growth was analyzed with 
the xCELLigence assay to determine effects of XVir at indicated MOI and n.-sp CD8 T cells (E:T = 1:1) 
and combinations of both, with respective controls. Infection with XVir and addition of T cells is indicated. 
(b) For better comprehensibility, data complexity of (a) was reduced to T cell-containing conditions only. 
(c) T cell-mediated tumor cell killing was analyzed 12h and 24h after addition of T cells by subtracting 
respective cell index values of e.g. mock from n.-sp. T cells. (d-f) CHM1319/HLA-A*02:01-restricted TCR-
transgenic CD8+ T cell (CHM1 CD8 T cells) activity against A673 tumors was analyzed with indicated 
MOI, as described for n.-sp. CD8 T cells (a-c).  (g+h) The likelihood of synergistic interactions of XVir 

and CHM1 CD8 T cells concerning tumor cell killing was evaluated via cell viability assays 24h after 
addition of T cells (i.e. 48hpi) and the SynergyFinder tool in R (experiments were performed in biological 
replicates and repeated, n=2). Synergy Score explanation: interactions larger than 10 are considered 
as likely synergistic; interactions from -10 to 10 are most likely additive and interactions less than -10 
are likely to be antagonistic. Significance levels are indicated as asterisks: * p < 0.05, ** p < 0.01, p*** 
< 0.005, ****p < 0.0001, ns = not significant; multiple comparison by ANOVA was performed in (c) and 
(f). Error bars indicate the SEM. 
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4.3.2 Combination of CHM1319/HLA-A*02:01-restricted TCR-transgenic CD8+ T cells 
and XVir-N-31 increases therapy response and survival 

 
After the establishment of synergistic cooperation of XVir-N-31 and CHM1 T cells in vitro, 
translational relevance was further studies in a tumor xenograft mouse model (Rag2-/-$c-/-) with 
subcutaneously (s.c.)-implanted A673 cells and consecutive intratumoral (i.t.)-injection of XVir-
N-31 as well as administration of human CHM1 T cells intraperitoneally (i.p.) (Figure 1a). 
 
Tumor control was significantly enhanced in animals receiving XVir + CHM1 T cells, compared 
to mock and monotherapies, when analyzing therapy (Tx) response 8-10 days after initiation 
of Tx (Figure 6b+c). The observed delay in tumor growth also resulted in a significant increase 
in median survival of animals receiving the combination Tx compared to all other experimental 
conditions (Figure 6d). When analyzing human tumor-infiltrating T cells (TILs) in xenografted 
tumors at the end of experiment, human T cell infiltration could only be induced when combined 
with XVir-N-31 within this experimental setting (Figure 6e). Induction of TILs in animals 
receiving XVir + CHM1 T cells, was also accompanied by higher numbers of human T cells in 
spleens, indicative of superior T cell engraftment compared to CHM1 T cell monotherapy 
(Extended Data Figure 4c). 
 
Apart from above-mentioned differences in TILs and human T cell engraftment, no differences 
were observed for: MHC-I (antigen presentation), CD47 (‘don’t-eat-me signal’), ICAM-1 
(lymphocyte adhesion), CD83 (co-stimulatory molecule for T cells), PD-1, PD-L1, and PD-L2 
(immune checkpoint molecules) which were assessed by flow cytometry using specific 
antibodies and analyzing the geometric mean of the fluorescence intensity (Extended Data 
Figure 4a). Also, gene induction of HLA-A, -B and CXCL did not alter significantly in-between 
groups (Extended Data Figure 4b). 
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Figure 6: Combination of CHM1319/HLA-A*02:01-restricted TCR-transgenic CD8+ T cells (CHM1 T 

cells) and XVir-N-31 increase therapy response and survival. (a) Experimental setup: 2x106 A673 
tumor cells were injected s.c. in the flank of Rag2-/-#c-/- mice at day 0. When tumors reached a volume 
of 150-300 mm3 (day X), animals were randomized to treatment groups: mock, Xvir only, CHM1 T cells 

only, and XVir + CHM1 T cells. Then, 1x1011 viral particles (VP) of XVir-N-31 or PBS were injected i.t. 
at day X+1. 2 days later (day X+3), 5x106 purified CHM1 T cells (validated by flow cytometry before 
administration, data not shown) were administered i.p. combined with 1.5x107 IL-15-producing NSO 
cells i.p. (previously irradiated with 3.5 Gray). NSO application was repeated biweekly until the end of 
experiment (defined by tumor volume ≥ 1000 mm3). (b+d) Tumor control in respective treatment groups 
is shown as mean tumor growth until 10 days after start of therapy (Tx) in (b) and for each animal per 
group until the end of experiment in (d); mock n=3, XVir only n=4, CHM1 T cells only n=5, and XVir + 

CHM1 T cells n=5. (c) Tx response was evaluated on day 7-10 after start of Tx. Statistical analyses 



4 Results 

53  

were performed in Prism 9 using the multiple comparison tool in combination with ordinary one-way 
ANOVA. (d) Kaplan-Meier survival curves were generated with Prism 9 from animals which reached a 
tumor volume ≥ 1000 mm3 using the Mantel-Cox log-rank test.  (e) Percentage of tumor-infiltrating T 
cells (TILs, i.e. CHM1 T cells) in explanted tumors (in relation to all gated cells, after live-dead-cell 
exclusion with Viobility Dye) was evaluated at the end of experiment from 3 representative animals per 
group (CHM1 T cells only and XVir + CHM1 T cells) via flow cytometry using anti-humanCD45-VioBlue 
and anti-humanCD3-APC antibodies. Significance levels are indicated as asterisks: * p < 0.05, ** p < 
0.01, p*** < 0.005, ****p < 0.0001, ns = not significant. Error bars indicate the SEM. 
 
 
4.3.3 XVir-N-31 increases phagocytic and antigen-presenting capacities resulting in 

superior antigen-specific CD8+ T cell proliferation 
 
As oncolytic virotherapy is known to be a potent inductor of immunogenic cell death (ICD) 
resulting in increased activity of innate and adaptive immune responses, relevant surface 
maker expressions associated with pro- and anti-phagocytic activity, as well as dendritic cell 
(DC) maturation were evaluated and complemented by functional assays for phagocytosis and 
T cell activation. 
 
As Calreticulin (CALR) was shown to be the dominant pro-phagocytic signal which can be 
counterbalanced by CD47267, EwS cell lines A673 and SK-N-MC were infected with AdV 
wildtype and XVir-N-31, and respective surface marker expression was analyzed 48hpi. The 
eat-me signal CALR was significantly increased with high MOI of XVir-N-31 (MOI50 or 
MOI100) in both cell lines, comparable to the known inductor of ICD doxorubicin (doxo), which 
served as positive control (Figure 7a+b, left panels). Whereas the don’t-eat-me signal CD47 
was decreased in all experimental conditions in A673, an increase in SK-N-MC at lower MOI 
was detected, indicating variable tumor host cell responses due to adenoviral infection in this 
experimental setting (Figure 7a+b, right panels). 
 
Next, phagocytic activity of immature DCs (imDC) was assessed after a 4h-coculture-period 
with XVir-N-31-infected A673-GFP+ tumor cells, according to literature268. Here, a significant 
increase of phagocytosis was observed for imDCs, derived from THP-1 cells and preselected 
monocytic CD14+-PBMCs, when cocultured with XVir-N-31-infected tumor cells (Figure 7c+d). 
 
Also, soluble factors secreted from tumor cells into the supernatant after viral infection (termed 
condition medium, CM), were capable to upregulate markers associated with T cells co-
stimulation (CD40, CD86) or abrogate the downregulation of MHC-I and -II, which was 
observed in CM from mock-treated tumor cells (Figure 7e).  
 
To further test, if respective DCs or DC-like cells after exposure to CM are more potent in 
stimulating antigen-specific T cell functionality, T cell proliferation of CHM1 T cells was studied. 
For these experiments, pre-conditioned THP-1-derived DCs, which express HLA-A*02:01, 
were pulsed with the CHM1319-peptide before fluorescence-labeled (eFluor450) CHM1319/HLA-
A*02:01-restricted TCR-transgenic CD8+ T cells were added. Of note, the highest percentage 
of T cell proliferation (96h after start of coculture) was measured in coculture conditions 
together with DCs previously exposed to CM from XVir-N-31-infected A673 tumor cells (CM 
XVir MOI25 + peptide). In the same condition, CHM1 T cells showed increase CXCR3 surface 
expression, which is associated with CD8+ T cell effector function and migratory capacity of 
respective cells into peripheral tissues269 (Figure 7f-h). 
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Figure 7: XVir-N-31 increases phagocytic and antigen-presenting capacities resulting in superior 

antigen-specific CD8+ T cell proliferation. (a) Calreticulin (CALR) und CD47 surface expression was 
evaluated via flow cytometry with adenovirus wildtype (AdVwt) and XVir-N-31 (XVir) at 48hpi in A673 
and (b) SK-N-MC at indicated MOI, after exclusion of dead cells via DAPI staining. Doxorubicin (doxo 
1$M) served as positive control. CALR was first stained with a primary mouse antibody (and a respective 

eFluor450 
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isotype control) and afterwards a fluorescence-labeled (AlexaFLuor488) anti-mouse antibody was used. 
For CD47 staining, an anti-CD47-FITC (and FITC isotype) antibody was applied. (c) Phagocytosis of 
GFP-transduced A673 cells was analyzed via flow cytometry after a 4-h-coculture-periode of THP-1-
derived immature DCs (imDCs) and (d) monocyte-derived imDCs. A673 cells were infected 48hpi prior 
coculture at indicated MOI. Tumor cells were considered as phagocytosed when staining double-positive 
for GFP and a monocyte/lymphocyte-lineage specific marker, such as CD11c-APC or CD45-APC, as 
shown in (c). Each experiment was performed in biological replicates, as indicated by the number of 
dots and repeated (n=2). (e) The geometric mean (GeoMean) of fluorescence intensity on THP-1 cells 
after a 72h-coculture-periode in condition medium (CM) from XVir-infected A673 cells (MOI50, collected 
48hpi), mock infected A673 or non-conditioned THP1 (THP-1 ctrl) was studied utilizing flow cytometric 
antibodies against CD40-VioBright-FITC, CD86-VioBlue, HLA-ABC (HLA-I)-PerCP-Vio700. (f+g) T cell 
proliferation and (h) CXCR3-surface expression was analyzed after 96h of coculture with conditioned 
THP-1 (from e). Therefore, THP-1 cells were pulsed with CHM1319 peptide (+peptide) for 4h before 
fluorescence-labeled CHM1319/HLA-A*02:01-restricted TCR-transgenic CD8+ T cells were added. Non-
conditioned THP-1 cells served as controls (ctrl THP-1, + and – CHM1-peptide, y-axis: % of max). The 
percentage of proliferated cells was compared to ctrl THP-1 without CHM1319-peptide (no-p). Statistical 
analyses were performed in Prism 9 using the multiple comparison tool in combination with ordinary 
one-way ANOVA or unpaired, two-tailed student’s t-test. Significance levels are indicated as asterisks: 
* p < 0.05, ** p < 0.01, *** p < 0.005, ****p < 0.0001, ns = not significant. Error bars indicate the SEM. 
 
 
Results from section 4.3 can be summarized as follows: 

1. The oncolytic adenovirus XVir-N-31 synergizes with CHM1319/HLA-A*02:01-restricted 
TCR-transgenic CD8+ T cells in vitro and in vivo. 

2. XVir-N-31-intratumoral injection induces tumor-antigen specific T cell infiltration in s.c.-
implanted EwS (at low levels) after a single injection of XVir-N-31 and a single 
application of therapeutic T cells.  

3. XVir-N-31 induces CALR, a marker of ICD, increases phagocytic and antigen-
presenting capacities of APCs resulting in superior antigen-specific T cell activation. 

 
 
4.4 Combination therapy of XVir-N-31 and cell cycle blockade (combo Tx) 
 
Due early clinical data of OV monotherapy only showing convincing disease controls in a 
minority of tumor entities and the inferior replicative capacity of OVs compared to respective 
wildtypes (because of genomic deletion responsible for tumor-selectivity), novel combination 
strategies are sought to be identified to increase viral replication and thereby extending the 
therapeutic effect. 
 
The groups of Prof. Dr. rer. nat. Per Sonne Holm and PD Dr. rer. nat. Roman Nawroth 
previously showed that CDK4/6 inhibition (CDK4/6i)  with palbociclib, abemaciclib, and 
ribociclib significantly increased adenoviral replication resulting in enhance cell lysis in bladder 
cancer cell lines, hence also synergize with the oncolytic adenovirus XVir-N-31 270, 271.  
 
This interplay was not expected, as the adenoviral life cycle, according to widely accepted 
understanding in the scientific community,  is dependent on the induction of S-phase272, 
whereas CDK4/6i induces a cell cycle arrest273. 
 
As mentioned in the introduction, another group also observed increased oncolytic activity of 
an OAd (Ad5/3-delta24) when combined with the CDK4/6i palbociclib in estrogen receptor-
positive but not in -negative cell lines. Differences in response to OAd together with CDK4/6i 
were possibly attributed to different states STAT1 activation but the role of RB/E2F1 protein 
complex in mediating Ad replication was not further studied249. 
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4.4.1 Combo Tx increase oncolysis and viral replication in vitro and increases therapy 
response and survival in vivo 

 
When analyzing virus-mediated cytotoxicity in EwS cell lines in vitro, CDK4/6i significantly 
decreased cell survival in those cell lines responding to cell cycle blockade with (1) an increase 
in G1 cell cycle state and (2) a simultaneous downregulation of RB/E2F1 protein levels (Figure 
8a and Extended Data Figure 5). 

The cell line SK-N-MC, with a known homozygous mutation in the RB pocket domain (RB1-
R698M/S) and hence compromised RB function274, considered resistant to CDK4/6i151, did not 
show enhanced oncolysis nor increased particle formation upon inhibitor Tx. In contrast, 
CDK4/6i-senstive A673271 and TC32 responded with a significant increase in particle formation 
and tumor cell lysis (Figure 8a+ and Extended Data Figure 5). When utilizing xCELLigence-
live tumor growth measurement, CDK4/6i only slowed down tumor growth. The addition of 
XVir-N-31 induced tumor cell detachment (i.e. lysis), which occurred earlier when applied 
together with CDK4/6i (Extended Data Figure 5e). 

To validate whether aforementioned findings also translate into a therapeutic benefit in an in 
vivo model, s.c. tumor growth of xenografted A673 EwS cells with respective combination and 
mono-Tx were evaluated in immunocompromised nude mice (NMRI-Foxn1nu/nu). Animal 
experiments were performed together with Dr. med. Vet. Ulrike Schillinger. 
 
After a second i.t.-injection of XVir-N-31 a remarkable decrease in tumor volume was observed 
for combination (combo) Tx of XVir-N-31 and CDK4/6i ribociclib (LEE011, LEE) (Figure 8c+d). 
Assessing Tx response in-between groups at day 12-21, when biggest differences were 
observed, combo Tx significantly increase the therapeutic benefit, which was also became 
evident when taking longitudinal growth curve comparison to tumor volume into account 
(Figure 8d+f; analyses were done using the open-access web tool TumGrowth275).  
 
Histopathological analyses from representative animals at 2 days after 2nd injection confirmed 
higher tumor cell necrosis and degeneration (Figure 8e) accompanied by a significant increase 
in viral fiber DNA, indicative of higher replication (assessed by PhD student Florian Klein). As 
a result, animals treated with combo Tx as well as XVir-N-31 mono Tx exhibited a significant 
increase in median survival compared to mock (combo ***, XVir-N-31 only *)271. 
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Figure 8: Combination of XVir-N-31 and CDK4/6 inhibition increase oncolysis and viral 

replication in vitro and increases therapy response and survival in vivo. (a) EwS cell lines A673, 
TC32, and SK-N-MC were pre-treated with ribociclib (LEE; A673 with 1$M, TC32 with 0.5$M) or 
palbociclib (SK-N-MC with 0.5$M) for 24h and afterwards infected with XVir-N-31 (XVir). Inhibitor 
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treatment was continued until cell survival/viability was assessed at 4dpi. Relative cell survival 
(compared to mock Tx = MOI0) was depicted in column bars. (b) De novo particle formation was 
measured using the hexon titer test, at 2 time points (48 and 72hpi) for each cell line +/- CDK4/6i at 
indicated concentrations. Statistics in (a)+(b) were generated by unpaired, two-tailed student’s t-test.  
(c) Experimental setup: 3x106 A673 tumor cells were injected s.c. in the flank of NMRI-Fox1nu/nu mice 
at day 0. When tumors reached a volume of 100-150 mm3 (day X, DX), animals were randomized to 
treatment groups (mock/PBS, XVir-N-31 only, LEE only, and LEE + XVir-N-31) and 200mg/kg/d of LEE 

or mock was applied by oral gavage for 5 consecutive days.  At DX+1 and DX+3, 1x1011 viral particles 
(VP) of XVir-N-31 or PBS were injected into tumors. Tumor volumes were measured by caliper every 2-
3 days until the end of experiment (defined by tumor volume ≥ 1000 mm3). (d) Control of s.c.-implanted 
tumors in respective treatment groups is shown as mean tumor growth until day 25 after start of 
treatment (arrows indicate the application of XVir-N-31). Here, longitudinal linear comparison of growth 
curves was analyzed by the open-access web tool TumGrowth275 and therapy (Tx) response, measured 
my maximum tumor volume at day 12-21 of each animal, was plotted with Prism 9 (f), as well as Kaplan-
Meier survival curves (g), which were analyzed statistically with Mantel-Cox log-rank test in Prism 9. (e) 
Explanted tumors were stained with hematoxylin and eosin. Arrows point to necrotic and degenerated 
areas. Significance levels are indicated as asterisks: * p < 0.05, ** p < 0.01, *** p < 0.005, ****p < 0.0001, 
ns = not significant or not shown. Error bars indicate the SEM. 

 

4.4.2 Knock-down of RB increases adenoviral fiber DNA 
 
Further experimental insights supporting the possible role of RB as an adenoviral repressor, 
next to its known role as a tumor suppressor, were generated with RB and E2F1 knock-down 
(KD) experiments using siRNA (small inhibitory RNA) against respective targets. 
After confirmation of KD on protein level, viral fiber DNA increased especially in the siRB-
experimental settings (Figure 9). Further mechanistic insights regarding the role of RB protein 
and adenoviral replication were studied by the groups of Per Sonne Holm and Roman 
Nawroth271. 
 

 
Figure 9: siRNA-mediated knock-down of RB protein increases viral fiber DNA in CDK4/6i-

resistent cell line SK-N-MC. (a) Immunoblots confirming knock-down on protein level, generated form 
cell lysates after overnight siRNA transfection. (b) Relative fiber DNA was studied after respective siRNA 
transfection at 48hpi with MOI20 (one representative experiment). Both experiments (a+b) were 
repeated (n=2) and rel. fiber DNA was measured in triplicates. Error bars indicate the SEM. 
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4.4.3 Combo Tx induces proinflammatory chemo- and cytokine release  
 
Given the beneficial effects of CDK4/6i on adenoviral replication and virus-mediated oncolysis 
both in vitro and in vivo, the immunological effects of the combo Tx were addressed. As 
CDK4/6 inhibitors also were described to mediate antitumor immunological effects associated 
with an increase in especially adaptive antitumor immunity, immunological effects of the combo 
Tx were even more pressing. 
 
To get a first idea of relevant immunological changes directly induced in EwS cells infected 
with XVir-N-31, or treated with LEE and combo Tx, multiplex cytokine screenings were 
performed. 
 
A673 and SK-N-MC cells were infected with MOI100 and supernatant was subjected to a 48-
multiplex cytokine/chemokine screening at: 2-10-18-24-72hpi. Interestingly, no striking 
changes could be observed. There was a tendency in several analyzed cytokines for 
decreased cytokine/chemokine levels at 72hpi compared to mock, being the case for: e.g. IL-
8, Monocyte Chemoattractant Protein-1 (MCP-1, also known as CCL2), Macrophage Migration 
Inhibitory Factor (MIF), Platelet-derived Growth Factor-beta (PDGF-b), Stem Cell Growth 
Factor-beta (SCGF-b) in A673 (Extended Data Figure 6a). 
 
Then, the cell line A673 was screened for cytokines and chemokines with combo Tx and the 
highest levels were found for CXCL10, IL-8, VEGF, and TNF. Most notably, CDK4/6i alone 
and in combination with XVir-N-31 increased CXCL10 levels, whereas VEGF was decreased 
(Figure 10). A heatmap of the complete 48-multiplex cytokine/chemokine is provided in 
Extended Data Figure 6b. 
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Figure 10: Combo Tx increases CXCL10 release in XVir-N-31-infected A673 condition medium. 

Chemo-/Cytokine screening of secreted/release factors from treated A673 tumor cells at different time 
points (8-24-48-72hpi). Treatments consisted of ribociclib (1000nM, A673 LEE1k only), XVir-N-31 with 
MOI12.5 (A673 MOI12.5) and combination of both (A673 MOI12.5 + LEE1k). Concentration of (a) 
CXCL10, (b) IL-8, (c) VEGF, and (d) TNF in cell culture supernatant is shown in column bars, no 
replicates, single measurement per time point and condition.  
 
 
To verify the induction of CXCL10 on protein level immunoblotting was performed in vitro 
(Figure 11). CDK4/6i induced CXCL10 48hpi in combo- and LEE-treated A673 tumor cells (i.e. 
72 after addition of LEE, as CDK4/6i was added 24h before infection). Of note, CXCL10-
induction in combo Tx was comparable to LEE-treatment. Hence, neither adenovirus E1A and 
hexon levels or E2F1-stabilization, nor p21-induction did affect CXCL10. CXCL10-induction 
rather was associated with the strong reduction of RB and p-RB, both visible at 48hpi in combo 
and LEE settings. Another interesting observation was the reduction of MIF, especially in XVir-
N-31-containing treatments. 
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Figure 11: CDK4/6-inhibiton with LEE011 induces CXCL10 protein levels in LEE and Combo Tx 

in vitro. Viral protein expression (hexon, E1A) as well as cell cycle regulators RB, phosphorylated RB 
(p-RB), E2F1, p21 was analyzed by western blotting in A673 cells at indicated timepoints with XVir-N-
31 at MOI50 and 1$M LEE011. Furhermore, YB-1 protein level and chemokine levels of MIF and CXCL1 
were visualized. One representative blot is shown of 2 independent experiments. 
 
 
4.4.4 Combo Tx increases viral replication and exerts immunological antitumor effects 

in vivo 
 
To gain further insides in possible immunological changes relevant for EwS immunogenicity, 
initial in vivo xenograft experiments were performed using s.c. implanted A673 and TC32 cell 
lines in Rag2-/-$c-/- mice (Figure 12a).  
 
As previously shown for A673 xenografts in NMRI-Foxn1nu/nu mice, significant increase of 
viral fiber DNA could be confirmed for the combo group 3 days after i.t.-injection, indicative of 
enhanced viral replication (Figure 12b). Immunoblotting of tumor lysates from explanted 
tumors 3dpi further verified an increase in adenoviral hexon protein for animals receiving 
combo Tx as compared to XVir mono-Tx. This observation was accompanied by 
downregulation of RB protein levels and upregulation of them MHC-I molecules HLA-A+B, 
which was also detectable in tumors from LEE-treated animals (Figure 12c).  
 
Additional flow cytometric assessment of explanted tumors showed upregulation of surface 
MHC-I and PD-L1. Interestingly, the don’t-eat-me molecule CD47 was significantly decreased 
in combo Tx only in A673 xenografts, whereas no significant change could be stated in TC32 
(Figure 12d). 
 
 



4 Results 

62  

 
 
Figure 12: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 increases viral replication and 

immunogenicity of xenografted EwS tumors in vivo. (a) Experimental setup: 3x106 A673 or TC32 
tumor cells were injected s.c. in the flank of Rag2-/-#c-/- mice at day 0. When tumors reached a volume 
of 150-300 mm3 (day X), animals were randomized to treatment groups: mock, Xvir (only), LEE(011), 
and combo and inhibitor Tx via oral gavage was started with 200mg/kg/d for 5 consecutive days. On 
day X+2, 1x1011 viral particles (VP) of XVir-N-31 or PBS were injected i.t. (TC32 tumors were injected 
with 5x1010 VP). At day X+5 (3dpi) mice were sacrificed for further analyses. Single cell suspensions 
were generated from whole tumors. (b) Relative fiber DNA, indicative of viral replication, was measured 
by sqPCR. Each dot represents one injected tumor. Unpaired, two-tailed student’s t-test was used for 
statistical comparison. (c) Immunoblots of explanted tumors were performed, showing protein 
expression of adenovirus-specific hexon, RB and HLA-A+B. GAPDH was used as loading control. Each 
lane represents one explanted tumor. (d) Flow cytometry assessment of MHC-I, the don’t-eat-me CD47 
molecule and the immune-checkpoint ligand PD-L1 was done after dead-cell exclusion (by Viobility Dye) 
and median fluorescence intensity was depicted in column bars (anti-human HLA-ABC-PerCPVio700, 
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CD47-FITC and PD-L1-APC antibodies were used). Each dot represents one explanted tumor. 
Statistical analyses were performed in Prism 9 using Tukey’s multiple comparison in combination with 
ordinary one-way ANOVA. Significance levels are indicated as asterisks: * p < 0.05, ** p < 0.01, p*** < 
0.005, ****p < 0.0001, ns = not significant. Error bars indicate the SEM. 

 
Table 20 and Extended Data Figure 7 show exemplary genes associated with pathway 
activation of possible relevance (one representative animal per group). Transcriptomes were 
generated with the Affymetrix Human Gene 1.0 ST array.  
On one hand, XVir and LEE Tx complemented each other (e.g. regarding the induction of 
inflammation) but on the other hand, the combination of both (combo) had the capacity to 
upregulate additional new gene expression patterns. By analyzing different signaling cascades 
utilizing the online tool reactome, it seemed that (1) LEE Tx was decisive for the increase in 
antigen-processing and -presentation. (2) Monotherapy of XVir compared to mock showed the 
strongest induction of cascades associated with phagosome formation via the endoplasmatic 
reticulum and combo Tx lead to a superior induction of #-and %-interferon signaling. 
 

 
 
Table 20: Analysis of significantly overexpressed pathway-associated genes in combo Tx 

compared to mock. ≥ 2-fold overexpressed genes (n = 183) were analyzed with the online software 
reactome (https://reactome.org). One respective animal per group (TC32 xenografts, 3dpi). 
 
Given observed phenomena, being in line with an increase of EwS immunogenicity, further in 
vivo experiments with the additional application of human PBMCs were performed. With this 
model of transient humanization possible interaction in-between xenografted EwS tumors and 
transplanted human PBMCs were assessed together with Dr. med. candidate Caroline 
Schöning. Moreover, mouse immune cell populations were characterized with the goal to 
assess phenotypic changes associated with antitumor innate activity and antigen-presenting 
capacities.  

https://reactome.org Page 5

4. Most significant pathways

The following table shows the 25 most relevant pathways sorted by p-value.

Entities Reactions
Pathway name

found ratio p-value FDR* found ratio

Antigen Presentation: Folding, 
assembly and peptide loading of 
class I MHC

59 / 102 0.007 1.11e-16 4.88e-15 14 / 16 0.001

ER-Phagosome pathway 60 / 165 0.011 1.11e-16 4.88e-15 8 / 10 7.56e-04

Endosomal/Vacuolar pathway 57 / 82 0.006 1.11e-16 4.88e-15 3 / 4 3.02e-04

Class I MHC mediated antigen 
processing & presentation

64 / 465 0.032 1.11e-16 4.88e-15 29 / 48 0.004

Interferon gamma signaling 69 / 255 0.017 1.11e-16 4.88e-15 9 / 16 0.001

Antigen processing-Cross 
presentation

60 / 187 0.013 1.11e-16 4.88e-15 11 / 23 0.002

Interferon alpha/beta signaling 86 / 191 0.013 1.11e-16 4.88e-15 9 / 22 0.002

Interferon Signaling 90 / 401 0.027 1.11e-16 4.88e-15 26 / 69 0.005

Immune System 117 / 2,713 0.184 1.11e-16 4.88e-15 314 / 1,593 0.12

Adaptive Immune System 68 / 1,003 0.068 1.11e-16 4.88e-15 50 / 264 0.02

Cytokine Signaling in Immune 
system

100 / 1,108 0.075 1.11e-16 4.88e-15 130 / 687 0.052

Immunoregulatory interactions 
between a Lymphoid and a non-
Lymphoid cell

60 / 317 0.022 1.11e-16 4.88e-15 8 / 44 0.003

OAS antiviral response 3 / 15 0.001 0.003 0.131 6 / 15 0.001

Antiviral mechanism by IFN-
stimulated genes

6 / 94 0.006 0.01 0.391 8 / 31 0.002

FOXO-mediated transcription of 
oxidative stress, metabolic and 
neuronal genes

4 / 49 0.003 0.015 0.541 4 / 34 0.003

Interleukin-21 signaling 2 / 12 8.15e-04 0.023 0.61 2 / 5 3.78e-04

Nuclear Receptor transcription 
pathway

5 / 86 0.006 0.026 0.61 2 / 2 1.51e-04

E3 ubiquitin ligases ubiquitinate 
target proteins

4 / 61 0.004 0.031 0.61 4 / 16 0.001

TWIK-related spinal cord K+ channel 
(TRESK)

1 / 2 1.36e-04 0.038 0.61 1 / 1 7.56e-05

LGK974 inhibits PORCN 1 / 2 1.36e-04 0.038 0.61 1 / 1 7.56e-05

Interleukin-35 Signalling 2 / 16 0.001 0.039 0.61 15 / 26 0.002

Interleukin-6 signaling 2 / 18 0.001 0.048 0.61 6 / 20 0.002

Transport of connexins along the 
secretory pathway

1 / 3 2.04e-04 0.056 0.61 1 / 2 1.51e-04
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4.4.5 Combo Tx increases survival in vivo 
 
An optimized therapeutic setup with 2 x i.t.-injection of XVir-N-31 was chosen to evaluate 
tumor growth control and survival. Subsequent i.t.-applications of OVs (mostly 3 injections) 
are commonly used in animal experiments, especially when evaluating s.c. tumor growth193, 

276, 277 and multiple injections also are currently evaluated in early clinical trials, in case 
tumors are relatively easy to access (e.g NCT03206073, NCT03954067, or NCT04673942). 
 
In both xenograft experiments (A673 and TC32) combo Tx resulted in a significant survival 
benefit as compared to monotherapies and mock Tx. Of note, TC32 xenografts responded less 
than A673, reflected by shorted survival rates and inferior growth inhibition of s.c.-implanted 
tumors (Figure 13 b-d). 
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Figure 13: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 increases survival and local 

tumor control. (a) Experimental setup: 3x106 A673 or TC32 tumor cells were injected s.c. in the flank 
of Rag2-/-#c-/- mice at day 0. When tumors reached a volume of 150-300 mm3 (day X), animals were 
randomized to treatment groups: mock, XVir, LEE, and combo and inhibitor Tx via oral gavage was 
started with 200mg/kg/d for 5 consecutive days. On day X+2, and day X+4 1x1011 viral particles (VP) of 
XVir-N-31 or PBS were injected into the tumors. Furthermore, all mice received i.p.-injections of 1x107 
HLA-A2-positive PBMCs and 5x106 IL-15-producing NSO cells (previously irradiated with 80 Gray). NSO 
application was repeated biweekly until the end of experiment (defined by tumor volume ≥ 1000 mm3). 
(b) Kaplan-Meier survival curves were generated, and statistical differences were evaluated by Mantel-
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Cox log-rank test in Prism 9. Number (n) of animals per group is indicated. Tumor control in respective 
treatment groups is shown for each animal per group until the end of experiment for (c) A673 and (d) 
TC32 xenografts. 

 
4.4.6 Combo Tx induces T cell infiltration 
 
At the end of the experiment (tumor volume ≥ 1 cm3) human T cell distribution was analyzed 
by flow cytometry and confirmed by immunofluorescence (last, not shown). Animals from the 
combo Tx group exhibited significantly more TILs in xenografted A673 tumors. A similar, albeit 
non-significant, tendency was confirmed in TC32 xenografts (Figure 14a). Due to lower 
numbers of infiltrating T cells in mock and XVir groups, here further T cell characterization did 
not produce robust results.  
T cell phenotyping in LEE and combo Tx animals however revealed a dominance of CD4+ T 
cell infiltration (Extended Data Figure 8a+b).  Interestingly, the cognate CXCL10-receptor 
CXCR3 stained also positive on most of infiltrating T cells in combo Tx, whereas CXCR3 was 
only observed on a minority of T cells in LEE Tx. Of note, the majority of infiltrating T cells in 
all aforementioned groups expressed PD-1, indicating a features of T cell exhaustion 
(Extended Data Figure 8c+d).   
 
Furthermore, representative intracellular stainings of T cell transcription factors were 
performed in tumors with the highest numbers of TILs (Extended Data Figure 8). Here, 
infiltration of T regulatory helper cells (Treg), type II helper cells (TH2), and TH17 cells could be 
excluded, whereas the transcription factor T-bet showed upregulation in the majority of CD4+ 
T cells indicative for a TH1 differentiation.  
 
Also, human T cells engraftment in spleens from A673 xenografts was compared in-between 
groups at the end of experiment demonstrating superior engraftment in combo- and LEE- 
treated animals. Especially CD4+ T cell engraftment was significantly enhanced and a tendency 
towards increased CD8+ T cell engraftment was observed for combo Tx (Figure 14c+d). 
Further phenotyping via transcription factors revealed that most engrafted CD4+ T cells in 
combo and LEE groups expressed T-bet, demonstrating a specific engraftment of TH1 cells 
(Figure 14e). Especially in comparison to XVir monotherapy, the induction of Treg cells was 
significantly decreased (Extended Data Figure 9e, left). 
 
Also, CXCR3 expression on engrafted T cells was the highest in combo Tx, further indicating 
a possible role of this signaling axis regarding engraftment and tumor infiltration (Extended 
Data Figure 9e, right). 
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Figure 14: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces T cell infiltration and 

increases T cell engraftment. (a) Tumor-infiltration by human T cells was analyzed by flow cytometry 
from 3-4 representative animals at the end of experiment. Percentage of anti-human CD45-VioGreen 
and CD3-PE-Vio770 double positive cell in all gated cells alive (after live-dead-exclusion via DAPI) was 
plotted as column bars per treatment group and statistical comparisons were done by Tukey’s multiple 
comparison within ordinary one-way ANOVA. Each dot represents one animal. (b) Analyses of human 
T cell engraftment in spleens were performed like described in (a). (c) Subset analyses of T cell 
engraftment in spleens was studied by co-staining against CD4-APC-Vio770 and CD8-FITC, and further 
characterization of CD4 subsets was done by intracellular staining of (d) transcription factors T-bet-PE 
(Th1 cells), GATA3-APC (Th2), and Foxp3-PE combined with CD25-APC (Treg). Here, a fixable live-
dead-dye (Viobility 405/520) was utilized before membrane permeabilization. Statistical assessment 
was performed by Tukey’s multiple comparison within ordinary one-way (in a+b) and two-way ANOVA 
(in c+d). Significance levels are indicated as asterisks: * p < 0.05, ** p < 0.01, p*** < 0.005, ****p < 
0.0001, ns = not significant. Error bars indicate the SEM. 

 
4.4.7 Combo Tx induces an abscopal effect 
 
To analyze the potential of XVir and combo Tx to induce an abscopal effect, a group of mice 
were s.c.-implanted with EwS cell lines at both flanks. Measurement of tumor volume, over a 
period of 7-10 days after start of Tx, showed a reduced growth of non-injected tumor lesions 
only in animals receiving combo Tx, indicative of an abscopal effect. 
 
Further analysis by flow cytometry did not show a significant difference in treatment groups 
concerning T cell infiltration. In general, numbers of tumor-infiltrating T cells were low, 
compared to T cell infiltration at the end of the experiment, although there was a tendency 
towards more TILs especially in non-injected tumors of animals treated with combo and LEE. 
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When assessing non-injected A673 xenografts for viral DNA by sqPCR, genomic fiber DNA 
was detected in amounts indicative of replication, which was not the case in TC32 xenografts 
(data not shown). 

 
 

Figure 15: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces an abscopal effect. 

(a) Experimental setup corresponds to the previous experiment (described in Figure 13, with the 
exception that tumor cells were injected in both flanks of mice and that animals were sacrificed 4 days 
after 2nd XVir-injection. (b+c) Mean A673 and TC32 tumor volumes per Tx group is shown 7-10 days 
after start of Tx for non-injected (left graphs) and XVir-injected (right graphs) s.c.-implanted tumors. 
Statistical analysis was done with the open-access online tool TumorGrowth275 using pairwise 
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comparisons of longitudinal tumor growth (holm post-test adjustment was done in b). Human T cell 
infiltration (equally studied as described in Figure 14) was analyzed by flow cytometry, statistical 
comparison was done with two-way ANOVA Tukey’s multiple comparison test.   

Furthermore, human T cell engraftment was analyzed in spleens of respective groups. T cell 
engraftment at this time point was low and a tendency of superior engraftment was observed 
with LEE Tx (Extended Data Figure 10). 
 
4.4.8 Combo Tx induces CXCL10 in the tumor microenvironment of injected tumors 
 
As T cell infiltration with CXCR3+ T cells was observed at the end of in vivo experiments (Figure 
14) and in vitro chemo-/cytokine screenings revealed a possible role of CXCL10 (ligand for 
CXCL10) for the induction of immunogenicity and T cell infiltration, a selection of chemo-
/cytokines was analyzed from xenografted tumors to get a deeper understanding of changes 
in the TME. Furthermore, CXCL10 gene induction was assessed from xenografted tumors 
(Figure 12) which were harvested 3 days after XVir-N-31-injection. 
 
Interestingly, CXCL10 was induced on gene expression levels in both of xenografted EwS cell 
lines (3dpi) in animals which received combo Tx (Figure 15a+b). This phenomenon was 
confirmed in the second set of xenograft experiments where animals received 2 i.t. injection of 
XVir-N-31 (4 days after 2nd injection) by evaluating CXCL10 protein levels in harvested tumors 
after mechanical dissection in PBS. Of further importance was the observation that CXCL10 
in non-injected tumors was not altered in-between Tx groups. (Figure 15c+d).  
 
Furthermore, combo Tx also significantly increased IL-8 in A673 xenografts and a tendency of 
IL-8 increase was also observed in TC32 with XVir and combo Tx. In contrast, TNF was 
increased by LEE Tx (Extended Data Figure 11). 
 

 
Figure 16: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces CXCL10 in the tumor 

microenvironment. (a) Relative gene expression of CXCL10 was analyzed in explanted A673 (3dpi, 
Figure 12) and (b) TC32 tumors. Each dot represents one tumor. Unpaired, two-tailed student’s t-test 
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was used performed for statistical analysis. (c) CXCL10 concentration in the tumor microenvironment 
of explanted xenografts was evaluated after mechanical dissection of tumors in 4mL PBS for (c) A673 
and (d) TC32. Statistical analysis was performed by Tukey’s multiple comparison combined with two-
way ANOVA. Significance levels are indicated as asterisks: * p < 0.05, ** p < 0.01, p*** < 0.005, ****p < 
0.0001, ns = not significant, or not shown. Error bars indicate the SEM. 

 

4.4.9 Combo Tx induces mouse monocyte infiltration in injected tumors  
 
Studying the response to human AdV in in vivo mouse experiments is challenging, as mouse 
cells are not permissive for human AdV replication. Therefore, most data concerning 
immunological changes are derived from syngeneic mouse models where a human oncolytic 
adenovirus was applied 193, 194. In this context, inflammatory responses after virus application 
are studied without productive replication in the tumor. 
 
Analyses from these experiments allow the assessment of innate immune populations 
(monocytes, neutrophils, macrophages) towards virus-induced inflammatory stimuli203, 217 
which can be altered by the combo Tx, in terms of intratumoral replication and cell death 
induction. 
 
In vivo experiments from both xenografted cell lines confirmed the infiltration of monocytes in 
all combo-treated animals at both 3 days after 1st injection and 4 days after 2nd injection (only 
shown for timepoint: 4 days after 2nd injection) (Figure 15b+c). This is in line with known 
dynamics of innate immune response (of neutrophils and monocytes), with monocytes 
becoming the dominant population around 24 hours after the inflammatory stimulus218, 278, 279. 
 
Due to an absolute and relative increase of tumor-infiltrating monocytes (only relative are 
shown in Figure 15b+c), relative numbers of neutrophils and TAMs decreased but only in virus-
infected tumor lesions, with most distinct changes being observed for combo Tx. In this context, 
viral fiber DNA (indicative or replication) showed a strong positive correlation with mouse 
immune cell infiltration and more specifically with mouse monocytes (Figure 15d). 
 
Further characterization with regard to MHC-II and co-stimulatory CD86 expression on tumor-
infiltrating mouse immune cells and mouse gene expression allowing further differentiation of 
monocytes/macrophages with antitumoral (M1) and protumoral (M2) properties was studies by 
Caroline Schöning (MD thesis, in preparation). Here, especially combo Tx and to a lesser 
extent also XVir monotherapy significantly increased the M1/M2 macrophage ratio further 
indicating antitumoral activity of cells of the innate compartment. 
 
Figure 15 e illustrated exemplary upregulated mouse immune cell genes associated with M1 
and M2 TAMs251 (in explanted A673 tumors), with CXCL10 and IL1B portraying the strongest 
upregulation through combo Tx. 
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Figure 17: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces mouse monocyte 

infiltration in injected tumors. (a) Experimental setup corresponds to the previous experiment 
(described in Figure 15) and animals were sacrificed 4 days after 2nd XVir-injection for further analyses. 
Relative numbers of tumor-infiltrating mouse innate myeloid immune cells were assessed via flow 
cytometry (compared to all cells alive, after dead-cell exclusion with DAPI staining), utilizing anti-mouse 
antibodies against CD45-PE-Vio770, CD11b-VioBright-FITC. Statistical analysis was performed by 
applying Tukey’s multiple comparison analysis and two-way ANOVA. Further characterization of innate 
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myeloid cells was achieved by addition use of anti-Ly-6G-PerCP-Vio700 (for neutrophils), anti-Ly6C-
VioGreen (Ly6Chigh for monocytes) as well as F4/80-PE (for macrophages). Respective percentages of 
neutrophils, monocytes and macrophages of all myeloid cell are shown as pie charts. (d) Positive 
correlation of viral relative fiber DNA with infiltrating myeloid cells (CD45+CD11b+) and especially 
monocytes (CD45+CD11b+Ly6G-Ly6Chigh) in relation to all cells alive using non-linear regression 
analysis in Prism 9. Pearson r (R) and p-values are indicated. (e) Gene expression analysis of 
macrophage M1 (NOS2, CXCL10, IL1B)- and M2 (ARG1, TGFB1, MMP9)-associated transcripts using 
mouse-specific primer pairs251 from explanted A673 tumors 3days after 1st and 4 days after 2nd XVir-
injection (from experiments described in Figure 12 and 15-17; 3 animals per group were analyzed). 
Heatmaps were generated using the script heatmap2 in R266 (red = high expression, blue = low 
expression). Significance levels are indicated as asterisks: * p < 0.05, ** p < 0.01, p*** < 0.005, ****p < 
0.0001, ns = not significant. Error bars indicate the SEM. 

 
4.4.10 Combo Tx induces maturation of THP-1 and monocytic immature dendritic cells 

in vitro 
 
After observing these remarkable changes in mouse innate immune cell populations in vivo  
by the combo Tx and due to the limitations of the in vivo model used in this work, which does 
not allow studying interconnections of innate and adaptive immunity, in vitro models of antigen 
presentation by monocyte (mo)- and THP-1-derived DCs were applied280, 281. 
 
The maturation of mo-derived imDCs after exposure to CM (supernatant), tumor cells (after 
exchange of CM, cells only) and both (full) was significantly increased after 48h of coculture 
by combo Tx, assessed by double-positivity of T cell-co-stimulatory markers CD80 and CD86 
(Figure 16b+c). Of note, the best induction of maturation was observed for tumor cells only, 
possibly indicating immunosuppressive properties of soluble factors in the supernatant/CM 
(Figure 16b), which is in line with recent finding from Gassmann et al.88 identifying EVs 
secreted into CM to be relevant for pathological activation of moDCs. Here, also LEE was 
identified as the major contributor for upregulation of maturation markers, which could be 
further enhanced by the addition of XVir-M-31 in all conditions (Figure 16b).  
 
As THP-1 cells are often used as a model for antigen presentation282, 283, functionally 
resembling monocytes281, and coculturing of THP-1 in CM of tumor cells was already described 
in the literature to possibly affect THP-1 phenotype and function284, THP-1 cells were used in 
a second model to confirm aforementioned observations. 
To a very similar extend compared to moDCs, THP-1 cells changed maturation marker after 
72h-coculture in respective CM, with combo Tx being the strongest inductor of THP-1 
maturation (Figure 16d+e). 
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Figure 18: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces maturation of THP-1 

and monocytic immature dendritic cells in vitro. (a) Experimental setup: A673 tumor cells were 
plated in 6-well-plates. The day after, LEE 1$M was added and 24h later tumor cells were infected with 
XVir-N-31 at MOI25. At day 4 (i.e. 48hpi) supernatant was collected/exchanged and monocytic imDCs 
(differentiated with 100 ng/mL IL-4 and 800 U/mL GM-CSF for 5 days before start of coculture) or THP-
1 cells were added to the condition medium (CM, after centrifugation) or to the tumor cells at ratio of 1:1. 
Maturation of monocytic imDCs was assessed after 48h of coculture and THP-1 cell maturation after 
72h284 by flow cytometry measurement of CD86-VioBlue and CD80-PE double-positivity after dead-cell-
exclusion by DAPI staining. In case coculture was done together with tumor cells, receptor surface 
expression was assessed on CD45-VioGreen-positive (i.e. immune) cells. (b+c) Maturation (indicated 
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as CD80/CD86-double-positivity, given in percentage of parental) of moDCs was assess after coculture 
in CM (supernatant), tumor cells (after exchange of CM, cells only) and both (full). Statistical analysis 
was performed with Tukey’s multiple comparison combined with ordinary one-way ANOV in Prism 9. 10 
ng/mL lipopolysaccharide (LPS), PBS and maturation cocktail (consisting of 1000 U/mL IL-6, 10 ng/mL 
IL-1b, 10 ng/mL TNF, and 1mg/mL prostaglandin E2) served as controls. (d+e) Induction of maturation 
markers, as described above, was also verified in THP-1 cells after 72h of culture in CM. Significance 
levels are indicated as asterisks: * p < 0.05, ** p < 0.01, p*** < 0.005, ****p < 0.0001, ns = not significant. 
Error bars indicate the SEM. 

 
4.4.11 Combo Tx increase antigen-specific T cell proliferation and activation in vitro 
 
As Uzhachenko et al.168 already described positive effects of CDK4/6i on adoptive T cell 
transfer (ACT) using an OT-1-OVA mouse model, the next step in this study was to assess 
effects of the triple combination: tumor-redirected T cells (CHM1 T cells), LEE and XVir.  
 
Hence, due to the (1) availability of CHM1 T cells in our lab, (2) observed differences in 
maturation markers for THP-1 cells when cultured in CM, and (3) the HLA-match in HLA-
A*02:01 of TCR-specificity and THP-1 cells, T cell proliferation and activation was assessed, 
taking relevant literature into account when designing the experimental setup (Figure 17a)88, 

283. 
 
After assessment of markers associated with antigen presentation and T cell co-stimulation on 
THP-1 cells (after 72h coculture in CM, Figure 17b-g), THP-1 cells were pulsed with CHM1319 
peptide, before fluorescence-labeled (eFluor450) CHM1319/HLA-A*02:01-restricted TCR-
transgenic CD8+ T cells were added at a ratio of 2:1. After THP-1 priming in CM, combo Tx 
(XVir+LEE) most significantly increased all assessed surface markers (CD80, CD83, CD86m 
HC-I, HLA-DR, and CD40; Figure 17b-g). When evaluating T cell proliferation and activation 
(via CD25) after another 96h of coculture, combo Tx (XVir+LEE) significantly increased T cell 
activity after antigen-specific stimulation (Figure 17h-j).  
 



4 Results 

75  

 
Figure 19: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 increase antigen-specific T 

cell proliferation and activation. (a) Equal experimental setting as in Figure 18 with the addition of 
fluorescence-labeled (eFluor450) CHM1319/HLA-A*02:01-specific TCR-transgenic CD8+ T cells, which 
were cocultured with CHM1319-peptide pulsed THP-1 cells at day 7, to evaluate antigen-specific T cell 
activation (at day 11, i.e. 96h after start of coculture). Two independent experiments were performed. 
(b-g) Surface expression of markers for T cell costimulation (CD80-PE, CD83-APC-Vio770, and CD86-

eFluor450 
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VioBlue) and antigen presentation (HLA-ABC-PerCP-Vio700 and HLA-DR-APC) were studied at day 7. 
Respective GeoMeans are shown as column bars and statistical analysis was performed by Tukey’s 
multiple comparison combined with ordinary one-way ANOVA. (h+j) Percentage of proliferated T cells 
(gated on CD3-PerCP-Vio700) was compared to unstimulated control (y-axis: % of max). (i) GeoMean 
of CD25-APC, indicative of T cell activation (in CD3 gate) was plotted as column bars with Prism 9. 
Statistical analysis for control was done with unpaired, two-tailed student’s t-test and experimental 
condition with Tukey’s multiple comparison combined with ordinary one-way ANOVA. Significance 
levels are indicated as asterisks: * p < 0.05, ** p < 0.01, p*** < 0.005, ****p < 0.0001, ns = not significant. 
Error bars indicate the SEM. 

 
4.4.12 Combo Tx of XVir-N-31, CDK4/6i and therapeutic T cells further increase 

synergistic tumor cell killing in vitro 
 
After demonstrating that antigen-specific T cell activity is enhanced after coculture with APCs, 
direct tumor killing activity of CDK4/6i with LEE, XVir and CHM1 CD8 T cells (CHM1) was 
examined focusing on synergistic effects, again utilizing cell survival assays (SRB staining) 
after 48hpi and 24h after addition of T cells combined with analyses with the R tool 
SynergyFinder evaluating possible changes in synergistic effects265, 266. Compared to previous 
experimental conditions (Figure 5: CHM1 T cells and XVir-N-31 show synergistically lyse EwS 
tumor cells in vitro), tumor cells were primed for 24h with LEE before XVir-infection. 
 
As described in 4.3.1, synergistic effects in cell lysis were observed at MOI50-100 and at an 
E:T ratio of 1:1 – 0.25:1. When adding LEE, half-maximal inhibitory concentration (IC50) was 
lower for XVir + LEE, as expected but did not lead to a remarkable change in IC50 E:T ratio 
for CHM1 T cells + LEE (Figure 18a-b).  When comparing XVir + CHM1 T cells with XVir + 
CHM1 T cells + LEE, strong synergism also occurs at lower MOI (6-50) and lower E:T ratios 
(0.5:1 - 0.125:1), meaning that the addition of CDK4/6i led to an extension of synergistic cell 
killing towards lower amounts for each therapeutic agent (Figure 18c+d).  
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Figure 20: Combination of XVir-N-31, LEE011, and CHM1 CD8+ T cells further increases 
synergistic killing of tumor cells in vitro. The likelihood of synergistic interactions of XVir and 

LEE together with CHM1 CD8 T cells concerning tumor cell killing was evaluated via cell viability assays 
24h after addition of T cells (i.e. 48hpi) and the SynergyFinder tool in R (experiments were performed 
in biological replicates and repeated, n=2). (a) Cell survival/viability assay: dose-response of XVir only 
and in combination with LEE at indicated concentration (IC50-values were exported from Prism 9 using 
the inhibitor vs response equation for dose-response – inhibition), with corresponding dose-response of 
CHM1 (CD8) T cells and LEE (right figure). (b) 2D-ZIP Synergy Score generated with R for experimental 
conditions: XVir + CHM1 T cells and XVir + CHM1 T cells + LEE, also depicted as 3D ZIP score in (c). 
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Synergy Score explanation: interactions larger than 10 are considered as likely synergistic; interactions 
from -10 to 10 are most likely additive and interactions less than -10 are likely to be antagonistic.  
 
 
Results from section 4.4 can be summarized as follows: 

1. The oncolytic adenovirus XVir-N-31 in combination with CDK4/6i increases oncolysis 
and viral replication in CDK4/6i-sensitive tumors in vitro and in vivo and thereby 
increases therapy response to XVir-N-31 resulting in a survival benefit in a xenograft 
sarcoma nude mouse model for animals receiving combo Tx271. 

2. Combo Tx induced A673 cell line derived CXCL10 levels accompanied by 
downregulation of RB/E2F1 proteins. 

3. Increase of viral fiber DNA, indicative of replication, was confirmed in a second mouse 
model (Rag2-/-$c-/-) of two s.c.-implanted cell lines (A673, TC32) by the addition of 
CDK4/6i ribociclib. 

4. HLA class I upregulation was confirmed on both total protein level and surface 
expression in explanted A673 and TC32 tumors (3dpi) in animals receiving combo Tx. 

5. Combo Tx increases survival of transiently humanized mice with s.c.-implanted A673 
and TC32 tumor cells, associated with enhanced T cell engraftment of TH1 cells and 
higher numbers of infiltrating T cells. 

6. Combo Tx induces an abscopal effect assessed by tumor growth- inhibition of non-
injected lesions. 

7. Combo Tx is associated with the induction of CXCL10 in injected tumor lesions. 
8. Combo Tx further induces mouse monocyte infiltration into injected tumors, positively 

correlating with viral fiber DNA. 
9. In vitro conditioning of monocyte-derived DCs and THP-1 cells with supernatant from 

combo-treated tumor cells induces maturation and enhances antigen-specific T cell 
activity. 

10. In vitro tumor cell killing of XVir-N-31 + CHM1 T cells can be further improved by 
CDK4/6i. 
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5 Discussion 
 
This study preclinically assessed the suitability of the oncolytic adenovirus XVir-N-31 in 
combination with EwS-redirected T cells and CDK4/6i for the treatment of EwS. 
 
For the first time, immunological properties of the oncolytic adenovirus XVir-N-31 in 
combination settings with EwS-redirected TCR transgenic T cells and CDK4/6i were 
characterized applying both functional in vitro and in vivo experiments. 
 
First, it could be demonstrated that EwS cells are susceptible to XVir-N-31 infection resulting 
in tumor cell lysis and propagation of viral progeny. XVir-N-31-infected cell lines exhibited 
CALR surface expression (a markers of ICD, ‘eat-me’) accompanied by increased 
phagocytosis by imDCs.  
 
Furthermore, synergistic effects of XVir-N-31 with both EwS-redirected TCR-transgenic T cells 
and CDK4/6i were demonstrated in vitro concerning tumor cell killing. These synergistic effects 
also translated into significant survival benefits in vivo of respective animals receiving either 
combination of XVir-N-31 with a) CHM1 T cells or b) CDK4/6i in (humanized) tumor xenograft 
mouse models, in both cases associated with superior T cell engraftment and induction of TILs. 
Further characterization of engrafted human T cells in the A673 model revealed a specific 
stimulation of CD4+ T cells expressing the TH1-specific transcription factor T-bet. Increase of 
viral fiber DNA by CDK4/6i, indicative of superior replication, was demonstrated in 2 xenograft 
models. 
 
Possible mechanistic insight for observed synergism coinciding with superior tumor control 
were gathered especially with CDK4/6i, revealing enhanced maturation of myeloid/monocytic 
DCs attributed to XVir-N-31-tumor cell lysis. The addition of CDK4/6i proved to be further 
beneficial for maturation of respective APCs resulting in superior antigen-specific T cell 
activation. The combination of XVir-N-31 and CDK4/6i also induced tumor features associated 
with increase immunogenicity, such as MHC-I upregulation and induction of CXCL10 in both 
xenograft models. 
 
First hints towards the induction of an abscopal effect could be observed for the combination 
of XVir-N-31 and LEE in vivo, although underlying mechanisms were not further pursued. 
 
Herein presented results and dynamic changes of immune cell populations induced by the 
combo Tx can be described as a novel multifactorial prime-boost-pull immunotherapeutic 
strategy:  
 
Prime: Tumor cells are primed (1) for enhances viral replication and (2) for an immune attack.  
 
Boost: (1) Viral replication as well as (2) cell death induction is boosted leading to the 
enhanced activity of (3) pre-existing T cell responses (anti-tumor or anti-Ad, last not tested).  
 
Pull: The inflammatory stimulus by this boosting-combination regiment attracts (1) innate cells 
which in turn show enhanced phagocytotic as well as antigen-presenting and co-stimulatory 
capacities which supposedly stimulate adaptive immunity and (2) induce TILs. 
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5.1 Limitations of this study 
 
5.1.1 Combination of XVir-N-31 and CHM1 T cells 
 
Current study assessed combination approaches of XVir-N-31 and CHM1 T cells in vitro and 
in vivo. Although in vitro effects of synergistic tumor cell killing occurred with high likelihood, 
only one experimental setup concerning timing of infection and addition of T cells was studied 
in more detail. This included the initial infection after 24-48h (depending on the presence of 
CDK4/6i) after tumor cell seeding and the addition of T cells 24h thereafter. Other reports 
studying different OV also evaluated different time points of infection and ACT. But literature 
research revealed that usually a relatively short interval in-between OV application and ACT 
was described to be most beneficial285, 286. 
 
Nevertheless, to further analyze mechanisms of synergistic tumor cell killing, different points 
in time would be needed as the replication cycle of XVir-N-31 takes ~48h, and changes of 
tumor surface molecules, such as MHC-I, were detected at 48hpi and not yet done at different 
time points (Figure 21). 

 
Additionally, the evaluation of T cell effector cytokines, e.g. from cocultures with XVir-N-31-
infected tumors cells, are needed to gain further mechanistic insights.  
 
Also, characterization of T cell memory and/or effector populations as well as the profiling of 
respective chemokine-/cytokine-receptors and ligands could be helpful to better understand 
the interplay of both therapeutic agents, especially in an in vivo setting. In this regard, 
Watanabe et al.286 could demonstrate, that the combination of a cytokine-armed OAd (TNF+IL-
2) together with anti-mesothelin-CAR-T cells inhibited metastatic spread, and CAR-T cell as 
well as non-CAR-T cells were attracted into the TME, which was enriched with CXCL10, CCL2, 
and CCL5. In the same study, luciferase-expressing CAR-T cells were applied, showing 
superior infiltration of respective T cells into xenografted tumors, providing important insights 
into time-dependent interactions with tumor cells286. Similar techniques to monitor T cell 
dynamics and distribution could be applied in the future. 
 
Analyses of explanted tumors from animals receiving XVir-N-31 and CHM1 T cells did not 
show significant differences in comparison to respective monotherapies regarding tumor 
features of antigen presentation (MHC-I), expression of PD-1/PD-L1/2 or induction of CXCL10 
(Extended Data Figure 4). This might be attributed to the fact that therapeutic agents were only 

Figure 21: Evaluation of MHC-I surface expression after virus 

infection 48hpi. Surface expression was measured via flow cytometry 
with adenovirus wildtype (AdVwt) and XVir-N-31 (XVir) at 48hpi in A673 
indicated MOI, after exclusion of dead cells via DAPI staining. Doxorubicin 
(doxo 1$M) served as positive control. HLA-ABC-APC and respective 
isotype was used. 
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applied once, as compared to repetitive applications in most other reports79, 277, 287. 
Nevertheless, superior tumor growth control was observed for the combination therapy in this 
setting, accompanied by induction of T cell infiltration (albeit in low numbers) and superior in 
vivo persistence. 
 
5.1.2 Combination of CDK4/6i and XVir-N-31  
 
Unfortunately, the full immunostimulatory potential of CDK4/6i could not be exploited during 
this study because the absence of functional B, T, and NK cells288, 289 in herein applied in vivo 
models was the limiting factor. At this point it is worth to mention, that attempts to generated 
reliable transgenic/syngeneic EwS mouse models failed thus far290. Therefore, to study 
immunological changes towards EwS in vivo, humanized mice carrying human xenografted 
tumors291, such as implemented in this study, can be considered as the best attempt to gain 
cancer-immunological insights for this disease. Another drawback of this model is that 
humanization wasn’t established in newborn mice. In case of an early establishment, possible 
human adaptive immune responses could have been characterized in more detail288, 292. This 
aspect will be considered in the planning of future in vivo evaluations. 
In terms of changes in possible antigens (e.g., viral and neoantigens for T cells), further 
methods like RNA sequencing or immunopeptidomics (further elaborate in the next chapter) 
were currently not implied. This would allow for more in-depth characterization of inflammatory 
pathways in addition to the mere measurement of a selection of cytokines in the TME of 
explanted tumors.  
 
Concerning the content of herein presented experiments, human T cells could have been 
characterized in more detail, concerning chemo/-cytokine receptor expression and markers of 
immune exhaustion. In present work, only a possible contribution of the PD-1/PD-L1 axis was 
analyzed to some extent, due to the common combination of OV with ICB targeting respective 
axis (a more in-depth analysis of PD-L1 expression was done by Caroline Schöning, Dr. med. 
MD thesis). Nevertheless, analyses in this study revealed the preferential engraftment of 
human T cells exhibiting a TH1-phenotype by combo Tx, most likely mediated by LEE (compare 
Figure 14c+d), whereas the induction of Treg cells was also inhibited in both combo and LEE-
treated animals (compare Extended Data Figure 9). This observation is in line with previously 
published reports demonstrating a decrease of Treg populations and an increase of TH1 through 
CDK4/6i162, 166.  
 
At this point it has to be clarified that PBMCs used for humanization were only matched for 
HLA-A*02. Increasing the HLA-match might allow to broaden adaptive T cell responses and to 
reinvigorate preexisting (e.g. anti-Ad) donor T cell responses. Due to limited availability of 
matched PBMC at the time of experimental conduct, the aspect of HLA-match could not be 
fully considered but will be incorporated at best for future in vivo experiments. 
 
The high increase in murine myeloid cells in injected tumors with combo Tx, also compared to 
XVir only, may also indicate a strong increase of the inflammatory stimulus (XVir-N-31) by the 
combination. These CD45+CD11b+Ly6G-Ly6Chigh monocytes were not further characterized as 
they were observed for the first time in this in vivo setup. It is likely that these monocytes are 
of inflammatory nature (exhibiting addition CCR2). When focusing on functional consequences 
of inflammatory Ly6Chigh monocytes, published reports attribute these subsets important roles 
in antigen presentation and profound host defense in the context of parasites293 or mediating 
antiviral immunity or auto-inflammation in cerebral diseases. Furthermore, they were shown to 
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differentiate into M1 macrophages or dendritic cells294. Taken together, they are responsible 
for mediating anti-pathogen immunity and do not promote tumor cell growth and T cell 
suppression as described for CD11b+Ly6G+Ly6Chigh myeloid cells in the context of oncolytic 
reovirus295. Actually, the Ly6G+ neutrophilic population is (relative) reduced in this study, and 
MHC-II as well as co-stimulatory CD86 expression via FACs analysis of infiltrating myeloid 
cells was observed to be induced with combo Tx (shown in the MD thesis of Caroline 
Schöning). Together with the evaluation of M1/M2 macrophages-associated genes (increase, 
especially with combo Tx), the induction of an antitumor immunostimulatory effect is very likely, 
but functional analysis of isolated myeloid populations would be needed to determine possible 
T cell stimulating capacities. 
 
Analysis of inflammatory pathway-induction by combo Tx was restricted to a selection of 
supposedly important chemo-/cytokines. RNA sequencing would allow for a deeper 
understanding of respective changes. On the other hand, it was demonstrated that CXCL10, 
also known as Interferon-inducible Protein-10, was upregulated by combo Tx. This resulted in 
increased concentrations in the TME of explanted tumors (compare Figure 16) accompanied 
by higher human T cell engraftment rates. Furthermore, engrafted T cells as well as TILs also 
exhibited the highest surface expression for the cognate receptor CXCR3 compared to other 
groups, highlighting the relevance of this axis concerning T cell infiltration, as described earlier 
by Berguis et al.55. Analysis of publicly available RNA datasets from EwS patients, additionally 
connected higher CXCL10 levels with higher HLA and T cell co-stimulatory molecules, and an 
increase of M1 macrophage-associated genes whilst reducing M2 transcripts (compare Figure 
1). 
 
Concerning the observations of decreased tumor growth of non-injected tumors in combo-
treated animals indicative of an abscopal effect, it has to be discussed which mechanisms 
might have contributed to the phenomenon. Relative numbers of TILs at that time point (4 days 
after 2nd injection) were low (compared to analyses from the end of experiments) and a 
dominant role of T cells in mediating observed abscopal effect is questionable. Also differences 
in relative numbers and subpopulations of murine myeloid cells in non-injected tumors did not 
differ, nor did transcripts associated with M1 or M2 macrophages change significantly. Solely 
a slight tendency towards higher MHC-II expression in non-injected TC32 tumors was detected 
for combo and LEE Tx.  
As Ct-values for viral fiber DNA in 2 out of 3 combo animals, measured in non-injected A673 
tumors, appeared at relatively early PCR synthesis cycles, a possible transfer of infectious viral 
particles to non-injected tumor lesions might serve as an explanation. In this regard, Kakiuchi 
et al. recently described a mechanism of OAd transfer via tumor-derived extracellular vesicles. 
Here, they could demonstrate that the OAd is wrapped into the membrane of a vesicle, which 
was secreted from tumor cells after being infected. Irrespective of the mouse model used (both 
immunocompromised as well as non-compromised) an abscopal effect could be induced and 
furthermore a preferential homing of those OAd-containing EVs into distant tumor lesions was 
observed228. 
 
Complete tumor regression in all aforementioned in vivo models was not observed, but a 
temporal control of tumor growth could be demonstrated. 
A reasonable explanation for the lack of long-lasting tumor control might be associated with 
the frequency of viral injection, the number of viral particles, and/or the limited time of inhibitor 
treatment (5 consecutive days only). Most other reports in the field, apply OVs more often277 
or treat with an inhibitor until the end of experiment162. The main goal of this study was to 
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introduce and preclinically assess combination therapies with XVir-N-31 and identify 
immunological alterations associated with therapeutic benefits. CDK4/6i was applied to prime 
tumor cells before adenoviral replication and thereby boosting viral replication and 
immunological responses. In this context, this study successfully demonstrated both aspect of 
this prime-boost-pull strategy, with T cell infiltration as well as mouse monocytes being pulled 
into the tumor. Nevertheless, possible determinants for the induction of complete tumor 
regression, such as number of applications (virus and/or therapeutic T cells) and duration of 
inhibitor therapy should be evaluated in future studies.   
 
Similarly important, compared to identifying determinants for tumor regression, would be to 
characterize mechanisms of tumor escape after OV or combination therapies.  
In this regard, A673 xenografts were analyzed at the end of experiment, focusing on classical 
and non-classical HLA expression to better understand why observed TILs did not mediate 
longer tumor controls. 
 
Immunoblotting of representative tumors revealed a strong upregulation of HLA-G (Figure 22), 
which is associated with T cell anergy296. As already mention in the introduction, GD2-CAR-T 
cell therapy against EwS was already shown to induce both non-classical HLA-G and -E, tightly 
associated with IFN$71. T cell infiltration in EwS patient samples was also associated with local 
expression of immune-inhibitory HLA-G76. The upregulation of HLA-G in this work might also 
indicate the induction of immunological pressure, which was mediated by CDK4/6i and further 
enhanced by the combination with XVir-N-31, but successfully abrogated by inhibitory HLA-G 
resulting in tumor regrowth. 
 

 
 
 
Other mechanisms of resistance in tumor cells (next to PD-L1 expression), can also involve 
the activation of autocrine oncogenic CXCL10-CXCR3 signaling260, which might also be in play 
here and will be further discussed in the MD thesis of Caroline Schöning. In this regard, 
CXCL9/10-CXCR3 transcriptome levels were significantly upregulated in a neuroblastoma 
patient who relapsed after OAd (Celyvir) after initial disease stabilization297. Therefore, the 
ambiguous role of CXCL10 signaling still needs to be better understood. First mechanistic 
insights were described by Müller-Hermelink et al. for a dual role of CD4+ T cells. Depending 
on the absence or presence of either IFN$ (or TNF receptor 1), carcinogenesis was enhanced 
or controlled, mediated in part by CXCL9/10 in the TME259.  
 
 
 
 
 

Figure 22: Evaluation of classical HLA 

A+B and non-classical HLA G expression 

in explanted A673 tumors at the end of 

experiment. Protein levels of indicated 
proteins were analyzed by western blot. 
GAPDH served as loading control. Each lane 
represents one explanted tumor. 
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5.1.3 Oncolytic virotherapy and antitumor adaptive immune responses 
 
A common phenomenon mediating relapse and refractory disease course after ACT is the loss 
of target antigen (by MHC loss/downregulation298 or actual antigen loss299), especially in the 
heterogenous landscape of antigens and a highly immunosuppressive TME of solid tumors300. 
Addressing this hurdle, Walsh and colleagues could demonstrate that an OV not only 
increased in vivo persistence of adoptively transferred tumor-redirected T cells, but also 
protected from antigen loss variants due to increased activity of endogenous T cells. Those T 
cell responses were not attributed to epitope spreading but rather to the reinvigoration of pre-
existing antitumor T cell responses by the combination of OV and ACT301. 
 
The aspect of epitope spreading is another feature coinciding with immunogenic cell death and 
release of tumor or viral antigens leading to the priming of novel T cell responses. It is important 
to overcome antigen escape variants by inducing sustained adaptive immunity against a broad 
spectrum of antigens302. The occurrence of epitope spreading can be evaluated using model 
systems with known tumor and viral antigens or by identifying neoantigens and testing them 
toward their immunogenicity. Functioning axes of innate and adaptive immunity are a 
prerequisite. In this regard, Woller et al. was one of the first ones to demonstrate that an OAd 
in combination with ICB broadened the spectrum of neoantigen-specific T cell responses303, 
which was confirmed by other groups for different OVs304, 305. 
 
Another approach analyzing the antigenic landscape of virus-infected tumors is called 
immunopeptidomics. This mass spectrometry-based technique allows for the detection of the 
immunoprecipitated HLA-ligands which can be tested for their immunogenicity or utilized to 
generate antigen-specific vaccines or T cells in downstream approaches306, 307. Using this 
technique in the context of OV, Rajaraman et al.  could identify novel immunogenic epitopes 
from both viral and tumor-associated antigens308. 
 
As the main aim of this study was to introduce YB-1-based oncolytic virotherapy and respective 
combinations for EwS treatment, and to test these approaches for in vitro and in vivo activity 
as well as basic changes of immunogenicity, more in-depth analyses concerning adaptive 
immune responses were not performed. Certainly, a deeper understanding of those immune 
activities is aspired for herein presented content and is planned to be evaluated in the future. 
Therefore, above-mentioned observations are of high relevance. 
 
Due to the immunocompromised mouse model in this study lacking a connection in-between 
innate and adaptive immunity, in vitro experiments were performed focusing on EwS antigen-
specific activation of T cells. Increased T cell activity could be demonstrated due to the 
presence of the OAd, indicating that as well as preexisting, novel antigen-specific or 
exogenous T cell responses can be augmented by XVir-N-31, and especially in combination 
with CDK4/6i. With current models available, epitope spreading is hard to assess for EwS in 
vivo, and not of high physiological relevance when assessed in vitro.  
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5.1.4 Limitations of human oncolytic adenovirus in animal models 
 
Assessing the full spectrum of immunostimulatory effects of human adenoviruses in animal 
models always comes with certain limitations. 
 
Usually, mouse cells are not permissive for human adenovirus infection, as the formation of 
new infectious particle is not supported in murine systems, with few exceptions (murine K-ras 
adenocarcinoma cell line ADS-12)309. Nevertheless, replication properties are not as 
productive as compared to levels observed in human cells310. Therefore, accepted toxicology 
studies, as a prerequisite for clinical translation, are performed in Syrian hamsters, which are 
termed semi-permissive organisms for human adenoviruses311. Indeed, studies of OAd and 
induced immunological antitumor activities were already successfully recapitulated in such 
cancer models312. 
 
Other groups utilize syngeneic mouse tumor models with little to no replication of the human 
OAd193. Nevertheless, immunological antitumor activities were studied in this context thus far, 
also demonstrating the activation and successful rejection of murine tumors by T cells. Those 
studies were complemented by xenograft models using human tumor cell lines or patient-
derived xenografts193, 194. 
 
Another interesting approach is the construction of murine oncolytic adenoviruses e.g. by 
utilizing the mouse adenovirus type 1313. Several viral mouse constructs were generated in 
homology to Ad-Delta24 with deletions that compromise pRB-binding, rendering tumor-
selective replication to cells exhibiting free E2F1 (such as tumors or cycling cells)314. Indeed, 
those models showed promising results in terms of tumor control allowing the study of both 
arms of the immune system315, 316. 
 
Despite those efforts, the comparability of results to the human setting, still can only be 
evaluated in early clinical trials. In this regard, the OAd DNX2401 (Ad-Delta24-RGD) was 
preclinically evaluated for the treatment of glioblastoma in athymic nude mice (also used in this 
study). Results from a consecutive phase I trial in recurrent glioblastoma were very promising 
with 20% survival after 3 years and tumor reductions >95% in 3/25 patients186. In this case, 
preclinical evaluation in an immunocompromised mouse model translated into real benefits for 
patients, although preclinical evaluation merely assessed in vivo replication of the OAd317. 
 
As adenoviruses are also often used as vectors for gene delivery, extensive studies were 
performed focusing on both innate and adaptive immune responses against Ad217. Here, many 
aspects of host-interactions of human Ad were initially discovered in mice with comparable 
functionality in human systems and vice versa217. Alemany et al. discovered that Ad type 5 was 
cleared in blood of mice in less than 2 minutes suggesting highly effective mechanisms for Ad 
clearance318, which was confirmed later on319. Therefore, delivery of OAd is only promising 
with i.t. injection, unless further strategies are implemented to shield the Ad from clearance, 
such as the loading into MSCs316, antibody-retargeting320, or protein shielding of virions (e.g. 
PEGylation321 or other coats322), allowing systemic delivery. 
 
Taken together, humanized tumor xenograft models are useful tools to study (1) adenovirus 
replication, especially when combined with agents increasing the replication, as replication 
properties of human OAd can only be reliably reflected in human tumors. (2) Humanization 
might allow to assess immunostimulatory effects of OAd and combination approaches (as 
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shown in this work) but does not recapitulate the full spectrum of innate and adaptive crosstalk. 
(3) Those limitation should be addressed in in vitro assays, evaluating priming and especially 
T cell stimulatory capacities. (4) Generation of murine OAd applied in suitable tumor models 
(if available for a certain malignancy) might fill the remaining gap, allowing an in-depth 
understanding of both antitumor/-viral innate and adaptive responses, given that human and 
murine OAd comparability studies are performed concerning replication and induction of ICD. 
 
5.1.5 Oncolytic capacity versus induction of ICD – determinants of response 
 
The oncolytic virotherapy community generally agrees that the induction of ICD is a 
prerequisite for therapy response. Whether high in vitro replication also translates into 
beneficial tumor control in vitro remains questionable. In this regard, Workenhe et al. 
investigated differences in antitumor activity by comparing two similar oHSV (oHSV-1 and-2, 
both with ICP0 deletions) in vitro and in vivo323. The authors observed that (1) oHSV-1 with 
higher replicative capacity in vitro showed similar titers in vivo comparable to the supposedly 
‘weaker’ oHSV-2 variant observed in in vitro comparison. (2) Little could be derived from in 
vitro cytotoxicity concerning in vivo immunogenicity. (3) Prolonged viral persistence was not a 
prerequisite for therapy response. And (4) most importantly, the “initial stages of immunogenic 
replication”323 appeared to be decisive for the induction of antitumor immunity, which was 
correlated with both innate and adaptive immune cell infiltration into tumors, the induction of 
heat shock protein (HSP)-70 and significantly higher serum levels of HMGB1 at 24h after first 
i.t.-injection. 
 
This observation supports the notion, that a strong initial viral burst, which must be 
immunogenic, might be a predictor of therapy response and the development of long-lasting 
antitumor immunity. This in turn might favor an i.t.-injection over systemic delivery due to the 
higher local loads of an OV, although tumor-infiltration of immune cells was also shown to be 
increase with e.g. OAd-loaded MSCs (murine version of Celyvir)315.  
 
Understanding the biology of viral replication, and herein especially the determinants for ICD, 
then seems to be key for developing novel OV variants or combination approaches. In this 
regard, the proposed combination of XVir-N-31 and CDK4/6i addressed these considerations, 
as it increases viral replication whilst inducing immunogenicity.  
 
Lastly, it was recently observed by the group of Prof. Dr. Per Sonne Holm and by MD students 
in our lab, that BETi dramatically increases the lytic capacity of XVir-N-31 by enhancing 
replicative capacity. If this superior replication also exhibits features of ICD which translates 
into increased therapy response in vivo is yet to be determined. 
Also the role of tumor-redirected T cells, as an additional tool for the proposed prime-boos-
pull-strategy should be addressed in future studies.  
  
 
5.2 Conclusion 
 
This study provides reasonable rationale on a preclinical level as to why combinations of the 
YB-1-based OAd XVir-N-31 with TCR transgenic T cells as well as CDK4/6i should be further 
pursued for the treatment of EwS, especially in combination with ICB. Taken together, this is 
the first report showing that each combination strategy led to survival benefits and superior 
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tumor control in vivo. Beneficial immunological changes resulting in antitumor immunity were 
studied in more detail for the combination of CDK4/6i and XVir-N-31, revealing promising 
alterations of tumor cells as well as immune cells indicating a general increase in 
immunogenicity by this prime-boost-pull strategy. 
 
This is also for the first time, that immunological properties of the oncolytic adenovirs XVir-N-
31 in combination settings with EwS-redirected TCR transgenic T cells and CDK4/6i were 
characterized applying both functional in vitro and in vivo experiments. Furthermore, CDK4/6i 
not only increases OAd genomic copy numbers, indicating increased viral replication in vivo 
but herein proposed combo Tx also induces systemic and local alterations with the capacity to 
abrogate tumor-induced immunosuppression of both the innate and the adaptive axis of the 
immune system. 
 
 
5.3 Impact and outlook 
 
Major hurdles need to be addressed in EwS when facing this tumor entity with cancer 
immunotherapy. Tackling the T cell hostile TME of EwS characterized by immunosuppressive 
cellular and soluble factors being one of them. Furthermore, MHC-I expression needs to be 
upregulated (e.g. be induction of IFNs) allowing endogenous T cell recognition or additional 
ACT to be successful. At the same time, immune-inhibitory non-classical HLAs have to be 
considered. As EwS is a systemic disease exhibiting factors of systemic immunosuppression 
(chronic inflammation), novel treatment strategies should address this phenomenon as well. 
Another aspect which needs proper consideration is the low mutational burden, hence very 
limited antigenic landscape for T cell recognition. The broadening of antitumor T cell responses 
can be considered as a prerequisite for successful downstream immunotherapies (e.g. ICB). 
When taking these considerations into account, a novel (combination) therapy might then allow 
for proper antigen presentation by APCs resulting in the induction of long-lasting antitumor T 
cell responses.  
 
As demonstrated in this work, the combination of XVir-N-13 and CDK4/6i might have the 
potential to address these obstacles and EwS-redirected T cells could further enhance 
therapeutic effects (thus far only analyzed in vitro). The unique immunological strength of XVir-
N-31 and CDK4/6i combination therapy can be explained by multifactorial synergisms utilizing 
2 therapeutic tools with independent antitumor immunological properties. Due to the further 
increase of adenoviral replication and consecutive immunogenic cell lysis though CDK4/6i, the 
induced responses seem to be potentiated in both the innate as well as the adaptive axis of 
the immune system. 
 
Due to the initiation of this PhD project and fruitful cooperation in-between the Department of 
Pediatrics and Experimental Urology (Klinikum rechts der Isar) the preparation and conduct of 
a phase I trial was funded by the BMBF entitled: 
 
Single center, open-label, phase I, dose finding and safety study on the oncolytic adenovirus 
XVir-N-31 in combination with the CDK4/6 inhibitor ribociclib and the immune-checkpoint 
inhibitor pembrolizumab in patients with treatment-refractory sarcoma (XVIR-RIB-PEM) 
EN2019-060  
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6 Summary 
 
Ewing sarcoma (EwS) is a highly metastatic pediatric tumor. Cure rates for localized disease 
increased over the last decades with intensified chemotherapy regiments addressing the 
systemic component of the disease. Nevertheless, metastatic, and relapsed disease states 
are still associated with very poor survival, emphasizing the need for novel and innovative 
strategies. Like most pediatric malignancies, EwS is considered a non-T cell-inflamed tumor 
due to its low mutational burden and immunosuppressive cellular and soluble factors. Hence, 
response to immune checkpoint blockade (ICB) is an exception. 
 
For the first time, the YB-1-driven oncolytic adenovirus XVir-N-31 is studied in combination 
with (1) EwS-redirected T cell receptor (TCR)-transgenic T cells and (2) the CDK4/6 inhibitor 
ribociclib focusing on immunogenicity of EwS, innate immune cell changes and T cell activity. 
By using different in vitro and in vivo models it was shown that combination approaches 
increased immunogenicity of tumors, enhanced phagocytic and antigen-presenting capacities 
and thereby increased T cell activity. This was accompanied by prolonged survival, improved 
tumor control and induction of tumor-infiltrating T cells.  
 
These preclinical data demonstrate that both combination strategies are highly promising for 
the treatment of EwS, especially when combined with ICB, warranting further evaluation in a 
clinical setting. 
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8 Appendix 
 
8.1 Supplemental Figures 
 

 
Extended Data Figure 1254: Chemo-/Cytokine release patterns from coculture experiments of 

A673 tumor cells and T cells. (a) CXCL 9/10, IFN# and TNF' release patterns of tumor only (4 
replicates), non-specific (n.-sp.) CD4+, CD8+ and STEAP1130/HLA-A*02:01-specific TCR transgenic 

CD4+ (tgCD4), CD8+ (tgCD8) T cells as well as tgCD4/tgCD8 T cells at effector-to-target ratios 20:1 and 
1:1. Results represent mean and standard deviation of 3 independent experiments (for E:T=20:1) and 
2 independent experiments (for 1:1) from 2 different donors. (b) Comparison of CXCL9/10 levels within 
tgCD4+ T cell-containing settings (CD4 presence) versus tgCD8+ T cell-containing settings at E:T=20:1. 
(c) Heatmap of 39 selected chemo-/cytokines from above mentioned coculture experiments. The 
heatmap was generated from means of chemo-/cytokines (same replicates were applied as explained 
under a) using the heatpmap2 script in R.    
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Extended Data Figure 2: Expression levels of possible XVir-N-31 surface receptors in publicly 

available data sets. Analyses were conducted online with R21, extracted and depicted as log2 gene 
expression here. EwS datasets are marked with a red quadrant.  
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Extended Data Figure 3: Immunofluorescence staining of YB-1, E2F1 and DAPI in EwS cell lines 

A673, A4573 and SK-N-MC. 2.5x104 cell were plated on ibidi $-slide VI 0.4 and fixed 24-36 hours 
afterwards and stained with anti-YB-1 antibody (red), anti-E2F1-antibody (green) and DAPI. Imaging 
was done with Axiovert 100 microscope using fluorescent light with 100x magnification. 
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Extended Data Figure 4: CHM1 T cells and XVir-N-31 induces T cell infiltration and 
increases in vivo persistence of. (a) Flow cytometry assessment of surface markers on explanted 
tumors (single cell suspension after enzymatic and mechanical digestion (respective antibodies and 
dilutions are provided in Table 13) and T cell infiltration in tumors, after dead cell exclusion with Viobility 
dye, gated on mouse/human CD45 double negative cells for tumor surface markers and on human 



8 Appendix 

112  

CD45/CD3 double positive cells for evaluation of TILs. (b) Assessment of HLA-A, -B, and CXCL10 gene 
expression by sqRT-PCR (GAPHD or " actin was used for normalization, mean expression of mock 
animals served as control). Each dot represents one animal or the mean of mock animals in b. (c) 
Engrafted human CD45/CD3 double positive T cells in spleens of 2 representative animals per group, 
after Statistical analyses were performed in Prism 9 using unpaired two-tailed student’ t-test (in a) 
Tukey’s multiple comparison in combination with ordinary one-way ANOVA. Significance levels are 
indicated as asterisks: * p < 0.05, ** p < 0.01, p*** < 0.005, ****p < 0.0001, ns = not significant. Error 
bars indicate the SEM. 
 
 
 



8 Appendix 

113  

 
Extended Data Figure 5: Combination of XVir-N-31 and CDK4/6i increases tumor cell lysis 

which is accompanied by G1 cell cycle state and reduction of RB. (a+b) Cell survival analysis of 
EwS cell lines A673, SK-N-MC, and TC32 treated with XVir-N-31 only versus combination with 
CDK4/6i (LEE, LY, PD at indicated concentrations). (c) CDK4/6i-sensitive A673 shows a dose-
dependent increase in cells in G1/G0 cell cycle phase whereas in CDK4/6i-resistent SK-N-MC G1/G0 
cell cycle state cannot be induced, which is accompanied by (d) downregulation of (p-)RB/E2F1 
protein levels. The MDM2-inhibitor nutlin-3a in CDK4/6i-resistent SK-N-MC induces a reduction of 
(p-)RB/E2F1 protein levels. (e) xCELLigence assay of A673 contact-dependent cell growth with 
CDK4/6i and consecutive XVir-infection (added at timepoint indicated by arrows) shows earlier and 
dose-dependent detachment (indicative of tumor cell lysis) by the combination Tx. 
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Extended Data Figure 6a: Chemo-/Cytokines - Infection dynamics in A673 and SK-N-MC. Log2 
levels of secreted factors in the supernatant of XVir-N-31-infected cells at indicated time points (t 0-2-
10-18-24-72hpi) with MOI100 analyzed by Multiplex Immunoassay. 

a 
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Extended Data Figure 6b: Chemo-/Cytokines - Infection dynamics in A673 with CDK4/6 inhibitor 

LEE011. Log2 levels of secreted factors in the supernatant of XVir-N-31-infected cells at indicated time 
points (t 0-2-10-18-24-72hpi) with MOI12.5 analyzed by Multiplex Immunoassay. CDK4/6i treatment was 
started 24h prior infection with LEE011 1000nM (1k), 500nM (500) or mock. 
 
 
 
 

log2 
protein expression 
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Extended Data Figure 7: 
Heatmap of 300 most 
upregulated genes in 
combo (log2, fold change 
compared to mock). Blue = 
low expression, red = high 
expression.  
Transcriptome analysis from 
one representative animal 
per group, 3 days after 1 
XVir-N-31-injection (or PBS-
injection) and 5 days after 
start of daily LEE011 (or 
mock) treatment. Expression 
data was generated by 
Affymetrix Human Gene 1.0 ST 

arrays after annotation with R 

package 

pd.hugene10st.hs.entrezg and 
normalization. Heatmaps were 
generated with the R package 

heatmaps.2. 
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Extended Data Figure 8: Characterization of tumor-infiltrating T cells at the end of experiment 

(A673 xenografts, LEE011 + XVir-N-31) Flow cytometry analysis of (a) TILs (human CD45/CD3 double 
positive in alive cell gate) from one representative animal per group, (b) exemplary analysis of CD4:CD8 
ratios of TILs from (a), (c) CXCR3 expression on TILs shown in (a), (d) and PD-1 expression. (e) 
Intracellular staining of transcription factors was performed. Herein presented is the CD4-positive alive 
gate to identify TH1 (T-bet positive), TH2 (GATA3 positive), TReg (CD25/Foxp3 double positive) TH17 
(RORgC positive) cells together with respective FMO control (right).  
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Extended Data Figure 9: Human T cell engraftment in spleens of A673-xenografted animals at 

end of experiment. Flow cytometry analysis of (a) human T cells (human CD45/CD3 double positive in 
alive cell gate) from one representative animal per group, (b) exemplary analysis of CD4:CD8 ratios of 
engrafted T cells, (c) intracellular staining of transcription factors for one representative animal per group 
to identify TH1 (T-bet positive), TH2 (GATA3 positive), and (d) TReg (CD25/Foxp3 double positive) 
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compared to FMO controls. (e) Column bars of relative percentages of (left) TReg cells and (right) CXCR3 
expression in T cell gate. Each dot represents one spleen (or animal). Statistical analysis of TReg relative 
frequencies was performed using a paired t-test to recognize tendencies. Ordinary one-way ANOVA 
and Tukey’s multiple comparison was applied for CXCR3 expression levels. Significance levels are 
indicated as asterisks: * p < 0.05, ns = not significant. Error bars indicate the SEM. 
 

 

 

Extended Data Figure 10: Human T cell engraftment in spleens at 4 days after 2nd XVir-injection 
Flow cytometry analysis of (a) relative numbers of CD4 and CD8 positive T cells in human CD45/CD3 
double positive cells in alive cell gate and (b) respective expression of CXCR3 in spleens from A673 
and TC32 xenografted animals. Each dot represents one spleen (or animal). from one representative 
animal per group. Two-way ANOVA and Tukey’s multiple comparison was applied, ns = not significant. 
Error bars indicate the SEM. 
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Extended Data Figure 11: IL-8 and TNF in the TME – 4 days after 2nd XVir-injection. (a) IL-8 and 
(b) TNF concentration in the tumor microenvironment of explanted xenografts was evaluated after 
mechanical dissection of tumors in 4mL PBS for for A673 and TC32. Statistical analysis was performed 
by Tukey’s multiple comparison combined with two-way ANOVA. Significance levels are indicated as 
asterisks: * p < 0.05, ** p < 0.01, not shown when not significant. Error bars indicate the SEM. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



8 Appendix 

121  

8.2 List of figures 
 
Figure 1: Transcriptome-based analysis reveals positive correlation of  

     CXCL10 expression with increased CD8+ T cell and  
     M1 macrophage transcripts and genes involved in antigen presentation page 42 

Figure 2: EwS-redirected TCR transgenic CD4+ T cells exhibit antitumor activity  
     in vitro and mediate local control of s.c.-xenografted A673 cell line  page 44 

Figure 3: Analysis of receptor expression for oncolytic adenovirus XVir-N-31   page 46 
Figure 4: Established EwS cell lines are susceptible to adenovirus-RGD infection 

     inducing XVir-N-31-mediated oncolysis and de novo formation of  
   infectious viral particles       page 48 

Figure 5: CHM1319/HLA-A*02:01-restricted TCR-transgenic CD8+ T cells  
     and XVir-N-31 synergistically lyse tumor cells in vitro    page 50 

Figure 6: Combination of CHM1319/HLA-A*02:01-restricted TCR-transgenic  
     CD8+ T cells (CHM1 T cells) and XVir-N-31 increase therapy response  
     and survival         page 52 

Figure 7: XVir-N-31 increases phagocytic and antigen-presenting capacities  
     resulting in superior antigen-specific CD8+ T cell proliferation   page 54 

Figure 8: Combination of XVir-N-31 and CDK4/6 inhibition increase oncolysis  
     and viral replication in vitro and increases therapy response  
     and survival in vivo        page 57 

Figure 9: siRNA-mediated knock-down of RB protein increases viral fiber DNA  
     in CDK4/6i-resistent cell line SK-N-MC     page 58 

Figure 10: Combo Tx increases CXCL10 release in XVir-N-31-infected  
       A673 condition medium       page 60 

Figure 11: CDK4/6-inhibiton with LEE011 induces CXCL10 protein levels  
       in LEE and Combo Tx in vitro      page 61 

Figure 12: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 increases  
       viral replication and immunogenicity of xenografted  

     EwS tumors in vivo        page 62 
Figure 13: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 increases  

        survival and local tumor control      page 65 
Figure 14: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces  

        T cell infiltration and increases T cell engraftment    page 67 
Figure 15: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces  

        an abscopal effect        page 68 
Figure 16: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces  

       CXCL10 in the tumor microenvironment     page 69 
Figure 17: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces  

       mouse monocyte infiltration in injected tumors    page 71 
Figure 18: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 induces  

       maturation of THP-1 and monocytic immature dendritic cells in vitro  page 73 
Figure 19: Combination of XVir-N-31 and CDK4/6 inhibitor LEE011 increase  

       antigen-specific T cell proliferation and activation    page 75 
Figure 20: Combination of XVir-N-31, LEE011, and CHM1 CD8+ T cells  

       further increases synergistic killing of tumor cells in vitro   page 77 
Extended Data Figure 1: Chemo-/Cytokine release patterns from coculture  

  experiments of A673 tumor cells and T cells   page 109 
Extended Data Figure 2: Expression levels of possible XVir-N-31 surface receptors  

  in publicly available data sets     page 109 
Extended Data Figure 3: Immunofluorescence staining of YB-1, E2F1  

  and DAPI in EwS cell lines A673, A4573 and SK-N-MC page 110 
Extended Data Figure 4: CHM1 T cells and XVir-N-31 induces T cell infiltration  

  and increases in vivo persistence of CHM1 T cells  page 111 



8 Appendix 

122  

Extended Data Figure 5: Combination of XVir-N-31 and CDK4/6i increases tumor  
  cell lysis which is accompanied by G1 cell cycle state  

       and reduction of RB      page 113 
Extended Data Figure 6a: Chemo-/Cytokines - Infection dynamics in A673  

    and SK-N-MC      page 114 
Extended Data Figure 6b: Chemo-/Cytokines - Infection dynamics in A673   

    with CDK4/6 inhibitor LEE011    page 115 
Extended Data Figure 7: Heatmap of 300 most upregulated genes in combo  page 116 
Extended Data Figure 8: Characterization of tumor-infiltrating T cells at the end  

  of experiment (A673 xenografts, LEE011 + XVir-N-31)  page 117 
Extended Data Figure 9: Human T cell engraftment in spleens of A673-xenografted  

  animals at end of experiment     page 118 
Extended Data Figure 10: Human T cell engraftment in spleens  

    at 4 days after 2nd XVir-injection    page 119 
Extended Data Figure 11: IL-8 and TNF in the TME – 4 days after 2nd XVir-injection page 120
     
 
 
8.3 List of tables 
 
Table 1: List of manufacturers        page 21 
Table 2: List of chemicals and reagents       page 22 
Table 3: List of consumables        page 24 
Table 4: Equipment         page 25 
Table 5: Software         page 27 
Table 6: Kits          page 27 
Table 7: Buffers and gels for western blot analysis     page 27 
Table 8: Buffers and solutions for cell cycle analysis     page 28 
Table 9: Media          page 28 
Table 10: Universal and specific buffers/solutions     page 28 
Table 11: Cell lines used for experiments      page 29 
Table 12: Cell lines used for experimental support     page 29 
Table 13: Antibodies for flow cytometry – anti-human     page 29 
Table 14: Antibodies for flow cytometry/purification – anti-mouse   page 30 
Table 15: Antibodies for flow cytometry – intracellular staining (human and mouse) page 30 
Table 16: Further dyes and solutions used for flow cytometry (non-conjugated)  page 31 
Table 17: Antibodies for WB, HTT, IF and flow cytometry    page 31 
Table 18: Primer Sequences        page 32 
Table 19: sqPCR protocol        page 37 
Table 20: Analysis of significantly overexpressed pathway-associated genes  

    in combo Tx compared to mock      page 63 
 
 
 
 
 
 
 
 
 
 
 
 
 



8 Appendix 

123  

8.4 List of abbreviations 
 
% Percent sign 
°C Degree Celcius 
ACT Ddoptive (T) cell transfer  
Ad Adenovirus 
allo Allogenic 
AMP Adenosine monophosphate 
ANOVA Analysis of variance 
APC Antigen-presenting cell 
APC Allophycocyanin 
ARG1 Arginase 1 
ATCC American Type Culture Collection 
ATP Adenosine triphosphate  
AYA Adolescents and young adults 
BET Bromodomain and extra-terminal 
BM Bone marrow  
BMBF Federal Ministry of Education and Research 
CALR Calreticulin 
CAR Chimeric antigen receptor  
CAR Coxsackie and adenovirus receptor  
CCL C-C Motif Chemokine Ligand  
CCLE Cancer Cell Line Encyclopdia  
CCR Childhood Cancer Repository  
CD Cluster of differentiation 
CD248 Endosialin 
CDK Cyclin-Dependent Kinase 
CDKN2A CDK4 Inhibitor P16-INK4 
ChIP Chromatin immunoprecipitation  
CHM1 Chondromodulin-1  
CIITA Endogenous class II transactivator  
cm Centimeter 
CM Condition medium 
CO2 Carbon dioxide 
CR Conserved region  
CXCL C-X-C Motif Chemokine Ligand 
CXCR C-X-C Motif Chemokine Receptor 
DAB 3,3’-diaminobenzidine in chromogen 
DAMP Danger-associated molecular patterns  
DAPI  4’,6-diamidino-2-phenylindole 
DC Dendritic cell  
DLI Donor lymphocyte infusion 
DMEM Dulbecco’s Modified Eagle’s Medium  
DMSO Dimethylsulfoxide 
DNA Eoxyribonucleic acid 
DNMT DNA Methyltransferase 
Dr. Doctor 
ds Double-stranded  
DSMZ German Collection of Microorganism and Cell Culture  
DTT Dithiothreitol 
E:T effeector-to-target 
E2F E2F Transcription Factors 
ECM extracellular matrix  
EDTA Ethylenediaminetetraacetic acid 
EMA European Medicine Agency 
ERG ETS Transcription Factor ERG 
ERV Endogenous retroviral element 
EtOH Ethanol  
ETS Erythroblast Transformation Specific 
ETV1 ETS Variant Transcription Factor 1 
ETV4 ETS Variant Transcription Factor 4 



8 Appendix 

124  

EV Extracellular vesicle 
EwS Ewing sarcoma 
EWSR1 EWS RNA Binding Protein 1  
EZH2 Enhacer of Zeste Homolog 2 
FATE1 Fetal And Adult Testis-Expressed Transcript Protein 1  
FCS Fetal calf serum 
FDA Food and Drug Administration 
FEV FEV Transcription Factor, ETS Family Member 
FITC Fluorescein isothiocyanate 
FLI1 Friend Leukemia Virus Integration 1  
FlowCy Flow cytometry 
G Gauge 
g Gramm 
GATA3 GATA Binding Protein 3  
GD2 Ganglioside D2 
GM-CSF  Granulocyte-Macrophage Colony-Stimulating Factor 
GMP Guanosine monophosphate 
GvT Graft-versus-tumor  
Gy Gray 
h Hours  
HCl Hydrochloric acid  
HDAC Histone acetylation 
HEPES Zwitterionic sulfonic acid buffering agent 
HER2 Human Epithelia Growth Factor Receptor 2 
HIF1 Hypoxia-inducible factor 1 
HLA Human leukocyte antigen 
HMGB1 High-mobility group box 1  
hpi Hours post infection 
HRP Horseradish peroxidase  
HSCT Hematopoietic stem cell transplantation 
HSV Herpes simplex virus  
HTT Hexon titer test 
i.p. Intraperitoneal 
i.t. Intratumoral 
i.v. Intraveneous 
ICAM-1 Intercellular Adhesion Molecule 1 
ICB Immune checkpoint blockade 
ICD Immunogenic cell death 
IDO Indoleamine oxidase  
IF Immunofluorescence 
IFN Interferon 
IFU Infectious units 
IGF1 Insulin-Like Growth Factor  
IL Interleukin 
IP-10 Interferon gamma-induced protein 10 
KD Knock-down 
L Liter 
LAF-1  Lymphocyte Function Associated Antigen-1 
LAP Latency-associated peptide 
LEE011, LEE Ribociclib 
LINE Long interspersed elements  
LIPI Lipase I  
LY2835219, LY Abemaciclib 
M Molar 
MCP-1,  Monocyte Chemoattractant Protein-1  
MDSC Myeloid-derived suppressor cell 
med. Medicine 
MeOH Methanol  
MHC Major histocompatibility antigen 
MIF Macrophage Migration Inhibitory Factor 
min Minutes 
mL Mililiter 



8 Appendix 

125  

mM Milimol 
mm Milimeter 
$m Mikro 
MMP9 Matrix metallopeptidase 9 
MOI Multiplicity of infection 
MSC Mesenchymal stem cell 
MTD Maximum tolerated dose  
n Number 
n.-sp. Non-specific 
Na Sodium 
NaCl Sodium chloride  
NaN3 Sodium azide   
NaOH Sodium hyroxide  
NaVO3 Sodium metavanadate  
NEAA Non-Essential Amino Acid 
NFAT4 T cell Transcription Factor NFAT4 
NK Natural killer  
nm Nanometer 
nM Nanomol 
NOS2 Nitric Oxide Synthase 2 
NY-ESO-1 New York Esophageal Squamous Cell Carcinoma 1 
OAd Oncolytic adenoviruse 
oHSV Oncolytic HSV  
OS Overall survival  
OV Oncolytic virus  
OVA Ovalbumin 
p Pico 
p21 Cyclin-Dependent Kinase Inhibitor 1 
PAMP Pathogen-associated molecular patterns  
PAPPA Pregnancy-Associated Plasma Protein A 
PBMC Peripheral blood mononuclear cells 
PBS Phosphate Buffered Saline  
PCR Polymerase chain recation 
PD-0332991, PD Palbociclib 
PD-1 Programmed cell death protein 1 
PD-L1 Programmed cell death-ligand 1 
PDGF-b Platelet-derived Growth Factor-beta 
PE Phycoerythrin 
PerCP Peridinin chlorophyll protein 
PFS Progression free survival 
PGE2 Prostaglandin E2  
PhD Doctor of philosophy 
PI Propidium iodide 
Prof. Professor 
Rag2 Recombination activating gene 2 protein 
RB Retinoblastoma 
rcf Relative centrifugal force 
rer. nat. Rerum naturalium 
RGD Arginine, Glycine, and Aspartate 
RNA Ribonucleic acid 
rpm Rounds per minute 
RR Response rate  
RT Reverse transcription 
s.c. Subcutaneous 
SCGF-b Stem Cell Growth Factor-beta 
SDS Sodium dodecyl sulfate  
seq Sequencing 
sh Short hairpin 
si Small inhibitory 
smi Small molecule inhibitors 
sq Semi-quantitative 
SRB Sulforhodamine B sodium salt  



8 Appendix 

126  

STAG2 Cohesion Subunit SA2 
STAT Signal Transducer And Activator Of Transcription 
STEAP1 Six transmembrane epithelia antigen of the prostate 1  
T-VEC Talimogene laherparepvec 
TAM Tumor-associated macrophage 
TCA Trichloroacetic acid  
TCR T cell receptors 
tg Transgenic 
TGF-beta Transforming Growth Factor Beta  
TIL Tumor-infiltrating lymphocyte 
TLR Toll-like Receptor 
TME Tumor microenvironment  
TMED Tetramethylethylenediamine 
TP53 Tumor Suppressor P53  
TRAIL-R2 Death Receptor 5  
TRIS Tris(hydroxymethyl)aminomethane  
USA United States of America 
VEGF Vascular Endothelial Growth Factor 
VIDE Vincristine, ifosfamide, doxorubicin and etoposide 
VSV Vesicular stomatitis virus  
WB Western blot 
x fold 
XAGE-1 X Antigen Family Member 1A  
XVir XVir-N-31, OAd 
YB-1 Y-box binding protein 1  
$L Mikroliter 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



8 Appendix 

127  
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