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1 Summary 

1.1 English abstract 

Background and aims: Ewing Sarcoma (EwS) is a non-immunogenic pediatric solid tumor of 

bone and soft tissues with high metastatic capacity. EwS is scarcely infiltrated by T cells and 

harbors immunosuppressive M2 macrophages; however, the mechanisms of the 

immunosuppressive tumor microenvironment (TME) are not fully understood. As extracellular 

vesicles (EVs) facilitate cancer-host communication, this work hypothesized that EwS EVs 

may pathologically activate myeloid cells affecting differentiation and functionality.  

Methods: EVs were isolated by differential centrifugation or size exclusion chromatography 

from supernatants of EwS and MRC5 fibroblast cell lines, and from plasma of EwS patients 

and healthy donors. EV preparations were quantified and characterized using nanoparticle 

tracking analysis, immunoblotting and flow cytometry. The effect of 0.075–4.0 x 1010 EV 

particles on healthy donor-derived CD33+ and CD14+ myeloid cells in vitro was determined by 

cytokine multiplex assay, flow cytometry, whole transcriptome sequencing and sqRT-PCR. The 

T cell stimulatory function of monocytic-derived dendritic cells (moDC) differentiated in the 

presence of EVs was analyzed by cytokine multiplex assay and flow cytometry. Endogenous 

retroelements (RE) and satellite repeats were quantified by sqRT-PCR in CD14+ myeloid cells 

and assessed by PrimeFlow RNA assay in peripheral blood mononuclear cells (PBMCs) of EwS 

patients and healthy donors. 

Results: EV preparations exhibited characteristics of small EVs, including size (100–170 nm) 

and protein markers CD63, CD81 and TSG101. Treatment of CD33+ and CD14+ myeloid cells 

with EwS EVs, but not with MRC5 or healthy donor plasma EVs induced pro-inflammatory 

cytokine release, including IL-6, IL-8 and tumor-necrosis factor (TNF). Moreover, EwS EVs 

impaired their differentiation towards moDCs, as evidenced by reduced expression of co-

stimulatory molecules CD80, CD86 and human leukocyte antigen (HLA)-DR. Whole 

transcriptome analysis demonstrated activation of expression programs consistent with a pro-

inflammatory response, semi-mature phenotype and interferon (IFN)-stimulated genes (ISGs). 

EwS EV-treated moDCs significantly inhibited the proliferation of CD4+ and CD8+ T cells and 

reduced the IFNγ-release, while inducing secretion of IL-10 and IL-6. EwS EV-treated CD14+ 

monocytes upregulated cGAS and RIG-I, released type I IFNs and accumulated RE, including 

HERV-K and LINE-1, and satellite repeats, including HSAT2 and ACRO1. Finally, expansion 

of CD33+ myeloid cells with a myeloid-derived suppressor cell (MDSC)-like phenotype 

expressing HERV-K and HSAT2 was observed in EwS patients compared to healthy donors.  
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Conclusion: EwS EVs elicit a pro-inflammatory response and impair the maturation and 

stimulatory function of moDCs. EwS EVs may induce expression of RE and satellite repeats in 

myeloid cells rather than transferring them, warranting further mechanistic and functional 

studies. Therefore, EwS EVs may pathologically activate myeloid cells in the blood and the 

TME promoting tumor-infiltrating immunosuppressive myeloid cells in EwS patients.  

 

1.2 German abstract 

Hintergrund und Ziele: Das Ewing Sarkom (EwS) ist ein aggressiver, nicht-immunogener 

Knochen- und Weichteiltumor des Kindes- und jungen Erwachsenenalters. Während das EwS 

nur gering von T-Zellen infiltriert ist, zeigt sich eine deutliche Infiltration mit 

immunsuppressiven M2 Makrophagen. Jedoch sind die Mechanismen der Entstehung dieses 

immunsuppressiven tumor microenvironment (TME) nur teilweise verstanden. Extrazelluläre 

Vesikel (EVs) sind ein wesentlicher Bestandteil in der Kommunikation eines Tumors mit seiner 

Umgebung. Daher war die Hypothese dieser Arbeit, dass EVs des EwS myeloische Zellen 

pathologisch aktivieren und ihre Reifung und Funktionalität beeinträchtigen.  

Methoden: EVs wurden mittels differentieller Zentrifugation oder Größenausschluss-

Chromatographie aus dem Zellkulturüberstand von EwS und MRC5 Fibroblasten Zelllinien 

oder dem Plasma von EwS Patienten und gesunden Spendern isoliert. EV Präparationen wurden 

anhand von nanoparticle tracking analysis, Western Blot und Durchflusszytometrie 

quantifiziert und charakterisiert. Untersucht wurde der in vitro-Effekt von 0.075–4.0 x 1010 EV 

Partikeln auf CD33+ and CD14+ myeloische Zellen von gesunden Spendern mittels Zytokin 

Multiplex-ELISA, Durchflusszytometrie, Ganztranskriptom-RNA-Sequenzierung und sqRT-

PCR. Die T-Zell-stimulatorische Funktion von Monozyten, die während der Differenzierung 

zu dendritischen Zellen (moDCs) mit EVs behandelt wurden, wurde mit Zytokin Multiplex-

ELISA und Durchflusszytometrie bestimmt. Die Expression von endogenen Retroelementen 

(RE) und Satelliten-DNA wurde in CD14+ myeloischen Zellen mittels sqRT-PCR quantifiziert 

und in mononukleären Zellen des peripheren Blutes (PBMCs) von EwS Patienten und gesunden 

Spendern anhand des PrimeFlow RNA assay gemessen. 

Ergebnisse: EV Präparationen wiesen die Eigenschaften von small EVs auf, einschließlich der 

Größe (100–170 nm) und der Proteinmarker CD63, CD81 und TSG101. Im Gegensatz zu 

MRC5 EVs oder EVs aus dem Plasma von gesunden Spendern induzierte die Behandlung von 

CD33+ und CD14+ myeloischen Zellen mit EwS EVs die Freisetzung entzündlicher Zytokine, 

einschließlich IL-6, IL-8 und Tumornekrosefaktor (TNF). Darüber hinaus blockierten EwS EVs 
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die Differenzierung zu moDCs, was sich an einer geringeren Expression der kostimulatorischen 

Moleküle CD80, CD86 und des Humanen Leukozytenantigens (HLA)-DR zeigte. Die 

Ganztranskriptom-RNA-Sequenzierung ergab die Aktivierung von Expressionsprogrammen 

einer entzündlichen Reaktion, eines unreifen Phänotypen und von Interferon (IFN)-stimulierten 

Genen (ISGs). MoDCs, die in der Anwesenheit von EwS EVs differenziert wurden, hemmten 

signifikant die Proliferation von CD4+ und CD8+ T-Zellen und verminderten die Freisetzung 

von IFNγ, während die Ausschüttung von IL-10 und IL-6 stimuliert wurde. Die Behandlung 

von CD14+ Monozyten mit EwS EVs induzierte cGAS und RIG-I, führte zur Freisetzung von 

Typ I IFN, sowie zur Akkumulation von RE (HERV-K und LINE-1) und der Satelliten-RNAs 

HSAT2 und ACRO1. Im Vergleich zu gesunden Spendern, waren die CD33+ myeloische Zellen 

im Blut von EwS Patienten erhöht, zeigten den Phänotyp von myeloid-derived suppressor cells 

(MDSC) und wiesen eine höhere Expression von HERV-K und HSAT2 auf.  

Schlussfolgerung: EVs von EwS Zelllinien rufen eine entzündliche Reaktion in myeloischen 

Zellen hervor und blockieren deren Reifung und Funktionalität. EwS EVs scheinen hierbei die 

Expression von RE und Satelliten-DNA in myeloischen Zellen eher zu induzieren als diese zu 

transferieren. EwS EVs könnten daher myeloischen Zellen im peripheren Blut sowie im TME 

pathologisch aktivieren, was möglicherweise zur Entstehung von Tumor-infiltrierenden 

immunsuppressiven myeloischen Zellen in Patienten mit EwS führt.  
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2 Introduction 

2.1 Ewing sarcoma (EwS) 

2.1.1 Molecular characteristics, epidemiology and therapy of EwS 

Pediatric sarcomas account for roughly 10–12 % of childhood cancers [1]. Together, 

osteosarcoma and Ewing Sarcoma (EwS) comprise the two most frequent bone tumors. EwS is 

a non-immunogenic tumor of bones and soft tissues with poor survival in case of metastasis or 

relapse within 2 years [2].  

EwS features small, round, blue tumor cells of mesenchymal or neuroectodermal origin 

immunohistochemically staining for cluster of differentiation (CD)99 [3-5]. EwS harbor a 

chromosomal translocation generating a gene fusion between the FET gene family1 (Ewing’s 

sarcoma breakpoint region 1 (EWSR1), fused in sarcoma (FUS) and TATA-binding protein-

associated factor 15 (TAF15)) and the E-twenty-six (ETS) family of transcription factors [6]. In 

85 % of the cases, the chromosomal translocation occurs between EWSR1 and Friend leukemia 

virus integration 1 (FLI1), t(11;22)(q24;q12) [7]. The resulting FET-ETS fusion proteins 

interfere with gene expression and redirect the epigenome by recruiting the chromatin 

remodelling complexes BAF, CBP/p300 and MLL methyltransferase [8]. Further mutations are 

rare with mutations in the cohesin subunit SA-2 (STAG2) and tumor suppressor p53 (TP53) 

genes arising in 22 % and 6 % of total cases [9,10].  

EwS develops at a median age of 15 years with an incidence of 1.5/1,000,000 [8,11]. 80 % of 

EwS localize in the bone mostly affecting the lower and upper extremities, pelvis, thoracic wall 

and the spine. Extraosseous manifestations occur mainly at the trunk, extremity, head and neck 

as well as retroperitoneum [12]. In localized EwS, the 5-year survival is 75 %. However, 25 % 

of patients present with metastasis at diagnosis, which decreases the 5-year survival to ≤ 30 % 

[13-15]. The most common metastatic sides include lung, bone and bone marrow. Patients with 

advanced EwS, defined as ≥ 2 bone metastases, bone marrow involvement or relapse ≤ 24 

months, carry a poor prognosis with 5-year survival rates ≤ 15 % [15-17].  

Standard therapy in Germany is based on the Ewing 2012 protocol comprising induction 

multi-agent chemotherapy, surgery and/or radiation therapy for local tumor control and 

consolidation chemotherapy [6]. Induction chemotherapy contains vincristine, ifosfamide, 

doxorubicin and etoposide (VIDE) and is administered in 6 cycles of 3–4 week-intervals [18]. 

Consolidation chemotherapy includes either vincristine and actinomycin D with 

 
1 The FET gene family is also known as the TET family (Translocated in liposarcoma, Ewing's sarcoma and 

TATA-binding protein-associated factor 15), which differs from the ten-eleven translocation (TET) family of 

methylcytosine dioxygenases. 



 

10 

 

cyclophosphamide or ifosfamide [19], or high-dose busulfan and melphalane chemotherapy 

followed with autologous stem cell rescue for high risk patients (poor histological response to 

induction chemotherapy, tumor volume > 200 ml) [20]. 

In disseminated multifocal EwS and advanced EwS, allogeneic stem cell transplantation 

(SCT) has been utilized [21], intending a graft-versus-tumor effect. Long-term survival after 

allogeneic transplantation was reported in 3/11 patients with metastasized EwS not exceeding 

results from standard treatment [22,23]. A retrospective data analysis compared reduced- with 

high-intensity-conditioning regimes prior to allogeneic SCT and found no difference in overall 

survival [24]. Furthermore, haploidentical transplantation showed no improved survival 

compared with human leukocyte antigen (HLA)-matched allogeneic grafts suggesting the 

absence of a graft-versus-EwS effect [25]. Prospective randomized trials are required to further 

evaluate the effect of allogeneic SCT in patients with advanced EwS. For patients with 

metastasis or bone marrow involvement, novel therapy strategies are highly needed [26].  

2.1.2 Immunotherapy in EwS 

Harnessing the immune system for cancer treatment dates back to the 19th century, where Sir 

William Coley inoculated patients with inoperable sarcomas with heat inactivated bacteria 

achieving clinical remissions [27]. Since than the field of immunotherapy has grown and 

technology has advanced. Currently, cancer immunotherapy is categorized in immune 

modulatory approaches as well as active and passive immunization.  

To enhance an anti-tumor immune response, the negative regulators of T cell activation, 

called immune checkpoint molecules, can be blocked. Immune checkpoint molecules are cell 

surface receptors and include the programmed cell death protein 1 (PD-1), programmed death 

ligand 1 (PD-L1) and cytotoxic T lymphocyte antigen-4 (CTLA-4). However, PD-L1 and PD-1 

expression are infrequent on EwS (0–19 % [28-32] and 19–26 % [30,32], respectively) and 

checkpoint inhibitors (CPI) failed to demonstrate clinical responses in patients with EwS 

[31,33,34].  

Anti-tumor immune responses can also be mounted by adoptively transferring tumor-

infiltrating or genetically engineered T cells [35-37]. Genetically engineered chimeric antigen 

receptor (CAR) T cells express antibody binding domains with antigen specificity on the cell 

surface combined with the intracellular domain of the CD3ζ chain. Thus, CAR T cells can target 

surface proteins on tumor cells independent of major histocompatibility complexes (MHCs). 

Anti-CD19 CAR T cells achieved complete remissions in adult hematological malignancies 

[38,39] and 70–90 % response rates in pediatric lymphoblastic leukemia [40,41]. In preclinical 
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sarcoma models, CAR T cells showed encouraging results targeting B7-H3 (CD276) [42], type 

I insulin-like growth factor receptor (IGF1R), receptor tyrosine kinase-like orphan receptor 1 

(ROR1) [43] or vascular endothelial growth factor receptor 2 (VEGFR2) [44]. Human epidermal 

growth factor receptor-2 (HER2)-CAR T cells achieved stable disease in 4/17 osteosarcoma 

patients for 3 to 14 months, while the solitary EwS patient enrolled in the trial showed 

progressive disease [45]. CAR T cells targeting the ganglioside antigen GD2, HER2 and B7H3 

are currently evaluated in clinical trials for osteosarcoma and EwS (NCT03356782, 

NCT04433221). In contrast to CAR T cells, T cell receptor (TCR) transgenic T cells are 

directed against antigens in the context of MHCs, thus able to selectively target peptides derived 

from intracellular proteins, which are mutated or overexpressed in tumor cells. In EwS 

preclinical models, T cells retrovirally transduced with HLA-A*02:01 allorestricted TCRs 

recognizing peptides derived from chondromodulin-1 (CHM1), pregnancy-associated plasma 

protein-A (PAPPA) and six-transmembrane epithelial antigen of the prostate 1 (STEAP1) 

showed specific tumor recognition and lysis [46-49]. Promisingly, partial response in one of 

three refractory EwS patients was observed after administration of CD8+ T cells with transgenic 

HLA-A*02:01/CHM1-specific allorestricted T cell receptor [50], suggesting assessment in 

phase I/II clinical trials.  

Oncolytic virotherapy represents a further approach to lyse tumor cells and stimulate the 

immune system. Oncolytic viruses selectively infect and replicate in tumor cells sparing normal 

tissues [51]. The lysis of tumor cells by oncolytic viruses induces immunogenic cell death 

releasing tumor antigens and pro-inflammatory danger- and pathogen-associated molecular 

patterns (DAMPs, PAMPs), which activate the innate and adaptive immune system. In pediatric 

sarcomas, the oncolytic adenovirus XVir-N-31 increased the immunogenicity of tumor cells, 

promoted phagocytosis and antigen presentation by myeloid cells as well as T cell activity in 

vitro and in preclinical models, providing the rationale for further evaluation in a phase I/II 

clinical trial [52,53]. 

Despite promising results in pediatric hematological malignancies and preclinical sarcoma 

models, immunotherapy bares limitations in patients with pediatric bone and soft tissue tumors 

due to their low immunogenicity and immunosuppressive microenvironment [54].  

2.1.3 Local and systemic tumor microenvironment in EwS 

The tumor microenvironment (TME) in solid tumors comprises a three dimensional structure 

containing tumor cells, vessels, stromal cells and immune cells. Signaling in the TME is 

facilitated by cell-cell contacts or in para- and autocrine manner by soluble molecules, including 
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cytokines and chemokines, and vesicles [55]. The immunogenicity of solid tumors depends on 

their mutational load, the antigen presentation and the tumor-infiltrating immune cells [56].  

Most pediatric solid tumors like EwS are non-immunogenic tumors with low mutation rate 

and T cell infiltration [57]. In contrast to the immunogenic melanoma, which carries a high 

mutational load, EwS harbors a low mutational burden forming few neoantigens [10,58,59] and 

shows low to absent MHC class I and II expression [60,61]. Low MHC class I expression 

correlates with reduced CD8+ T cell infiltration in EwS [61]. Additionally, 30 % of EwS express 

non-classical MHC class I molecules with immunosupressive properties, like HLA-G [62,63]. 

The TME of EwS is scarcely infiltrated by cytotoxic CD8+ T cells (12–38 %) [30,32,63], 

which correlates with worse survival rates [61,64,65]. However, EwS show heterogeneity in T 

cell infiltration, as one study reported T cell infiltration in 92 % of EwS samples [28]. Reasons 

for this heterogeneity might include the variable expression of MHC class I or of the C-X-C 

Motif Chemokine Ligand 9/10 - C-X-C Motif Chemokine Receptor 3 (CXCL9/10 - CXCR3) 

axis within the TME of EwS [61,64]. Of note, increased levels of CD4+CD25hiFoxP3+ regulatory 

T cells in the bone marrow may contribute to metastasis in EwS [66].  

EwS is also barely infiltrated by dendritic cells (DCs) [67], which are required for priming 

the adaptive T cell-mediated anti-tumor immunity. DCs are antigen-presenting cells, which 

sample tissues and present foreign or self peptides on MHC class I and II molecules (like HLA-

DR) to T cells. Together with the presented antigen, DCs provide co-stimulatory signals, 

including surface molecules (e.g. CD80 and CD86) and cytokines for the activation of antigen-

specific T cells. Thereby, DCs prime specific T cell responses against respective tumor-derived 

peptides and promote anti-tumor immunity [68].  

In contrast to poor infiltration of CD8+ T cells and DCs into the TME of EwS, the most 

frequent tumor-infiltrating immune cell type are tumor-associated macrophages (TAMs) 

with an immunosuppressive M2 transcriptome signature [65,69,70]. TAMs are mainly 

recruited as monocytes from the bone marrow by chemotactic signaling, for example by 

chemokine (C-C motif) ligand 2 (CCL2) and its receptor the C-C chemokine receptor type 

2 (CCR2) [71]. Cytokines and other signals from the TME polarize the tumor-infiltrating 

monocytes into pro-tumorigenic TAMs and M2 macrophages, which in turn promote tumor 

growth by angiogenesis and tissue remodeling [72], as well as invasion and extravasation of 

EwS [73]. TAMs and M2 macrophages inhibit immune effector cells by interleukin (IL)-10 

secretion, exclude T cells from entering the tumor core [74] or deprive L-arginine required 

for CD3ζ chain re-expression on T cells [75]. Myeloid cells in the TME of EwS can also 

express the inhibitory HLA-G, which was shown to impede degranulation of GD2-specific 
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CAR T cells in vitro [62]. In EwS, increased levels of CD68+ macrophages [70] and the M2 

macrophage transcriptome signature correlate with poor survival [65], while infiltration of 

CD163+ TAMs was associated with localized disease [76]. Depleting macrophages using 

trabectidin enhanced the effect of the oncolytic herpes simplex virus rRp450 in an EwS A673 

xenograft model [77].  

Beside tumor-infiltrating immune cells, stromal cells may also influence the survival rates 

of EwS patients [78]. Fibroblasts in the TME of EwS were immunohistochemically shown to 

express IL-6 and in vitro treatment of EwS cell lines with IL-6 lead to signaling via IL-6R and 

phosphorylation of Signal Transducer And Activator Of Transcription 3 (STAT3), which 

protected the EwS cells from apoptosis and promoted migration [79]. 

In the blood circulation of EwS patients, the expansion of fibrocytes with properties of 

myeloid-derived suppressor cells (MDSCs) was reported [80]. These fibrocytes exhibited a 

phenotype different from myeloid cells (CD45+CD34+CD33lowCD14-CD163-HLA-DR+) and 

produced indoleamine 2,3-dioxygenase (IDO) suppressing T cell proliferation in vitro [80]. 

MDSCs are immature myeloid cells able to inhibit T cell functions [81]. Expansion and chronic 

pathological activation of immature myeloid cells lead to accumulation of monocytic MDSCs 

(M-MDSCs; CD11b+CD33+CD14+HLA-DRlow/-CD15-) [82]. In particular, TME- or bone 

marrow-derived granulocyte colony-stimulating factor (G-CSF) or granulocyte-macrophage 

colony-stimulating factor (GM-CSF) promote the myelopoesis and expand immature myeloid 

cells, which in turn are recruited by chemokines like CCL2 to the TME. Within the TME, 

myeloid cells get pathologically activated by persistent pro-inflammatory signals like IL-1β, 

IL-6 and tumor-necrosis factor (TNF) [83]. Key transcription factors in the development of 

MDSCs include CCAAT-Enhancer Binding Protein (C/EBP), STAT1, STAT3 and nuclear 

factor kappa B (NF-κB) [84,85]. MDSCs impede T cells using several mechanisms: for example, 

MDSCs deplete L-arginine through secretion of arginase 1 (ARG1) [86], produce oxidative 

stress by generation of reactive oxygen species or release IL-10 and TGFβ promoting regulatory 

T cells [84]. Depleting MDSCs by all-trans retinoic acid improved the efficacy of GD2-CAR T 

cells in osteosarcoma xenografts [87]. In contrast to osteosarcoma, expansion of M-MDSCs in 

the blood circulation of EwS patients has not been reported before [80,88].  

In summary, the local TME of EwS is characterized by scarce T cell infiltrates and is mainly 

populated by immunosuppressive myeloid cells. However, the mechanisms leading to the 

immunosuppressive TME in EwS are currently poorly understood. 
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2.2 Extracellular vesicles (EVs) 

Extracellular vesicles (EVs) play key roles in the crosstalk of tumor cells and the immune 

system [89]. EVs comprise a heterogeneous population of vesicles enclosed by a lipid bilayer, 

are produced by nearly every cell and can transmit biomolecules to recipient cells [90].  

2.2.1 Biogenesis and function of EVs 

EVs either bud off from the plasma membrane as ectosomes (size 50–10,000 nm) or derive 

from the multivesicular endosome (MVE) in the cytoplasm as exosomes (30–160 nm) [91,92]. 

Exosomes are produced in the MVE by inward budding of the endosomal membrane forming 

intraluminal vesicles (ILVs) [93]. ILVs are loaded by the endosomal sorting complex required 

for transport (ESCRT) with biomolecules like proteins, lipids and nucleic acids [90]. ESCERT-

independent mechanisms involved in the biogenesis of exosomes include the syntenin-Alix 

pathway [94], tumor susceptibility gene 101 (TSG101) and tetraspanins (CD63, CD81) [95]. 

Upon fusion of the MVE with the plasma membrane, the ILVs are released as exosomes into 

the extracellular space.  

After release from the cell, ectosomes and exosomes interact with proteins in the interstitial 

fluid and blood plasma covering EVs with a protein corona [96]. EVs share biochemical and 

physical properties with lipoproteins and enveloped viruses complicating the attribution of 

functional effects to a certain subpopulation of EVs [97]. Furthermore, additional subtypes of 

EVs have been identified called exomers [98,99] and supermers [100]. Currently, the separation 

of small EV subtypes is under investigation, therefore the heterogeneous group of vesicles are 

here referred to as EVs [101]. 

Circulating EVs target and enter the recipient cell on several routes including surface 

binding, endocytosis and phagocytosis [102]. After internalization, EVs deliver their 

heterogeneous content mostly into the endosome from where 10–30 % of EVs reach the cytosol 

[103,104]. Depending on the cargo, EVs modulate gene expression, differentiation, proliferation, 

apoptosis and signaling in the recipient cell. Importantly, EVs can shuttle functional RNA 

molecules from the parental to the recipient cell, in which the RNA is translated [105]. An 

example for functional RNA transport by EVs are EBV-infected lymphoblastoid B cells, which 

can transfer EBV-encoded miRNAs via exosomes into monocytic-derived dendritic cells 

(moDCs) repressing EBV target genes [106]. 

In cancer, EVs orchestrate and remodel the TME, alter the cellular metabolism, prepare the 

metastatic niche, convey therapy resistance and educate immune cells [90]. Myeloid cells appear 

as a major recipient of tumor-derived EVs [107-113], likely because of their phagocytic activity. 
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Tumor-derived EVs contribute to chronic inflammation and promote the development of 

myeloid cells with immunosuppressive properties [114]. In particular, glioblastoma-derived EVs 

polarize monocytes into pro-tumorigenic M2 macrophages [115] and EVs derived from chronic 

lymphatic leukemia transfer the non-coding Y RNA hY4 to circulating monocytes, which is 

recognized intracellularly by toll-like receptor 7 (TLR7) inducing PD-L1 expression [116]. 

Melanoma EVs carrying heat shock protein (Hsp) 86 signal via TLR4 and upregulate PD-L1 

on monocytes [117]. Thus, EVs exert pleiotropic functions in various cancers, yet the role of 

EVs in the TME of EwS has not been determined before. 

2.2.2 EwS EVs 

EVs from EwS cell lines and patient plasma range in size from 50–300 nm and carry the 

exosomal proteins Alix, Annexin A1, CD63 and CD81 as well as the chaperone proteins Hsp70 

and Hsp90 [118-120]. The protein cargo in EwS EV functions mainly as binder for proteins and 

nucleic acids or mediates catalytic and structural molecule activity [120]. The majority of 

transcripts in EwS EVs are derived from intergenic or non-coding genomic regions [121] and 

the transcriptional signature is associated with G-protein-coupled signaling, neurotransmitter 

signaling and stemness [119].  

The content of EwS EVs is affected by cell culture conditions and regulated by CD99. 

Culturing the EwS cell line SK-N-MC in 3D scaffolds increases the RNA amount of exosomal 

enhancer of Zeste, Drosophila, Homolog 2 (EZH2) [118], a downstream target of EWS-FLI1 

[122]. EwS cell lines A4573, TC32 and TC71 exposed to oxidative stress produce EVs enriched 

for transcripts from intergenic and non-coding genomic regions [121]. Hypoxic EwS cell lines 

A673 and SK-ES-1 secret exosomes containing HIF-1α-induced miR-210, which targets 

CASP8AP2 in recipient EwS cells promoting cell survival and sphere formation [123]. CD99-

silenced EwS cell lines TC71 and IOR/CAR release EVs enriched for miR-34a and miR-199a-

3p. These miRNAs inhibited growth, proliferation and migration as well as induced neural 

differentiation in the recipient EwS cell lines via inhibition of Notch-NF-κB signaling and c-

Fos downregulation [124,125].  

EwS EVs disseminate via the blood circulation, as EWS-FLI1 mRNA was detected in 

plasma EVs isolated by 0.45 µm filtration from 3/7 and 4/10 mice xenografted with EwS cell 

lines A673 and TC135, respectively [126]. Moreover, in 7/10 EwS patients, EWS-FLI1 mRNA 

was detectable in plasma EVs isolated by immunoaffinity using antibodies against CD99 and 

nerve growth factor receptor (NGFR) [120]. Additionally, plasma particle counts were elevated 

in EwS patients compared to healthy donors [120]. Reminiscent of a chronic viral infection, 
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plasma EVs of EwS patients were significantly enriched for transcripts derived from non-

coding genomic regions, in particular endogenous retroelements and satellite DNA, which were 

also detectable in EVs from EwS cell lines [121]. The role of increased levels of transcripts 

derived from endogenous retroelements and satellite DNA in the blood plasma and their effect 

on the immune system are currently unknown. 

2.3 Role of repetitive non-coding genomic regions in cancer immunity 

Over the past decade, the human genome and ENCODE projects as well as emerging research 

evidence demonstrated that three quarters of the human genome is transcribed [127], including 

endogenous retroelements (RE) and satellite DNA2, which account for up to 43 % and 3 % of 

the genome, respectively (Figure 1) [128]. Being located in the constitutive heterochromatin 

regions, these non-coding repetitive DNA sequences were initially considered as “junk” in the 

genome. Recent studies showed that non-coding repetitive DNA sequences broadly impact the 

genome, cellular functions and immunity [129-133]. Aberrant activity of RE and satellite DNA 

is linked to aging, autoimmunity and cancer [130,134,135]. 

 

 

Figure 1 Repetitive sequences comprise large parts of the human genome. 

The human genome contains the non-long-terminal repeat elements (LTR), in particular 17 % long interspersed 

nuclear elements (LINEs) [128] and 13.1 % short interspersed nuclear elements (SINEs) [136]; the LTR elements, 

 
2 The term satellite DNA derives from the lower buoyant density of satellite DNA in density gradient centrifugation 

due to the high AT base pair content in comparison to the main DNA. 
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in particular 4.6 % human endogenous retroviruses (HERVs) [137] and 3.65 % mammalian apparent LTR 

retrotransposons (MaLR) [128]; 3 % satellite DNA / satellite repeats [138] and 3 % DNA transposons [130]. 

2.3.1 Endogenous retroelements (RE) 

RE are repetitive DNA sequences dispersed across the human genome. RE integrated into the 

human genome as exogenous retroviruses and throughout evolution most RE became 

replication-defective and immobile, due to accumulating mutations and truncations [139]. 

Epigenetic silencing restricts RE transcription, whereby epigenetic mechanisms include DNA 

methylation, interacting small RNAs, binding of Krüppel-associated box domain zinc-finger 

(KRAB-ZNF) proteins and chromatin remodeling [140,141].  

Despite the lack of retrotransposition activity and epigenetic silencing, REs retained multiple 

regulatory functions in the genome, providing chromatin architecture, transcriptional control, 

and non-coding RNAs [142,143]. In particular, RE sequences were co-opted as promoters and 

enhancers, to modulate the expression of neighboring coding genes and regulatory networks, 

which operate during embryonic development, stem cell pluripotency [144,145], cancer [146] and 

immune responses [147,148]. For instance, MHC genes contain high RE density in their promoter 

regions and introns, contributing to genetic variations of MHC genes [149]. REs also play a 

pivotal role in shaping innate and adaptive immune responses, by functioning as interferon 

(IFN)-stimulated response elements (ISREs) to activate IFN networks [147].  

Depending on the absence or presence of long terminal repeats (LTRs), REs can be divided 

into two subclasses. The non-LTR class includes long and short interspersed nuclear elements 

(LINEs and SINEs), which together constitute ~ 70–80 % of the genome-encoded REs. The 

remaining 20 % are LTR-containing elements, such as human endogenous retroviruses 

(HERVs) and mammalian apparent LTR retrotransposons (MaLR), which are spread in 700,000 

different loci across the genome [139,150]. The canonical HERV structure shares genomic 

properties of exogenous retroviruses, with two LTRs flanking the gag, env, pro and pol genes 

encoding structural proteins (gag), the envelope protein (env) and viral enzymes, protease (pro) 

and polymerase (pol)/reverse transcriptase (RT), respectively [151]. The LTR regions contribute 

to transcription initiation and termination, while non-LTR REs utilize their 5’-untranslated 

regions (UTR) and 3’UTR as promoters and poly(A) sequence, respectively [152]. 

Although most of the HERV elements are represented by solitary LTRs, around 4,000 

HERVs may possess partially intact open reading frames (ORFs) for HERV proteins, most 

notably, env, gag, RT and endonuclease, and some are still capable of autonomous 

retrotransposition [153]. This particularly concerns the most recently acquired and thus 
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biologically active HERV-K (HML-2) group3, with multiple members retaining the capacity to 

form viral-like particles and to reinsert into the genome [151]. Among the non-LTR elements, 

only a small subset of LINE-1 elements (~ 100 of 500,000 copies) is retrotransposition-active 

and encodes functional RT and endonuclease [152]. Importantly, the HERV- and LINE-1-

encoded enzymes may also reverse transcribe other RNAs, including SINEs, defective HERVs 

and various mRNAs, giving rise to pseudogenes, gene rearrangements, R-loops and RNA-DNA 

intermediates. In turn, accumulation of RNA-DNA hybrids as well as uncapped single-

stranded (ss) and double-stranded (ds) RNAs in the affected cells induces innate immune 

responses, as described below in section 2.3.3 in more detail. 

2.3.2 Pericentromeric and centromeric satellite DNA 

Contrary to REs whose activities are largely neutral or deleterious for the genome [130,154], 

pericentromeric and centromeric satellite regions are critical for chromatin architecture, 

genome integrity and accurate chromosome segregation during mitosis [155-157]. In the human 

genome, satellite DNA is composed of highly variable tandemly repeated nucleotide sequences, 

mostly from alpha satellite and human satellite 2 and 3 (HSAT2, 3) families, which constitute 

~ 2.6 % and 1.5 % of the human genome, respectively [138]. Centromeric chromatin is 

exclusively made up of alpha satellite, which is arranged into long arrays (3–5 Mb) of 171-base 

pair (bp) AT-rich tandemly repeated units [155]. It is distinguished by formation of the unique 

CENP-A-containing nucleosomes, and is important for centromere identity and kinetochore 

assembly. Conversely, pericentromeric heterochromatin is additionally populated by HSAT2, 

3, ACRO1, LINEs and LTR/HERVs [158]. The large blocks of HSAT2 are defined by tandemly 

repeated ~23- to 26-bp ATTCC-enriched consensus motifs, and are found on chromosomes 1, 

2, 7, 10, 16 and 22 [138,159]. Likewise, HSAT3 also consists of pentameric ATTCC/GGAAT 

repeats, albeit they are highly divergent and dispersed throughout pericentromeric regions of 

many chromosomes, often adjacent to HSAT2 and ACRO1. The latter is a moderately frequent 

147-bp satellite repeat, mostly located on short arms of acrocentric chromosomes within the 

higher-order pericentromeric repeats [160]. Heterochromatin at centromeric and pericentromeric 

regions is formed through epigenetic mechanisms including histone lysin methylation, histone 

variants, DNA methylation and chromatin-remodeling complexes [155].  

 
3 HERVs are categorized in three classes (I, γ-retroviruses; II, β-retroviruses; III, spumaviruses) according to the 

sequence similarity in their pol-gene. HERV classes are further subgrouped based on the tRNA that binds the 

primer-binding site between the 5’LTR and gag-gene, e.g. lysine-tRNA for HERV-K (see reference 153). The 

term HML abbreviates human endogenous mouse mammary tumor virus-like. 
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Although satellite repeats are located in constitutively silent heterochromatin, low-level 

transcription from these regions is required for maintaining heterochromatin silencing and 

structural organization [157]. Pericentromeric regions are responsible for epigenetic regulation 

and reprogramming during early embryonic development, aging, cancer and stress response 

[156]. For instance, HSAT3 expression is activated from the 9q12 locus in HeLa cells in 

response to heat shock, oxidative stress and other stress conditions, with the respective HSAT3 

RNAs acting as scaffolds for nuclear stress body assembly [161]. These bodies sequester RNA 

pol II, transcription and splicing factors, suggesting their role in regulating transcription and 

splicing during stress and recovery. Likewise, the mega-blocks of HSAT2 on 1q12 are 

frequently demethylated in cancer cells and are involved in sequestering Polycomb group 

repressive complexes and other chromatin-remodeling enzymes into the prominent Cancer-

Associated Polycomb bodies, which may play a role in switching gene expression programs 

[162]. Hypomethylation of pericentromeric regions was also observed during physiological and 

premature aging and senescence, and was accompanied by elevated levels of HSAT2 and 

LINE-1 RNAs [163,164]. However, hypomethylation alone may not be sufficient for HSAT2 

activation [165]. As described in the next sections, RE and HSAT2 are expressed in cancer and 

activate innate immune mechanisms by their immunogenic motifs. 

2.3.3 Expression and immune response to RE and pericentromeric satellites in cancer 

RE and satellite repeats are normally epigenetically silenced by DNA methylation and histone 

modifications [155]. However, cancer-associated epigenetic changes and cellular stress result in 

a wide-spread expression of RE and satellite repeats in various types of human malignancies 

[134,166-168], including pediatric solid tumors like osteosarcoma [169], EwS [121] and rhabdoid 

tumors [170]. In particular, compared to normal tissues, HSAT2 is one of the most abundant 

non-coding RNAs in epithelial cancers [134] and osteosarcomas [171]. HSAT2 RNAs are 

expressed in sense and antisense orientations and thus are prone to form dsRNAs [172,173]. In 

addition, HSAT2 RNAs are enriched in motifs containing CpG dinucleotides in AU-rich 

contexts, which are typically found in exogenous viral RNA [174]. Liposomal transfection of 

HSAT2 RNA into moDCs induced the release of the pro-inflammatory cytokines IL-6, IL-12 

and TNF [174]. Due to these and further virus-like features, such as uncapped 5’ ends with 

exposed di- and triphosphate groups and the ability to generate RNA-DNA intermediates, 

HSAT2 and ERV/RE-encoded RNAs are recognized as “non-self” by the intracellular pattern 

recognition receptors (PRRs), thereby eliciting antiviral and pro-inflammatory responses in 

immune and non-immune cells [139,175-177].  
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Due to their ability to recognize PAMPs, PRRs play critical roles in restricting expression 

of RE and satellite repeats [139,175,176]. Deficiency of PRRs caused retroviral viremia and T 

cell lymphoblastic leukemia in murine models [178,179]. Intracellular PRRs reside within two 

compartments: (i) the endosomal TLRs (TLR3, TLR7, TLR8 and TLR9) and (ii) cytosolic 

receptors, including sensors of dsDNA and RNA-DNA hybrids (cyclic GMP-AMP synthase 

(cGAS)) or dsRNAs (the retinoic acid-inducible gene I (RIG-I) and melanoma differentiation 

associated gene 5 (MDA5)) [135,180]. Similar to TLR3, closely related RIG-I and MDA5 

proteins recognize short (10–100 bp) and long (>300 bp) dsRNAs, respectively, including those 

of LTR/HERVs [176,181]. In addition, RIG-I can also be activated by uncapped ssRNAs with 

5’-di- or tri-phosphate moieties [180,182].  

While endosomal and cytosolic PRRs are activated by different PAMPs and proceed through 

distinct signaling cascades, they both converge upon activating NF-κB-driven pro-

inflammatory responses and production of type I interferons (IFNs). Specifically, TLRs signal 

through myeloid differentiation primary response 88 protein (MYD88) or TIR-domain-

containing adapter-inducing interferon-β (TRIF), while RIG-I and MDA5 engage the 

mitochondrial antiviral signaling protein (MAVS). Oligomerization of MAVS in turn activates 

TANK-binding kinase 1 (TBK1) and IκB kinase-ε (IKKε), and their downstream targets, the 

transcription factors IFN-regulatory factor 3 (IRF3) and IRF7 [180]. Upon activation, IRF3 

and/or IRF7 translocate to the nucleus and together with NF-κB induce the expression of pro-

inflammatory genes, including IL-6, IL-8 and TNF as well as IFNs. Likewise, sensing of 

cytosolic dsDNA or RNA-DNA hybrids by cGAS also induces type I IFNs, by converting GTP 

and ATP into cyclic GMP-AMP and activating the stimulator of IFN genes (STING) [176,183]. 

These mechanisms were shown to be activated by LTR/HERV-derived RNAs in cells treated 

with demethylating drugs [184], or by LINE-1 in autoimmune disorders and senescent cells 

[164,185]. 

Once secreted, type I IFNs signal in an autocrine and paracrine manner, by binding to the 

IFNα/β receptors (IFNARs) and activating the JAK-STAT pathway, including STAT1, STAT2 

and IRF9. This heterodimeric complex binds to the promoters of ISREs and thereby enables the 

transcription of hundreds of IFN-stimulated genes (ISGs) [186]. The ISGs-encoded proteins 

inhibit cellular proliferation and potentiate antiviral defense [187]. For example, interferon-

induced transmembrane proteins (IFITMs) impair the entry of enveloped viruses by trafficking 

viral particles into the lysosomes for degradation [188,189]. Together, the innate immune 

mechanisms of PRRs with downstream activation of type I IFNs and ISGs efficiently prevent 
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the accumulation of RE and satellite repeats, which otherwise could lead to neurodegenerative 

disorders, autoimmunity and cancer [135,190]. 

2.3.4 Role of RE and HSAT2 RNAs in cancer immunogenicity 

Although RE and satellite repeats contribute to cancer development and progression 

[167,191,192], their role in cancer immunogenicity and immune evasion is controversial.  

From one standpoint, the expression of RE and satellite repeats in cancer cells induces 

antiviral responses, thereby imposing a cellular state called viral mimicry [193]. In particular, 

elevated RE RNA levels in multiple cancer are associated with immunogenic signatures 

[166,194], immune infiltration [170,194-196], cytolytic activity [197] and responsiveness to anti-

PD-1 immunotherapy [196,198]. Consequently, de-repression of RE/HERVs using the DNA 

methyltransferase inhibitors (DNMTi) decitabine and azacytidine (Aza) was proposed as a 

therapeutic strategy to activate viral mimicry and induce immunogenicity in non-immunogenic 

tumors [193]. Treatment with Aza improved survival in patients with myelodysplastic syndrome 

and acute myeloid leukemia [199], and enhanced anti-CTLA4 immune checkpoint blockade in 

a melanoma mouse model [184]. Monotherapy with Aza, however, failed to show antitumor 

activity in 7 advanced EwS patients [200]. In addition to demethylating agents, several other 

combinational treatments directed at inducing viral mimicry to enable checkpoint blockade are 

currently considered. This comprises pharmacologic activation of p53 [201], inhibition of 

cyclin-dependent kinases (CDKs, CDK4/6) [202] or blockade of epigenetic regulators, including 

histone deacetylases, methylases, demethylases (LSD1) and Polycomb proteins (EZH2) [203]. 

Targeting EZH2 may be especially relevant in EwS, given its role in EWS-FLI1-driven tumor 

growth and metastasis [122]. Indeed, EZH2 inhibitors were shown to induce RE expression 

together with interferon responses in EwS cell lines and in a variety of other cancer cells, while 

sparing non-transformed cells [204,205]. 

In contrast, several studies associated an elevated expression of RE and satellite repeats with 

worse survival and less immune infiltration. In gastrointestinal cancers, hypomethylation of 

LINE-1 as well as increased LINE-1 transcription and insertions were associated with reduced 

immune infiltration and advanced tumor stage [206,207]. In soft tissue sarcomas, increased 

HERV-K mRNA correlated with reduced relapse-free survival [208]. A recent study has 

identified a subclass of IFN-inducible HERV RNAs capable of activating TBK1-IRF3 and 

STAT1 signaling by engaging the RIG-I/MDA5-MAVS and cGAS-STING pathways [209]. The 

respective tumors expressing this subclass of HERVs exhibited features of an 

immunosuppressed TME with infiltration of MDSCs and macrophages, despite of MHC class I 
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upregulation on tumor cells and T cell infiltration [209]. Likewise, high expression of LINE-1 

and HERVs was associated with downregulation of immune response signature genes and 

worse survival in colon and rectal adenocarcinomas [195]. The same study also demonstrated 

low cytotoxic CD8+ T cell infiltration in 75 colon tumors with high HSAT2 expression [195]. A 

similar phenomenon was reported in a subset of methylationlow pancreatic ductal 

adenocarcinomas (PDAC), where elevated expression of HERV transcripts was associated with 

MAVS-dependent upregulation of ISGs, a pro-inflammatory and pro-tumorigenic TME and 

poor patient outcome [210]. 

In summary, multiple whole transcriptome studies revealed co-expression of more than 

thousand different HERVs, LINEs and satellite transcripts in various types of cancer, likely due 

to broad dysregulation of epigenetic and innate immune regulatory mechanisms. Recently, it 

becomes apparent that RE are not restricted to cells, but can be released from parental cells in 

EVs [121,211-216]. Transcripts from RE and satellite repeats are upregulated in EwS cell line 

EVs and increased in plasma EVs of EwS patients compared to healthy donors [121]. 

In this study, we examined the possibility that EwS tumors may use EVs to release RE and 

satellite RNAs as a part of their immune evasion strategy. How tumor-derived EVs associated 

or loaded with viral-like transcripts derived from RE and satellites affect the immune system is 

currently unknown. The hypothesis of this study was that EwS EVs associated with RE 

transcripts may pathologically activate myeloid cells and skew their functionality, thereby 

promoting immune escape of EwS. 
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3 Research objectives and scientific aims 

3.1 Research objectives 

EwS is a non-immunogenic tumor with prominent immunosuppressive M2 macrophage 

infiltration, however, the underlying mechanisms are not well understood. As EVs mediate key 

roles in cancer-host communication, the hypothesis of present study was that EVs from EwS 

induce immunosuppressive properties in myeloid cells. The effect of EwS EVs on healthy 

donor-derived myeloid cells was assessed in an established in vitro model for the generation of 

moDCs [46]. Findings from the in vitro model were further evaluated in the plasma and 

peripheral blood mononuclear cells (PBMCs) from EwS patients and healthy donors. 

3.2 Scientific aims 

1. Isolation and characterization of EVs from EwS and MRC5 fibroblast cell lines as well 

as EVs from plasma of EwS patients and healthy donors. 

2. Exploration of the effect of EwS EVs in comparison to control EVs from MRC5 and 

healthy donor plasma on the  

a. cytokine release, 

b. differentiation and maturation, 

c. gene expression and  

d. functionality 

of CD14+ and CD33+ myeloid cells and moDCs in vitro.  

3. Investigation of the RE and satellite repeat expression in myeloid cells treated with EVs 

from EwS and MRC5 cells in vitro. 

4. Analysis of RE and satellite expression in EwS patient PBMCs. 
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4 Materials and methods 

4.1 Materials 

4.1.1 List of manufacturers 

Table 1: List of manufacturers 

Manufacturer Location 

Abcam Cambridge, UK 

Adobe Inc San José, California, USA 

Agilent Technologies Santa Clara, California, USA 

Amcor Zurich, Switzerland 

Analytik Jena Jena, Germany 

Applied Biosystems Darmstadt, Germany 

ATCC Rockyville, Maryland, USA 

B. Braun Biotech Melsungen, Germany 

Biosciences Europe Heidelberg, 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 

Carl Roth Karlsruhe, Germany 

Cayman Chemical Company Ann Arbor, Michigan, USA 

Cell Signaling Technology Frankfurt a. M., Germany 

Clarivate Analytics Philadelphia, Pennsylvania, USA 

Clinigen, Inc.  Yardley, Pennsylvania, USA 

Childhood Cancer Repository (CCR) Texas Tech University, USA 

Corning Corning, New York, USA 

Cytiva Marlborough, Massachusetts, USA 

DRK-Blutspendedienst Ulm, Germany 

DSMZ Braunschweig, Germany 

Elma Singen, Germany 

Eppendorf Hamburg, Germany 

GE Healthcare Little Chalfont, UK 

Genzyme Neu-Isenburg, Germany 

GFL Burgwedel, Germany 

GLW Würzburg, Germany 

GraphPad Software San Diego, California, USA 

Greiner Bio-One Frickenhausen, Germany 

Heidolph Instruments Schwabach, Germany 

Heraeus Hanau, Germany 

Hettich Tuttlingen, Germany 

IKA-Werke Staufen, Germany 

Implen München, Germany 

Izon Science LTD Lyon, France 

Kern & Sohn Balingen, Germany 

Kisker Biotech Steinfurt, Germany 

Kodak Rochester, New York, USA 

Leica Wetzlar, Germany 

Lonza Basel, Switzerland 

Merck Millipore Darmstadt, Germany 

Metabion Planegg, Germany 

Mettler Toledo Greifensee, Switzerland 

Microsoft Albuquerque, New Mexico, USA 

Miltenyi Biotec Bergisch Gladbach, Germany 
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Nalgene Rochester, New York, USA 

neoLab Migge Heidelberg, Germany 

Nobamed Wetter, Germany 

Particle Metrix Inning am Ammersee, Germany 

Paul Marienfeld Lauda-Königshofen, Germany 

Promega Madison, Wisconsin, USA 

Ratiopharm Ulm, Germany 

R&D Systems Minneapolis, Minnesota, USA 

Roche Penzberg, Germany; Basel, Switzerland 

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 

Siemens Munich, Germany 

Sigma-Aldrich St. Louis, Missouri, USA 

Starlab Hamburg, Germany 

Systec Wettenberg, Germany 

Tanon Science & Technology Shanghai, China 

Taylor-Wharton (Auguste Cryogenics Germany) Husum, Germany 

Tecan Männedorf, Switzerland 

Thermo Fisher Scientific Waltham, Massachusetts, USA 

TKA Niederelbert, Germany 

TKD Fraunberg-Tittenkofen, Germany 

UniEquip Planegg, Germany 

VWR Radnor, Pennsylvania, USA 

Wessamat Kaiserslautern, Germany 

Zeiss Jena, Germany 

4.1.2 General materials 

Table 2: General materials 

Material Manufacturer 

50ml Reagent Reservoir, polysterene Corning 

Alufoil neoLab 

Amicon®Ultra-15 Centrifugal Filters Merck Milipore 

Cell culture flasks, 250 ml, 75 cm2; 550 ml, 175 cm2, PS, sterile Greiner Bio-One 

Cell scraper (16 cm) Sarstedt 

Columns (MACS, LS, MS) Miltenyi Biotec 

CryoPure Tube 1.6 ml Sarstedt 

Dry ice TKD 

Ethylenediaminetetraacetic acid (EDTA)-tubes, S-Monovotte 1.2ml K3E Sarstedt 

Gloves (latex), size S-L Nobamed 

HTS Transwell-96® well Permeable Support with 3.0 μm pore polycarbonate 

membrane, TC-treated 

Corning 

Hybond-P PVDF membrane  GE Healthcare 

Invitrogen™ Exosome Spin Columns (MW 3000) Thermo Fisher Scientific 

MicroAmp™ Fast Optical 96-Well Reaction Plate Applied Biosystems 

Oak Ridge Centrifuge Tube, PPCP Size 50 ml Thermo Scientific 

Omnifix Luer Lock Solo 5 ml or 20 ml syringe B. Braun Biotech 

Parafilm® M All-Purpose Laboratory Film Amcor 

Pipette tips (10, 20, 100, 200 or 1000 µL) with or without filter Starlab 

qEV10 / 70 nm columns Izon Science SAS 

qEV2 / 70 nm columns Izon Science SAS 

Safe-lock microcentrifuge tubes (0.2, 1.5, 2 ml) DNA-/ DNase-/ RNase-/PCR 

inhibitor-free 

Eppendorf 

Safe-lock microcentrufuge tubes (1.5, 2 mL) Eppendorf 
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Sensoplate Microplate, 96 well, PS, F-Bottom, Glass bottom, black Greiner Bio-One 

Syringe filter 0.22 µm, sterile Sartorius 

Thermo Scientific TUBE PC THICKWALL 4ML Thermo Scientific 

Tissue culture dish 150, Cell+ Sarstedt 

Tissue culture plate, 6 well Falcon 

Tissue culture testplate 96U, conical, growth enhanced treated Sartorius 

Tissue culture testplate 96U, flat bottom, growth enhanced treated Sartorius 

Tubes 15 ml/50 ml, PP, graduated, conical bottom, sterile Greiner Bio-One 

Whatman gel blot paper GE Healthcare 

4.1.3 Equipment and instruments  

Table 3: Equipment and instruments 

Device Specification Manufacturer 

Analytical balances 770-14, EW3000-2M Kern & Sohn 

Autoclaves V95, 2540 EL Systec 

Biological Safety Cabinets HERAsafe KS 18, Class II Thermo Fisher Scientific 

Cell count chamber Neubauer Paul Marienfeld 

Centrifuges Microcentrifuge 220R Hettich 

 Microcentrifuge 5415 R Eppendorf 

 F-45-30-11 Rotor Eppendorf 

 Multifuge 1 S-R (Heraeus) Thermo Fisher Scientific 

 Multifuge 3 S-R (Heraeus) Thermo Fisher Scientific 

 Sorvall® RC6 centrifuge Thermo Fisher Scientific 

 Sorvall® SS34 rotor Thermo Fisher Scientific 

CO2 Incubators BioSpa 8 Automated Incubator BioTek/Agilent 

Technologies 

 HERA cell 150 Thermo Fisher Scientific 

Cryotank Liquid nitrogen reservoir L-240k Series Whortington / Tec-lab 

Electrophoresis cell (gel 

electrophoresis) 

Electrophoresis chamber Easy cast 

PowerPac™ Basic Power Supply 

Thermo Fisher Scientific 

Bio-Rad Laboratories 

Electrophoresis cell 

(immunoblotting) 

VE-180 Mini Verticel Gel Tanon Science & 

Technology 

Electrophoresis Blotting System 

(semi-dry) 

Biometra Fastblot B43 Analytik Jena 

Electrophoresis tool 2100 Bioanalyzer Instrument Agilent Technologies 

Freezing containers Mr. Frosty, Nalgene Sigma-Aldrich 

Flow cytometers BD Fortessa X-20 SORP BD Biosciences 

 FACSCalibur BD Biosciences 

 MACSQuant Analyzer 10 Miltenyi Biotec 

Freezer (-80 °C) HERAfreeze, HLE Series Thermo Fisher Scientific 

Fridge / freezer (4 °C / -20 °C) Siemens coolVario Siemens 

 -20 °C Freezer AEG Electrolux 

Gel documentation Benchtop UV Transilluminotor, BioDoc-It 

Imaging System 

UVP LLC 

 Hybrid Graphic Printer UP-X898MD Sony 

Heating block ThermoMixer comfort 5355 Eppendorf 

Ice machine Flake Line, MOD. F75W, KF85 Wessamat 

Immunoblotting imaging Gel Logic 1500 Imaging System Kodak 

Magnetic separators BD IMag™ Cell Separation Magnet BD Biosciences 

 Bio-Plex® Handheld Magnetic Washer Bio-Rad Laboratories 

 MidiMACS Miltenyi Biotec 

 QuadroMACS Miltenyi Biotec 

Magnetic stirrer IKAMAG REO IKA-Werke 

Micropipettes (adjustable) 10, 20, 100, 200, 1000 𝜇L Eppendorf 

 Multichannel 100 𝜇L Eppendorf 

Microscopes Axiovert 100 Zeiss 

 Camera AxioCam Mrm Zeiss 
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 Cytation 5 Cell Imaging Multimode Reader BioTek/Agilent 

Technologies 

 Leica DM IL LED Leica 

Microwave HF23024 Microwave 900 W Siemens 

Multiplex immunoassay reader Bio-Plex 200 System (Luminex 200) Bio-Rad Laboratories 

Nanoparticle tracking device ZetaView PMX110  Particle Metrix GmbH 

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 

RNA analysis Bioanalyzer 2100 Agilent Technologies 

Rotating wheel Test-Tube-Rotator 220V/50 Hz Kisker Biotech 

Shakers Duomax 2030 Heidolph Instruments 

 Orbital Shaker UniTwist 3D UniEquip 

 IKA Rocker 3D digital IKA-Werke 

Sonicater Digital Sonifier 250 Branson 

Vortexers Genie 2 G560-E Scientific Industries 

 Microplate Genie Scientific Industries 

 MS2 Minishaker IKA-Werke 

 Relax Top Heidolph Instruments 

Water bath  Water bath 1002 GFL 

4.1.4 Software 

Table 4: Software 

Computer program Manufacturer 

Adobe Illustrator 24.2.1 Adobe Inc 

Adobe Photoshop 21.2.1 Adobe Inc 

BD FACSDiva 8.0.2 BD Biosciences 

Bio-Plex® Manager Version 6.2 Bio-Rad Laboratories 

Capture Molecular Imaging 5.0.7.24 Carestream Health 

Endnote X7.7.1 Clarivate Analytics 

Excel 2013 Microsoft 

FlowJo V10.7.2. BD Biosciences 

Gen 5 V3.08 software BioTek/Agilent Technologies 

GrapPad Prism 9 GraphPad Software 

i-control for Infinite 200 Pro 2.0 Tecan 

MACSQuantify 2.13.1 Miltenyi Biotec 

PowerPoint 2013 Microsoft 

Word 2013 Microsoft 

ZetaView software version 8.05.12.SP1 Particle Metrix GmbH 

4.1.5 Chemicals and reagents 

Table 5: Chemicals and reagents 

Chemical/reagent Manufacturer 

100 bp-DNA-Ladder equimolar Carl Roth 

10x RIPA buffer Abcam 

4’,6-diamidino-2-phenylindole (DAPI) staining solution Miltenyi Biotec 

Acetic acid ≥ 99.7 % Sigma-Aldrich 

ACK Lysis Buffer (Red blood cell lysis) Thermo Fisher Scientific 

Acrylamide/Bis-acrylamide solution 30 % Sigma-Aldrich 

Agarose Sigma-Aldrich 
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Aldehyde/Sulfat Latexbeads, 4 % w/v, 4 µm Thermo Fisher Scientific 

Amersham ECL Western Blotting Reagent Pack GE Healthcare 

Ammonium persulfate (APS) Sigma-Aldrich 

anti-CD3 (clone OKT3) BioLegend 

autoMACS Rinse Solution Miltenyi Biotec 

BD IMagTM Buffer (10x) BD Biosciences 

Bovine serum albumin (BSA) ≥ 96 % Sigma-Aldrich 

Bromophenol blue Merck Millipore 

CD28 antibody anti-human, pure-functional grade, clone 15E8 Miltenyi Biotec 

DAPI Staining Solution Miltenyi Biotec 

DEPC-treated Water ThermoFisher Scientific 

Dimethylsulfoxide (DMSO) Merck Millipore 

Dithiothreitol (DTT) VWR 

DNA Gel Loading Dye (6x) Thermo Fisher Scientific 

Dulbecco’s Phosphate Buffered Saline 10x (PBS), diluted 1:10 with 

double distilled (dd)H2O 

Thermo Fisher Scientific 

Dulbecco's Modified Eagle Medium (DMEM/F12) ThermoFisher Scientific 

eBioscience™ Cell Proliferation Dye eFluor™ 450 Thermo Fisher Scientific 

EDTA 99.4-100.6%, powder Sigma-Aldrich 

Ethanol ≥ 99.8 % Carl Roth 

Ethidium bromide solution, 10 mg/ml Sigma-Aldrich 

Exosome-depleted fetal bovine serum (FBS) Thermo Fisher Scientific 

FACS Clean BD Biosciences 

FACS Flow BD Biosciences 

FACS Rinse BD Biosciences 

FBS Thermo Fisher Scientific 

Ficoll-PaqueTM Plus Cytiva 

Glycerine ≥ 99 % Sigma-Aldrich 

Glycine ≥ 99 % Sigma-Aldrich 

GM-CSF, recombinant human (rh) Sanofi 

Heparin-Natrium-5000 Ratiopharm 

Human AB serum  Lonza 

IL-1, rh R&D Systems 

IL-4, rh R&D Systems 

IL-6, rh R&D Systems 

Isopropanol Merck Millipore 

L-Glutamine 200mM Thermo Fisher Scientific 

Linear Acrylamide (5 mg/ml) (1 ml Tube) ThermoFisher Scientific 

Lipopolysaccharides (LPS) from Escherichia coli O127:B8 Sigma-Aldrich 

MACS Comp Bead Kit anti-REA Miltenyi Biotec 

MACSQuant Calibration Beads Miltenyi Biotec 

MACSQuant Running Buffer Miltenyi Biotec 

MACSQuant Washing Solution Miltenyi Biotec 

MACSQuant/MACSima Storage Solution Miltenyi Biotec 

Methanol ≥ 99.8 % Merck Millipore 

milliQ water Merck Millipore 

Minimum Essential Medium (MEM) α, nucleosides Thermo Fisher Scientific 

PageRule Prestained Protein Ladder Thermo Fisher Scientific 

Penicillin- Streptomycin, 10,000 U/ml Thermo Fisher Scientific 

PharmingenStain Buffer (BSA) BD Biosciences 

Phenylmethylsulfonyl fluoride (PMSF) protease inhibitor ThermoFisher Scientific 

Polyinosinic–polycytidylic acid (poly(I:C)), P1530 Sigma-Aldrich 

Proleukin (rh IL-2) Clinigen, Inc. 

Propidium Iodide (PI) Solution, 2 mL Miltenyi Biotec 

Prostaglandin E2 (PGE2) Cayman Chemical Company 

RNase A, DNase and protease-free (10 mg/mL) ThermoFisher Scientific 

Roswell Park Memorial Institute Medium (RPMI-)1640 ThermoFisher Scientific 

Skim milk powder Sigma-Aldrich 

Sodium dodecyl sulfate (SDS) ≥ 98.5 % Sigma-Aldrich 
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Tetramethylethylenediamine (TMED) Sigma-Aldrich 

TNF, rh R&D Systems 

Tris(hydroxymethyl)aminomethane (Tris) Merck Millipore 

Trypan blue stain (0.4 %) Thermo Fisher Scientific 

Trypsin/EDTA Thermo Fisher Scientific 

UltraComp eBeads™ Compensation Beads ThermoFisher Scientific 

X-VIVO 15, Serum-free Hematopoietic Cell Medium Lonza 

4.1.6 Commercial kits 

Table 6: Commercial kits 

Kit Manufacturer 

Agilent High Sensitivity DNA assay Agilent Technologies 

Anti-Human CD14 Magnetic Particles – DM, Clone MφP9 BD Biosciences 

ArC™ Amine Reactive Compensation Bead Kit ThermoFisher Scientific 

BD IMag™ Anti-Human CD14 Magnetic Particles - DM BD Biosciences 

Bio-Plex Human Cytokine Screening Panel, 48-plex panel Bio-Rad Laboratories 

Bio-Plex Pro HuCSP, Standards Bio-Rad Laboratories 

Bio-Plex Pro Human Chemokine TNF-α Set (171BK55MR2) Bio-Rad Laboratories 

Bio-Plex Pro Reagent Kit 3 Flat Plate Bio-Rad Laboratories 

BP Pro Hu INF PNL1 Std, 1PK Bio-Rad Laboratories 

CD33 MicroBeads, human 2ml Miltenyi Biotec 

GoTaq® qPCR Master Mix  Promega 

High Capacity cDNA Reverse Transcription Kit ThermoFisher Scientific 

Hu INF PNL1 IFN-beta Set Bio-Rad Laboratories 

KAPA RNA HyperPrep Kit with RiboErase (HMR) Roche 

mirVanaTM miRNA Isolation Kit ThermoFisher Scientific 

MycoAlertTM Mycoplasma Detection Kit Lonza 

Pierce™ BCA Protein Assay Kit ThermoFisher Scientific 

PrimeFlow™ RNA Assay Kit ThermoFisher Scientific 

RNA 6000 Pico chip Agilent Technologies 

SYTO™ RNASelect™ Green Fluorescent cell Stain ThermoFisher Scientific 

TURBO DNA-freeTM Kit ThermoFisher Scientific 

4.1.7 Antibodies and dyes for flow cytometry and immunoblotting  

4.1.7.1 Antibodies and dyes for flow cytometry on FACS Calibur and MACSQuant 

Analyzer 10 

Table 7: Anti-human fluorochrome-conjugated antibodies for flow cytometry on FACS Calibur and MACSQuant 

Analyzer 10 

Epitope Clone Fluorochrome Concentration Manufacturer 

CD14 REA599 VioGreen 1:50 Miltenyi Biotec 

CD25 REA579 APC 1:50 Miltenyi Biotec 

CD3 REA613 PE-Vio770 1:100 Miltenyi Biotec 

CD4 REA623 APC-Vio770 1:100 Miltenyi Biotec 

CD63 REA1055 FITC 1:50 Miltenyi Biotec 

CD69 FN50 PE 1:50 BD Biosciences 

CD8 REA734 FITC 1:100 Miltenyi Biotec 

CD80 REA661 PE 1:50 Miltenyi Biotec 

CD81 REA513 PE 1:50 Miltenyi Biotec 

CD83 REA714 APC-Vio770 1:50 Miltenyi Biotec 

CD86 REA968 VioBlue 1:50 Miltenyi Biotec 

HLA-DR REA805 PE-Vio770, APC 1:50 Miltenyi Biotec 

Isotype Mouse IgG1 X40 PE 1:100 BD Biosciences 



 

30 

 

REA isotype REA293 VioBlue, FITC, PE. 

PE-Vio770, APC-

Vio770 

1:50 Miltenyi Biotec 

Table 8: Dyes and solutions used for flow cytometry on FACS Calibur and MACSQuant Analyzer 10 

Application Dye/Name Reference Concentration Manufacturer 

Cell proliferation eFluor450 65-0842-85 10 µM Thermo Fisher 

Scientific 

Dead cell exclusion DAPI staining solution 130-111-570 1:100 Miltenyi Biotec 

 PI solution 130-093-233 1:100 Miltenyi Biotec 

4.1.7.2 Antibodies and dyes for flow cytometry on BD Fortessa X-20 SORP 

Table 9: Anti-human fluorochrome-conjugated antibodies for flow cytometry on BD Fortessa X-20 SORP 

Epitope Clone Fluorochrome Concentration Manufacturer 

CD19  HIB19 PE-eFluor 610 1:20 Thermo Fisher Scientific 

CD3  UCHT1 Super Bright 600 1:20 Thermo Fisher Scientific 

CD33 WM-53 PE-Cyanine7 1:20 Thermo Fisher Scientific 

CD4 RPA-T4 PE 1:20 Thermo Fisher Scientific 

CD45 2D1 eFluor 450 1:20 Thermo Fisher Scientific 

CD8A  RPA-T8 FITC 1:20 Thermo Fisher Scientific 

HERV-K pol  

(Type 1) 

RNA probe  
VF1-18759-210 

Alexa Fluor (AF) 647 1:20 Thermo Fisher Scientific 

HLA-DR LN3 Super Bright 436 1:20 Thermo Fisher Scientific 

HSAT2 (Type 6) 

 

RNA probe  
VA6-19493-210 

AF750 1:20 Thermo Fisher Scientific 

RPL13a  RNA probe 
VA1-13100-PF-

204 

AF647 1:20 Thermo Fisher Scientific 

Table 10: Dyes and solutions used for flow cytometry on BD Fortessa X-20 SORP 

Application Dye/Name Order-Nr. Concentration Manufacturer 

Dead cell exclusion Fixable Viability 

Dye eFluor™ 

506 

65-0866-14 1:1000 Thermo Fisher Scientific 

4.1.7.3 Antibodies for immunoblotting 

Table 11: Antibodies for immunoblotting 

Epitope Reference Concentration Manufacturer 

Annexin A1 ab214486 1:2000 Abcam 

Anti-mouse IgGκ-HRP sc-516102 1:1000 Santa Cruz Biotechnology 

Calnexin sc-23954 1:200 Santa Cruz Biotechnology 

CD63 sc-5275 1:200 Santa Cruz Biotechnology 

CD81 sc-7637 1:200 - 1:500 Santa Cruz Biotechnology 

cGAS #79978 1:1000 Cell Signaling Technology 

Hsp70 sc-32239 1:1000 Santa Cruz Biotechnology 

Hsp90 sc-69703 1:1000 Santa Cruz Biotechnology 

Mouse anti-rabbit IgG-HRP sc-2357 1:1000 Santa Cruz Biotechnology 

Phospho-TBK1 #5483 1:1000 Cell Signaling Technology 

RIG-I #3743 1:1000 Cell Signaling Technology 

Syntenin-1 ab133267 1:1000 Abcam 

TBK1 #3504 1:1000 Cell Signaling Technology 

TSG101 sc-7964 1:200 - 1:500 Santa Cruz Biotechnology 

β-actin  sc-47778 1:2000 Santa Cruz Biotechnology 

β-tubulin sc-5274 1:1000 Santa Cruz Biotechnology 
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4.1.8 Primer sequences for semi-quantitative real-time polymerase chain reaction 

(sqRT-PCR) 

Primer sequences were obtained from the indicated publications, the PrimerBank 

(https://pga.mgh.harvard.edu/primerbank/index.html), or the USCS Genome Browser 

(https://genome.ucsc.edu/cgi-bin/hgPcr). ACRO1 and HSAT2 primers were designed by 

Valentina Evdokimova, PhD and Syed Hassan Zaidi, PhD, both Ontario Institute for Cancer 

Research, Toronto, Canda, and confirmed by Sanger sequencing. Primers were purchased from 

Metabion. 

Table 12: List of primers for sqRT-PCR 

Name Species Forward 5’-3’ Reverse 5’-3’ Source 

ACRO-1 human TCATTGTGTTCTCCCGTGTCC GCTGCTGGATGATGGCAGTAAG Syed Hassan Zaidi 

DDX58/RIG-I human CCATGTAAGACTTGCCTGCTT AAGAGGCTTAATAGATTCACAG

TTCC 

 

GAPDH human CTCTGCTCCTCCTGTTCGAC ACGACCAAATCCGTTGACTC USCS genome browser  

ENST00000229239.10 

HERV-K env human GCTGCCCTGCCAAACCTGAG CCTGAGTGACATCCCGCTTACC [133] 

HERV-K pro human GCCGATGAAAAAGCCCGTAA

GG 

TTGACACTCAGGATTGGCGTTTT

C 

[133] 

HSAT2 human TTGAATCGTCATCGAATGAAC

TG 

TCGCTAATTCCGTTTGATTCCG Syed Hassan Zaidi,  

IFI16 human CCGTTCATGACCAGCATAGG TCAGTCTTGGTTTCAACGTGGT [217] 

IFI30 human CCCCTCTGCAAGCGTTAGAC CCCGCAGGTATAGATTGCCT PrimerBank ID 

29826337c1 

IFI35 human AACAAAAGGAGCACACGATC

A 

CTCCGTTCCTAGTCTTGCCAA [218] 

IFI6 human GGTCTGCGATCCTGAATGGG TCACTATCGAGATACTTGTGGGT [219] 

IFITM1 human CTTGAACTGGTGCTGTCTGG AATCAGGGCCCAGATGTTCA [220] 

IFITM2 human GAACCACATTGTGCAAACCTT

CTCTC 

TTCCTGCTCCTCCTTGAGCATC [221] 

IFITM3 human ATCGTCATCCCAGTGCTGAT ACGTGGGATACAGGTCATGG [221] 

IFNAR1 human ATTTACACCATTTCGCAAAGC

TC 

TCCAAAGCCCACATAACACTAT

C 

PrimerBank ID 

46488931c2 

IFNα human GACTCCATCTTGGCTGTGA TGATTTCTGCTCTGACAACC  

IFNβ human CTTTCGAAGCCTTTGCTCTG CAGGAGAGCAATTTGGAGGA USCS genome browser  

ENST00000380232.4 

IL-6 human ATGAACTCCTTCTCCACAAGC GTTTTCTGCCAGTGCCTCTTTG [222] 

IL-10 human TCAAGGCGCATGTGAACTCC GATGTCAAACTCACTCATGGCT PrimerBank ID 
24430216c2 

IRF3 human AGAGGCTCGTGATGGTCAAG AGGTCCACAGTATTCTCCAGG PrimerBank ID 
308199457c1 

IRF7 human CCCACGCTATACCATCTACCT GATGTCGTCATAGAGGCTGTTG PrimerBank ID 
98985817c3 

LINE-1 human TTGAACAATGAGATCACATG GTGCCATGCTGGTGCGCTGC [223] 

IFIH1/MDA5 human AGGCACCATGGGAAGTGAT ATTTGGTAAGGCCTGAGCTG  

MX1 human GTTTCCGAAGTGGACATCGCA CTGCACAGGTTGTTCTCAGC PrimerBank ID 

222136618c1 

https://pga.mgh.harvard.edu/primerbank/index.html
https://genome.ucsc.edu/cgi-bin/hgPcr
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OASL human TGTGTCAGAAAACAGCTCAAA

AA 

GCAACGATGTCCCATCTGTA  

U1 human CAGGGGAGATACCATGATCAC

GAAG 

GGTCAGCACATCCGGAGTGCAA

TGG 

 

4.1.9 Buffers, cell culture media and solutions 

4.1.9.1 Buffers for flow cytometry 

Table 13: Buffers for flow cytometry 

Buffer Components 

Blocking buffer 1 M glycine (in ddH2O) 

Staining buffer PBS for CD14-depleted PBMCs, CD14+ and CD33+ cells 

PBS/0.5 % BSA for EVs 

PharmingenStain Buffer (BSA) for PrimeFlow RNA assay 

4.1.9.2 Buffer and gel for DNA gel electrophoresis 

Table 14: Buffer and gel for DNA gel electrophoresis 

Buffer/gel Components 

Electrophoresis gel 150 ml 1x Tris-acetate-EDTA (TAE), 1 % agarose, 40 µg ethidium bromide 

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

4.1.9.3 Buffers and gels for immunoblotting 

Table 15: Buffers and gels for immunoblotting 

Buffer/gel Components 

Antibody dilution buffer  5 % BSA in TBS-T, 0.02 % NaN3 

Lysis buffer 10x RIPA buffer, 1 mM PMSF 

Protein loading buffer 0.25 M Tris-HCl (pH 6.8), 8 % SDS, 40 % glycerine, 0.04 % bromophenol 

blue 

Running buffer (1x)  25 nM Tris, 192 mM glycine, 0.1 % SDS 

Separating gel (10 %), 10 ml 4.0 mL     ddH2O 

3.3 mL     Acrylamide/Bis-acrylamide 30 %  

2.5 mL     1.5 M 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 

TBS (10x) 0.5 M Tris-HCl (pH 7.6), 1.5 M NaCl 

TBST 0.1 % Tween-20 in TBS (1x) 

Transfer buffer (1x) 48 mM Tris, 39 mM glycine, 10 % methanol 
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4.1.10 Human cell lines 

Table 16: Human cell lines 

Cell line Source 
Age/ 

Sex 

Primary site of 

established cell line 

EWS-

FLI1 

status 

P53 

status 
Growth conditions* 

A4573 ATCC 17/F Clavicle, pleural effusion FLI1, 

type 3 

Unknown RPMI 1640, 10 % FBS 

A673 ATCC 15/F Muscle, peripheral 

neuroepithelioma, primary 

FLI1, 

type1 

Non-

functional 

RPMI 1640, 10 % FBS 

MRC5 ATCC Fetal/M Lung - - DMEM/F12, 10 % 

FBS 

MUTZ-3 DSMZ 29/M Peripheral blood,  

acute myelomonocytic 

leukemia 

- Non-

functional 

MEM α, nucleosides, 

20 % FBS,  

40 ng/ml GM-CSF 

TC32 CCR 

repository 

17/F Illeum and adjacent soft 

tissue, primary 

FLI1, 

type1 

Non-

functional 

RPMI 1640, 10 % FBS 

TC71 DSMZ 22/M Humerus, primary FLI1, 

type1 

Non-

functional 

RPMI 1640, 10 % FBS 

*each cell culture medium was supplemented with 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL 

streptomycin. 

4.2 Methods 

4.2.1 Cell culture 

EwS cell lines A4573, A673, TC32 and TC71 were cultured in RPMI 1640 medium and MRC5 

fibroblasts were cultured in DMEM/F12 medium, both supplemented with 10 % FBS, 100 

U/mL penicillin and 100 µg/mL streptomycin at 37 °C and 5 % CO2. For passage, cells were 

detached with trypsin for 5 min at 37 °C and 5 % CO2, resuspended in 10 ml of respective 

medium and seeded in 175 mm2 flasks or 150 mm dishes. For cryopreservation, 1 x 107 cells 

were centrifuged at 300 g for 5 min, resuspended in FBS supplemented with 10 % DMSO and 

transferred to cryovials. After 48 h of storage in Mr. Frosties at -80 °C, cells were stored in 

liquid nitrogen at -190 °C. In order to thaw cells, cryovials were warmed in a water bath at 

37 °C for 3 min, the cells transferred to 10 ml pre-warmed cell culture medium and centrifuged 

at 300 g for 5 min. Cell pellets were carefully resuspended in cell culture medium and seeded 

at 4 x 106 cells in 20 ml and 15ml within 175 mm2 flasks and 150 mm dishes, respectively. Cell 

counts and viability was assessed using a Neubauer cell counting chamber and Trypan blue 

staining. Cells were regularly tested for mycoplasma contamination using the MycoAlert assay. 

4.2.2 Isolation of EVs 

EVs encompass a heterogeneous population of vesicles, in which subpopulations vary in size, 

content and markers [224]. Methods for EV isolation utilize various biochemical and physical 

approaches differing in yield, purity and feasibility [225]. In this study, 0.22 µm ultrafiltration 
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and ultracentrifugation (UC) were combined as main method for EV isolation, in order to enrich 

small EV subpopulations independent of markers and yield sufficient amount of EVs [226]. As 

UC co-pellets proteins not associated with EVs leading to contamination or formation of 

aggregates, EV isolation was also performed by size-exclusion chromatography (SEC). SEC 

purifies small EVs in columns with porous of polysaccharide resins while removing 

contaminating proteins or aggregates. However, SEC yields lower EV particle counts than UC 

[224,227].  

EVs were isolated from cell culture supernatant of EwS and fibroblast cell lines by 

differential centrifugation and 0.22 µm ultrafiltration followed by either UC or SEC. EVs were 

isolated from plasma of EwS patients and healthy donors by 0.22 µm ultrafiltration and UC.  

4.2.2.1 EV isolation from cell culture supernatant and plasma by UC  

Cell lines were seeded at 4 x 106 cells/15 ml in ten 150 mm dishes. At 70–80 % confluency, 

cells were washed once with pre-warmed PBS and fresh cell culture medium supplemented 

with 2 % exosome-depleted FBS was added. After overnight incubation for 12–18 h, the 

conditioned medium was collected and subjected to differential centrifugation and 

ultrafiltration [228]. EV isolation was performed from cells with viability > 90 %. For 

differential centrifugation, conditioned medium was cleared from cellular contaminants at 

2,000 g for 10 min, followed by removal of cell debris at 10,000 g for 30 min. Cleared 

supernatant was concentrated at 4,200 g for 7 min using Amicon Ultra-15mL-30K tubes and 

subsequently filtered through 0.22 µm filters. For UC, the filtered medium was diluted 1:1 with 

ice-cold PBS and centrifuged at 100,000 g for 2 h (S110-AT rotor, fixed-angle, k-factor 78.4). 

Afterwards the supernatant was discarded, the pellet was resuspended in ice-cold PBS and 

centrifuged again at 100,000 g for 2 h. The cleared EV pellets were resuspended in 200 µl ice-

cold PBS, aliquoted in five separate 1.5 ml Eppendorf tubes (to avoid freeze-thaw cycles), snap 

frozen on dry ice and stored at -80 °C until further use. Each step of EV isolation was performed 

at 4 °C.  

For isolation of EVs from EDTA blood of healthy donors and EwS, 1 ml plasma of stored 

at -80 °C (s. 4.2.10) was thawed on ice, centrifuged at 10,000 g for 10 min to remove aggregates, 

diluted 1:1 with ice-cold PBS, passed through 0.22 µm filters, and subjected to UC as described 

above.  

4.2.2.2 EV isolation from cell culture supernatant by SEC 

The steps for the purification of EVs from cell culture supernatant by SEC comply with those 

of UC until after the step of 0.22 µm filtration. For SEC, filtered medium was loaded on 
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qEV2 / 70 nm or qEV10 / 70 nm columns (both IZON) and the isolation was performed 

according to the manufacturer’s instructions. The collected EV and protein fractions were 

concentrated at 4,200 for 7 min using Amicon Ultra-15mL-30K tubes. EV preparations were 

aliquoted in five separate 1.5 ml Eppendorf tubes (to avoid freeze-thaw cycles), snap frozen on 

dry ice and stored at -80 °C. EV isolation by SEC was performed at room temperature. 

4.2.3 Nanoparticle Tracking Analysis 

EV size distribution and particle number were quantified by Nanoparticle Tracking Analysis 

(NTA) using the ZetaView PMX110. After initialization of the ZetaView, the cell was rinsed 

with milliQ water and ‘AutoAlignment’ was performed. After running the ‘Daily Performance’, 

the sample cell was equilibrated with PBS. The EV probes were diluted 1:500–1:2000 with 

PBS and manually injected. The ten positions of the sample cell were checked for bubbles, 

steady particle number and absence of particle drift. EV probes were analyzed at 80 % 

sensitivity, shutter set at 70 and 24 °C. At least 500 traces/probe were detected. Between EV 

probes, the sample cell was rinsed with 30 ml PBS. For shutdown, the sample cell was cleaned 

with 100 ml milliQ water and air-dried. ZetaView software (version 8.05.12.SP1) was used for 

data analysis. 

4.2.4 Protein isolation 

Total protein was isolated from 2–4 x 106 EwS and MRC5 cells by cell lysis and sonication. In 

particular, cells were trypsinized, counted, washed twice with PBS and pelleted in 1.5 ml 

Eppendorf tubes by centrifugation at 400 g for 5 min at 4 °C. Supernatant was discarded and 

300 µl 1x RIPA buffer containing 1 mM PMSF (protease inhibitor) were added to the cell 

pellets. Cell pellets were sonicated three times for 1 s at 10 % amplitude with a digital sonicater 

on ice. After quick spin at 400 g for 3–5 s at 4 °C, sonication was repeated until the pellets were 

completely dissolved. Debris was pelleted at 15,000 g for 30 min at 4 °C, while the protein-

containing supernatant was collected and stored at -80 °C until further use.  

4.2.5 Protein quantification of cell lysates and EV preparations 

Total protein amount in cell lysates and EV preparations was quantified using the Pierce™ BCA 

Protein Assay Kit according to the manufacturer´s instructions. In brief, Pierce™ protein 

staining solutions A and B were mixed at a ratio of 50:1 and vortexed. Samples were diluted 

1:1 with lysis buffer (cell lysates) or PBS (EV preparations). 12.5 µl of diluted sample, BCA 

standard dilution or lysis buffer/PBS for background correction were added per well in 

duplicates on a 96-well flat-bottom plate. Then 112.5 µl of mixed Pierce™ staining solution 
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were added to each well. The 96-well plate was covered with parafilm and wells were mixed 

on a shaker for several seconds. After incubation at 37 °C for 30 min, the samples were 

measured at 560 nm wavelength using the Tecan absorbance plate reader and referenced to the 

BSA standards.  

4.2.6 Immunoblotting 

Protein concentrations were equalized between cell lysates or EV preparations in protein 

loading buffer (supplemented 1:5 with 100 μl 1M DTT before use) and boiled at 99 °C for 3 

min. Afterwards samples were stored at -80 °C or put on ice until loading. Samples (0.1–30 µg 

protein) and the protein ladders were loaded onto the SDS gel. Gel electrophoresis was 

performed in running buffer at 60 V for 30–60 min. Afterwards, the separated proteins were 

blotted onto PVDF membranes, which were activated before with methanol, in transfer buffer 

at 200 mA / 4 V for 60 min. After transfer, PVDF Membranes were blocked with 5 % nonfat 

dry milk in TBST buffer and incubated with specific primary and secondary antibodies. Protein 

bands were visualized using a commercial ECL solution and the Gel Logic 1500 luminometer. 

4.2.7 Flow cytometry of EVs and cells 

To detect EV markers, EVs were bound to 4.0 µm latex beads, stained with antibodies and 

analyzed by flow cytometry [119]. In brief, 50 µl of EV preparation in PBS were added to 100 

µl PBS and incubated at room temperature with 1.5 µl of aldehyde/sulfate latex beads (4 % w/v, 

4 µm) in a 1.5 ml microcentrifuge tube for 15 min. Afterwards, the volume was filled up with 

PBS to 300 µl and incubated on a wheel at 4 °C overnight. On the next day, latex beads were 

blocked with 1 M glycin/ddH20 at room temperature for 30 min, pelleted at 15,000 g at room 

temperature for 3 min and washed once with PBS/0.5 % BSA. The latex beads were pelleted 

again at 15,000 g at room temperature for 3 min, resuspended in 200 µl PBS/0.5 % BSA and 

split equally for the four stainings: (1) beads only, (2) beads + isotype controls for FITC and 

PE, (3) beads + CD63 FITC antibody and (4) beads + CD81 PE antibody. Antibodies were used 

at 1:50 dilution. After 15 min incubation protected from light at 4 °C, latex beads were pelleted 

at 4,000 g at room temperature for 3 min, resuspended in 200 µl PBS/0.5 % BSA and analyzed 

on the MACSQuant Analyzer 10 flow cytometer.  

 To analyze protein surface expression on cells, 2 x 105 myeloid cells were washed once with 

PBS and stained with respective fluorochrome-conjugated antibodies at a 1:50 dilution in a total 

volume of 50 µl PBS protected from light at 4° C for 15 min. Afterwards, cells were washed 

with 200 µl PBS, centrifuged at 300 g for 5 min and resuspended in 200 µl PBS for acquisition 

on the FACS Calibur or MACSQuant Analyzer 10 flow cytometer. For compensation of the 
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multicolor-panels, single stainings or auto compensation with REA-compensation beads were 

used according to the protocol provided by Miltenyi. For acquisition and data analysis, the 

following gating strategy was applied: (1) exclusion of doublets in FSC-H vs. FSC-A, (2) gating 

on cells in SSC-A vs. FSC-A, (3) exclusion of dead cells using PI in B3-A vs B2-A and (4) 

gating on lineage marker CD14 for monocytes or CD3 for T cells (Supplementary Figure 9). 

Data were analyzed and dot plots generated using MACSQuantify, FlowJo V10.7.2 and 

GraphPad Prism 9.  

4.2.8 PrimeFlow RNA assay 

The PrimeFlow RNA Assay is an in situ hybridization method combining a branched DNA 

assay with single-cell resolution of flow cytometry. The assay simultaneously detects RNA 

targets and cell surface proteins using pairs of RNA transcript-specific probes and 

fluorochrome-conjugated antibodies. The experiments were performed in cooperation with 

Valentina Evdokimova, PhD (Ontario Institute for Cancer Research, Toronto, Canada) and 

Christopher Spring (Core Facilities, St. Michael's Hospital, Toronto, Canada) according to the 

manufacturer's instructions. Shortly, PBMCs of EwS patients and healthy donors were thawed 

as described in 4.2.1 and stained with the fixable viability dye eFluor506 and fluorescently-

labeled antibodies against the respective cell surface markers. For target probe hybridization, 

cells were fixed, permeabilized and incubated with the target RNA probes for HERV-K pol 

AF647 (Type 1) and HSAT2 AF750 (Type 6). The probe RPL13a AF647 (Type 1) was used as 

positive control. For acquisition on the flow cytometer BD Fortessa X-20 SORP, cells were re-

suspended in 200 μl of PharmingenStaining Buffer. Compensation was performed using 

UltraComp eBeads and the ArC™ Amine Reactive Compensation Bead Kit according to 

instructions of the manufacturer. Non-viable cells and doublets were excluded. Fluorescence 

minus one (FMO) controls were used to determine positive events. Data were analyzed using 

the BD FACSDiva 8.0.2 software. 

4.2.9 Sonication and RNAse A treatment of EVs 

EVs were sonicated and treated with RNAse A as described before [119]. In particular, freshly 

isolated TC32 UC EVs were resuspended in 200 µl PBS, equally split on four 1.5 ml Eppendorf 

tubes and treated either with sonication, 0.1 µg/µl RNAse A, sonication and 0.1 µg/µl RNAse A 

or left untreated. Sonication was performed before addition of RNAse A. Respective samples 

were sonicated on ice three times at 10 % amplitude for 10 s on a digital sonicator. Then 

0.1 µg/µl RNAse A was added to respective samples and all four samples were incubated at 

37 °C for 10 min. 
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4.2.10 Isolation of plasma and PBMCs from blood of EwS patients and healthy donors 

The study was approved by the Ethics Commission of the Medical Faculty of the Technical 

University of Munich (2562/09, 649/20 S-KH). After informed consent, venous blood was 

collected from healthy donors and EwS patients in EDTA tubes and centrifuged at 400 g for 10 

min to pellet cellular blood components. The supernatant was centrifuged at 10,000 g for 15 

min to remove remaining cellular components. Plasma was stored at -80 °C until further 

analysis. PBMCs were isolated by density-gradient centrifugation (FICOL plaque) from healthy 

donors or commercial buffy coats (DRK Blutspendedienst Ulm, Germany, after informed 

consent and approval of local government regulatory authorities), as described before [46,229]. 

Contaminating erythrocytes were removed using the ACK Lysis Buffer. 

4.2.11 Isolation of CD14+ monocytes and CD33+ myeloid cells from PBMCs 

CD14+ monocytes and CD33+ myeloid cells were purified from healthy donor PBMCs using 

anti-human CD14 magnetic particles or anti-human CD33 MicroBeads as described previously 

and according to the instructions of the suppliers [46,230]. CD14-depleted PBMCs were frozen 

and stored at -80 °C until further use.  

4.2.12 Differentiation and maturation of myeloid cells towards moDCs 

An established in vitro model was used for the differentiation and maturation of monocytes to 

moDCs [46]. For differentiation, 1 x 106 CD14+ monocytes or CD33+ myeloid cells were seeded 

per 1 ml X-VIVO 15 medium supplemented with 1 % human AB serum, 800 U/mL rhGM-CSF 

and 30 ng/mL rhIL-4 in 75 cm2 and 175 cm2 cell culture flasks or 12-well plates (final volumes 

20 ml and 1 ml, respectively). The medium was renewed on day 3. Maturation was induced on 

day 5 by replacing the medium with fresh X-VIVO 15 medium containing 10 ng/mL rhIL-1β, 

1000 U/mL, rhIL-6, 1 mg/mL PGE2 and 10 ng/mL rhTNF. The phenotype and functionality of 

moDCs was analyzed at day 7.  

4.2.13 Treatment of myeloid cells with EVs 

0.2 or 1 x 106 CD14+ and CD33+ myeloid cells were treated with 5 x 108 to 4 x 1010 EV particles 

in a final volume of 200 µl or 1 ml medium for 6 h to 72 h. Treatment was performed in 6-, 12- 

and 96-well plates as well as in 75 cm2 and 175 cm2 cell culture flasks. 

4.2.14 Cytokine single- and multiplex assays 

Concentration of cytokines and chemokines in cell culture supernatants and plasma were 

quantified using cytokine single- and multiplex assays. To this end, conditioned medium was 
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centrifuged at 2,000 g for 10 min at 4 °C and stored at -80 °C until further analysis. Plasma was 

processed as described in 4.2.10. For analysis, frozen conditioned medium or plasma were 

thawed on ice and centrifuged at 2,000 g for 10 min at 4 °C to pellet aggregates. Single- and 

multiplex assays were performed according to the instruction of the manufacturer and samples 

were acquired using the Bio-Plex 200 system. The concentrations of the analytes were 

calculated using the Bio-Plex Manager Version 6.2. At least two biological replicates were 

analyzed. 

4.2.15 T cell proliferation assay 

T cell proliferation was assessed using flow cytometry by adapting a published protocol [231]. 

In detail, CD14-depleted PBMCs, obtained as CD14-negative fraction during the CD14+ cell 

isolation described in 4.2.11, were thawed and seeded in RPMI 1640 medium supplemented 

with 5 U/mL rhIL-2 in 48-well plates. At the next day, 1 × 107 CD14-depleted PBMCs were 

stained with 10 µM eFluor 450 Dye following the protocol of the manufacturer. CD14-depleted 

PBMCs were seeded in quadruplicates at 50,000 cells/well in 96-well tissue culture plates and 

stimulated with 1 µg/mL coated anti-CD3 (clone OKT3), 2 µg/mL soluble anti-CD28 and 5 

U/mL rhIL-2. moDCs were added to allogeneic CD14-depleted PBMCs in a ratio of 1:8. After 

co-culture at 37 °C and 5 % CO2 for 4 days, the conditioned medium was collected and analyzed 

by cytokine multiplex assay, as described in 4.2.14. eFluor 450 intensity of CD3+CD4+ and 

CD3+CD8+ T cells was quantified by flow cytometry.  

4.2.16 Total RNA isolation and removal of contaminating DNA 

Total RNA from CD14+ cells or EVs was isolated and contaminating DNA removed using the 

mirVana miRNA Isolation Kit and the TURBO DNA-free Kit, respectively. In brief, 0.5–2 x 

106 cells were harvested from cell cultures and washed with PBS at 2,500 g for 4 min at 4 °C. 

The dry cell pellets were snap frozen on dry ice and stored at -80 °C until RNA isolation. 50 µl 

of TC32 EVs (corresponding to 25 % of total EVs isolated from 60 ml conditioned medium of 

4 x 107 TC32 cells after 19.5 h incubation) were used for RNAse A treatment and subsequent 

RNA isolation. Isolation of total RNA and removal of contaminating DNA was performed 

according to the manufactures instructions. Then, 1 ml 80 % ethanol and 5 µl linear acrylamide 

were added to RNA dissolved in 100 µl DEPC-treated H20. After overnight incubation 

at -20 °C, RNA was pelleted at 10,000 g for 20 min at 4 °C and dissolved in 15 µl DEPC-treated 

H20. RNA concentration and quality was determined by a NanoPhotometer at 260 nm.  
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4.2.17 Reverse transcription 

To investigate gene expression, RNA was reversely transcribed into complementary DNA 

(cDNA) using the High Capacity cDNA Reverse Transcription Kit. In brief, 250–1000 ng RNA 

were adjusted to 14.2 µl and added to 5.8 µl reverse transcription master mix containing 2 µl 

buffer (10x), 2 µl random primers (10x), 0.8 µl dNTPS (100 mM) and 1 µl MultiScribe Reverse 

Transcriptase (50 U/µl). The final reaction volume was 20 µl. The Thermo Cycler settings were 

as follows:  

Step Temperature [°C] Duration [min] 

1 25 10 

2 37 60 

3 37 60 

4 85 5 

5 4  

 

cDNA was quantified and checked for quality photometrically and afterwards subjected to gene 

expression analysis using sqRT-PCR. 

4.2.18 sqRT-PCR 

For analysis of differential gene expression, cDNA was subjected to sqRT PCR. A sqRT-PCR 

reaction contained 50 ng cDNA diluted in 5 µl DEPC-treated H20, 7.5 µl GoTaq qPCR Master 

Mix, 0.75 µl 10 µM forward primer, 0.75 µl 10 µM reverse primer and 1 µl DEPC-treated H20. 

The final reaction volume was 15 µl. sqRT-PCR was performed in MicroAmp Fast Optical 96-

Well Reaction Plates. Gene expression was assessed in technical triplicates. The primer 

sequenced are listed in 4.1.8. DEPC-treated H20 was used as controls for contamination with 

nucleic acids. On the StepOnePlus Real-Time PCR System the steps of PCR reaction were as 

follows: initiation at 94 °C for 90 sec, denaturation at 94 °C for 15 sec, annealing at 60 °C for 

30 sec and polymerase activity at 72 °C for 30 sec. Denaturation, annealing and polymerase 

activity were repeated 44x times. A melting curve analysis was performed in each experiment. 

Gene expression was calculated using the 2-ddCt method. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as housekeeping gene in EV-treated CD14+ cells. 

4.2.19 Agarose gel electrophoresis 

PCR products were separated and visualized using gel electrophoresis and a UV light imaging 

system. In particular, 1 % agarose gel was prepared by dissolving 1.5 g agarose in 150 ml 

1x TAE, boiling in a microwave at 900 Watt for 1–3 min and afterwards adding 4 µl ethidium 

bromide solution (10 mg/ml). After casting and cooling the gel for 60 min, 6 µl containing 1 µl 

DNA gel loading dye (6x), 2 µl PCR products and 3 µl ddH20 were added per lane. The 100 bp 
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DNA ladder was added at a concentration of 0.8 µg/lane. PCR products and the DNA ladder 

were separated at 90 V for 30–60 min and visualized using the BioDoc-It Imaging System. 

4.2.20 Whole transcriptome sequencing 

The preparation of RNA for whole transcriptome sequencing was performed by Valentina 

Evdokimova, PhD. RNA was isolated as described in 4.2.16. RNA integrity was evaluated 

using the RNA 6000 Pico chip and 2100 Bioanalyzer. Strand-specific RNA-seq libraries were 

prepared and quality of libraries confirmed using the KAPA RNA HyperPrep Kit with 

RiboErase (HMR) and Agilent High Sensitivity DNA assay, respectively. Sequencing of 

samples was performed to about 100 M reads per sample with at least 2 × 100 bp on an Illumina 

NovaSeq at the Ontario Institute for Cancer Research, Toronto, Canada. 

4.2.21 Bioinformatical analysis 

The bioinformatical analysis was performed by Peter Ruzanov, PhD at the Ontario Institute for 

Cancer Research, Toronto, Canada. Raw paired-end strand-specific 100-bp reads were aligned 

to the reference human genome build 38 (hg38/GRCh38) using the Bowtie2 aligner v.2.3.5.1. 

Reads of rRNA and tRNA were filtered, and secondary alignments and reads with mapping 

scores less than 30 were excluded. Transcript expression was quantified as the number of 

fragments per kilobase of transcript per million mapped reads (FPKM) with cufflinks suite 

(http://cole-trapnell-lab.github.io/cufflinks/; accessed on 15.12.2020). Statistical analysis and 

plotting of the graphs was performed in R statistical environment with the ggplot2 package 

(https://www.R-project.org/; accessed on 01.12.2020). Immune cell populations were 

deconvoluted based on the transcriptome signature using CIBERSORT [35]. Hallmark gene 

sets of the Molecular Signature Database (MSigDB, http://www.gsea-

msigdb.org/gsea/msigdb/collections.jsp; accessed on 01.03.2020) and published gene data sets 

[36,37] were used to assemble the gene lists for DC, M1 and M2 macrophages, and the ISG 

signature.  

4.2.22 Statistical analysis 

Statistical analysis was performed using R statistical environment and GraphPad Prism 9. 

Statistical tests are indicated in the result section and respective figure legends. For parametric 

data, p values were calculated using the un(paired) two-tailed t-tests and ordinary one-way or 

two-way analysis of variance (ANOVA) in combination with Tukey’s multiple comparison 

tests. For nonparametric values, the Mann-Whitney U test was applied. p values ≤ 0.05 were 

considered statistically significant (* p ≤ 0.05, ** p ≤ 0.01,*** p ≤ 0.001, **** p ≤ 0.0001), or 

http://cole-trapnell-lab.github.io/cufflinks/
https://www.r-project.org/
http://www.gsea-msigdb.org/gsea/msigdb/collections.jsp
http://www.gsea-msigdb.org/gsea/msigdb/collections.jsp
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not significant (ns) when p > 0.05. Illustrations for the experimental layouts were obtained from 

BioRender.com (accessed on 8 October 2020) and figures were generated using PowerPoint. 

The graphical abstract of the proposed model was created in Adobe Illustrator and Adobe 

Photoshop with the help of Dr. Dr. med. Sebastian Schober. 
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5 Results 

5.1 Isolation and characterization of EVs from cell culture supernatant and human 

plasma 

In order to investigate the effect of EwS EVs on myeloid cells, EVs were isolated from 

conditioned medium of EwS A4573, A673, TC32 or TC71 and MRC5 fibroblast cell lines using 

ultrafiltration followed by UC or SEC. EVs from MRC5 fibroblasts were chosen as non-cancer 

EV control, because fibroblasts are present in the TME of EwS and MRC5 cells merely express 

HERV-K(HML2) and HSAT3 [79,232,233]. To examine the effect of blood circulating EVs on 

myeloid cells, EVs were isolated from the plasma of EwS patients and healthy donors using 

ultrafiltration and UC (Table 17: Characteristics of EwS patients and healthy donors in this 

study). 

Modal particle size of EVs isolated by UC from the conditioned medium of A4573, A673, 

TC32, TC71 and MRC5 ranged between 100–170 nm as determined by NTA (Figure 2A). 

Immunoblotting and flow cytometry of three independent EV preparations confirmed the 

presence of EV markers including CD63, CD81 and TSG101, the chaperone proteins Hsp70 

and Hsp90 as well as the cytoskeletal proteins actin and tubulin (Figure 2B, C, Supplementary 

Figure 1A–C). Calnexin, a frequent cellular contaminant, was not detectable (Supplementary 

Figure 1C). 

Since UC can co-pellet proteins and aggregates, which may false positively activate myeloid 

cells, SEC was used as additional method for EV isolation. NTA showed that the median 

particle size was comparable between EVs isolated in parellel by UC and SEC from the 

conditioned medium of A673, TC32 or MRC5 (Supplementary Figure 2A, p > 0.05, two-way 

ANOVA with multiple comparison Tukey test). BCA protein assay confirmed that SEC 

separated proteins from EV fractions (Supplementary Figure 2B). However, the particle count 

was one order of magnitude lower in EV preparations isolated by SEC compared to UC 

(Supplementary Figure 2C). Therefore, EVs isolated by UC were used for the majority of 

functional EV experiments (hereinafter referred to as EVs unless otherwise indicated). 

Immunoblotting confirmed that UC and SEC showed comparable presence of EV markers, 

including Annexin A1, CD81, Syntenin-1 and TSG101 (Supplementary Figure 2D). Calnexin 

was not detectable. Hsp90, and tubulin were also not detectable in these EV preparations in 

contrast to Figure 2 and Supplementary Figure 1, which might indicate exosomes with less 

cytoplasmic contamination from the parental cells [234]. 
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Table 17: Characteristics of EwS patients and healthy donors in this study 

Donor Age/ 

Gender 

Primary site/ 

Status 

Sample/ 

Treatment 

NTA Immuno

blotting 

PrimeFlow RNAassay: 

EVs/Frequency/Phenotype 

EwS 1 11/M Thigh, multifocal, osseous/localized Diagnosis/before x   x  

EwS 2 14/F Clavicle, osseous/ bone metastasis Diagnosis/before x   x  

EwS 3 16/F Kidney, extraosseous/lung metastasis Diagnosis/before x x x x  

EwS 4 11/F Mandible, osseous/ lung metastasis Relapse/after x     

EwS 5 16/M Clavicle, osseous/ localized Diagnosis/before x     

EwS 6 17/M Femur, osseous/ localized Diagnosis/before x  x x  

EwS 7 3/M Femur, osseous/ localized Diagnosis/before x x  x  

EwS 8 16/F Pelvis, osseous/lung metastasis Diagnosis/before x x  x  

EwS 9 13/M Multifocal, osseous/multiple metastasis Relapse/after x x  x  

EwS 10 4/F Multifocal, osseous/multiple metastasis Relapse/after x  x x  

EwS 11 8/F Os sacrum, osseous/bone marrow metastasis Diagnosis/before x  x x  

EwS 12 13/F Femur, osseous/localized Diagnosis/before x   x  

EwS 13 12/F Femur, osseous/localized Diagnosis/before x   x x 

EwS 14 10/M Clavicle, osseous/localized Diagnosis/before     x 

EwS 15 9/M Clavicle, osseous/localized Diagnosis/before     x 

EwS 16 8/M Radius, osseous/localized Diagnosis/before     x 

Healthy 1 54/F - - x x x x x 

Healthy 2 58/F - - x x x x x 

Healthy 3 58/M - - x x x x x 

Healthy 4 58/M - -  x x   

Healthy 5 46/F - -    x x 

Healthy 6 28/M - -    x x 

Healthy 7 48/M - -    x  
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Figure 2 Isolation and characterization of EVs from cell culture supernatant and human plasma.  
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(A) Size distribution of EV preparations isolated by ultrafiltration and UC from conditioned medium of EwS cell 

lines A4573, A673, TC32 and TC71 and MRC5 fibroblasts. NTA results of three independent EV preparations 

(dotted line) and the respective mean (solid line) is displayed. (B) Immunoblotting of EwS cell line EVs for EV 

markers CD63 and CD81, chaperone proteins Hsp70 and Hsp90, and cytoskeleton proteins actin and tubulin. (C) 

Flow cytometry of EwS and MRC5 EV preparations coupled with 4.0 µm latex beads detecting EV markers CD63 

or CD81 (solid lines) and respective isotype controls (dashed lines). Representative results of three independent 

EV preparations is displayed. (D) Size distribution of EV preparations isolated by UC from plasma of EwS patients 

and healthy donors. NTA results of three independent EV preparations (dotted line) and the respective mean (solid 

line) is presented. (E) Immunoblotting of plasma EVs from three independent healthy donors and EwS patients 

for EV markers CD81 and TSG101, Hsp70 and actin.  

Comparable to cell line EVs, NTA of EVs isolated from 1 ml plasma of EwS patients and 

healthy donors exhibited similar modal size of 110 nm and 123 nm (Figure 2D). 

Immunoblotting of plasma EV preparations confirmed the presence of EV markers CD81 and 

TSG101 as well as Hsp70 (Figure 2E). In contrast to healthy donor plasma EVs, actin was 

undetectable in EwS patient plasma EVs, which might indicate exosomes with less cytoplasmic 

contamination, as mentioned above.  

EVs from EwS patient plasma and EwS cell lines were shown to be associated with RE and 

satellite transcripts [121]. To test whether RE and satellite repeats are carried within or outside 

of EwS EVs, TC32 EVs isolated by UC were sonicated, treated with RNAse A or exposed to 

both conditions. Sonication alone did not affect RE and satellite transcripts, while the addition 

of RNAse A to EV preparations degraded HERV-K env, HERV-K pro, HSAT2, LINE-1, 

ACRO1 and GAPDH (Supplementary Figure 3A,B). This result might either indicate that 

RNAs including RE and satellites are exposed on the outside of EwS EVs or degraded by 

remaining traces of RNAse A during RNA isolation. The latter possibility is supported by the 

finding that the addition of RNAse A to MUTZ-3 cells before RNA isolation degraded total 

RNAs during the subsequent RNA isolation (Supplementary Figure 3C). Hence, RNAse A-

treatment with complete inactivation or removal of RNAse A is needed to analyze whether REs 

are exposed at the outside or localized within EVs. Further studies are required to examine the 

mechanisms by which RE are released from EwS cells and how they are transported.  

5.2 EwS cell line EVs induce a pro-inflammatory response in myeloid cells 

To evaluate the functional effect of EwS EVs on blood-circulating myeloid cells, CD33+ 

myeloid cells and CD14+ monocytes were purified from the blood of healthy donors and treated 

in dose- and time-dependent manners with EwS cell line EVs in vitro.  

First, the effect of EV preparations on the release of TNF, a major pro-inflammatory cytokine 

[235], from myeloid cells was tested. Cytokine singleplex assay showed that TNF was strongly 

elevated in the supernatant of CD14+ monocytes after 6-h treatment with three independent EV 

preparations from the EwS cell lines A4573, A673, TC32 and TC71. In contrast, PBS-, MRC5 

EV- and healthy donor plasma EV-treated CD14+ monocytes did not release TNF (Figure 3). 
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Next, conditioned medium of CD33+ myeloid cells and CD14+ monocytes treated with EwS 

A4573, A673 and TC32 EVs for 24 h was analyzed by cytokine multiplex assay. In addition to 

TNF, the pro-inflammatory cytokines IL-1β, IL-6 and IL-8 as well as the chemokines CCL2, 

CCL3 and CCL4 were increased by 10–1,000-fold compared to PBS-treated cells (Figure 4A, 

B). CD33+ and CD14+ cells exhibited a similar cytokine response, with A4573 EVs inducing 

the strongest cytokine release (Figure 4A,B). In contrast to healthy donor plasma EVs, the 

release of IL-6, IL-8 and TNF from CD33+ cells was dose-dependently induced by A4573 EVs 

(Figure 4C). These cytokines were not detected in conditioned medium spiked in with A4573 

EVs, therefore ruling out a cytokine transfer by EVs. Despite medium change after 6-h 

treatment with A673 EVs, CD33+ cells released IL-6 and IL-8 in a sustained and concentration-

dependent manner at 24 h, whereas MRC5 EVs did not induce IL-6, IL-8 or TNF secretion 

(Figure 4D). Similarly, TC32 and TC71 EVs stimulated persistent TNF release from CD14+ 

cells (Figure 4E). To test if EwS EVs prompt a pro-inflammatory response during 

differentiation of myeloid cells, CD33+ cells were differentiated towards immature moDCs with 

GM-CSF and IL-4 in the presence of EVs. In comparison to PBS, TC32 EVs induced 16- and 

480-fold increases of TNF (p > 0.05) and IL-6 (p ≤ 0.05), which despite medium change 

persisted after 120 h (Figure 4F, unpaired two-tailed t-test). MRC5 EVs showed a slight 

induction of TNF and IL-6. In summary, EwS cell line EVs induced sustained pro-inflammatory 

responses in CD14+ and CD33+ myeloid cells.  

 

Figure 3 EwS EVs induce TNF release from CD14+ monocytes. 

TNF singleplex assay of cell culture supernatant from healthy donor-derived CD14+ monocytes treated for 6 h 

with three independent EV preparations (3 x 109 EV particles/ml) of EwS cell lines A4573, A673, TC32 and TC71, 

healthy donor plasma, MRC5 fibroblasts or PBS as control (Ctrl). 



 

48 

 

 

Figure 4 EwS EVs induce persistent pro-inflammatory cytokine release from CD33+ and CD14+ myeloid 

cells. 
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(A–F) Results of cytokine multiplex assays of conditioned medium are shown. (A) CD33+ and (B) CD14+ myeloid 

cells were treated with 3 x 109 EV particles/ml from EwS cell lines A4573, A673 and TC32 for 24 h. (C) CD33+ 

myeloid cells were treated for 24 h with indicated amount of EVs from A4573 or healthy donor plasma. (D) CD33+ 

and (E) CD14+ monocytes were treated for 6 h with indicated amount of EVs from TC32 and TC71 or PBS as 

control (Ctrl) before medium was renewed and incubated for another 18 h. (F) CD33+ myeloid cells were 

differentiated with GM-CSF and IL-4 in the presence of 3 x 109 EV particles/ml from TC32 or MRC5 or PBS as 

Ctrl. Medium was renewed after 72 h and incubated for another 48 h. Results were obtained from one (E), two 

(C), or three (A,B,D,F) independent donors with one (D), two (C), or three (A,B,E,F) independent EV preparations. 

Data are presented as mean ± SD. Unpaired two-tailed t-test was used to calculate p values (E). * p ≤ 0.05. 

5.3 EwS cell line EVs impair the differentiation and maturation of myeloid cells towards 

moDCs 

Because EwS EVs induced persistent pro-inflammatory responses in CD33+ and CD14+ 

myeloid cells, we hypothesized that EwS EVs interfere with the maturation of myeloid cells 

towards DCs. To this end, an established in vitro model was used for the differentiation and 

maturation of CD14+ and CD33+ myeloid cells towards moDCs by the addition of cytokine 

cocktails containing GM-CSF and IL-4 followed by IL-1β, IL-6, PGE2 and TNF [46]. EwS EVs 

and MRC5 EVs were added on day 0 and 3 of differentiation as well as on day 5 during 

maturation. At day 7, the phenotype of moDCs was assessed by flow cytometry (Figure 5A,E).  

EwS A673, TC32 and TC71 EVs added to CD14+ cells on day 0 of differentiation 

significantly impaired the upregulation of the co-stimulatory molecules CD80 and CD86 as 

well as the antigen-presenting molecule HLA-DR compared to PBS- or MRC5 EV-treated cells 

(Figure 5B, p ≤ 0.05, one-way ANOVA with multiple comparison Tukey test). This effect was 

consistently induced by three independent TC32 EV preparations (Figure 5C, p ≤ 0.05, unpaired 

two-tailed t-test). In CD33+ cells differentiated and maturated to moDCs, TC32 EVs added on 

day 0 significantly inhibited the upregulation of HLA-DR, while changes in CD80 and CD86 

were not statistically significant (Figure 5D, p ≤ 0.05, paired two-tailed t-test). The addition of 

TC32 EVs to CD33+ or CD14+ cells on day 0, but not on days 3 or 5, significantly reduced the 

viability and upregulation of CD80, CD86 and HLA-DR (Figure 5E, Supplementary Figure 

4A–D, p ≤ 0.05 unpaired and paired two-tailed t-test). Taken together, EwS EVs impaired the 

differentiation and maturation of myeloid cells at an early stage resulting in semi-mature 

moDCs. 
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Figure 5 EwS EVs impair the differentiation and maturation of myeloid cells to moDCs at an early stage. 

(A) Experimental layout (B–D). Healthy donor-derived CD14+ or CD33+ myeloid cells were differentiated by 

GM-CSF and IL-4 for 5 days and matured to moDCs by IL-1β, IL-6, PGE2 and TNF for 2 additional days. 3 x 109 

EV particles/ml from A673, TC32 or TC71 or MRC5 cells or PBS as control (Ctrl) were added on day 0. At day 

7, surface expression of CD80, CD86 and HLA-DR was assessed by flow cytometry. (B) Geometric mean 

fluorescence intensity (gMFI) normalized to the respective isotype (IT) control of CD80, CD86 and HLA-DR on 

CD14+ myeloid cells treated with EVs from MRC5, A673, TC32 and TC71 cells or PBS as Ctrl. Fold change to 

Ctrl is shown. (C) gMFI normalized to IT of CD80, CD86 and HLA-DR on CD14+ myeloid cells treated with 

three independent TC32 EV preparations. (D) gMFI normalized to IT of CD80, CD86 and HLA-DR on CD33+ 

myeloid cells treated with EVs from MRC5 or A673 cells or PBS as Ctrl. (E) Representative pseudocolor plots of 

CD80, CD83, CD86, HLA-DR and respective IT antibodies on CD14+ or CD33+ myeloid cells treated with TC32 

EVs added on day 0 or 3 of differentiation or day 5 during maturation, or PBS as Ctrl. Results were derived from 

one (C) or three (B,D,E) independent donors with three independent EV preparations (B–E). Data are presented 

as mean ± SD. P values were calculated using one-way ANOVA with multiple comparison Tukey test (B), 

unpaired (C) and paired (D) two-tailed t-tests. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.001. 

5.4 EwS cell line EVs modulate gene expression of myeloid cells associated with 

inflammatory responses and semi-mature phenotype  

As exposure to EwS EVs resulted in a semi-mature phenotype of moDCs, it was tested whether 

EwS EVs disturb the transcriptome in myeloid cells, inducing pro-inflammatory as well as 

immunosuppressive gene expression. 

CD14+ cells were differentiated to immature moDCs with GM-CSF and IL-4 in the presence 

of PBS or EVs from TC32 or TC71 and harvested after four days (Figure 6A). Whole 
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transcriptome sequencing showed that 8254/10519 (81 %) genes were commonly regulated 

between the PBS control and EV-treated cells (Figure 6B). EVs from TC32 and TC71 

commonly regulated 412 genes in CD14+ cells, whereby 331 and 196 genes were specifically 

regulated by TC32 EVs and TC71 EVs, respectively. CIBERSORT analysis identified that 

CD14+ cells differentiated in the presence of EwS EVs displayed decreased fractions of 

“Dendritic cells activated” and increased signatures of monocytes and macrophages (Figure 

6C), suggesting a relation between EwS EVs and the prevalence of these immune cell types in 

the TME of EwS [67,69]. Subsequently, hallmark genes for M1 and M2 macrophages as well as 

DCs were analyzed, where TC32 EVs and TC71 EVs shared effects compared to the control 

cells (Figure 6D). For M1, EwS EVs upregulated genes encoding pro-inflammatory cytokines 

IL1B, IL6, IL8/CXCL8, TNF and CCL4, in line with cytokine multiplex data in Figure 4, as well 

as the receptors IL7R and CCR7, a marker for DC maturation. Regarding M2 genes, EwS EVs 

induced the anti-inflammatory cytokines IL10, TGFβ and CCL18, the receptors IL21R [236], 

IL27RA [237], CXCR4 [238], HLA-G [239] as well as the immune checkpoint ligand 

CD274/PDL1. Hallmark transcription factors STAT3 for MDSCs and TRIB1 for M2 

macrophages were also upregulated [240,241]. In the DC signature, genes associated with 

maturation showed opposing expression patterns: CD80, CD209 and LAMP3 were induced, 

whereas CD86, HLA-DRA and HLA-DRB were downregulated in line with flow cytometry data 

shown in Figure 5, indicating semi-mature phenotypes. Opposing expression patterns induced 

by TC71 vs TC32 EVs may reflect the biological heterogeneity of the parental cell lines and 

their respective EVs, which requires further investigations. 

Because EwS EVs were reported to be associated with RE and satellite repeats [121], the 

expression of ISGs including cytosolic and endosomal RNA sensing and type I IFN response 

was analyzed. EwS EVs activated a distinct pattern of ISGs in CD14+ cells compared to the 

PBS control (Figure 6E). The presence of EwS EVs upregulated the dsRNA sensors 

IFIH1/MDA5 and DDX58/RIG-I, the viral restriction factors OASL, MX1, IFITM1-3 and IFI6 

as well as the IFN receptors IFNAR1/2. These findings may suggest sensing of nucleic acids 

and type I IFN signaling in EV-treated CD14+ cells. In summary, EwS EVs strongly altered 

gene expression during differentiation of CD14+ cells, in line with induction of pro-

inflammatory and antiviral signaling as well as a semi-mature DC phenotype. 
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Figure 6 EwS EVs promote pro- and anti-inflammatory gene expression in CD14+ monocytes differentiated 

to immature moDCs. 

(A) Experimental layout (B–E). Healthy donor-derived CD14+ monocytes cells were differentiated by GM-CSF 

and IL-4 in the presence of 3 x 109 EV particles/ml from TC32 or TC71 cells or PBS as Control. Medium was 

renewed at day 3 and cells were harvested at day 4 for whole transcriptome analysis. (B) Venn diagram displaying 

the overlap between expressed genes (≥ 10 FPKM) in CD14+ cells treated with EwS EVs or PBS. (C) CIBERSORT 

analysis quantifying the fractions of four myeloid cell sub-populations in CD14+ monocytes differentiated in the 

presence of EwS EVs or PBS. (D, E) Heatmaps of signature genes for M1 and M2 macrophages, DC (D) or ISGs 

(E) using gene list adapted from the MSigDB Hallmark database or publicly available gene sets. Genes displayed 

are assembled in the categories cytokines (blue), surface molecules (red), regulatory proteins (green), and toll-like 

receptors (TLR, pink). Data represent expression values sorted according to fold change in TC32 and TC71 EV-

treated CD14+ cells compared to Control. Visualizations were created using FPKM values computed with 

cufflinks, scaled, and centered prior to plotting. 
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5.5 EwS cell line EVs reduce the T cell stimulatory capacity of moDCs 

To evaluate their functionality, moDCs differentiated and matured in the presence of EwS or 

MRC5 EVs were co-cultured with allogeneic CD14-depleted PBMCs for 96 h. T cell activation 

and proliferation were quantified by cytokine multiplex assay and flow cytometry (Figure 7A).  

After 96-h co-culture, the release of the T cell effector molecule IFNγ was significantly 

reduced when CD14+ cells were differentiated in the presence of TC32 EVs compared to MRC5 

EVs and the PBS control, while IL-10 and IL-6 were significantly upregulated (Figure 7B, p ≤ 

0.05, Mann-Whitney U test). TNF was unselectively released when CD14+ cells were 

differentiated in the presence of both TC32 EVs and MRC5 EVs, in line with slight TNF 

secretion from CD33+ cells differentiated in the presence of MRC5 EVs (Figure 4F).  

In addition to the reduced IFNγ release, the proliferation of CD8+ T cells and particularly 

CD4+ T cells was significantly decreased when CD14-depleted PBMCs were co-cultured with 

moDCs differentiated in the presence of A673 and TC32 EVs, but not MRC5 EVs or the PBS 

control (Figure 7C, p ≤ 0.01 and p ≤ 0.001, one-way ANOVA with multiple comparison Tukey 

test). Consistent with decreased proliferation, the early T cell activation marker CD69 was 

significantly less upregulated on allogeneic CD8+ T cells when co-cultured for 24 h with EwS 

EV-pretreated moDCs compared to MRC5 EVs and the PBS control (Supplementary Figure 

5A,B, p ≤ 0.05, one-way ANOVA with multiple comparison Tukey test). The surface 

expression of CD25 was unchanged (Supplementary Figure 5A,B). Even though the detailed 

mechanisms need to be investigated, these data suggest that the differentiation of CD14+ 

monocytes in the presence of EwS cell line EVs leads to semi-mature DCs with reduced T cell 

stimulatory capacity. 

5.6 EwS EVs induce cGAS signaling and type I IFN secretion in myeloid cells 

To explore a potential mechanism of the pro-inflammatory response induced by EwS EVs in 

myeloid cells, MUTZ-3, an acute myelomonocytic leukemia cell line capable of differentiation 

to DCs [242], and CD14+ monocytes were treated with EwS EVs.  

Protein content of tumor-derived EVs was reported to induce a pro-inflammatory response 

in myeloid cells by transferring heat shock proteins, which signal via TLR4 on myeloid cells 

inducing pro-inflammatory cytokine release [117,243]. As Hsp70 and Hsp90 were detected in 

EwS EV preparations (Figure 2, Supplementary Figure 1), EwS EVs were used for the treatment 

of MUTZ-3 myeloid cells, shown to be deficient in TLR4 signaling [244]. 
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Figure 7 EwS EVs impair the T cell stimulatory capacity of moDCs. 

(A) Experimental layout (B, C). Healthy donor-derived CD14+ monocytes were differentiated by GM-CSF and 

IL-4 for 5 days and matured to moDCs by IL-1β, IL-6, PGE2 and TNF for 2 additional days. 3 x 109 EV particles/ml 

from A673, TC32 or MRC5 cells or PBS as control (Ctrl) were added on day 0. At day 7, allogeneic CD14-

depleted PBMCs were labeled with eFluor450 dye, stimulated with IL-2, soluble antiCD28 and coated antiCD3 

(OKT3) antibodies, and co-cultured with EV-pretreated CD14+ moDCs for 96 h. (B) IFNγ, IL-6, IL-10 and TNF 



 

55 

 

were quantified in the conditioned medium by cytokine multiplex after 96-h co-culture. (C) Proliferation of 

CD3+CD4+ and CD3+CD8+ T cells was assessed by e450 fluorescence intensity detected by flow cytometry. 

Representative histograms (top) and bar charts (bottom) are shown. Results were obtained from two (B) or three 

(C) independent donors with two (B) or three (C) independent EV preparations. Data are presented as mean ± SD. 

Mann-Whitney U test (B) and one-way ANOVA with multiple comparison Tukey test (C) were used to calculate 

p values. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 

In contrast to the TLR4-agonist LPS, EwS EVs induced TNF secretion from MUTZ-3 cells 

(Figure 8A, p ≤ 0.05, one-way ANOVA with multiple comparison Tukey test), indicating that 

EwS EVs can activate pro-inflammatory signaling in MUTZ-3 cells independent of TLR4 

signaling. Furthermore, CD14+ cells differentiated to immature moDCs in the presence of TC32 

and TC 71 EVs did not upregulate TLR2, TLR4 and MYD88 (Figure 6D,E), suggesting signaling 

independent or in addition to the Hsp-TLR axis in myeloid cells. 

In line with TNF secretion from MUTZ-3 cells in a TLR4 independent manner, 24-h 

treatment of CD14+ cells with TC32 SEC EVs induced cGAS, a RNA-DNA hybrid sensor, and 

the phosphorylation of the downstream kinase TBK1 as shown by immunoblotting (Figure 8B). 

TC32 EVs isolated by UC had weak effects on cGAS and pTBK1. RIG-I was only induced by 

the positive controls LPS and poly(I:C), a dsRNA mimic binding to MDA5, RIG-I and TLR3 

(Figure 8B). As cGAS activation promotes type I IFN production, it was tested by cytokine 

multiplex assay if EV-treated myeloid cells release type I IFNs. Indeed, healthy donor PBMCs 

treated with TC32 EV for 24 h secreted more IFNα compared to the PBS control (Figure 8C). 

A4573 EVs, but not healthy donor plasma EVs, stimulated a dose-dependent IFNα-release from 

CD33+ cells after 24 h (Figure 8D). Lastly, IFNβ was significantly elevated in the supernatant 

from the 96-h co-culture of allogeneic CD14-depleted PBMCs and moDCs differentiated in the 

presence of TC32 EVs compared to MRC5 EVs and PBS controls (Figure 8E, p ≤ 0.01 and p ≤ 

0.001, one-way ANOVA with multiple comparison Tukey test). Although further investigations 

are needed to study the mechanisms, EwS EVs might promote pro-inflammatory signaling and 

type I IFN secretion in myeloid cells via cGAS and potentially other nucleic acid sensors. 
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Figure 8 EwS EVs induce cGAS signaling and type I IFN secretion in myeloid cells. 

(A) MUTZ-3 were treated with PBS as control (Ctrl), LPS (1 mg/ml) and indicated EVs (3x109/ml) for 6 h. CD14+ 

myeloid cells were treated in parallel with PBS or LPS (1 mg/ml) as positive control. Cell culture supernatant was 

analyzed by TNF singleplex assay. (B) Immunoblotting for cGAS, pTBK1, TBK1, RIG-I and actin of CD14+ 

monocytes treated for 24 h with 5 x 109 EV particles/ml from TC32 isolated by UC and SEC as well as the protein 

fraction of SEC. SEC EV and protein flow through were collected in three equal consecutive fractions. PBS was 

used as negative control, LPS (1 ng/ml) and poly(I:C) (2 µg/ml) as positive controls. (C–E) Cytokine multiplex 

assay quantifying IFNα (C, D) and IFNβ (E) in the cell culture supernatant. (C) Healthy donor PBMCs were treated 

with 4 x 1010 TC32 EVs/ml or PBS as Ctrl for 24 h. (D) Healthy donor CD33+ myeloid cells were treated with 

indicated amount of EVs derived from A4573 or healthy donor plasma or PBS as Ctrl. (E) 96 h-co-culture of EV-

pretreated CD14+ moDCs and allogeneic CD14-depleted PBMCs, stimulated with soluble antiCD28 antibodies, 

coated antiCD3 antibodies (OKT3) and IL-2. The results from two (A, C, D, E) biological and three (B) technical 

replicates are shown. Data are presented as mean ± SD. One-way ANOVA with multiple comparison Tukey test 

(A, E) was used to calculate p values. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 
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5.7 EwS EVs lead to accumulation of RE and satellite repeats in CD33+ and CD14+ 

myeloid cells 

Because of the induction of cGAS and type I IFNs, we hypothesized that EwS EVs transfer RE 

and satellites into recipient myeloid cells.  

Healthy donor PBMCs were treated for 48 h with EVs derived from plasma of healthy 

donors and EwS patients as well as with EVs from EwS cell lines. The expression of HERV-

K pol and HSAT2 was quantified using PrimeFlow RNA assay. The strongest effect for EwS 

EV-induced HERV-K pol and HSAT2 accumulation was observed in the CD33+ myeloid cells 

(19.2–47.3 %) compared to CD4+ (1.1–10.5 %), CD8+ (2.7–11.4 %) and CD19+ (4.4–9.1 %) 

lymphocytes (Figure 9A), suggesting that EwS EVs might primarily affect myeloid cells. In 

contrast to healthy donor plasma EVs, EVs from EwS cell lines and EwS patient plasma lead 

to a significantly accumulation of HERV-K pol- (4.8 % vs. 30.6 % vs. 47.3 %, p ≤ 0.01 and p ≤ 

0.0001, one-way ANOVA with multiple comparison Tukey test) and HSAT2- (1.3 % vs. 28.0 

% vs. 42.8 %, p ≤ 0.001 and p ≤ 0.0001, one-way ANOVA with multiple comparison Tukey 

test) positive CD33+ myeloid cells (Figure 9A). 

To verify the EwS EV-mediated accumulation of RE and satellite repeats, CD14+ monocytes 

were treated with EVs isolated by UC and SEC from A673, TC32 or MRC5, and gene 

expression was quantified by sqRT-PCR. HERV-K pro and HSAT2 dose-dependently 

accumulated in CD14+ monocytes after 48-h treatment with increasing doses of TC32 UC EVs 

(Figure 9B). Moreover, HERV-K pro and HSAT2 were both upregulated in CD14+ monocytes 

treated with A673 and TC32 UC EVs, but not when exposed to MRC5 UC EVs or PBS (Figure 

9C, p ≤ 0.05 and p 0.066, unpaired two-tailed t-test). EVs isolated from A673 by UC as well as 

SEC significantly and dose-dependently upregulated HERV-K pro (p ≤ 0.001 and p ≤ 0.0001) 

and HSAT2 (p ≤ 0.001 and p ≤ 0.01, unpaired two-tailed t-test) in CD14+ cells (Figure 9D), 

indicating that EwS EVs upregulate RE and satellites independent of the EV isolation method. 

Notably, the SEC protein fraction (adjusted to 52.8 µg equivalent to 1x1010 A673 UC EV 

particles containing 52.8 µg protein) also upregulated HERV-K pro and HSAT2 (Figure 9D, 

p ≤ 0.001, unpaired two-tailed t-test). This suggests that the SEC protein fractions either 

contained HERV-K pro and HSAT2 transcripts and transferred them into CD14+ cells or 

induced the endogenous expression of RE and satellite repeats.  
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Figure 9 EwS EVs upregulate HERV-K pol, HERV-K pro and HSAT2 in myeloid cells. 

(A) PrimeFlow RNA assay simultaneously detecting HERV-K pol (left panel) and HSAT2 (right panel) RNA 

probes and surface expression of leukocyte lineage markers. Healthy donor PBMCs were treated with indicated 

EVs (2 x 109/ml) for 48 h. (B) HERV-K pro and HSAT2 expression was quantified by sqRT-PCR in CD14+ 

monocytes treated with indicated amount of TC32 EVs or PBS as control (Ctrl) for 48 h. (C) HERV-K pro and 

HSAT2 expression were quantified by sqRT-PCR in CD14+ monocytes treated for 24 h with 3 x 109 EVs/ml from 

MRC5, A673 or TC32 cells or PBS as Ctrl. (D) HERV-K pro and HSAT2 expression were quantified by sqRT-
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PCR. CD14+ monocytes were treated for 24 h either with indicated amount of A673 EVs isolated by UC or SEC, 

or by the SEC protein fraction equivalent in protein amount to A673 UC EVs. The results were obtained from two 

independent experiments (A) and one (A, D), two (C) or three (B) independent donors. Data are presented as mean 

± SD. One-way ANOVA with multiple comparison Tukey test (A) and unpaired two-tailed t-test (C, D) were used 

to calculate p values. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 

Next, the effect of EwS EVs, MRC5 EVs, PBS, LPS and poly(I:C) on further repeat 

elements, cytosolic RNA sensors and ISGs was analyzed by sqRT-PCR. In contrast to EVs 

isolated by UC or SEC from MRC5 (Figure 10A), TC32 UC EVs (Figure 10B) as well as A673 

UC and SEC EVs (Figure 10C) dose-dependently upregulated RE including HERV-K pro, 

HERV-K env and LINE-1 as well as the satellites HSAT2 and ACRO1. A673 EVs also induced 

DDX58/RIG-I and IFITM3. Further ISGs, in particular IFI6, IFI16, IFI30, IFI35, IFNAR1, 

IFTITM1, IFITM2 and MX1, were unchanged by TC32 or A673 EVs (Supplementary Figure 

6A,B). This could be due to shorter treatment duration in comparison to Figure 6E. MRC5 EVs 

did not upregulate REs, satellites, cytosolic RNA sensors or ISGs, but dose-dependently 

induced IL-10. Poly(I:C) induced HERV-K pro, HSAT2, ACRO1, LINE-1, MDA5, DDX58, 

OASL and IFNα, implying that the activation of nucleic acid sensors induces expression of RE 

and satellite repeats. LPS did not upregulated RE or satellites (Figure 10D), suggesting that 

these elements are not responsive to TLR4 signaling or donor-dependently regulated [245,246]. 

In CD14+ cells of one healthy donor, RE and satellites were downregulated by EwS EVs, 

MRC5 EVs and poly(I:C) (Supplementary Figure 7A–D), while IL-6 and IL-10 were again 

dose-dependently induced by EwS EVs as observed before (Figure 4, Figure 6 and Figure 10). 

Therefore, RE and satellites might be expressed at basal levels in myeloid cells of healthy 

donors and are modulated in response to pro-inflammatory stimuli. 

In summary, EV-induced RE accumulation was assessed in CD33+ or CD14+ myeloid cells of 

five independent donors. RE transcripts and ISGs were upregulated in three (Figure 9), 

unchanged in one (data not shown) and downregulated in one donor (Supplementary Figure 7). 

Additional studies are needed to investigate the expression of RE and satellite repeats in 

response to EwS EVs and pro-inflammatory stimuli, and to investigate, if RE and satellite 

repeats are transferred into myeloid cells by EwS EVs. Taken together, EwS EVs lead to the 

accumulation of RE and satellite transcripts in myeloid cells, which might be due to endogenous 

re-expression rather than EV-mediated transfer. 
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Figure 10 EwS EVs upregulate RE, satellite repeats and ISGs in CD14+ monocytes. 
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(A–D) CD14+ monocytes were seeded for 18 h in X-VIVO medium containing 1 % human AB serum and GM-

CSF (80 U/ml), and treated for 24 h with indicated amount of EVs isolated by UC and SEC from MRC5 (A), TC32 

(B) and A673 (C) cells or PBS as control (Ctrl). LPS (1 ng/ml) and poly(I:C) (2 µg/ml) were used as positive 

controls (D). Gene expression was quantified by sqRT-PCR. Results were obtained from one independent donor. 

Data are presented as mean ± SD. 

5.8 EwS patients harbor increased frequency of blood circulating CD33+ myeloid cells 

expressing HERV-K pol and HSAT2 

To investigate the phenotype and expression of repeat elements in blood circulating myeloid 

cells, PBMCs of EwS patients and healthy donors (Table 17) were compared by PrimeFlow 

RNA assay. EwS patients showed an increased frequency of circulating CD33+ myeloid cells 

positive for HERV-K pol (Figure 11A, top panel 22.7 % vs. 1.7 %, p ≤ 0.0001, Mann-Whitney 

U test) and HSAT2 (Figure 11B, bottom panel 22.5 % vs. 2.9 %, p ≤ 0.001, Mann-Whitney U 

test) compared to healthy donors. Additionally, HERV-K pol expressing CD8+ T cells were 

significantly elevated in EwS patients (Figure 11A, top panel 15.1 % vs. 0.4 %, p ≤ 0.0001, 

Mann-Whitney U test). The frequency of CD33+ HERV-K pol+ or HSAT2+ myeloid cells did 

not correlate with plasma cytokines or plasma EV particle count (data not shown). In EwS 

patients, CD33+ myeloid cells were significantly expanded in CD45+ PBMCs (Figure 11B, 

10.6 % vs. 4.8 %, p ≤ 0.05, Mann-Whitney U test) and displayed significantly higher number 

of CD33+HLA-DR- myeloid cells compared to healthy donors (Figure 11C, 45.1 % vs. 16.0 %, 

p ≤ 0.05, Mann-Whitney U test). While HERV-K pol and HSAT2 were almost undetectable in 

CD33+HLA-DR+/positive myeloid cells, significantly more CD33+HLA-DR-/negative myeloid cells 

of EwS patients expressed HERV-K pol (Figure 11D, left panel, 12.9 % vs. 2.1 %, p ≤ 0.05, 

Mann-Whitney U test), and showed increase of HSAT2 (Figure 11D, right panel, 18.7 % vs. 

3.2 %, p = 0.11, ns, Mann-Whitney U test) in comparison to healthy donors. As the expression 

of RE and satellites varies with age [247], the age difference between EwS patients and healthy 

donors is a limitation in this study and needs further investigations. 

Of note, in this EwS patient cohort the relative frequencies of CD4+ T cells (Supplementary 

Figure 8A, 64.4 % vs. 28.8 %, p ≤ 0.001, Mann-Whitney U test) and CD19+ B cells 

(Supplementary Figure 8B, 5.6 % vs. 3.8 %, p ≤ 0.05, Mann-Whitney U test) were significantly 

reduced compared to the healthy donors, which needs further investigation. The frequency of 

CD8+ T cells did not differ (Supplementary Figure 8A). 

In summary, the blood circulating CD33+ myeloid cells of EwS patients are expanded, 

display a MDSC-like phenotype and express more frequently HERV-K pol and HSAT2. 
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Figure 11 CD33+ myeloid cells expressing HERV-K and HSAT2 are expanded and show MDSC-like 

phenotype in the blood of EwS patients. 

(A–D) PrimeFlow RNA assay of PBMCs from healthy donors and EwS patients. (A) Expression of HERV-K pol 

(top panel) and HSAT2 (bottom panel) in CD4+ or CD8+ T cells, CD19+ B cells or CD33+ myeloid cells of CD45+ 

PBMCs from healthy donors (n = 6) or EwS patients (n = 11). (B) Frequency of CD33+ myeloid cells among 

CD45+ PBMCs of healthy donors (n = 6) or EwS patients (n = 11). (C) Frequency of CD33+HLA-DR- myeloid 

cells among CD45+CD33+PBMCs of healthy donors (n = 5) and EwS patients (n = 4). (D) HERV-K pol and 

HSAT2 expression in CD33+ cells positive or negative for HLA-DR of healthy donors (n = 5) and EwS patients 

(n = 4). Data are presented as box plots with min, median and max. (A–D) Mann-Whitney U test was used to 

calculate p values. * p ≤ 0.05, *** p ≤ 0.001 and **** p ≤ 0.0001. 
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6 Discussion 

Because EwS are often infiltrated by macrophages with an immunosuppressive M2 

transcriptome signature and EVs mediate cell-cell communication, the hypothesis of this study 

was that EwS EVs induce immunosuppressive myeloid cells. In this study, EwS EVs stimulated 

pro- and anti-inflammatory cytokine release from healthy donor-derived CD33+ and CD14+ 

myeloid cells and impaired their maturation promoting semi-mature DCs with reduced T cell 

stimulatory capacity. In parallel, EwS EVs lead to the accumulation of RE and satellite repeat 

transcripts accompanied by antiviral signaling in these myeloid cells. In EwS patients, CD33+ 

myeloid cells expressing HERV-K pol and HSAT2 were expanded and displayed a MDSC-like 

phenotype (CD33+HLA-DR-). Therefore, EwS EVs may pathologically activate circulating and 

tumor-infiltrating myeloid cells skewing transcription, maturation and functionality (Figure 

12). 

 

Figure 12 Proposed model: EwS EVs pathologically activate circulating and tumor-infiltrating myeloid cells 

skewing transcription, maturation and functionality. 

6.1 EwS EVs pathologically activate myeloid cells and impair their T cell stimulatory 

function 

This proposed model of pathological activation is based on the following three experimental 

findings. First, EwS EVs isolated by two independent methods induced expression and release 

of the pro-inflammatory cytokines IL-6, IL-8 and TNF as well as immunosuppressive IL-10. 

These findings are in line with results of EVs from various hematological and solid tumors 

[116,117,243,248]. The release of pro-inflammatory cytokines persisted despite medium change 

during DC differentiation and in subsequent co-cultures with allogeneic CD14-depleted 

PBMCs. IL-6 was shown to alter DC differentiation and T cell responses [249], therefore 

sustained pro-inflammatory cytokine-release induced by EwS EVs may affect the function of 

tumor-infiltrating myeloid cells in EwS. EwS EVs also induced expression and release of CCL4 
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from CD33+ and CD14+ myeloid cells. This finding needs further studies, as CCL4 was shown 

to be required for tumor infiltration of CD103+ DCs and CD8+ T cells in melanoma [250,251]. 

Second, transcriptomic analysis and flow cytometry demonstrated that EwS EVs impaired 

the differentiation and maturation of CD33+ and CD14+ myeloid cells towards moDCs. In 

particular, EwS EVs skewed the transcriptional profile towards macrophages and inhibited the 

upregulation of the co-stimulatory molecules CD80 and CD86 as well as the antigen-presenting 

HLA-DR. Similar findings were observed for EVs derived from mice and human adult solid 

tumor entities [248,252-254]. During moDC differentiation EwS EVs upregulated STAT3 on 

transcriptome level, which is a hallmark transcription factor of MDSCs [83,255] and contributes 

to abnormal DC differentiation [249,252,256]. DC maturation of CD14+ and CD33+ myeloid cells 

was affected when exposed to EwS EVs at an early stage of differentiation, in line with findings 

of EVs from murine mammary adenocarcinoma [252]. This indicates that particularly immature 

myeloid cells could be susceptible to tumor-derived EVs and chronic pro-inflammatory signals, 

leading to an immunosuppressive switch within myeloid cells [84].  

Third, in line with their semi-mature phenotype, moDCs differentiated in the presence of 

EwS exhibited reduced T cell stimulatory capacity, which is a key feature of immature DCs 

[257] and MDSCs [81]. 

6.2 EwS EVs trigger an antiviral response, and upregulate RE and satellite repeats in 

myeloid cells 

Although the mechanisms need to be further studied, the present study indicates that the pro-

inflammatory response and the impaired maturation and function of myeloid cells could be 

mediated by the protein and RNA content of EwS EVs. Proteins detected in EwS EVs included 

Hsp70 and Hsp90, both capable of stimulating pro-inflammatory responses and skewing 

maturation of myeloid cells via TLR2 and TLR4 [117,243,254,258-260]. EwS EVs induced the 

inflammatory transcription factor NF-κB in CD14+ cells; however, components of TLR 

pathways including TLR2, TLR4 and Myd88 were downregulated on transcriptome level. 

Furthermore, EwS EVs stimulated TNF secretion from MUTZ-3 myeloid cells, which are 

deficient in TLR4 signaling [244,261,262]. Together, these results suggest that EwS EVs can 

signal in CD14+ and MUTZ-3 myeloid cells in a TLR4-independent manner.  

Transcripts derived from RE and satellite repeats including HERV-K pol, HSAT2 and 

ACRO1 were detected in EwS cell lines, their corresponding EVs and plasma EVs of EwS 

patients [121]. In the current study, treatment with EwS EVs lead to accumulation of 

HERV-K pol, HERV-K pro, LINE-1, HSAT2 and ACRO1 in CD33+ and CD14+ myeloid cells. 
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RE and satellite repeats contain viral motifs and are under the surveillance of cytosolic and 

endoplasmatic nucleic acid sensors [174,175]. Consistent with the immunogenic motifs of RE 

and satellite repeats [139], EwS EVs carrying RE and satellite transcripts induced the RNA-

DNA hybrid sensor cGAS, the downstream kinase pTBK1, type I IFNs and the expression of 

ISGs including the cytosolic dsRNA sensors DDX58/RIG-I and IFIH1/MDA5 in CD33+ and 

CD14+ myeloid cells. Therefore, EwS EVs might promote the pro-inflammatory response by 

accumulation of RE and satellite repeats in myeloid cells.  

The accumulation of RE and satellite repeats, together with the upregulation of nucleic acid 

sensors and antiviral effector molecules, suggests that EwS EVs transfer RE and satellite 

transcripts into myeloid cells. Indeed, carrying transcripts of HERV-K pol and HSAT2, EwS 

patient plasma EVs and EwS cell line EVs, but not healthy donor plasma EVs or MRC5 EVs, 

upregulated HERV-K pol, HERV-K pro and HSAT2 in CD33+ and CD14+ myeloid cells. In 

line with these findings, upregulation of HERV-K6 was observed in human umbilical vein 

endothelial cells (HUVEC) by medulloblastoma-derived EVs [211]. 

However, two findings in the current study suggest that EwS EVs may mainly induce the 

endogenous re-expression of RE and satellite repeats in myeloid cells. First, studies using two 

independent reporter systems in parenteral and recipient cells demonstrated that a single RNA 

transcript is transferred only into a minor fraction of the recipient cells by EVs in vitro. In 

particular, de novo retrotransposition of LINE-1 transferred by EVs occurred in less than 1 % 

of recipient MDA-MB-M231 breast cancer cells and EV-mediated transfer of a guide RNA 

activated the reporter gene only in 0.2 % of recipient HEK293T cells [212,263]. This is in 

contrast to the 3–1000-fold increase of HERV-K pro and HSAT2 transcripts in CD14+ myeloid 

cells and detection of HERV-K pol and HSAT2 in 19–47 % of CD33+ myeloid cells in response 

to treatment with EwS EVs. Endogenous re-expression could explain the strong increase of 

HERV-K pol, HERV-K pro and HSAT2 in myeloid cells in response to EwS EVs. Second, RE 

and satellite repeats are transcriptionally induced by microbes, upon cellular stress or activation 

of immune cells [264-269]. In addition to EwS EVs, RE and satellite repeats were also 

upregulated by A673 SEC protein fractions and poly(I:C) in CD14+ cells, indicating 

responsiveness of RE and satellite repeats to different stimuli. This is consistent with cellular 

stress upregulating HSAT3 in HeLa cells and poly(I:C) inducing ERVs in mice bone marrow 

DCs [266,270]. Modulated RE are frequently embedded or located near modulated host genes 

[245,266,268,271], where the binding of inflammatory transcription factors like IRF3, IRF7, NF-

κB and STATs to promoters of RE induces their transcription [148,272]. As EwS EVs 
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upregulated IRF1, IRF7, NF-κB and STAT3 in CD14+ cells, these inflammatory transcription 

factors may have contributed to the expression of RE in CD14+ cells in response to EwS EVs.  

Of note, recent evidence shows that RE and satellite repeats are constitutively expressed in 

healthy tissues [268,273-275]. In the present study, EwS EVs, MRC5 EVs and poly(I:C) also 

downregulated the expression of RE and satellite repeats within CD14+ cells in one of five 

donors, indicating basal expression of RE and satellite repeats in myeloid cells and donor-

specific regulation of RE and satellite activity. Variances in the basal expression of RE and 

satellite repeats between independent donors may be due to different epigenetic regulation and 

age [245,247,276]. Further studies are needed to investigate the mechanisms of interpersonal 

variety of myeloid cells in response to EwS EVs.  

The accumulation of RE and satellite repeats may also have an effect on the formation of 

nuclear compartments and transcriptional condensates, as HERVs and satellite repeats are 

involved in phase transition and dissociation of transcriptional condensates at heterochromatin 

sites [277,278]. Altered phase separation is observed in EWS and FET fusion protein positive 

tumors [279], warranting further studies on the role of upregulated RE, equilibrium of phase 

transition and transcriptional control. 

In summary, EwS EVs lead to accumulation of RE and satellite repeats in myeloid cells 

accompanied by the activation of antiviral genes and pro-inflammatory cytokine release. 

Further studies are needed to quantify the EwS EV-mediated transfer of RE and satellite repeats, 

and if RE and satellites associated with EwS EVs induce the endogenous re-expression of RE 

and satellite repeats within myeloid cells via nucleic acid sensors and downstream transcription 

factors. The effect may also be mediated by the protein content of EwS EVs, albeit RNA and 

protein mechanisms may not be mutually exclusive. 

6.3 CD33+ MDSC-like cells are expanded in the blood of EwS patients and harbor 

increased HERV-K pol and HSAT2 expression 

In the present study, PBMCs of EwS patients showed increased levels of CD33+ myeloid cells 

expressing HERV-K pol and HSAT2 in comparison to healthy donors. These HERV-K pol- 

and HSAT2-expressing CD33+ myeloid cells displayed an MDSC-like phenotype 

(CD33+HLA-DR-). Basal expression of HERVs in PBMCs has been reported in healthy donors 

[246,247,280,281], while overexpression was observed in patients with autoimmune muscle and 

brain disorders [276,282], systemic lupus erythematosus [275] and cancer. For example, HERV-

K10-like gag and HERV-K gag were overexpressed in PBMCs of patients with leukemia and 
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prostate cancer, respectively [283,284]. No data are currently available on satellite repeat 

expression in blood circulating immune cells.  

MDSCs are expanded in adult and pediatric patients with solid cancers [80,88,285], mediate 

strong immunosuppressive effects and foster tumor growth [82]. The expression of RE and 

satellite repeats in myeloid cells with a MDSCs-like phenotype has not been reported before. 

RE and satellites might be linked with MDSCs through pro-inflammatory transcription factors, 

as C/EBP, NF-κB and STAT3 are involved in the expansion of MDSCs and are predicted to 

bind to LTR promoters [85,148]. Therefore, sustained pro-inflammatory signals activating pro-

inflammatory transcription factors may promote the expression of MDSC genes as well as RE 

and satellite repeats. 

The expression of RE and satellite repeats in tumors and their effect on the immune system 

is controversial. Subgroups of solid adult and pediatric tumor entities with upregulated RE show 

viral mimicry, immune infiltration and responsiveness to CPI [166,170,194,196,197]. In line, de-

repression of RE in cancer cells by demethylating agents induced viral mimicry and antitumor 

immunity [184,286]. On the other hand, expression of RE and satellite repeats correlates with 

reduced immune infiltration and impaired survival in patients with sarcomas and 

gastrointestinal cancers [195,206,208,210]. 

EwS is a non-immunogenic tumor expressing RE and satellite repeats, which are released in 

association with EVs [58,69,121]. In the present study, EwS EVs induced semi-mature DCs with 

reduced T cell stimulatory function as well as the accumulation of RE and satellite repeats 

accompanied by antiviral signaling. Therefore, RE and satellite repeats may disseminate from 

EwS cells via EVs into the TME and blood circulation, contributing to chronic inflammation 

and in turn immunosuppression in EwS patients. 

7 Limitations, perspectives and conclusions 

7.1 Limitations and perspectives 

Limitations of the current study include the characterization of EVs, the yet to be defined 

mechanisms by which EwS EVs induced the pro-inflammatory response in myeloid cells, the 

restriction to in vitro models and the narrow analysis of patient PBMCs. These limitations 

demand further research.  

EVs isolated by UC and SEC comprise a heterogeneous population of vesicles with various 

RNA and protein cargo. Size distribution of EV preparations was quantified by NTA, however 

also transmission electron microscopy should be applied to verify size and shape, and to identify 

co-purified non-membranous particles [287]. While the RNA content of plasma EVs from EwS 
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patients and healthy donors has been characterized by whole transcriptome sequencing [121], 

the current study compared the protein content of EVs from EwS and MRC5 cell lines as well 

as EwS patients and healthy donors by immunoblotting, but not by a proteomic approach. Thus, 

this study potentially left aside proteins able to induce pro-inflammatory responses in myeloid 

cells. In our attempt to analyze plasma EVs by proteomics, we encountered a strong 

contamination by immunoglobulins hampering downstream analysis (data not shown). Protocol 

optimization for proteomics from plasma EVs is a next step. Also, it remains to be studied how 

RE and satellite repeats are packed and released from EwS cells, as RE and satellite repeats 

could also be released in RNA-protein complexes independent of EVs.  

This study describes pro-inflammatory signaling, impaired maturation as well as 

accumulation of RE and satellite repeats in myeloid cells in response to EwS EVs. Both, the 

RNA and protein cargo of EwS EVs may mediate the pro-inflammatory response in myeloid 

cells, and the mechanisms of the EwS EV-induced pro-inflammatory response and RE 

accumulation remain to be studied. Mechanistic insights could be obtained by studying the 

effect of EwS EVs in recipient myeloid cells with knockouts or inhibition of intracellular 

sensors for pathogenic nucleic acids and proteins. Alternatively, the effect of constituent 

components of EwS EVs on myeloid cells could be assessed. For example, proteins or RNAs 

isolated from EwS EVs could be directly transfected into myeloid cells or loaded into synthetic 

vesicles for the treatment of myeloid cells [288].  

Studying the functionality of EVs in vitro bears known limitations, as cell culture conditions 

of parenteral cells and EV-treatment of recipient cells may not recapitulate the in vivo situation. 

To control for in vitro artefacts caused by the cell culture conditions or EV isolation method, 

the non-tumor EVs (from MRC5 fibroblast and healthy donor plasma) were isolated in parallel 

to EVs from EwS cell lines or patient plasma, and used as negative controls in the treatment of 

myeloid cells. Still, the concentration of EVs and treatment duration in vitro may differ from 

the dynamic situation in the TME of EwS patients. In vitro, 0.05–4 x 1010 EV particles were 

added to 1 x 106 myeloid cells in 1 ml, whereby the EV amount corresponded to 25 % of the 

total EV particles released from 4 x 108 tumor cells in 18 h. These ratios of EV particles released 

per tumor cell and EV particles per myeloid cell may not be present in the TME of EwS. 

The present study did not assess the effect of EwS EVs on myeloid cells in vivo, as the 

underlying mechanisms of packaging and release of RE and satellite repeats from EwS cells as 

well as the signaling mechanisms in EwS EV-treated myeloid cells remain to be studied 

beforehand. Another consideration for in vivo experiments is the lack of a syngeneic or 

transgenic mouse models in EwS [289]. The effect of EwS EVs on myeloid cells could instead 
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be studied in the established Rag2-/- γC
-/- mice model [46,49,122,290]. In particular, the effect of 

EwS xenografts or intravenously injected EwS EVs on the phenotype, transcriptome and 

functionality of myeloid cells or PBMCs could be characterized. 

PBMCs of EwS patients and healthy donors were analyzed showing a correlation of 

HERV-K and HSAT2 expression with a MDSC-like phenotype. Both methods, PrimeFlow 

RNA assay and sqRT-PCR used in this study are limited to selected surface antigens as well as 

RE and satellite repeats, therefore scRNAseq, wtRNAseq and multicolor flow cytometry are 

needed to comprehensively characterize the CD33+HLA-DR-HERVK+/HSAT2+ cells and to 

cover the expression of families and single elements of RE and satellite repeats. In addition to 

phenotypical and transcriptional characterization, functionality of patient-derived 

CD33+HLA-DR- myeloid cells should be analyzed. Finally, the age of healthy donors differed 

from EwS patients, which should be addressed in future studies.  

7.2 Conclusions 

The present study describes that EVs derived from EwS cell lines and patient plasma skew the 

phenotype, maturation and gene expression of CD14+ and CD33+ myeloid cells and impair their 

functionality. These in vitro findings support a role of EwS EVs in promoting 

immunosuppressive myeloid cells in TME of EwS. In parallel, EwS EVs lead to the 

accumulation of RE and satellite repeats in CD14+ and CD33+ myeloid cells in vitro, suggesting 

a transfer or re-expression of repeat elements by EwS EVs. Because repeat elements are 

upregulated in various cancers, the dissemination of RE and satellite repeats via EVs might be 

a common mechanism in cancer. HERV-K- and HSAT2-expressing CD33+ myeloid cells with 

a MDSC-like phenotype were expanded in the blood of EwS patients, indicating that 

accumulation of RE and satellite repeats may be associated with immunosuppressive myeloid 

cells. 
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9  Appendix  

9.1 Supplementary figures 

 

Supplementary Figure 1 Extended characterization of EV preparations from EwS and fibroblast cell lines. 
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(A) Immunoblotting of EV preparations from EwS A4573, TC32 and TC71 cell lines for EV marker CD81, 

chaperone proteins Hsp70 and Hsp90, and cytoskeleton proteins actin and tubulin. (B) Immunoblotting of EV 

preparations and respective parental A4573, A673 and TC32 and MRC5 fibroblasts cell lines for EV marker 

TSG101 and the negative marker Calnexin. (C) Flow cytometry of MRC5 EV preparations coupled to 4.0 µm 

latex beads for EV markers CD63 and CD81 (solid line) as well as the corresponding isotype controls (dotted line). 

Data from indicated number of independent EV preparations are shown. 

 

Supplementary Figure 2 EVs isolated by UC and SEC exhibit similar size distribution and EV markers. 

(A–D) EVs were isolated in parallel by UC and SEC from the conditioned medium of A673, TC32 and MRC5. 

(A) NTA for size distribution, (B) BCA assay for protein concentration and (C) NTA for particle concentration of 

EV preparations and protein fractions isolated by UC and SEC are shown. (D) Immunoblots of one representative 

EV preparation from (A–C) and respective cell lysates for EV markers Syntenin-1, CD81, TSG101 and Annexin 

A1, Hsp90, and tubulin, and the negative marker Calnexin. Results of three independent biological replicates are 

displayed in A–C. Data are presented as mean ± SD and were statistically tested using two-way ANOVA with 

multiple comparison Tukey test. Results were not significant, p > 0.05.  
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Supplementary Figure 3 RNAse A degrades RE and satellite transcripts of TC32 EV preparations 

irrespective of sonication.  

(A, B) Freshly isolated TC32 UC EVs were equally split on four aliquots and treated either with sonication, RNAse 

A, sonication and RNAse A or left untreated. (A) qRT-PCR results for HERV-K env, HERV-K pro, HSAT2, 

LINE-1, ACRO1 and GAPDH are shown. U1, a spliceosomal RNA, was used for normalization in EVs, as U1 

was not degraded by RNAse A in contrast to GAPDH. (B) DNA gel image of HERV-K env, HSAT2, LINE-1 and 

U1 products after 44 cycles of PCR. (C) DNA gel image of total RNA isolated from MUTZ-3 cells using the 

mirVana isolation kit. PBS as control or RNAse A were added before total RNA isolation. Results of one 

independent experiment are shown for (A,B) and (C). Data in (A) are presented as mean ± SD of three technical 

replicates. 
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Supplementary Figure 4 EwS EVs affect viability and maturation of CD33+ and CD14+ myeloid cells at an 

early stage. 

(A) Experimental layout (B–D). Healthy donor-derived CD14+ or CD33+ myeloid cells were differentiated by 

GM-CSF and IL-4 for 5 days and matured to moDCs by IL-1β, IL-6, PGE2 and TNF for 2 additional days. 3 x 109 

EV particles/ml from TC32 or MRC5 cells or PBS as control (Ctrl) were added on day 0 or 3 during differentiation 

or day 5 during maturation. At day 7, surface expression of CD80, CD83, CD86 and HLA-DR was assessed by 

flow cytometry. (B) Viability of CD14+ or CD33+ myeloid cells treated with indicated EVs or PBS as Ctrl was 

quantified by Trypan blue staining. Geometric mean fluorescence intensity (gMFI) normalized to the respective 

isotype (IT) control of CD80, CD83, CD86 and HLA-DR on (C) CD33+ or (D) CD14+ myeloid cells. Results were 

derived from one (B, C) or six (D) independent donors with one (B, C) three (D, MRC5) or five (D, TC32 EVs) 

independent EV preparations. Data are presented as mean ± SD. Unpaired (B) and paired (D) two-tailed t-tests 

were used to calculate p values. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 
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Supplementary Figure 5 CD8+ T cells upregulate less CD69 (but not CD25) activation marker when co-

cultured with allogeneic CD14+ monocytes differentiated in the presence of EwS EVs. 

(A) Experimental layout (B). Healthy donor-derived CD14+ monocytes cells were differentiated by GM-CSF and 

IL-4 for 5 days and matured to moDCs by IL-1β, IL-6, PGE2 and TNF for 2 additional days. 3 x 109 EV particles/ml 

from A673, TC32 or MRC5 cells or PBS as control were added on day 0. At day 7, EV-pretreated CD14+ moDCs 

were co-cultured with CD14-depleted PBMCs at a ratio of 1:2 for 24 h. (B) CD25 and CD69 surface expression 

on CD3+CD4+ and CD3+CD8+ T cells was assessed by flow cytometry. Isotype (IT) controls were used to gate on 

positive events. Representative result from two independent donors with three independent EV preparations are 

shown. Data are presented as mean ± SD. One-way ANOVA with multiple comparison Tukey test (C) was used 

to calculate p values. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and *** p ≤ 0.0001. 
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Supplementary Figure 6 Unchanged ISGs in response to EwS EVs in CD14+ monocytes. 

(A, B) CD14+ monocytes were seeded for 18 h in X-VIVO medium containing 1 % human AB serum and GM-

CSF (80 U/ml), and treated for 24 h with PBS as control (Ctrl) or indicated amount of EVs from TC32 (A) or 

A673 (B). Gene expression was quantified by sqRT-PCR. Representative results from two independent donors are 

shown. Data are presented as mean ± SD. 
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Supplementary Figure 7 EwS EVs downregulate RE and ISGs in CD14+ monocytes in one of five healthy 

donors. 

(A–D) CD14+ monocytes were seeded for 18 h in X-VIVO medium containing 1 % human AB serum and GM-

CSF (80 U/ml), and treated for 24 h with indicated amount of EVs isolated by UC and SEC from MRC5(A), TC32 

(B), A673 (C), or PBS as control (Ctrl). Poly(I:C) (2 µg/ml) was used as positive controls (D). Gene expression 

was quantified by sqRT-PCR. Results were obtained from one independent donor. Data are presented as mean ± 

SD. 
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Supplementary Figure 8 Reduced frequencies of CD4+ T cells and CD19+ B cells in CD45+ PBMCs of EwS 

patients compared to healthy donors. 

(A, B) PrimeFlow RNA assay of PBMCs from healthy donors and EwS patients. (A) Frequency of CD4+ and 

CD8+ T cells among CD45+CD3+ PBMCs of healthy donors (n = 6) or EwS patients (n = 11). (B) Frequency of 

CD19+ B cells among CD45+ PBMCs of healthy donors (n = 6) or EwS patients (n = 11). Data are presented as 

box plots with min, median and max. Mann-Whitney U test (A,B) was used to calculate p values. * p ≤ 0.05 and 

*** p ≤ 0.001. 

 

Supplementary Figure 9 Flow cytometry gating strategy of myeloid cells. 
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9.2 Abbreviations 

AF Alexa Fluor 

ANOVA Analysis of variance 

APS Ammonium persulfate 

ARG1 Arginase 1 

Aza Azacytidine  

Bp Base pair 

BSA Bovine serum albumin 

C/EBP CCAAT-Enhancer Binding Protein 

cGAS Cyclic GMP-AMP synthase 

CAR Chimeric antigen receptor 

CCL2 (C-C motif) ligand 2 

CCR Childhood Cancer Repository 

CCR2 C-C chemokine receptor type 2 

CD Cluster of differentiation 

CDKs Cyclin-dependent kinases 

cDNA Complementary DNA 

Ctrl Control 

CPI Checkpoint inhibitors 

CTLA-4 Cytotoxic T lymphocyte antigen-4 

CXCL9/10 C-X-C Motif Chemokine Ligand 9/10 

CXCR3 C-X-C Motif Chemokine Receptor 3 

DAMPs Danger associated patterns 

DAPI 4’,6-diamidino-2-phenylindole 

ddH20 Double-distilled H20 

DMSO Dimethylsulfoxide 

DMEM Dulbecco’s Modified Eagle’s Medium 

DNMTi DNA methyltransferase inhibitors 

DTT Dithiothreitol 

EDTA Ethylenediaminetetraacetic acid 

Env (Retroviral) envelope protein 

ESCRT Endosomal sorting complex required for transport 

ETS E-twenty-six 

EVs Extracellular vesicles 

EwS Ewing sarcoma 

EWSR1 Ewing’s sarcoma breakpoint region 1 

EZH2 Enhancer of Zeste, Drosophila, Homolog 2 

FBS Fetal bovine serum 

FLI1 Friend leukemia virus integration 1 

FMO Fluorescence minus one 

FPKM Fragments per kilobase of transcript per million mapped reads 

FUS Fused in sarcoma 

Gag (Retroviral) structural proteins 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

G-CSF Granulocyte colony-stimulating factor 

GM-CSF Granulocyte-macrophage colony-stimulating factor 

gMFI Geometric mean fluorescence intensity 

HER2 Human epidermal growth factor receptor 2 

HLA Human leukocyte antigen 

HSAT Human satellite 
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Hsp Heat shock protein 

HUVEC Human umbilical vein endothelial cells 

IDO Indoleamine 2,3-dioxygenase 

IFITM Interferon-induced transmembrane protein 

IFN Interferon 

IFNARs Interferon-α/β receptors 

IGF1R Type I insulin-like growth factor receptor 

IKKε IκB kinase-ε 

ILVs Intraluminal vesicles 

IL Interleukin 

IRF Interferon-regulatory factor 

ISGs Interferon-stimulated genes 

ISREs Interferon-stimulated response elements 

IT Isotype 

KRAB-ZNF Krüppel-associated box domain zinc finger 

LINEs Long interspersed nuclear elements 

LPS Lipopolysaccharide 

LTR Long terminal repeat 

MaLR Mammalian apparent LTR retrotransposons 

MAVS Mitochondrial antiviral signaling protein 

MDA5 Melanoma differentiation associated gene 5 

MDSCs Myeloid-derived suppressor cells 

MEM Minimum Essential Medium 

MHC Major histocompatibility complex 

M-MDSCs Monocytic-MDSCs 

MoDCs Monocytic-derived dendritic cells 

MSigDB Molecular Signature Database 

MVE Multivesicular endosome 

MYD88 Myeloid differentiation primary response 88 protein 

NF-κB Nuclear factor kappa B 

NGFR Nerve growth factor receptor 

ns Not significant 

NTA Nanoparticle Tracking Analysis 

OAS Oligoadenylate synthase 

ORF Open reading frame 

PAMPs Pathogen associated patterns 

PBMCs Peripheral blood mononuclear cells 

PBS Phosphate-buffered saline 

PD-1 Programmed cell death protein 1 

PDAC Pancreatic ductal adenocarcinoma 

PD-L1 Programmed death ligand 1 

PGE2 Prostaglandin E2 

PhD Doctor of philosophy 

PI Propidium iodide 

PMSF Phenylmethylsulfonyl fluoride 

Pol Polymerase 

Poly(I:C) Polyinosinic–polycytidylic acid 

Pro (Retroviral) protease 

PRRs Pattern recognition receptors 

RE Endogenous retroelements 

rh Recombinant human 
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RIG-I Retinoic acid-inducible gene I 

RLRs RIG-I-like receptors 

ROR1 Receptor tyrosine kinase-like orphan receptor 1 

RPMI Roswell Park Memorial Institute Medium 

RT Reverse transcriptase 

SCT Stem cell transplantation 

SD Standard deviation 

SDS Sodium dodecyl sulfate 

SEM Standard error of the mean 

SINEs Short interspersed nuclear elements 

STAG2 Cohesin subunit SA-2 

sqRT-PCR Semi-quantitative real-time polymerase chain reaction 

STAT Signal transducer and activator of transcription 

STEAP1 Six-transmembrane epithelial antigen of the prostate 1 

STING Stimulator of IFN genes 

TAE Tris-acetate-EDTA 

TAF15 TATA-binding protein-associated factor 15 

TAMs Tumor-associated macrophages 

TBK1 TANK-binding kinase 1 

TCR T cell receptor 

TLR Toll-like receptor 

TME Tumor microenvironment 

TMED Tetramethylethylenediamine 

TNF Tumor necrosis factor 

TP53 Tumor suppressor p53 

TRIF TIR-domain-containing adapter-inducing interferon-β 

Tris Tris(hydroxymethyl)aminomethane 

TSG101 Tumor susceptibility gene 101 

UC Ultracentrifugation 

UTR Untranslated region 

VEGFR2 Vascular endothelial growth factor receptor 2 
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10 Declaration of shared data in two dissertations 
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