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Ganz gleich, was du auch ausrichtest, es wird nie mehr sein  

als ein einzelner Tropfen in einem unendlichen Ozean. 

Aber was ist ein Ozean, wenn nicht eine Vielzahl von Tropfen? 

- David Mitchell, Der Wolkenatlas 
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I ZUSAMMENFASSUNG 

Kopf-Hals-Tumore (HNC) gehören zu den weltweit häufigsten bösartigen Tumorerkrankungen. 

Trotz umfangreicher Bemühungen die Behandlung zu optimieren, bleibt die 

Patientensterblichkeit hoch. Einer der Gründe für das Behandlungsversagen und die niedrige 

Überlebensrate ist die Entwicklung von Chemotherapie-Resistenzen, was die Notwendigkeit zur 

Identifizierung neuer prädiktiver Biomarker unterstreicht. Ein vielversprechender Ansatz in 

diesem Zusammenhang ist die Verwendung von Flüssigbiopsien, einer Methode, die auf der 

Analyse von Biomarkern aus Körperflüssigkeiten, meist Blut, basiert. Im Rahmen dieser Arbeit 

wurde das Potential von zirkulierenden Tumorzellen (CTCs) und kleinsten extrazellulären 

Vesikeln, sogenannten Exosomen, als Biomarker für Flüssigbiopsien bei HNC-Patienten 

untersucht. Zusätzlich sollte eine potentielle Rolle von Exosomen bei der Entstehung und 

Übertragung von Chemotherapie-Resistenzen charakterisiert werden. 

Der erste Schritt zur Etablierung neuer Biomarker ist die Entwicklung solider 

Detektionsverfahren. Hierzu wurde eine geeignete Modell-Zelllinie identifiziert und auf die 

Expression relevanter CTC-Marker untersucht. Protokolle zur manuellen CTC-Isolation wurden 

mit verschiedenen Bead-basierten Methoden getestet. Um die klinische Implementierung zu 

erleichtern, wurde die Automatisierung des Isolationsprozesses mit Hilfe der CTCelect Plattform 

angestrebt. Eine erste Machbarkeitsstudie mit Patientenproben erzielte vielversprechende 

Ergebnisse. Zur Nutzung von Exosomen als Biomarker wurden zunächst Protokolle zur Isolation 

und Charakterisierung erstellt und die generierten Ergebnisse gemäß etablierter Richtlinien 

validiert. 

Um eine potentielle Rolle von Exosomen bei der Übertragung von Chemotherapie-Resistenz zu 

untersuchen, wurden geeignete HNC Zellmodelle etabliert, welche Cisplatin-resistente und  

-sensitive Tumore in vitro abbilden. Die transkriptomische Charakterisierung der Exosomen aus 

diesen Zellen ergab signifikante Unterschiede in der Genexpression im Allgemeinen, sowie im 

Speziellen bezüglich der Expression von Genen, welche für Cisplatin-Resistenz, epithelial-

mesenchymale Transition und Krebsstammzellen relevant sind. Zusätzlich führte die Korrelation 

der transkriptomischen Daten mit klinischen Parametern zur Identifikation potentieller 

exosomaler Biomarker, wie zum Beispiel TPT1 und ZNF706, die Rückschlüsse auf 

Behandlungserfolg und 5-Jahres-Überleben von HNC Patienten zulassen. Aus den 

transkriptomischen Daten resultierte zudem die Hypothese, dass Exosomen eine duale Rolle für 

die Cisplatin-Resistenz spielen könnten, indem sie durch spezifischen Transport von mRNAs zur 

Regulation der Genexpression beitragen. Einerseits stellt die Regulation der Verpackung 

spezifischer mRNAs in Exosomen eine Möglichkeit dar um die intrazelluläre mRNA- und 



Zusammenfassung 

II 

entsprechende Proteinmenge zu modulieren, was im Fall von reduzierter exosomaler 

Verpackung von Resistenz-relevanten mRNAs, wie CDK8 und HDGFRP3, die Cisplatin-

Resistenz der Donorzelle erhöhen könnte. Andererseits könnte die exosomale Übertragung von 

mRNAs, welche eine Resistenz induzieren, benachbarte Zellen und die Tumormikroumgebung 

modulieren, was wiederum zur Cisplatin-Resistenz insgesamt beiträgt.  

Um die anhand der Expressionsdaten aufgestellte Hypothese funktionell zu überprüfen, wurden 

Übertragungs-Experimente mit den etablierten Zellmodellen durchgeführt. So konnte gezeigt 

werden, dass Exosomen aus Cisplatin-resistenten Donorzellen das Migrationspotenzial von 

sensitiven Empfängerzellen erhöhen und ihre Morphologie in 3D-Zellkulturen beeinflussen. Ein 

messbarer Effekt von Exosomen auf die Cisplatin-Toleranz der Empfängerzellen basierend auf 

deren Viabilität konnte mittels der gewählten Modellsysteme nicht mit ausreichender Sicherheit 

nachgewiesen werden. 

Zusammenfassend liefert die vorliegende Arbeit wichtige grundlagenwissenschaftliche 

Erkenntnisse, sowie anwendungsorientierte Protokolle zum Einsatz von zirkulierenden 

Tumorzellen und Exosomen als prädiktive Biomarker bei (Chemotherapie-resistenten) Kopf-

Hals-Tumoren. Eine Translation der erzielten Ergebnisse in den klinischen Alltag kann somit in 

Zukunft zu einem verbesserten klinischen Management von HNC-Patienten beitragen. 
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II ABSTRACT 

Head and Neck cancer (HNC) is among the most prevalent malignancies worldwide, and though 

extensive efforts were made to improve its treatment, morbidity remains high. Among the 

prevalent causes for treatment failure is chemotherapy resistance, highlighting the need for 

novel predictive biomarkers. Here, a promising approach is the use of liquid biopsies, a method 

relying on the analysis of biomarkers from bodily fluids, most commonly blood. Thus, this study 

explored circulating tumor cells (CTCs) and small extracellular vesicles, so-called exosomes, as 

biomarkers for liquid biopsy of HNC patients. Additionally, a potential role of exosomes in the 

development and transmission of chemotherapy resistance was explored.  

The first step in introducing novel biomarkers is establishing a solid detection procedure. 

Therefore, a suitable model cell line was identified and tested for expression of relevant CTC 

markers. Different protocols for manual CTC isolation were evaluated using bead-based 

methods. To foster clinical implementation, automation of the isolation process using the 

CTCelect platform was sought. A first feasibility study with patient samples generated promising 

results. To exploit exosomes as biomarkers, isolation and characterization procedures were 

validated according to established guidelines. To investigate the potential transmission of 

chemotherapy resistance via exosomes, suitable HNC model cell lines were established, 

representing cisplatin-resistant and -sensitive tumors in vitro. Transcriptomic characterization of 

exosomes from these cell lines revealed significant differences in gene expression in general, 

and in particular concerning the expression of genes relevant to cisplatin resistance, epithelial-

mesenchymal transition, and cancer stem cells. Correlation of transcriptomic data with clinical 

parameters lead to the identification of potential exosomal biomarkers for treatment success and 

5-year survival, e.g. TPT1 and ZNF706. The transcriptomic analysis also resulted in the

hypothesis that exosomes might have a dual role in cisplatin resistance, by regulating gene 

expression through the specific packaging and transport of mRNAs. On the one hand, exosomal 

packaging of specific mRNAs poses a mechanism to regulate intracellular mRNA and thus 

protein levels, which in the case of resistance-relevant mRNAs, such as CDK8 and HDGFRP3, 

might contribute to the donor cells’ cisplatin resistance. On the other hand, exosomal 

transmission of mRNAs that contribute to cisplatin resistance could modulate neighbouring cells 

and the tumor microenvironment, generally contributing to cisplatin resistance.  

In conclusion, this study provides important scientific insights as well as application-oriented 

protocols for the use of CTCs and exosomes as predictive biomarkers in (chemotherapy-

resistant) HNC. Translating the generated results into clinical practice could thus contribute to 

the improvement of clinical management of HNC patients in the future. 
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1 INTRODUCTION 

1.1 CANCER OF THE HEAD AND NECK 

Head and neck cancer (HNC) is one of the most common malignancies worldwide, ranking as 

the sixth most common cancer type (Johnson et al. 2020). Despite modern advances in 

treatment options, the 5-year survival rate remains low at about 50 % (Shang et al. 2021). HNC 

survivors also have the second highest suicide rate among all cancer survivors, likely caused by 

the continual compromised quality of life (Osazuwa‐Peters et al. 2018). With about 90 %, most 

HNCs are classified as squamous cell carcinomas (HNSCC), which originate from the mucosal 

epithelium lining the oral cavity, larynx, and pharynx (Forastiere et al. 2001). Figure 1 gives an 

overview of the anatomical sites affected by HNSCC (Cramer et al. 2019). Typically, HNSCC 

patients present at an advanced stage of disease progression. This is attributed to patients 

waiting until the onset of symptoms before seeking medical attention. Unfortunately, symptoms 

like pain, difficulty swallowing, and shortness of breath often occur at advanced stages, 

worsening the prognosis (Sharkey Ochoa et al. 2022). In general, men are more likely to 

develop HNSCC with a two- to four-fold higher risk than women (Windon et al. 2018). Among the 

known risk factors for HNSCC are tobacco and alcohol consumption, as well as infections with 

the Human Papilloma Virus (HPV) (Johnson et al. 2020). Notably, HPV-positive tumors mostly 

occur in the oropharynx, and have a more favorable prognosis compared to HPV-negative 

tumors (Prigge et al. 2017). While the overall number of SCC cases is declining, HPV-

associated oropharyngeal tumors are on the rise in the western world (Sung et al. 2021). 

 

Figure 1. Anatomical sites affected by HNSCC 
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Treatment options for HNSCC include surgical resection, radiotherapy, and systemic therapy, 

which are often applied in combination. Treatment decisions are made based on tumor, node, 

and metastasis stage (TNM-stage), as well as HPV status in the case of oropharyngeal tumors 

(Huang and O'Sullivan 2017, Beltz et al. 2019). Generally, surgery is the most common first-line 

treatment for oral cavity cancers, while radiation is more commonly elected for pharyngeal and 

laryngeal cancers (Bledsoe et al. 2017). Systemic treatment options include chemotherapy and 

immunotherapy. Chemotherapy is mostly platinum-based, with cisplatin being the most common 

agent (Alsahafi et al. 2019, Oosting and Haddad 2019). Immunotherapy is mostly applied in 

patients with recurrent or metastatic HNSCC. Cetuximab, a monoclonal antibody inhibiting the 

epithelial growth factor receptor (EGFR), is approved by the FDA for combination treatment with 

radiotherapy and chemotherapy, or as a single agent after platinum-based therapy (Muraro et al. 

2021). The check-point inhibitor Pembrolizumab, a monoclonal antibody targeting programmed 

death 1 (PD-1), was established as first- and second-line treatment in recurrent and metastatic 

HNSCC (Burtness et al. 2019). 

Despite all treatment efforts, the 5-year survival rate of HNSCC patients remains low at less than 

20 %. Regardless of aggressive first-line treatment regimens, over 50 % of HNSCC patients 

develop invasion and metastasis (Ferlito et al. 2001, Jemal et al. 2008). Moreover, therapy 

resistance leads to near and distant relapses, resulting in high morbidity and a median survival 

of only 10 months (Jou and Hess 2017). 

1.1.1 PLATINUM-BASED CHEMOTHERAPY 

The primary goal of chemotherapy is to inhibit tumor cell proliferation, and subsequently to 

prevent invasion and metastasis. Applied drugs typically interfere with DNA, RNA, or protein 

synthesis. Chemotherapeutic agents can be classified based on their mode of action into 

alkylating agents, antimetabolites, anti-microtubular agents, and antibiotics (Amjad et al. 2022). 

The platinum (Pt-) based drugs cisplatin, carboplatin, and oxaliplatin belong to the class of 

alkylating agents and are the first choice for malignant tumor treatment. The first generation 

Pt-based drug cisplatin was discovered in the late 1960s and has been approved for cancer 

treatment since 1976. Today, about 50 % of all cancer patients are treated with cisplatin (Ghosh 

2019). After intravenous administration cisplatin circulates with the blood stream. Because of the 

high chloride concentration within the blood serum, aquation of cisplatin is low and it remains 

largely inactive (Figure 2). Upon cellular uptake cisplatin undergoes activation through 

chloroligand replacement by water molecules, as the intracellular chloride concentration is much 

lower. These aquo-cisplatin species are highly reactive and contain unstable alkyl groups, which 
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bind to nucleophilic DNA sites and lead to crosslinks that alter the DNA structure. These 

structural changes are referred to as DNA adducts and prevent DNA damage repair, eventually 

leading to apoptosis induction (Dasari and Tchounwou 2014, Zhang et al. 2022). Cisplatin also 

binds to nucleophilic non-DNA targets like phospholipids, glutathione (GSH), and other thiol-

containing molecules. In fact, only 1 % of intracellular cisplatin is believed to interact with DNA. 

This non-specific binding to other biomolecules likely contributes to cisplatin’s cytotoxic effects, 

but can also decrease the amount of active drug within the cell, increasing its cisplatin tolerance 

(Fuertes et al. 2003, Galluzzi et al. 2012). Unfortunately, the non-specific cellular uptake of 

cisplatin also causes systemic toxicity. Among the common side effects are mucositis, nausea, 

vomiting, hepatotoxicity, nephrotoxicity, and neurotoxicity. Recently, chemical modifications of 

Pt-based drugs like nanomaterial drug carriers have emerged as promising tools to increase 

biosafety (Siemer et al. 2021, Zhang et al. 2022). In addition to its high systemic toxicity, many 

patients also develop resistance to cisplatin during the course of their treatment. To circumvent 

this, the next-generation Pt-agents carboplatin and oxaliplatin were introduced, but with little 

success. They do not reach the same efficacy as cisplatin, and cross-resistance and multi-drug 

resistance (MDR) still pose a major challenge in chemotherapy treatment (Galluzzi et al. 2012). 

In fact, 90 % of deaths in patients with metastatic tumors can be attributed to chemotherapy 

resistance (Hayatudin et al. 2021).  

 

 

Figure 2. Intracellular cisplatin activation and interaction with DNA 
While circulating with the blood stream cisplatin remains largely inactive due to the high chloride 
concentration. Within the cell, cisplatin is activated by mono- or diaquation and binds to purines within the 
DNA, leading to intra- and inter-strand crosslinks. 
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1.1.2 CHEMOTHERAPY RESISTANCE 

There are two common scenarios that can lead to chemotherapy resistance in cancer patients: a 

general MDR or the resistance against a specific agent (Stavrovskaya 2000). Figure 3 

summarizes the most common molecular mechanisms involved in chemoresistance. Drug 

uptake may be reduced by changes in the plasma membrane constitution or in the expression of 

transporters responsible for drug import, resulting in decreased intracellular drug concentrations. 

Upregulation of drug export mechanisms can also counteract intracellular drug accumulation. 

Drugs can also be detoxified inside the cell, mostly by enzymatic processes. On the DNA level, 

pro-survival gene expression can be upregulated, leading to the evasion of apoptosis. 

Additionally, DNA repair mechanisms can be increased to counteract the drug's DNA damaging 

effects (Zhu et al. 2016).  

 

 

Figure 3. Molecular mechanisms of chemotherapy resistance  
Drug uptake can be mediated by active import or passive diffusion, which can be influenced by decreased 
importer expression and altered membrane constitution in resistant cells. Once inside the cell, drugs can 
be detoxified or actively exported to decrease the intracellular active drug concentration. On the DNA 
level, repair mechanisms and pro-survival gene expression can be enhanced in resistant cells. 
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Cisplatin is a widely used agent in chemotherapy for various entities, including HNSCC. 

Unfortunately, cisplatin treatment often results in therapy resistance. On the cellular level, 

resistance to Pt-based agents is typically achieved by reduction of intracellular active drug 

concentration and increased DNA damage response (Rottenberg et al. 2021). In the broader 

context, epigenetic factors and the tumor microenvironment, including immune cells and cancer 

stem cells, also play a role in resistance acquisition (Lord and Ashworth 2012).  

Cisplatin’s main mode of action is DNA damage by crosslinking of purine bases, resulting in 

DNA adduct formation. This adduct formation prevents DNA repair, leading to DNA damage and 

subsequent induction of apoptosis. Cisplatin-resistant cells show an enhanced DNA repair 

activity or a higher tolerance to unrepaired DNA damage (Galluzzi et al. 2012, Zhu et al. 2016). 

There are multiple known DNA repair pathways, with the most important ones for cisplatin 

resistance being nucleotide excision repair (NER) and mismatch repair (MMR). NER is a highly 

conserved pathway targeting changes in the helical structure of the DNA. One of the over 20 

proteins involved in NER is excision repair cross-complementation group 1 (ERCC1), an 

endonuclease that specifically cleaves at the 5’ side of junctions between double-stranded and 

single-stranded DNA, as occurring in cisplatin-induced DNA adducts. ERCC1 is upregulated in 

cisplatin-resistant cells, reducing their responsiveness to therapy (Martin et al. 2008, Torii et al. 

2014). MMR corrects DNA mismatches that occurred during replication and escaped 

proofreading. Deficient MMR leads to increased DNA damage tolerance and cisplatin resistance. 

Two major players in MMR, MutS homolog 2 (MSH2) and Post-meiotic segregation 2 (PMS2), 

have been shown to be downregulated in cisplatin-resistant cells, while overexpression of PMS2 

leads to increased cisplatin-induced apoptosis in HeLa cells (Lanzi et al. 1998, Zhang et al. 

2010).  

Cisplatin-induced apoptosis is essential for its anti-cancer effect and can be triggered through 

the extrinsic death receptor pathway or the intrinsic mitochondrial pathway. Multiple proteins 

(e.g. p53, Caspases, Bcl-2 family) and signaling pathways (e.g. MAPK, NF-κB) involved in 

apoptosis induction are dysfunctional in cisplatin-resistant cells (Zhu et al. 2016). One study 

could show that cisplatin therapy is more beneficial to patients with wildtype p53 expression 

compared to those with mutated p53 in cervical cancer (Garzetti et al. 1996). Additionally, 

proteins of the inhibitor of apoptosis (IAP) family like survivin are often upregulated in cancer 

cells, which leads to further interference with apoptotic pathways (Santarelli et al. 2018). 

Cisplatin is believed to be taken up by passive diffusion, as well as active transport. During 

malignant transformation, cells acquire alterations to their plasma membrane’s lipid profile and 

biophysical properties (Choromanska et al. 2021). Binding assays using a large unilamellar 

vesicle (LUV) model have revealed that cisplatin interacts with all negatively charged 
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phospholipids. Binding of cisplatin to anionic phospholipids can reduce its cellular uptake and 

thereby facilitate resistance. It has also been shown that tumor cell membranes have an 

increased ratio of sphingomyelin to phosphatidylethanolamine, leading to inactivation of the 

MAPK pathway (Alves et al. 2016). Active cisplatin uptake can be achieved by different ion 

channels including copper transporter receptor 1 (CTR1), which has been found to be 

downregulated in different cisplatin-resistant cell lines (Zisowsky et al. 2007). Other cisplatin 

importers are volume-regulated anion channel (VRAC), organic cation transporters  

(OCT1/OCT2/OCT3), and organic cation/carnitine transporters (OCTN1/OCTN2) (Harrach and 

Ciarimboli 2015). Knockout of VRAC has been shown to increase cisplatin tolerance in vitro, and 

low VRAC expression in HNSCC patients could be correlated with residual disease after 

chemoradiation (Siemer et al. 2021). Cisplatin efflux is mediated by ATP-binding cassette (ABC) 

transporters like multi-drug resistance proteins (MDRPs) and P-glycoprotein (P-gp), which are 

upregulated in resistant cells (Zhu et al. 2016). Recently, the export of cisplatin in exosomes has 

been proposed as an additional mechanism to actively remove the drug from the cell (Safaei et 

al. 2005, Sharma 2017). Another mechanism to reduce the concentration of active cisplatin 

within the cell is its detoxification. Upon binding to thiol-containing nucleophilic species like GSH, 

methionine, and metallothionines, or thiol-containing proteins cisplatin’s cytotoxicity is reduced. It 

has been shown that overexpression of enzymes involved in GSH synthesis and conjugation 

can facilitate cisplatin resistance (Galluzzi et al. 2012). 

1.1.3 CELL CULTURE MODELS FOR CANCER RESEARCH 

Cell culture models are a helpful tool to approach research questions in vitro, as they can be 

observed under controlled conditions. In cancer research, primary cells as well as immortalized 

cell lines are routinely used. Primary cells are extracted from tissue and transferred to cell 

culture, where they can proliferate for a finite amount of time until they reach senescence. In 

immortalized cell lines, cell cycle checkpoint pathways are disabled, leading to a loss of 

senescence and subsequent uncontrolled proliferation. This immortality can be artificially 

induced or already be present due to mutations in cancer cells (Maqsood et al. 2013). 

Traditionally, cells are cultured as adherent monolayers on flat surfaces (2D) since the early 

1900s (Figure 4A). To achieve a better representation of the conditions in vivo, synthetic 

extracellular matrix (ECM) matrices can be integrated into 2D cell culture. Using transwell cell 

culture inserts is advisable for co-culturing different cell types without allowing for direct cell-cell 

contacts (Figure 4B). This is especially interesting for the study of cell-cell communication via 

extracellular messengers like exosomes (Guo et al. 2016, Zhu et al. 2019).  
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In vivo, tumor cells grow in three-dimensional (3D) structures, and are in constant cross-talk with 

other cells and components of the tumor microenvironment (TME). This 3D architecture leads to 

differences in the supply of oxygen, nutrients, and other extracellular components like drugs or 

exosomes, depending on the cell’s localization within the tumor. Growing cells in 3D spheroids 

can help to mimic this situation in vitro (Figure 4C). Due to the surrounding cell-cell contacts 

within spheroids, cells can also develop a polarity. Overall, the morphological and cellular 

characteristics of tumor spheroids are more in agreement with in vivo tumors when compared to 

conventional monolayer models (Kim 2005, Ma et al. 2012, Ravi et al. 2015). Spheroids can be 

generated from different sources, including cell lines and ex vivo (tumor-) tissue. When using 

patient material, spheres will not only contain tumor cells but also immune cells, endothelial 

cells, and fibroblasts, giving an even better representation of tumor heterogeneity. Such 

spherical cultures are often referred to as organoids or tumoroids (Weiswald et al. 2015).  

 

 
Figure 4. Schematic illustration of different cell culture models for cancer research  
A) Cells are grown in adherent monolayers on a flat surface and can freely communicate via direct contact 
or extracellular messengers. B) Cells are co-cultured using a transwell insert. Depending on the pore size 
of the transwell membrane, cells can communicate via various extracellular messengers. C) Cells are 
grown in low adhesion plates, resulting in the formation of 3D spheroids. Availability of extracellular 
components to the cells depends on their respective localization within the spheroid. 
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1.1.4 LIQUID BIOPSY 

For tumor screening and therapy surveillance, it is standard procedure to take tissue biopsies 

from cancer patients. For this procedure tissue is extracted and analyzed for pathological 

markers. Besides causing stress to the patient, it is not always possible to take such biopsies 

due to complicated anatomical locations as often encountered in HNSCC. Additionally, the 

results only reflect a snapshot of the heterogeneous tumor mass. Therefore liquid biopsies have 

become increasingly popular in recent years, as they represent a minimal-invasive alternative 

that can complement standard cancer detection and monitoring (Figure 5). Compared to tissue 

biopsies they are lower in costs and easily performed, making multiple samplings throughout a 

patient’s treatment possible (Vaidyanathan et al. 2018). Liquid biopsy relies on the analysis of 

biomarkers mostly in blood, but also other bodily fluids like urine or saliva. Among the examined 

biomarkers are circulating tumor cells (CTCs), cell-free DNA (cfDNA), circulating RNA, and 

extracellular vesicles (EVs), including exosomes (Xiao et al. 2019, Mishra et al. 2022).  

 

Figure 5. Liquid biopsy for cancer patients  
Periodic sampling and analysis of blood-borne markers like extracellular vesicles (EVs), circulating RNA, 
cell-free DNA (cfDNA), and circulating tumor cells (CTCs) facilitates easy screening, diagnosis, treatment 
decisions, and therapy monitoring for cancer patients. 



Introduction 

9 

 

1.2 EXOSOMES 

In 1983, Pan and Johnstone, as well as Harding et al. first described nano-sized extracellular 

vesicles (EVs) originating from exocytosis of multivesicular endosomes. These specific EVs 

were termed exosomes shortly after. All kinds of eukaryotes, including humans, animals, plants, 

and fungi, as well as prokaryotes, have been proven to produce exosomes (Gurung et al. 2021). 

Within the human body, almost all cell types shed exosomes, so they can be found in various 

bodily fluids (e.g. blood, urine, saliva) as well as in medium from human cell culture (Zhang et al. 

2019, Elzanowska et al. 2021). While exosomes share many common features with other 

classes of EVs, they are distinct in their size, content, and biogenesis (Figure 6). Over the past 

decades, more and more biological functions of these membranous vesicles have emerged, 

sparking a wide research interest.  

 

 

Figure 6. Different types of extracellular vesicles 
Exosomes are released by membrane fusion of the multivesicular body (MVB) with the plasma 
membrane. Microvesicles bud directly from the plasma membrane, while apoptotic bodies are the result of 
cell death associated membrane blebbing.  

 

 

 



Introduction 

10 

 

1.2.1 BIOGENESIS AND CARGO SORTING 

Exosomes originate from intraluminal vesicles (ILVs) formed in late endosomes. The endosomal 

pathway typically begins with the (receptor-mediated) endocytosis of extracellular materials by 

plasma membrane invagination, and the endocytosed components are directed to the early 

endosomes. From here, they can either be transported back to the plasma membrane for 

recycling or move further along the endosomal pathway (Doherty and McMahon 2009, Hu et al. 

2015). Through acidification, the early endosomes mature into late endosomes, which can 

receive additional cargo from the Trans-Golgi network (Huotari and Helenius 2011). Upon 

interaction of the endosomal sorting complex required for transport (ESCRT) with exosome-

targeted proteins, the endosomal membrane buds inwards, resulting in the formation of ILVs 

(Figure 7) (Henne et al. 2011, Minciacchi et al. 2015). These ILVs are the precursors of the later 

secreted exosomes. Alternatively, ILVs can also originate from ceramide- or tetraspanin-

enriched microdomains of the endosomal membrane (Airola and Hannun 2013, Perez-

Hernandez et al. 2013, Castro et al. 2014). The resulting multivesicular body (MVB) eventually 

fuses with the plasma membrane and releases the ILVs into the extracellular space as 

exosomes (Zhang et al. 2019). MVBs can also fuse with lysosomes, typically resulting in the 

degradation of their contents. However, there have also been reports of lysosomes fusing with 

the plasma membrane and subsequent exosome release (Buratta et al. 2020). There is also a 

limited number of studies reporting exosomes budding directly from endosome-like 

microdomains of the plasma membrane (Booth et al. 2006, Fang et al. 2007). Nevertheless, the 

prevailing definition of exosomes asserts that they originate from the endosomal pathway. 

While exosomes were thought to be a cellular mechanism for waste disposal until the 1990s, 

research has since shown that they facilitate cell-cell communication by delivering complex 

cargos. Nowadays they are viewed as extracellular messengers delivering specific signals to 

their recipient cells. Exosomes contain different nucleic acids, metabolites, soluble and 

membrane proteins, as well as lipids (Valadi et al. 2007, Waldenstrom et al. 2012, Elzanowska 

et al. 2021, Harmati et al. 2021). Typical exosome marker proteins include tetraspanins (CD63, 

CD81, CD9), heat shock proteins (HSPs) (HSP70, HSP90), MVB formation associated proteins 

(TSG101, Alix), and proteins related to membrane transport and fusion (GTPases) (Vlassov et 

al. 2012). The most common RNA species contained in exosomes are non-coding RNAs 

(ncRNAs), including micro RNAs (miRNAs), circular RNAs (circRNAs), and long ncRNAs 

(lncRNAs). Upon uptake, ncRNAs can alter the protein expression of the recipient cell. miRNAs 

bind to target messenger RNAs (mRNAs), resulting in post-translational silencing. lncRNAs and 

circRNAs are sponging miRNAs by competitively binding to them, resulting in increased 
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expression of the respective miRNA’s target mRNA. They can also directly interact with proteins 

(Xu et al. 2022). The DNA species found in exosomes include genomic DNA (gDNA) and 

mitochondrial DNA (mtDNA). Exosomal packaging of DNA is a cellular mechanism to maintain 

homeostasis, but its uptake can also lead to alterations in the recipient cell by incorporation of 

the DNA into its genome (Elzanowska et al. 2021). Exosomes also contain metabolites like 

amino acids and their derivates, carbohydrates, carbonic acids, and folates (Harmati et al. 

2021). When it comes to their membrane composition, exosomes are generally enriched in 

cholesterol, ceramides, sphingomyelin, and phosphatidylserine. They can also contain lipolytic 

enzymes, enabling the autonomous production of units of bioactive lipids (Zhang et al. 2019, 

Wei et al. 2021). 

Protein sorting into ILVs, and subsequently exosomes, is largely dependent on post-translational 

modifications (PTMs). The most relevant PTM in this context is ubiquitination. The ESCRT 

subunits ESCRT-0, ESCRT-I, and ESCRT-II all interact with ubiquitinated proteins and recruit 

them to the endosomal membrane (Moreno-Gonzalo et al. 2014). A known signal for MVB 

sorting is the PPYX motif, which is recognized and ubiquitinated by the Nedd4 family of ubiquitin 

ligases (Boase and Kumar 2015, Goel et al. 2015). Other frequently detected PTMs of exosomal 

proteins are SUMOylation, phosphorylation, and glycosylation (Anand et al. 2019). As mentioned 

before, ILV formation also occurs at specific microdomains within the endosomal membrane. 

Activity of neutral sphingomyelinase (nSMase) leads to ceramide-enriched regions, which curve 

spontaneously and thereby facilitate ILV formation. nSMase is therefore also frequently found in 

exosomes (Li et al. 2018, Anand et al. 2019). Another poorly understood sorting mechanism is 

cargo-clustering. It involves proteins targeted to tetraspanin-enriched microdomains to be 

actively incorporated into ILVs (Leidal and Debnath 2020). 

The sorting mechanisms for nucleic acids remain largely unknown. RNA packaging is thought to 

be dependent on specific EXOmotifs, which have been identified in numerous exosome-

associated miRNAs. These facilitate the interaction with RNA-binding proteins, for example the 

SUMOylated hnRNPA1, and thus facilitate sorting into exosomes (Villarroya-Beltri et al. 2013).
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Figure 7. Exosome biogenesis and -activity 
After maturation from early to late endosomes, ILVs are formed, resulting in the formation of the MVB (1). 
Cargo can originate from the cytosol, other organelles like the golgi apparatus, and endocytosis. Upon 
fusion of the MVB with the plasma membrane (2a) ILVs are released into the extracellular space as 
exosomes. Alternatively, MVBs can fuse with lysosomes, where contents are either recycled or exosomes 
are released by fusion of the lysosome with the plasma membrane (2b). Upon reaching the recipient cell, 
exosomes can be internalized by endocytosis or phagocytosis (3a), elicit signaling through receptor-ligand 
interaction (3b), or directly release their contents by membrane fusion (3c). MVB = Multivesicular body; 
ILV = Intraluminal vesicle 
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1.2.2 BIODISTRIBUTION AND -ACTIVITY 

As almost all cell types shed exosomes, they are distributed throughout the whole body, locally 

and systemically. If taken up by endocytosis, exosomes can go through multiple cycles of uptake 

and release, allowing for deep tissue penetration. There are multiple factors influencing the 

specific tropism of exosomes, including the cell of origin, the membrane constitution, and the 

physiological state of the organism (Gurung et al. 2021). Unfortunately, most studies concerning 

exosome biodistribution come from a pharmacokinetic background, meaning they use 

heterologous or engineered exosomes. In this case, dose and route of administration also play a 

crucial role for the exosomes’ fate. Knowledge about the biodistribution of autologous exosomes 

is scarce, but their presence in various bodily fluids suggests that they can travel throughout the 

entire body (Choi et al. 2021). 

Upon reaching the recipient cell, exosomal cargo can facilitate a variety of biological functions. 

Depending on the type of recipient cell, there are three known modes of exosome bioactivity, 

namely internalization, receptor-ligand signaling, and membrane fusion (Figure 7) (Abels and 

Breakefield 2016). Membrane fusion allows for a direct release of the exosomal cargo into the 

recipient cell’s cytoplasm (Prada and Meldolesi 2016). Alternatively, exosomal ligands can 

interact with cellular receptors, thus inducing downstream signaling cascades. However, the 

main route of exosome bioactivity is internalization, either by endocytosis or phagocytosis. The 

ladder is specific to immune cells like macrophages and dendritic cells. After engulfing the 

extracellular exosomes, they are contained in the phagosome (Gordon 2016). Endocytosis can 

be receptor-mediated or occur at lipid rafts, which are enriched in cholesterol, sphingolipids, and 

GPI-anchored proteins (Doherty and McMahon 2009). Both ways of internalization ultimately 

direct the exosomes to the endosomal pathway. After internalization, the exosomes can be 

guided to different destinations along the endosomal pathway. Endosomes can fuse back with 

the plasma membrane, which would result in a re-release of the exosomes into the extracellular 

space (Doherty and McMahon 2009, Hu et al. 2015). Late endosomes can also interact with the 

nucleoplasmatic reticulum (NR), a compartment that penetrates the nucleoplasm. This could 

allow exosomal cargo to enter the nucleus (Santos et al. 2018). Another possibility is retrograde 

trafficking to the Golgi Aparatus. The typical endpoint however is the lysosome, where contents 

are usually degraded. To escape lysosomal degradation, cargo can diffuse out of the endosome 

or be released into the cytoplasm, either by exosomal-endosomal membrane fusion or by 

rupture of the endosome or lysosome (Tian et al. 2010, Gurung et al. 2021). 
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1.2.3 ISOLATION AND ANALYSIS 

Isolating exosomes can be challenging, as they are small and low in density. However, these 

properties, along with the presence of specific exosomal biomarkers, can also facilitate their 

isolation. There are various approaches available, and the choice of a suitable method highly 

depends on the specific research goals and sample types. The most common approaches are 

ultracentrifugation, size exclusion chromatography (SEC), ultrafiltration (UF), polymer 

precipitation, and immunoaffinity capture. The advantages and disadvantages of these methods 

are summarized in Table 1. Figure 8 gives a schematic overview of how these different methods 

achieve exosome isolation. 

 

Table 1. Common exosome isolation methods 

Method Underlying exosome 

property 

Advantages Disadvantages Sources 

Ultracentrifugation Size, density Well established, all 

sample types and 

volumes 

Time consuming, cost 

intensive, high force, low 

yield 

[1-5] 

Size exclusion 

chromatography 

Size Easy, low force Low purity [6-7] 

Ultrafiltration Size Easy Low purity,  

low recovery rates 

[4] [8] 

Polymer 

precipitation 

Biophysical properties  Easy, quick,  

low force 

Low purity,  

reagent contamination 

[5] [9] 

Immunoaffinity 

capture 

Biomarkers Easy, high purity Time consuming,  

high cost, variance 

based on antigen, low 

yield 

[10-12] 

Sources: [1] Livshits et al. 2015, [2] Thery et al. 2006, [3] Chen et al. 2021, [4] Yang et al. 2020, [5] Zhang 
et al. 2020, [6] Batrakova and Kim 2015, [7] Boing et al. 2014, [8] Vergauwen et al. 2017, [9] Oh et al. 
1988, [10] Ruivo et al. 2017, [11] Zhang et al. 2018, [12] Chen et al. 2021 

 

Analyzing exosomes is not only important to uncover their biological functions, but also to verify 

successful isolation. Therefore the The International Society for Extracellular Vesicles 

encourages researchers to follow the Minimal Information for Studies of Extracellular Vesicles 

(MISEV) guidelines. The MISEV guidelines recommend showing three positive and one negative 

marker for the respective EV type on protein level. Suitable methods therefor include western 

blot, flow cytometry, or mass spectrometry. Furthermore, two different but complementary 

techniques are to be applied to characterize EVs on single particle level. This shall include 
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image-based methods (electron microscopy) and single particle analysis (DLS, NTA, TRPS). 

Since the 2018 update it is also encouraged to describe EVs quantitatively by particle count, 

total protein content, or total lipid content (Thery et al. 2018, Welsh et al. 2024). A more in depth 

review of exosome isolation and analysis methods can be found in our review (Wandrey et al. 

2023) (see also section 2.2.5). 

 

 

Figure 8. Overview of common exosome isolation methods 
A) Ultracentrifugation relies on a series of lower-speed centrifugations to clear the sample of any cells, 
debris, and larger EVs. Afterwards, exosomes are precipitated by high-speed centrifugation.  
B) Immunoaffinity capture relies on the interaction between antigens on the exosomal surface and specific 
antibodies. These antibodies can be stationary, i.e. immobilized to a column (left), retaining the exosomes 
(red) while other particles (green) pass through. Alternatively, they can be fixed to mobile beads (right). 
Bead-bound exosomes are precipitated by centrifugation or magnetism, while other particles remain in the 
supernatant. C) Size-based isolation methods include SEC and UF. SEC is based on exosomes (red) 
getting trapped in a porous matrix, while larger particles (green) elute faster. UF relies on filter membranes 
with different molecular weight cut-offs, resulting in the separation from larger particles. D) The addition of 
polymers reduces the solubility of exosomes, leading to their aggregation, and subsequently allowing their 
precipitation at relatively low centrifugation speeds. 
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1.2.4 EXOSOMES IN CHEMOTHERAPY RESISTANCE 

As discussed in section 1.1.2 there are multiple cellular mechanisms contributing to 

chemotherapy resistance. Exosomes have been implicated in the transmission of 

chemoresistance by shaping the TME and altering the recipient cells' phenotype by delivering 

functional proteins and RNAs (Sharma 2017). 

In general, chemotherapy leads to an increase in exosome biogenesis (Kong et al. 2015). One 

proposed explanation is the exploitation of chemotherapeutic drug export via exosomes as a 

chemoresistance mechanism. For example, exosomes from cisplatin-resistant ovarian cancer 

cells incorporate two-fold more cisplatin than those from sensitive cells (Safaei et al. 2005).  

Exosomes also contribute to the horizontal transfer of drug exporters like P-gp, MDRPs, and 

ABC transporters ABCA-3 and ABCG-2 (Sharma 2017). In a breast cancer model, exosomal 

delivery of P-gp was shown to facilitate the transfer of a chemoresistant phenotype, with P-gp 

functionality detectable only 2h after exosomal transfer (Bebawy et al. 2009, Lv et al. 2014, 

Wang et al. 2016). Similarly, exosomes could confer a chemoresistant phenotype in leukemia 

cells, by delivering functional MRP-1 and ABCA-3 (Chapuy et al. 2008, Lu et al. 2013). 

Exosomes have also been shown to carry pro-survival proteins like HSPs and the IAP survivin. 

Exosomal export of HSPs 60, 70, and 90 is increased by treatment with cisplatin or carboplatin 

in hepatocellular carcinoma cells (Lv et al. 2012). In prostate cancer patients, high exosomal 

levels of survivin could be associated with relapse after chemotherapy (Khan et al. 2012). 

Exosomes can also transfer resistance by delivering miRNAs. In breast cancer cells, tamoxifen 

resistance could be transferred to sensitive cells via exosomal miR-221/222 delivery (Wei et al. 

2014). In another breast cancer model exosomal miR-100, miR-222, miR-30a, miR-24, miR-26a, 

and miR-27a could be linked to resistance phenotype transfer (Chen et al. 2014). In oral SCC, 

exosomal miR-21 was indicated in cisplatin resistance transfer by targeting DNA damage 

signaling (Liu et al. 2017).  

The evidence for a significant role of exosomes in chemoresistance transfer in vitro is manifold. 

However, the number of studies providing in vivo data is very limited. Since conditions in the 

TME differ significantly from those in vitro, the kinetics of exosomal resistance transfer could 

differ significantly in vivo (Sharma 2017). 

A more detailed review of the role of exosomes in (chemo-) therapy resistance can be found in 

our publication (Wandrey et al. 2023) (see also section 2.2.5). 
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1.2.5 EXOSOMES AS BIOMARKER 

Exosomes can be found in a variety of bodily fluids and they contain complex cargos that can 

serve as biomarkers. In breast cancer, a correlation between the total amount of exosomal 

miRNA with malignancy and prognosis could be established (Joyce et al. 2016). Elevated levels 

of exosomal miR-21 and miR-4257 were associated with disease recurrence in non-small-cell 

lung cancer (Dejima et al. 2017). In HNSCC, exosome levels are nearly doubling with disease 

progression and can be correlated with the stage of disease (Muller et al. 2014, Ludwig et al. 

2017). High expression of mesenchymal markers N-cadherin and TGF-β1 on plasma-derived 

exosomes of HNSCC patients could be associated with increased tumor proliferation, migration, 

and invasion, while photodynamic therapy leads to a shift towards epithelial markers 

(Theodoraki et al. 2018). After treating HNSCC patients with a combination of cetuximab, 

ipilimumab, and radiation, patients with recurrent disease showed increased levels of total 

exosome proteins, total exosome ratio, total CD3+, CD3(−)PD-L1+, and CD3+15s+ exosomes 

as opposed to patients who remained disease free (Theodoraki et al. 2019). 80 % of HNSCCs 

show overexpression of EGFR, which is also reflected in exosomes (Xiao et al. 2019). Reduction 

of exosomal EGFR and phospho-EGFR in HNSCC patients after cetuximab treatment could be 

correlated with treatment success. Serum-exosomal miR-21 and homeobox transcript antisense 

RNA (HOTAIR) could be associated with disease progression in laryngeal SCC, as patients with 

lymph node metastasis showed increased levels of both (Wang et al. 2014). The molecular 

profiles of exosomes in HNSCC are also reflective of the tumor’s HPV status. Exosomal HPV-

16-E7, SIRPA, and MUC16 have been proposed as potential biomarkers for HPV-16 associated 

oropharyngeal cancer. Additionally, exosomes from HPV-positive cancers only carry low levels 

of p53 (Kannan et al. 2017, Ludwig et al. 2018). 

Exosomes pose a promising diagnostic and prognostic tool for different cancer entities including 

HNSCC, but so far the lack of standardized isolation and analysis methods is hindering the 

integration of exosomal biomarkers into the clinical routine (Ebnoether and Muller 2020). 
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1.3 CIRCULATING TUMOR CELLS (CTCS) 

Circulating tumor cells (CTCs) were first reported by Ashworth in 1869, as cells found in the 

blood of a cancer patient similar to those of the tumor. In 2004, Cristofanilli et al. were the first to 

indicate CTCs as biomarkers for progression-free survival in metastatic breast cancer. Since 

then, CTCs were recommended as tumor markers by the American Society of Clinical Oncology 

in 2007 and even integrated into the TNM staging of breast cancer in 2017 (Rossi and Fabbri 

2019).  

CTCs are cells originating from a primary or metastatic tumor mass that have entered the blood 

stream (Figure 9). Single CTCs can already be detected in patients with premalignant disease, 

highlighting their role in tumorigenesis early on (Pereira-Veiga et al. 2022). The shedding 

mechanism is not completely understood, but possible routes include direct shedding through 

leaky vasculature or active migration. While direct shedding likely occurs by chance, the 

acquisition of migratory potential involves partial or total epithelial-mesenchymal transition (EMT) 

(Lin et al. 2021).  

 

Figure 9. Circulating tumor cells (CTCs) and their role in metastasis 
Cells of the primary tumor mass enter the bloodstream through leaky vasculature or gain migratory 
potential through epithelial-mesenchymal transition (EMT). CTCs are distributed with the circulation and 
potentially form circulating tumor microemboli with white blood cells. At distant sites they anchor at the 
luminal surface of endothelial cells through interaction of adhesions receptors. After extravasation CTCs 
can go into a dormant state (DTCs) or directly give rise to metastasis. 



Introduction 

19 

 

EMT is a cellular process, which leads to a loss of epithelial and gain of mesenchymal 

characteristics. It is reversible by the opposed process of mesenchymal-epithelial transition 

(MET). During EMT cells lose their apical-basal polarity, as well as cell-cell and cell-extracellular 

matrix adhesions, resulting in increased motility (Bakir et al. 2020, Amack 2021). There are 

multiple known signaling pathways that can induce EMT through EMT-promoting transcription 

factors (EMT-TFs). Prominent examples of EMT-TFs are the Snail, Slug, Twist, and ZEB 

families of transcription factors. Upon activation, they downregulate epithelial gene expression 

and activate mesenchymal genes (Dongre and Weinberg 2019). Classic epithelial marker 

proteins that are downregulated during EMT are involved in adherence junctions (E-cadherin, 

EpCAM) and tight junctions (ZO-1, Occludin). Mesenchymal marker proteins include N-cadherin, 

vimentin, and fibronectin. Some of these markers are also targeted for CTC isolation and 

analysis. Both EMT and MET are dynamic processes with intermediate states, leading to the 

appearance of cells carrying markers of both phenotypes (Bierie et al. 2017, Amack 2021). 

Besides its role in CTC biogenesis, EMT has also been associated with increased therapy 

resistance and a self-renewing cancer stem cell (CSC) phenotype in different entities (Guo et al. 

2012, Lim et al. 2013, Quail and Joyce 2013). 

After intravasation CTCs have to survive the high shear forces within the circulation and 

potential encounters with cells of the immune system. This leads to a rather short half-life of 

CTCs, which is estimated to be ≤ 24h (Dong et al. 2013, Payne et al. 2019). Increased half-life 

and metastatic potential have been attributed to CTCs occurring in clusters with white blood cells 

(WBCs), so called circulating tumor microemboli (Aceto et al. 2014). Those cells that survive the 

harsh conditions in the blood stream can reach distant sites, where they extravasate. The 

extravasation process involves anchoring of the CTCs to the luminal surface of the endothelial 

cells (ECs), which is thought to be mediated by interaction of adhesion receptors on CTCs and 

ECs (Lou et al. 2015). After extravasation the cells can enter a dormant state and persist in 

distant tissues for multiple years. These cells are referred to as disseminated tumor cells (DTCs) 

(Dasgupta et al. 2017). Both DTCs and CTCs can give rise to metastasis. 
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1.3.1 ISOLATION AND ANALYSIS 

Isolating CTCs is rather challenging, as they are extremely rare compared to other cell types 

within the blood. CTC yields vary based on cancer entity, disease progression, and isolation 

method, but in one milliliter of blood roughly 1-100 CTCs can be found. That translates to one 

CTC in a billion circulating cells (Gribko et al. 2019, Kunzel et al. 2019). Isolation methods can 

be divided into those based on physical properties like size or density, and those based on 

biological properties, i.e. the expression of specific marker proteins (Figure 10) (Sharma et al. 

2018, Payne et al. 2019). With a size of 9-19 µm CTCs are larger than other cells contained in 

the blood. This property can be exploited to separate CTCs using microfilters or microfluidic 

devices (Hosokawa et al. 2010, Ferreira et al. 2016). The main challenge here is the proximity in 

size to leukocytes (7-9 µm) (Coumans et al. 2013). There have also been reports of smaller 

CTCs which would be lost using such methods (Allard et al. 2004). Using centrifugation, CTCs 

can be separated by their specific density. Size and density based isolation techniques are often 

applied in combination (Banko et al. 2019). Dielectrophoretic field-flow fractionation (DEP-FFF) 

can be used to isolate CTCs based on their size and polarizability (Gascoyne et al. 2009). In 

general, methods based on physical properties have high throughputs, but they lack specificity 

and purity, as CTCs are a rather heterogeneous cell population (Sharma et al. 2018). 

Techniques based on biological properties exploit immunoaffinity capture of specific surface 

antigens. If surface antigens on the CTCs are targeted, the process is referred to as positive 

selection. The complementary process of negative selection is based on depleting the sample by 

targeting antigens that are not expressed on CTCs, but on other blood cells. Both rely on the 

functionalization of surfaces or beads with the respective antibodies (Banko et al. 2019). For 

positive selection the CTC marker epithelial cell adhesion molecule (EpCAM) is the most 

common antigen. It is also employed by the FDA-approved CTC isolation platform CellSearch. 

Since EpCAM is only suitable for epithelial tumors and its expression can get lost during EMT, 

alternative antigens like epidermal growth factor receptor (EGFR) and cell-surface vimentin 

(CSV) have been used to isolate different CTC populations (Satelli et al. 2015, Sharma et al. 

2018). Negative selection is mostly based on CD45, a WBC marker, and often combined with 

other depletion methods like red blood cell (RBC) lysis (Yang et al. 2009). When comparing the 

two immunoaffinity-based approaches, negative selection yields lower purity than positive 

selection. However CTCs isolated by positive selection are labeled, which can interfere with 

downstream applications. In addition, they most likely only represent a subpopulation based on 

the antigen chosen for CTC capture (Banko et al. 2019).  
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The choice of a suitable CTC isolation method largely depends on the downstream application. If 

CTCs are supposed to be cultured, label-free cells are favorable. For simple enumeration this 

might not be necessary. In general, it should be kept in mind that likely only a certain 

subpopulation of CTCs will be enriched based on the respective properties chosen for isolation. 

One of the main challenges of future CTC research will be to automate the isolation process, 

which is a crucial step towards integrating CTC analysis into clinical practice. While the approval 

of CellSearch was an important achievement in this regard, the system still comes with 

numerous limitations, is very laborious, and requires highly trained personnel. Therefore ongoing 

research is focusing on more flexible, reproducible, and user-friendly solutions (Andree et al. 

2016). 

 

 

Figure 10. Isolation methods for circulating tumor cells (CTCs) 
In a patient’s blood sample CTCs (green) occur in a mixture with white blood cells (purple) and red blood 
cells (red). To achieve separation by physical properties, CTC polarizability, size, or density can be 
exploited. For isolation based on biological properties, either CTC markers (positive selection) or white 
blood cell markers (negative selection) can be targeted by functionalized beads or surfaces. The latter is 
often combined with red blood cell lysis or other additional depletion techniques. Size and quantitative 
ratio of cells were optimized for visualization purposes and do not reflect the in vivo situation. 
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Analysis of CTCs can be broadly divided into proteomic and transcriptomic approaches. 

Proteomic approaches focus on specific marker proteins expressed by CTCs. Labelling these 

proteins with specific antibodies allows for their visualization and quantification using optical 

systems. Typically, applied CTC markers include epithelial proteins like EpCAM, cytokeratins 

(CKs), and E-cadherin, mesenchymal proteins like N-cadherin and CSV, and stem-cell marker 

CD133. Additionally, CTCs have to be positive for a nuclear dye (e.g. DAPI) and negative for the 

leukocyte marker CD45. Other entity specific markers, for example prostate-specific antigen 

(PSA), can also be applied (Yap et al. 2014, Sharma et al. 2018).  For transcriptomic analysis, 

DNA or RNA are targeted. Whole genome amplification allows for genotyping of CTCs on single 

cell level (Krebs et al. 2014). RNA can be analyzed by quantitative PCR (qPCR), digital PCR 

(dPCR), or fluorescence in-situ hybridization (FISH). While these methods are highly sensitive, 

they also require high purity samples. Additionally, they do not provide the option to enumerate 

CTCs (Sharma et al. 2018). Another approach to CTC research is culturing CTCs ex vivo or in 

xenografts to exploit them as models for drug development and personalized therapy. This 

requires high purity, label-free CTCs, and has only been successful in a small number of studies 

(Praharaj et al. 2018).  

1.3.2 CTCS IN CHEMOTHERAPY RESISTANCE 

Typically, the number of detectable CTCs goes down after successful treatment. A study with 

breast cancer patients found that in non-responders the number of CTCs expressing CSC 

marker ALDH1 and EMT marker TWIST1 was significantly increased after chemotherapy 

compared to responders (Papadaki et al. 2019). Similarly, another study found a correlation 

between the expression of ALDH and MDR proteins on CTCs with chemoresistance in breast 

cancer patients (Gradilone et al. 2011). Studies with immunodeficient mice have shown that in 

fact only those CTCs expressing mesenchymal and stemness markers are able to form 

metastasis after xenotransplantation (D'Alterio et al. 2020). There has also been evidence that 

exposure to shear stress leads to changes in morphology and increased expression of 

mesenchymal markers, again suggesting an involvement of EMT and in turn increased tolerance 

to chemotherapy (Xin et al. 2019). In general, chemotherapy leads to a selective pressure within 

the primary tumor that favors EMT and thereby gives rise to more migratory tumor cells that 

potentially become CTCs. In summary, it can be postulated that the process of EMT allowing for 

CTC intravasation and the selective pressure within the blood stream lead to molecular changes 

in the CTCs’ constitution that also cause increased tolerance to chemotherapeutic drugs. 

Metastasis originating from such CTCs likely inherit these traits (D'Alterio et al. 2020).  



Introduction 

23 

 

1.3.3 CTCS AS BIOMARKER 

The easiest way to use CTCs as biomarker is to simply count how many CTCs are present in 

the circulation. For HNSCC patients, it has been shown in several studies that CTC counts 

significantly decrease after treatment, allowing for post-treatment monitoring (Buglione et al. 

2012, Payne et al. 2019, Wang et al. 2019). A comparative study demonstrated that 

oropharyngeal and oral cavity cancers have increased CTC counts compared to other 

anatomical sites of HNSCC. The same study also revealed a correlation between CTC count 

and nodal stage, but not T status (Hristozova et al. 2011). On the contrary, a similar study found 

a correlation between disease progression and T status with increased CTC counts (Kawada et 

al. 2017). Both studies were carried out with HNSCC patients, but using different CTC isolation 

methods, flow cytometry and microfilters respectively. When looking at survival outcomes, one 

study found that increased CTC counts correlated with decreased disease-free survival (DFS) in 

HNSCC patients in a follow-up period of 19 months, using negative selection (Jatana et al. 

2010). Another study using qPCR of EGFR for CTC detection found that increased CTC counts 

correlated with decreased DFS and overall survival (OS) in non-oropharyngeal cancers in a 

follow-up period of 34 months. For oropharyngeal cancers the same study found high CTC 

counts to be a sign of improved DFS and OS (Tinhofer et al. 2014). These ambiguous results 

highlight the importance of the applied CTC isolation method.  

A lot of current research is focused on the genetic and proteomic characterization on single CTC 

level. For HNSCC, it could be shown that around a third of CTCs are negative for epithelial 

markers but express mesenchymal markers, showcasing the presence of different CTC 

populations (Balasubramanian et al. 2012). Another study found CTCs expressing both epithelial 

(cytokeratin) and mesenchymal markers (N-cadherin), with some even expressing additional 

stem cell markers (CD133). The presence of mesenchymal CTCs after resection was associated 

with decreased OS (Weller et al. 2014). A different study found that patients with > 20 % 

Podoplanin-positive epithelial CTCs had a decreased OS in a median follow-up period of  

10,5 months (Hsieh et al. 2015). For recurrent/metastatic HNSCC the overexpression of 

exosomal PD-L1 after treatment was associated with decreased progression-free survival and 

OS (Strati et al. 2017).  

One of the main questions in CTC research will be how to deal with their heterogeneity when it 

comes to isolation and subsequent interpretation of the results. To this end further single cell 

analysis and standardized clinical studies will be necessary to advance the integration of CTCs 

as biomarkers into clinical practice. 
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1.4 AIM OF THE STUDY 

Early detection and consistent monitoring are pivotal for the successful treatment of numerous 

cancerous diseases, including HNSCC. Exploring novel biomarkers for liquid biopsy is a 

promising approach in this regard. Additionally, the establishment of novel biomarkers can also 

help to understand and thus overcome chemotherapy resistance, which remains a major cause 

of death in cancer patients. Understanding the molecular mechanisms underlying its emergence 

and transmission could further aid early detection and informed treatment decisions. Thus, this 

study set out to explore the role of exosomes in chemotherapy resistance, and discover 

possibilities to exploit exosomes and CTCs as biomarkers for liquid biopsy. To achieve this, the 

following work packages were defined: 

 

1. Establishment and validation of exosome- and (automated) CTC isolation 

 

2. Transcriptomic profiling of exosomal markers relevant to chemotherapy resistance in vitro 

 

3. Establishment of different cell culture models to evaluate the role of exosomes in 

chemotherapy resistance transmission in HNSCC 

 

4. Evaluation of different cell culture models in reaction to chemotherapy and exosomal 

communication 

 

Taken together, the generated results will provide new insights into the role of exosomes as 

chemoresistance transmission vehicles in HNSCC. Furthermore, the identified exosomal 

resistance biomarker candidates and established (automated) CTC isolation can be exploited for 

liquid biopsies in the future, potentially improving clinical management of patients with 

(chemoresistant) tumors. 
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2 RESULTS AND DISCUSSION 

This section contains the three peer-reviewed publications of the cumulative dissertation, 

reprinted with permission from the respective publishers. The copyright of the original 

publications is held by the authors. Table 2 summarizes the contributions to the individual 

publications, as confirmed by the primary supervisor’s and PhD candidate’s signatures. 

Table 2. PhD candidate’s contributions to the publications of the cumulative dissertation 

Title Authors Journal/Book 

(Year) 

Contributions Status 

Exosomes in Cancer 

Progression and 

Therapy Resistance: 

Molecular Insights 

and Therapeutic 

Opportunities 

Madita Wandrey, 

Jadwiga Jablonska, 

Roland H. Stauber,  

Désirée Gül 

Life (2023) 90 % (First Authorship) 

Conceptualization, 

Literature Review, 

Manuscript Preparation, 

Visualization, Review, 

Editing 

Published 

A Head and Neck 

Cancer Spheroid 

Model for Phenotypic 

High-Content 

Screening of 

Chemoresistance 

Madita Wandrey,  

Aya Khamis Hassan, 

Roland H. Stauber,  

Désirée Gül 

Methods in 

Molecular Biology 

(2024) 

90 % (First Authorship) 

Conceptualization, 

Experimental Work, Data 

Analysis, Manuscript 

Preparation, 

Visualization, Review, 

Editing 

Accepted 

Characterization of a 

novel microfluidic 

platform for the 

isolation of rare 

single cells to enable 

CTC analysis from 

head and neck 

squamous cell 

carcinoma patients 

Janis Stiefel,  

Christian Freese, 

Ashwin Sriram,  

Sabine Alebrand, 

Nalini Srinivas, 

Christoph Sproll, 

Madita Wandrey et al. 

Engineering in 

Life Sciences 

(2022) 

10 % (Co-Authorship) 

Conceptualization, 

Methodology and 

Validation,  

Immunostaining of 

HNSCC patient sample 

(Figure 6),  

Data Analysis, 

Visualization 

Published 
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2.1 CTCS AS BIOMARKER FOR HNSCC 

Liquid biopsies represent a minimal-invasive alternative to standard tissue biopsies, and pose a 

promising tool to complement cancer detection and monitoring. Among the potential biomarkers 

in liquid biopsies are CTCs. Efficient and reproducible isolation of CTCs is of utmost importance 

for their application as biomarker. Since they are extremely rare compared to other cell types 

within the blood stream, sensitive and easy-to-use isolation and analysis methods are still 

lacking, hindering their integration into clinical use. In the following sections, a suitable model for 

CTC isolation validation is introduced and different methods for manual and automated CTC 

isolation are tested and compared. 

2.1.1 ESTABLISHMENT OF A SUITABLE MODEL FOR VALIDATION 

When validating CTC enrichment, a popular first approach is the isolation of cells of a relevant 

cancer cell line spiked into cell culture medium. This allows for quick and easy access to 

samples and the possibility of controlling the recovery rate (Sharma et al. 2018).  

To find a suitable cell line for the validation process, two established HNSCC cell lines were 

analyzed for their marker expression. HNSCCUM-02T cells were originally isolated from a male 

patient’s primary lesion at the base of the tongue, while HNSCCUM-03T cells originate from a 

male patient’s primary lesion of the pyriform sinus (Welkoborsky et al. 2003).  

For the evaluation of marker expression, cells were seeded in microscopy dishes and stained for 

epithelial markers ZO-1 and EpCAM and mesenchymal marker CSV. HNSCCUM-02T cells 

show expression of all three evaluated markers. In HNSCCUM-03T there was no EpCAM 

expression detectable by microscopy, while ZO-1 and CSV were readily stained (Figure 11A). 

To validate the results, protein expression was additionally analyzed by western blot. Here, 

HNSCCUM-02T show a more epithelial cell type based on the expression of EpCAM and ZO-1. 

CSV was not detectable. HSNCCUM-03T show high expression of mesenchymal marker CSV, 

while there were no clear bands for ZO-1 and EpCAM detectable (Figure 11B).  

Since the enrichment methods to be tested were based on positive selection for epithelial 

marker EpCAM, the validation process was continued with HNSCCUM-02T cells. They were 

additionally fixed and stained for epithelial marker E-cadherin and mesenchymal marker Pan-

Cytokeratin (Pan-CK), and staining of ZO-1 and Pan-CK was further tested in HNSCCUM-02T 

isolated from whole blood (Supplementary Figure 1). Both markers were readily stained, even 

after the isolation process, while remaining blood cells remained stain-free. Thus, HNSCCUM-

02T cells were considered a suitable model for the validation process. 
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Figure 11. Expression of selected marker proteins on HNSCC cell lines  
A) Representative fluorescence microscopy images. Cells were grown in microscopy dishes for 24h and 
then fixed and stained with fluorophore-labelled antibodies. Scale bars 10 µM. B) Western Blot analysis of 
marker protein expression. Lysates were prepared from confluent 10 cm dishes and the maximum 
possible amount of protein was loaded.  
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2.1.2 EVALUATION OF DIFFERENT POSITIVE-SELECTION PROTOCOLS 

To obtain high purity CTCs, two positive selection methods were chosen for testing (Figure 12). 

The Dynabeads FlowComp Flexi Kit (Thermo Fisher Scientific, Dreieich) is based on biotinylated 

antibodies and streptavidin-functionalized magnetic beads. Any antibody can be DSB-X 

biotinylated and added to the sample. Antibodies will bind to the cells expressing the respective 

marker protein. When adding the streptavidin-functionalized beads, they will bind to the 

biotinylated antibodies. The bead-antibody-cell complex can be isolated using a magnet. 

Afterwards cells are released from the beads by addition of a release buffer containing excess 

biotin or desthiobiotin. The pluriBeads system (pluriSelect, Leipzig) is based on antibody-coated 

polystyrene beads. PluriBeads can be coupled to any desired antibody or be purchased readily 

coupled. The coupling mechanism is based on disulfide bonds, which can be resolved using a 

reducing agent. Cells expressing the respective marker protein will bind to the antibodies on the 

beads and will be held back on a specific sieve because of the large size of the beads. 

Afterwards the cells are released from the beads, allowing them to pass through the sieve, while 

the beads stay held back. Both methods yield bead-free, antibody-labelled CTCs. 

 

 

Figure 12. Schematic illustration of CTC isolation by Dynabeads FlowComp Flexi and pluriBeads 
Target CTCs are shown in green, non-target blood cells in blue. Size and quantitative ratio of cells and 
beads were optimized for visualization purposes and do not reflect the in vivo situation. 
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For the validation process HNSCCUM-02T cells were detached and stained with 

Carboxyfluoresceinsuccinimidylester (CFSE) to allow for easy detection after the isolation 

procedure. 30-40 cells were spiked into 7,5 mL cell culture medium. Different protocol variations 

were tested for both methods. Initial tests were carried out according to manufacturer’s 

instructions. To avoid potential loss of cell surface marker expression during trypsination of 

HNSCCUM-02T cells, accutase was introduced as an alternative detachment agent. For the 

Dynabeads a protocol using weaker magnets was tested, as some cells appeared to be 

squashed during the magnet attraction. Additionally, an automated enrichment protocol using 

the IsoMAG platform was tested (Gribko et al. 2021). Here the magnetic separation and washing 

steps were performed by the automated isolation unit. Subsequent evaluation and enumeration 

of isolated cells was performed manually. The pluriBeads were tested according to 

manufacturer’s instructions using commercial and self-coupled anti-EpCAM beads. Figure 13 

summarizes the results, while Table 3 contains detailed information on the applied protocol 

variations. With 62,5 % the highest recovery rate was achieved using commercial pluriBeads in 

combination with accutase-detached cells, followed by self-coupled pluriBeads with 47,5 %. 

Dynabeads reached recovery rates of only 20-30 %, regardless of manual or automated 

application. The use of weaker magnets lead to a further reduction of the recovery rate to  

16,7 %, though it has to be considered that weak magnets and automated isolation were tested 

with EpCAM only, while the other Dynabeads protocols were tested targeting EpCAM and CSV, 

potentially increasing the yield. Nevertheless, Gribko et al. 2021 reported a recovery rate of  

86,9 % using the IsoMAG platform, while reaching 88,9 % recovery in the same model system 

when performing manual isolation. These much higher recovery rates could be explained by the 

use of different cell lines. In the same study, Gribko et al. 2021 used the IsoMAG platform to 

isolate HNSCCUM-02T from blood, reaching a mean recovery rate of 95 ± 15 %. However, 

recovery rates of >100 % were reported and contributed to the mean value calculation, 

potentially leading to an overestimated recovery rate. Unfortunately, there are no further studies 

on the performance of the IsoMAG platform available. It also has to be kept in mind that the 

different isolation methods were only tested once or twice here, leaving the reproducibility and 

accuracy of the data up for debate.  

The waste, which refers to any discarded medium, was also analyzed for target cells. Using 

Dynabeads 47,8 ± 21,4 % of the cells were found in the waste, while only 20,8 ± 11,2 % cells 

were found in the pluriBeads waste. A high amount of target cells in the waste is a sign for a low 

binding rate between beads and cells. Another potential reason for target cell loss is incomplete 

release from the beads. Unfortunately, enumeration of these cells was not possible, because the 
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Dynabeads seemingly destroyed any cells that remained bound during magnet attraction and 

pluriBeads elicit autofluorescence, making microscopic detection of target cells unfeasible.  

Based on these initial tests, pluriBeads were elected for further evaluation for manual isolation 

based on higher recovery rates and lower target cell loss in the waste. Dynabeads were 

considered for further automation approaches. 

 

 

Figure 13. Testing CTC Isolation using different positive selection protocols  
HNSCCUM-T02 cells were detached and stained with CFSE. Using a fluorescence microscope,  
30-40 cells were counted and spiked into 7,5 mL cell culture medium. After isolation according to the 
described protocol variation (for details see Table 3), eluate and waste were analyzed for target cells by 
fluorescence microscopy and recovered cells were counted.  
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Table 3. Detailed information on tested CTC isolation protocols 

2.1.3 MANUAL CTC ISOLATION 

For further evaluation of manual isolation using the pluriBeads system, commercial and self-

coupled anti-EpCAM pluriBeads were compared (Figure 14A). CFSE stained HNSCCUM-02T 

cells (35 cells) were spiked into 5 mL of cell culture medium and isolated according to 

manufacturer’s instructions. Commercial pluriBeads yielded a recovery of 56,4 ± 18,3 % and 

self-coupled pluriBeads achieved 49,5 ± 15,7 % recovery. Figure 14B shows a representative 

image of a pluriBead-bound cell before release. Statistically, there was no significant difference 

between the two types of pluriBeads. Since the self-coupled beads had a lower standard 

deviation and they are more flexibly applicable, as they allow for coupling with different 

antibodies, they were chosen for further evaluation in whole blood. Therefore, 35 CFSE-stained 

HNSCCUM-02T cells were spiked into 5 mL of whole blood from healthy donors and isolated 

using the same protocol. The recovery rate was comparable to that from cell culture medium 

(Figure 14C), but microscopy revealed a significant contamination with non-target blood cells 

(Figure 14D, Supplementary Figure 1B). One possible explanation for such contaminations 

would be the aggregation of non-target cells, leading to a size increase above 20 µM. This could 

lead to clogging of the sieve, which is additionally enhanced by the large beads. Even though 

the beads are thoroughly washed, they are much heavier than the cells and likely sediment 

much quicker onto the sieve, potentially blocking the passage of non-target cells.  

Method Protocol Antigens Details 

D
y

n
a

b
e

a
d

s
 

Manufacturer EpCAM, CSV - 

Accutase EpCAM, CSV Alternative to trypsin for 

cell detachment 

Weak magnets EpCAM Minimized force 

IsoMAG EpCAM Automated enrichment 

and washing 

p
lu

ri
B

e
a
d

s
 

Manufacturer EpCAM - 

Accutase EpCAM Alternative to trypsin for 

cell detachment 

Self-coupled EpCAM - 
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Figure 14. Validation of manual CTC isolation by pluriBeads  
35 CFSE stained HNSCCUM-02T cells were spiked into 5 mL cell culture medium or whole blood and 
isolated using pluriBeads according to manufacturer’s instructions. A) Comparison of isolation from cell 
culture medium using commercial (n=4) and self-coupled (n=3) anti-EpCAM pluriBeads.  
B) Representative microscopic image of a bead-bound target cell (green) before release. C) Comparison 
of isolation from cell culture medium and whole blood using self-coupled anti-EpCAM pluriBeads (n=3)  
D) Representative microscopic image of eluted target cell (green) among co-eluted blood cells.  
Scale bars 50 µM. Statistical analysis by unpaired student´s t-test. ns, p ≥ 0,05  
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2.1.4 AUTOMATED CTC ISOLATION 

As introduced, the standardization of CTC isolation and analysis is a major concern for the 

successful integration of CTC-related biomarkers into clinical use. Automating these processes 

would be a valuable step in this direction, and numerous attempts have already been made in 

this regard. One of those, the IsoMAG platform, was already tested in this thesis (sections 

2.2.1.2 and 6.5). Even though Dynabeads achieved inferior recovery rates in manual tests 

compared to PluriBeads, they pose the better starting point for automation, as a prototype 

platform (IsoMAG) was already at hand. This platform was further developed by our 

collaborators, resulting in the CTCelect platform. The immunomagnetic enrichment unit of the 

IsoMAG was integrated into the CTCelect platform. Additionally, the successor platform applies 

microfluidic, fluorescence‐activated cell sorting using fluorophore-labelled anti-EpCAM 

antibodies, allowing for the dispension of single cells. Detailed results on the isolation platform 

can be taken from our publication (Stiefel et al. 2022) (see also section 2.1.5).  

In a pilot clinical test run, 7,5 mL whole blood were taken from a HNSCC patient and CTC 

isolation was performed at the Fraunhofer IMM using the CTCelect platform. Dispensed cells 

were pooled and stained for ZO-1 and CD45 using fluorophore-labelled antibodies, and for 

nuclei using Hoechst dye. Residual EpCAM staining from the isolation process was also probed, 

but remained undetectable in all cells (Stiefel et al. 2022, Figure 6). A total of 26 nucleated cells 

could be recovered. Cells were considered CTCs if they were Hoechst+/ZO‐1+/CD45- in the 

staining. Accordingly, 18 CTCs could be identified in the patient sample, while 8 cells were non-

CTCs (Figure 15). The most common contaminating cell type are white blood cells (WBCs). 

Based on the CD45+ staining of all detected non-CTCs they can be considered WBCs. While 

this test was limited to only one patient, it shows that fully automated CTC isolation from whole 

blood is feasible. The fact that one third of the recovered cells are non-CTCs/WBCs highlights 

the importance of multiple marker analysis. Solely based on EpCAM expression, all of the  

26 cells would have been considered CTCs. Using negative control markers like CD45 is crucial 

to prevent overestimation of CTC counts, which is of utmost importance when enumeration is 

the only evaluated parameter. Adding further markers like ZO-1 can increase the sensitivity and 

possibly even allow for the identification of different CTC subpopulations. However, a 

sophisticated staining procedure can interfere with other downstream applications like cell 

cultivation. Therefore, the isolation and characterization methods always need to be adjusted to 

the downstream applications. 
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Figure 15. Cells recovered from patient blood using the CTCelect platform by population 
CTCs were isolated from 7,5 mL whole blood of a HNSCC patient using the CTCelect unit. Dispensed 

cells were pooled and stained for cell nuclei, epithelial marker ZO‐1, and WBC marker CD45. Cells were 
considered CTCs if nucleus+/ZO‐1+/CD45-. Full results from the same experimental run are included in the 
following section. 
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2.1.5 CHARACTERIZATION OF A NOVEL MICROFLUIDIC PLATFORM FOR THE ISOLATION OF RARE 

SINGLE CELLS TO ENABLE CTC ANALYSIS FROM HEAD AND NECK SQUAMOUS CELL 

CARCINOMA PATIENTS (RESEARCH ARTICLE) 

 

Janis Stiefel, Christian Freese, Ashwin Sriram, Sabine Alebrand, Nalini Srinivas,  

Christoph Sproll, Madita Wandrey, Désirée Gül, Jan Hagemann, Jürgen C. Becker,  

Michael Baßler 

 

Abstract 

Detailed examination of tumor components is leading-edge to establish personalized cancer 

therapy. Accompanying research on cell-free DNA, the cell count of circulating tumor cells 

(CTCs) in patient blood is seen as a crucial prognostic factor. The potential of CTC analysis is 

further not limited to the determination of the overall survival rate but sheds light on 

understanding inter- and intratumoral heterogeneity. In this regard, commercial CTC isolation 

devices combining an efficient enrichment of rare cells with a droplet deposition of single cells 

for downstream analysis are highly appreciated. The Liquid biopsy platform CTCelect was 

developed to realize a fully-automated enrichment and single cell dispensing of CTCs from 

whole blood without pre-processing. We characterized each process step with two different 

carcinoma cell lines demonstrating up to 87 % enrichment (n = 10) with EpCAM coupled 

immunomagnetic beads, 73 % optical detection and dispensing efficiency (n = 5). 40-56,7 % of 

cells were recovered after complete isolation from 7.5 mL untreated whole blood (n = 6). In this 

study, CTCelect enabled automated dispensing of single circulating tumor cells from HNSCC 

patient samples, qPCR-based confirmation of tumor-related biomarkers and immunostaining. 

Finally, the platform was compared to commercial CTC isolation technologies to highlight 

advantages and limitations of CTCelect. This system offers new possibilities for single cell 

screening in cancer diagnostics, individual therapy approaches and real-time monitoring. 
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Abstract
Detailed examination of tumor components is leading-edge to establish person-
alized cancer therapy. Accompanying research on cell-free DNA, the cell count
of circulating tumor cells (CTCs) in patient blood is seen as a crucial prognostic
factor. The potential of CTC analysis is further not limited to the determination
of the overall survival rate but sheds light on understanding inter- and intra-
tumoral heterogeneity. In this regard, commercial CTC isolation devices com-
bining an efficient enrichment of rare cells with a droplet deposition of single
cells for downstream analysis are highly appreciated. The Liquid biopsy platform
CTCelect was developed to realize a fully-automated enrichment and single cell
dispensing of CTCs from whole blood without pre-processing. We characterized
each process step with two different carcinoma cell lines demonstrating up to
87 % enrichment (n = 10) with EpCAM coupled immunomagnetic beads, 73 %
optical detection and dispensing efficiency (n = 5). 40 to 56.7 % of cells were
recovered after complete isolation from 7.5 ml untreated whole blood (n = 6). In
this study, CTCelect enabled automated dispensing of single circulating tumor
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cells from HNSCC patient samples, qPCR-based confirmation of tumor-related
biomarkers and immunostaining. Finally, the platform was compared to com-
mercial CTC isolation technologies to highlight advantages and limitations of
CTCelect. This system offers new possibilities for single cell screening in cancer
diagnostics, individual therapy approaches and real-time monitoring.

KEYWORDS
automation, liquid biopsy, microfluidics, precision medicine, tumor diagnostics

1 INTRODUCTION

In the field of liquid biopsy, research on circulating tumor
DNA (ctDNA) combined with the detection and analy-
sis of circulating tumor cells (CTCs) has developed into
an auspicious minimal invasive tool for the early detec-
tion in personalized medicine for tumor patients [1]. Due
to the fact that CTCs play an important role in cancer
metastasis as the main cause of tumor death, the num-
ber of CTCs in a blood sample is considered an indepen-
dent prognostic factor for the overall survival [2]. In addi-
tion to the CTC count particularly on the hunt for the pri-
mary tumor in early stage cancer, CTC analysis refines
the selection, adaptation and even development of thera-
pies. Although the overall principle of complexmetastasis,
from the intravasation of CTCs into the circulatory system,
arrest and extravasation through vascular walls into dis-
tant tissues to the final proliferation of cells tomicrometas-
tases, is understood, future intensive study on CTCs and
their subtypes will result in much deeper knowledge of
these multifaceted processes. Recent studies show that the
characterization of CTCs and their subpopulations, that
is, disseminated tumor cells (DTC), metastasis-initiating
cells and even dual-positive cells (CD45+/EpCAM+) helps
to understand the metastatic behavior of tumors and to
deduce prognostic predictions and diagnostic statements
[3, 4].
When developing isolation technologies for these cells,

their rarity in a blood sample is the biggest hurdle to over-
come. Besides billions of healthy blood cells, only one to
hundreds tumor-associated cells can be found perml blood
[1]. Systems that are able to enrich CTCs from blood well-
balanced between sensitivity and specificity, are therefore
highly appreciated. In addition to the enrichment, such
systems should exhibit a high capture efficiency, high iso-
lation purity, and ideally the ability to handle a high sample
volume in the shortest time possible [5].
Available techniques are based on two major prin-

ciples: physical methods such as filtration and density
dependent techniques or biochemical immuno-affinity
dependent methods using ligand-surface interactions with

bound antibodies or antibody-bound magnetic beads for
the enrichment of CTCs.
The CellSearch system (Menarini Silicon Biosystems)

usesmagnetic beads that are biofunctionalized against epi-
topes of tumor-associated EpCAM (Epithelial cell adhe-
sion molecule) to enrich CTCs from patient blood [6, 7].
It has been established to correlate the number of iso-
lated EpCAM+ cells in a blood sample with the overall sur-
vival prediction of breast cancer, metastatic colorectal can-
cer and prostate cancer patients [8–10]. Nevertheless, CTC
research in other cancer entities like head and neck squa-
mous cell carcinoma (HNSCC) remains comparably stag-
nant. With an annual incidence of almost a million new
cases and 450,000 deaths worldwide, HNSCC ranks how-
ever the fifth most common cancer [11]. Besides carcino-
genic polymorph dispositions, smoking, alcohol abuse,
and an infection with human papillomavirus correlate
with head and neck cancers [12]. In two third of HNSCC
patients, initial diagnosis of the primary tumor goes hand
in hand with the discovery of adjacent metastatic lymph
nodes [13]. Increasedmortality is associatedwith the abun-
dant presence of micrometastases, whereas the 5-year sur-
vival rate of patients with distant metastatic sites sinks
below 35 % [14]. HNSCC cells that undergo epithelial-
mesenchymal transition (EMT) deregulate epithelial char-
acteristics like cell adhesion and enhance invasive migra-
tion. EMT is a dynamic reversible process correlating with
the development of stem cell properties and fostering
metastasis. This fact stresses the importance of an in-depth
understanding of metastatic metabolisms, including the
heterogeneity of disease-driving CTCs, to pave the way for
innovative therapeutics.
The aim of the present work was to characterize a

fully-automated system in detail which is customizable
for any tumor type with a reliable capture rate and
CTC purity facilitating access to molecular diagnostics.
The presented CTCelect system combines immunomag-
netic enrichment from 7.5 ml whole blood, microflu-
idic fluorescence-activated cell sorting (μCS) and single
cell dispensing through a microfluidic disposable car-
tridge independently of the tumor entity (Figure 1) in one
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fully-automated benchtop device. This study aimed to eval-
uate the functionality and the diverse applicability ofCTC-
elect by means of cutaneous squamous cell carcinoma and
mamma carcinoma cell line models and to present data of
dispensed single tumor cells from HNSCC patient blood.

2 MATERIALS ANDMETHODS

If not otherwise indicated, reagents and supplements were
purchased at Thermo Fisher Scientific, Darmstadt, DE.

2.1 Cell lines

MCF-7 breast cancer cells were purchased from AdnaGen
(Langenhagen, DE) and cultured in RPMI1640 medium
with L-glutamine (Capricorn Scientific, Ebsdorfergrund,
DE) supplemented with 10 % fetal calf serum (FCS; Merck,
Darmstadt, DE). The SCL-1 squamous cell carcinoma line
was kindly provided by Dr. Petra Boukamp (DKFZ, Hei-
delberg, DE) [15] and cultured in Gibco DMEM (low glu-
cose, pyruvate) medium supplementedwith 10 % FCS. Cell
lines were split at subconfluence and incubated at 37◦C in
a humidified atmosphere in the presence of 5 % CO2.

2.2 Blood samples

Whole blood bags fromhealthy donors were obtained from
the local Blood Transfusion Center (University Medical
Center Mainz, DE) in 500 mL CompoFlex blood bags (Fre-
senius Kabi, Bad Homburg, DE) with CPD-1 anticoagu-
lant and stored at room temperature for a maximum of
three days. Patient samples were collected at the Tumor
Center of Western Germany (University Hospital Essen,
DE) from a HNSCC patient with increasing metastasis
in adjacent lymph nodes (pTNM staging: pT2pN3b), at
the Department of Otorhinolaryngology/ENT, (University
Medical Center Mainz, DE; pTNM staging n.a.) and pro-
cessed within 24 h after blood draw. Informed consent was
obtained from the patients and approved by the ethical
committee vote at the Medical Faculty of the Heinrich-
Heine-University Düsseldorf (ref.no. 3090; 2016) and by
the local ethics committee in Mainz (ref.no. 837.485.15
(10253); 2016).

2.3 Immobilization of biotinylated
antibodies on streptavidin coupled
magnetic microbeads

The immunomagnetic separation (IMS) of CTCs from
whole blood required tumor-specific coating of immuno-

PRACTICAL APPLICATION

Still today standardized therapeutic guidelines
like relatively broadband chemotherapy are fol-
lowed depending on the primary tumor entity
neglecting the metastatic profile of systemic can-
cer. On the downside, disseminated and circu-
lating tumor cells of many cancers show intra-
tumoral heterogeneity and cause disease relapse
years after surgery. Hence, easy-to-use platforms,
like the show-cased CTCelect device, to isolate
these rare cells in a completely automated way
and analyze them on a single cell level will be
of high significance as predictive measures for
therapeutic success to accompany cancer treat-
ment. The microfluidic chip-based cell sorting
unit was implemented into a one-step device for
user-friendly handling. Studies with the system
could therefore directly provide new insights both
in therapy monitoring as clinical application and
in basic research of tumor biology to unravel
metastatic processes.

magnetic beads with biotinylated monoclonal mouse
anti-human EpCAM (CD326; 20 µg/mL) antibody 1B7.
Various beads with different sizes ranging from 1 to
4.5 µm diameter and different surface properties (tosyl-
activated, hydrophobic; carboxylic acid, hydrophilic) were
tested with SCL-1 cells in our preliminary work and the
herein used Invitrogen Dynabeads MyOne Streptavidin T1
(10 mg/ml) with a binding capacity of 400 pmol biotiny-
lated peptides per mg beads enabled the best recovery
rates in our setting. These microbeads indicate a low sed-
imentation rate and high binding capacity due to their
small diameter and are hence ideal for automated enrich-
ment. EpCAM antibody was immobilized on the bead sur-
face with an extended incubation time of 1 hour. After
immobilization, magnetic beads were added a saturated
biotin/PBS solution for 30 min with gentle rotation of the
tube to block free streptavidin binding sites and prevent
clumping. After an additional washing step, anti-EpCAM
magnetic beads (hereinafter abbreviated as EpCAMbeads)
were stored in PBS/0.1 % BSA at 4◦C for several weeks.

2.4 Determination of CTCelect recovery
rates of cultured tumor cells

To evaluate the CTCelect enrichment efficacy, recovery
rates of cultured tumor cells after automated IMS from
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F IGURE 1 CTCelect system, microfluidic chip and process conception. (A) The benchtop device consists of an immunomagnetic
enrichment module (right-sided) and a microfluidic fluorescence-activated cell sorting (μCS) subunit (left-sided). The fully-automated
isolation process is user-controlled via touchscreen. Sample handling and transfer is managed by a pipetting robot. (B) The CTCelect chip is
placed in the chip holder of the cell sorting subunit and disposed after isolation. The chip consists of a reservoir funnel for the cell suspension,
a hydrodynamic focusing channel, a detection zone and a nozzle for cell dispensing. (C) CTCelect concept for single cell dispensing from
7.5 mL samples

medium andwhole blood were determined. Robust cancer
cell models were required and MCF-7 and SCL-1 cells are
a suitable candidate for immunomagnetic enrichment to
prevalidate the functionality of the platform. We tested
both cell lines to have high EpCAM expression (see
Supporting Information S1). Cells were stained using the
CellTrace CFSE Cell Proliferation Kit (CFSE) according
to the manufacturer instructions. 15 mL sized ROTILABO
centrifuge tubes without rim (Carl Roth, Karlsruhe, DE)
are most suitable for the tube holder of CTCelect and were
used in all the experiments. Culture medium or whole
blood from healthy donors was aliquoted in volumes of
7.55 mLmedium or 7.5 mL blood and spiked with different
numbers of stained tumor cells, respectively (tube I). 100 µl

EpCAM beads (1 mg) were added to medium samples,
blood samples contained 150 µl EpCAM beads (1.5 mg),
both resulting in a total volume of 7.65 mL and a final
beads concentration of 0.13 - 0.2 mg/ml. Subsequently,
tubes II, III and IV were prepared with 5 mL buffer 1
(PBS/20 % FCS, 2 mM EDTA) and two tubes (V-VI) were
filled with 0.5 mL buffer 2 (PBS/0.1 % BSA, 2 mM EDTA).
To start the automated enrichment, tubes I-VI and a

10 mL pipet tip were placed in the holders of the CTCelect
device as described in Table 1 and the process was initiated
on the touchscreen. Before moving on to the next tube,
each washing step was alternated with magnetic capture
of bead-bound tumor cells and residual beads in the
pipet tip (see Supp. S2). The processed samples were
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TABLE 1 Automation process of the complete CTCelect single cell isolation

Process Location Volume [mL] Contents Description (Duration)
IMS Tube I 7.65 Spiked medium/whole blood;

immuno-magnetic beads
Incubation (30 min) with
gentle mixing

Washing Tube II 5 Buffer 1 Wash off beads-cell complexes;
leukocyte reductionTube III 5

Tube IV 5
Staining Tube V 0.3 Buffer 2 Ab staining, volume reduction
Transfer Tube VI 0.3 Transfer buffer Transfer to CTCelect chip
Reservoir Tube VII 0.5 Transfer buffer Overlay on residual sample
μCS CTCelect chip 0.25 max Transfer buffer/PBS Laser-based detection; Single

cell dispensing

manually separated in a magnet separator for evaluation
purposes. Supernatant buffer was discarded and the bead
cell pellet was resuspended in 50 µl PBS. CTC counts
were determined in a Neubauer counting chamber using
fluorescence microscopy.

2.5 Automated CTCelect single cell
isolation of cultured tumor cells and CTCs
from patient blood

Fully-automated CTCelect single cell isolation was evalu-
ated with cultured tumor cells from medium and whole
blood (2.5.a). The automated workflow is depicted in
Figure 1C. Further, potential CTCs from HNSCC patient
blood were isolated by means of the CTCelect single
cell dispensing unit after manual pre-enrichment using
detachable beads (2.5.b) and complete isolation (2.5.c).
Experiments were performed at different sites in Germany
which was easily manageable because both sites have their
own CTCelect device to address time-sensitivity. In total,
the team built three devices.

a. The functionality of the developed assay was confirmed
with spike-in experiments using intracellularCFSEdye.
20 CFSE pre-stained tumor cells were added to 7.55 mL
medium or 7.5 mL whole blood from healthy donors.

b. To confirm epithelial/pEMT origin of HNSCC cells
from patient blood, single cell dispensing was inves-
tigated after manual pre-enrichment from peripheral
blood using detachable Invitrogen™ CELLectionTM
Epithelial Enrich anti-CD326 and -CD51, -CD61,
-CD106 immunomagnetic beads (Miltenyi Biotec,
Bergisch Gladbach, DE) combined with phycoerythrin-
coupled monoclonal CD326 and CD51 antibody
(EpCAM-PE Ab/Integrin α-V-PE Ab; both Biolegend,
Koblenz, DE). Pre-enrichment was performed manu-
ally to detach the beads from the cells. The respective

research group has access to downstream NGS tech-
nologies that is, Nanostring, 10x Genomics that require
bead-free cells after single cell dispensing.

c. Complete single cell isolation was verified with 7.5 mL
actual patient blood with EpCAM-PE Ab 1B7 (1:30
in buffer 2). Single cell isolation was performed as
described in Table 1 and outlined in Figure 2A.

The enriched and labeled sample was then transferred
to the disposable CTCelect chip with a final volume of
300 µL in the chip reservoir. Similar to a conventional
flow cytometer, the CTCelect cell detection is based on the
principle of hydrodynamic focusing and optical fluores-
cence detection (Figure 2B). Microfluidic handling of the
chip was managed with a system of two syringes direct-
ing sample and sheath flow. The sample flow consisted of a
self-formulated transfer buffer, while sheath flow and dis-
penser were suppliedwith PBS. Themaximum sample vol-
ume (250 µl) was loaded in the chip meander and μCS was
initiated by the CTCelect software for the first measure-
ment. Fluorescent cells were dispensed in the cavities of
a 96-well plate if matching the given real-time peak analy-
sis criteria of the fluorescence detection algorithm. Subse-
quently, 500 µL transfer buffer was pipetted from tube VII
to the chip funnel to overlay the residual 50 µL sample and
to avoid air bubble formation in the chip channels. The rest
of the samplewas then loaded in the chip for a secondmea-
surement cycle. Dispensed single cell droplets on the 96-
well plate were evaluated using fluorescence microscopy
(10x objective) in the FITC and TRITC channel or RT-
qPCR.

2.6 Characterization of blood cell
contamination in CTC enriched samples

Especially on single cell level, white blood cell (WBC)
contamination in tumor cell isolates complicates
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F IGURE 2 Automated workflow of CTCelect single cell isolation. (A) BMB: Biofunctionalized magnetic beads; CTC: Circulating tumor
cell; WBC: White blood cell. 7.5 mL Patient blood sample is incubated with BMB to capture CTCs. Positive selection of tumor cells with
subsequent depletion of WBCs and fluorophore-coupled labeling takes place in the enrichment module of the device. The enriched sample is
then transferred to the cell sorting subunit into the microfluidic chip for cell sorting and single cell dispensing in microliter droplets.
Singularized CTCs can be administered to transcriptomic and cytobiological downstream analyses. (B) Functioning principle of the
microfluidic CTCelect chip. The chip meander is primed with sheath flow buffer. Subsequently, the enriched sample is transferred in the chip
funnel and loaded in the meander. By switching the valve positions, the sample can then be pushed back in the detection channel and
hydrodynamically focused for cytometry using two outer sheath flows
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molecular downstream analyses. The number of CD45+
WBCs after IMS was determined by flow cytometry. Wash
buffers were prepared and placed in the tube holder of
the CTCelect device as described in Table 1 and 150 µL
EpCAM beads were added to 7.5 mL whole blood before
initiating automated IMS. The final sample was separated
in a magnet separator. The supernatant was discarded
and the bead cell pellet was stained with CD45-FITC Ab
solution (diluted 1:5 in buffer 2; BD Biosciences, Franklin
Lakes, USA). Flow cytometry was performed using the BD
Accuri C6 flow cytometer. Gates were set with CD45-FITC
stained beads as negative control and peripheral blood
mononuclear cells (PBMCs) from a buffy coat as positive
control (see Supp. S3). CD45+ cell counts after IMS were
obtained from two samples of different healthy donors and
the average WBC contamination with standard deviation
(SD) was calculated.

2.7 Single cell RT-qPCR of isolated CTCs

To confirm the CTC/DTC transcriptomic character in the
single cell isolates from HNSCC patient blood, two-step
real time quantitative PCR (RT-qPCR) of target RNAs for
EpCAM, Integrin α-V and Stratifin was performed. β-actin
(RPLP0) served as housekeeping RNA control. RNA was
extracted from dispensed droplets immediately after CTC-
elect isolation using a single cell RNA purification kit
(GenElute, Merck, DE) and reverse transcribed with the
Invitrogen SuperScript double stranded cDNA synthesis
kit. qPCRwas conducted in triplicates (InvitrogenTM SYBR
Green PCR Master Mix) on a single cell cDNA per well
in a 384 well cycler (BioRad CFX384 Touch Real-Time
PCR Detection System, Feldkirchen, DE) and individual
threshold cycle values (CT) were obtained. Relative mRNA
expression was calculated using the ΔCT method. Primer
sequences are available upon request.

2.8 Immunostaining of isolated CTCs

CTCelect single cell isolates were pooled together to assess
tumor origin of the isolated cells using immunostain-
ing. The sample was stained with fluorescent CD45-FITC
antibody (1:1000; BD Biosciences, Franklin Lakes, USA)
to label leukocytes. Subsequently, the sample was resus-
pended in EndoPrime medium (Capricorn Scientific, Ebs-
dorfergrund, DE) and transferred to an ibidi 8-well slide
to set overnight. Cells were centrifuged to the bottom of
the slide by a CytoSpin device (300 x g, 10 min) and fixed
by using 4% paraformaldehyde for 15 minutes. After fur-
ther washing steps, cells were permeabilized (0.1% Tri-
ton X in PBS, 5 minutes) and stained with nuclear dye

Hoechst33342 (1:1000) for 20 min. Alternated with several
washing steps, unspecific binding was blocked for 30 min
using 0.5% BSA in PBS and the sample was incubated with
polyclonal anti-Zonula occludens-1 primary antibody 40–
2200 (ZO-1; 1:200, 1 h) and anti-rabbit Alexa Fluor 633 sec-
ondary antibody (1:500, 1h).

2.9 Statistical analyses

Each experiment was repeated at least three times. Data
is depicted as means with SD and statistical analysis was
done using GraphPad PRISM 8.2.0 for Windows (Graph-
Pad Software, San Diego, California USA, www.graphpad.
com). P values of two-tailed unpaired t-tests were reported
as not significant (ns) when Pns > 0.05 and as significant
when P* ≤ 0.05.

3 RESULTS

3.1 CTCelect enrichment performance

The functionality of the CTCelect enrichment unit was
investigated by spike-in experiments with different tumor
cell lines in culture medium. 7.55 mL medium aliquots
were spikedwith 10, 25, and 50 CFSE-stained breast cancer
cells (MCF-7) or squamous cell carcinoma cells (SCL-1).
EpCAMbeadswere added and the samples were processed
in the CTCelect enrichment unit with the above described
protocol (Table 1). After evaluating the device functional-
ity in culture medium, comparable experiments were per-
formed in 7.5 mL whole blood from healthy donors. Fol-
lowing the protocol, all buffers were placed in the device
and the enrichment assay was started. Samples were auto-
matically enriched and washed from blood components,
subsequently (Figure 3D).
Cell counts after CTCelect enrichment were determined

visually using fluorescence microscopy. Intact cells were
identified as round-shaped, green fluorescing objects with
a bead-bound surface (Figure 3C). MCF-7 cells were auto-
matically enriched with an 86.8 ± 9.7 % recovery rate from
medium and with 72 ± 8.4 % from whole blood, hence the
enrichment efficacy from blood was lower than from cul-
ture medium with only minor significance (P* = 0.0122).
Further, 51.8 ± 18.9 % of SCL-1 cells were recaptured

from medium and 38.8 ± 18.9 % from donor blood after
automated IMS with EpCAM beads, meaning enrichment
efficacy between blood and medium was not significantly
different (Pns = 0.2437). The mean recovery rates of all
experiments are shown in dependency of the cell line,
respectively (Figure 3A). Observed cell counts after CTC-
elect enrichment from medium were plotted against the

http://www.graphpad.com
http://www.graphpad.com
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F IGURE 3 CTCelect enrichment performance. (A) Recovery rates of MCF-7 and SCL-1 cells after automated IMS from culture medium
(black dotted) and whole blood (gray). 10 to 50 cells were spiked into the samples, respectively. Cells were stained with CFSE and enriched
with 1 µm EpCAM Beads. Recovery rates of all experiments were averaged and are shown as means with SD and statistical analysis using a
two-tailed unpaired t-test P < 0.05. (B) Observed MCF-7 (black circles) and SCL-1 (gray triangles) cell counts after CTCelect enrichment from
medium were plotted as means with SD against the expected cell count (n ≥ 3). (C) Bright field (BF) and fluorescence microscopy of CFSE
stained and EpCAM bead-bound single MCF-7 cells (scale bar: 100 µm). (D) Blood residues (1) and wash buffers with blood component waste
(2-4) of subsequent CTCelect enrichment process steps in a magnetic separator. In this case almost no loss of sample/beads occurred.
Otherwise, beads would be visible as brown accumulations on the backside of the tube. (E) Cell count of CD45+ blood cell contamination
after CTCelect enrichment with EpCAM beads from 7.5 mL donor blood. Contamination was determined via flow cytometry with CD45-FITC
Ab staining. (F) Flow cytometry data of a 7.5 mL blood sample after CTCelect enrichment. The scatter plot shows green fluorescence (FL1) on
the x-axis against forward scatter (FSC) particle size on the y-axis. Populations of beads, CD45− and CD45+ cells (green) are distinguished in
circles

expected cell count of 10, 25 and 50 spiked cells and
summarized in Figure 3B. Recovery rates of MCF-7 cells
showed a nearly linear correlation, independently of the
expected cell count between 10 to 50 cells. Up to 25
expected cells, automated recovery of SCL-1 cells followed
a similar stable linearity but resulted in a flattened curve at
an expected cell count above 25 cells input. Less than half
of 50 spiked SCL-1 cells could be automatically enriched
with EpCAM beads.
As blood cell contamination is a disruptive factor for

CTC downstream molecular analyzes, the reduction of
CD45+ PBMCs in CTC enriched samples was determined
additionally. Therefore, processed blood samples were
stained with CD45-FITC Ab after automated CTCelect
enrichment from 7.5 mL donor whole blood. On average,
3,665 counts of PBMCs were measured in a total volume of

300 µL via flow cytometry (Figure 3E-F; population indi-
cated in green). Comparing to the CD45+ cell count in
blood sample #1 (19*106 CD45+ cells; data not shown), the
number of CD45+ cells was significantly reduced using the
CTCelect enrichment.

3.2 Automated single cell isolation from
culture medium and donor blood

Complete automated single cell isolation was evaluated by
means of spike-in experiments of 20MCF-7 and SCL-1 cells
in culture medium and whole blood from healthy donors.
CTCelect device functionality was confirmed using CFSE
staining according to Table 1. Regarding the MCF-7 cell
line model with CFSE dye, 58.3 ± 15.3 % of single cells
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F IGURE 4 CTCelect single cell detection, dispensing and isolation from 7.5 mL samples. (A) Recovery rates of MCF-7 and SCL-1 cells
after automated single cell isolation from culture medium (light gray) and whole blood (dark gray). 20 CFSE stained cells were spiked into
7.5 mL samples and incubated with 1 µm EpCAM beads. Pre-enriched cells were automatically singularized and dispensed in droplets after
μCS in the CTCelect chip. Recovery rates of all experiments were determined with fluorescence microscopy of the droplets and are displayed
as means ± SD (ns; two-tailed unpaired t-test P < 0.05). (B) Detection efficiency and dispensing accuracy of CTCelect μCS. 50 CFSE stained,
unbound and bead-bound MCF-7 cells were directly spiked in the CTCelect chip for single cell isolation. Droplets were microscopically
screened for single cells and detection efficiency was averaged by the observed cell count in dependency of the spiked cell number.
Dispensing accuracy was calculated dividing the actual number of visible cells in the droplets by the number of events detected by the
software

were counted after isolation from culture medium and
56.7 ± 19 % were detected after isolation from whole blood
with comparable recovery efficiency. With the same exper-
imental setup, SCL-1 cells were automatically isolated at
rates of 56.7 ± 18.9 % (medium) and 40.0 ± 5.0 % (whole
blood) recovery (Figure 4A). No significant differences in
enrichment efficiencies between ‘from medium’ or ‘from
donor blood’ is seen for both SCL-1 (Pns = 0.1807) and
MCF-7 cells (Pns = 0.8870).
More specifically detailed, the detection efficiency and

dispensing accuracy of the peak analysis software and
microfluidic dispensing through the chip was investigated
(Figure 4B), Direct processing of CFSE stainedMCF-7 cells
led to visible detection of 76.3 % unbound cells and 72.8 %
bead-bound cells without significant difference. Further-
more, a very high dispensing accuracy of 97.8 % was deter-
mined as the ratio between visible bead-bound cells in the
droplets and the detected events in the software, respec-
tively. The microfluidic parameters and flow properties of
single cells were intensively studied in our preliminary
work to set the dispensing criteria (data not shown).

3.3 Verification of epithelial/pEMT
origin of HNSCC cells from patient blood

Tumor-specific single cell dispensing was investigated in
peripheral blood of HNSCC patients. According to method
2.5 b), manual immunomagnetic enrichment was per-

formed with EpCAM beads for pre-EMT CTCs and Inte-
grin α-V, CD61, CD106 beads for partial/post-EMT CTCs.
Pre-enriched samples were then detached from the beads
and labeled with either EpCAM-PE or Integrin α-V-PE
staining (Figure 5A). In this patient, 30EpCAM+ CTCs and
20CD51+ CTCswere detected in 7.5mL bloodwith fluores-
cence microscopy, respectively. Pre-enriched and labeled
samples were pipetted in the CTCelect chip and then auto-
matically processed for single cell isolation in droplets
(Figure 5B).
The successful single CTC isolation from patient

blood by means of the microfluidic CTCelect unit was
confirmed using RT-qPCR. 11 epithelial-like and 13
mesenchymal/pEMT-like CTCs were isolated and singly
dispensed from the pre-enriched 7.5 mL blood samples of
the same HNSCC patient (Figure 5B). RT-qPCR was per-
formed to detect target RNAs encoding EpCAM, Integrin
α-V, Stratifin and β-actin as positive control. CT values for
each well were determined and relative mRNA expression
was normalized to β-actin (Figure 5C).
Samples with a CT < 40 for β-actin were identified as

“positive” (droplet contained a cell) and samples with a
CT < 40 for β-actin and at least one of the other three
markers as “CTC-positive” (droplet contained a potential
CTC). False-positive results were identified via melt curve
analysis and excluded from the calculations. In this regard,
100 % of the dispensed droplets were CTC-positive, since
all of the 11 epithelial-like and 13 mesenchymal-like CTC-
elect samples had a CT < 40 for β-actin, EpCAM and
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F IGURE 5 RT-qPCR of CTC isolates after CTCelect single cell dispensing from pre-enriched HNSCC patient blood.
(A) Immunofluorescent staining of potential pre-enriched CTCs/DTCs from HNSCC patient blood. Pre-EMT CTCs were enriched with
EpCAM beads and stained with EpCAM-PE Ab from a 7.5 mL blood sample (left top). Integrin α-V, CD61, CD106 beads and Integrin-PE
staining was used for partial/post-EMT CTCs (left bottom). Cells were released from the beads by DNase I cleavage. The pre-enriched samples
were pipetted in the microfluidic cartridge of CTCelect and beads-free CTCs were then single cell isolated in droplets by means of the CTCelect
μCS subunit. The set of images on the right side shows potential single CTCs in droplets highlighted with white arrows and the droplet
outlines. (B) Workflow of single cell RT-qPCR. (C) Relative mRNA expression encoding EpCAM, Stratifin and CD51 normalized to β-actin
(RPLP0) by RT-qPCR in epithelial and mesenchymal CTCs. Single cell total RNA was extracted from dispensed droplets and reverse
transcribed into cDNA. cDNA was aliquoted and qPCR was conducted with one cDNA aliquot per well amplifying target nucleic acids
respectively for EpCAM, CD51, Stratifin and β-actin as positive control of epithelial-like CTCs (pre-EMT enrichment) and mesenchymal-like
CTCs (pEMT enrichment). Relative expression was calculated from triplicates using the ΔCT method and is displayed as means with SD

Stratifin RNA at comparable levels. Additionally, all of
the mesenchymal-like CTCs were positive for CD51 RNA
with sample A01 showing the highest an 8-fold level of
CD51 compared to β-actin. In contrast, only 4 epithelial-
like CTCs (A03, 04, 10, 11) contained detectable CD51-
related nucleic acid and A11 even exhibited higher CD51
than EpCAMRNA. The 13mesenchymal/pEMT-like CTCs

also significantly contained EpCAMRNA of at least 4-fold
greater than the housekeeping RNA.
Following method 2.5 c), completely automated CTC

isolation from 7.5 mL HNSCC patient blood was per-
formed. The dispensed droplets were pooled and stained
using Hoechst33342 cell core staining, ZO-1 as epithelial
marker for potential CTCs and CD45 as negative control
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for contaminating WBCs. 18 potential isolated CTCs and 9
contaminatingWBCs could be detected using fluorescence
microscopy (Figure 6).

4 DISCUSSION

From the patient’s point of view, single CTC isolation from
peripheral blood is the least invasive procedure to evaluate
tumor heterogeneity based on epigenomic, genetic or tran-
scriptional markers and is therefore more time effective
and reproducible than assays drawn from primary tumor
tissue. This study covered a profound biological valida-
tion of the design, biotechnological effort and engineer-
ing concept of the CTCelect platform for automated sin-
gle cell isolation fromwhole blood. CTCelect helps to iden-
tify, enrich, isolate and analyze CTCs and their subpopu-
lations. Many researchers suggested that the precise char-
acterization of CTCs will facilitate estimating both metas-
tization patterns and outcome, driving clinical decision-
making and surveillance strategies [16].
For these purposes, the subunits of the systemwere sep-

arately tested and evaluated. Concerning cell enrichment,
CTCelect provided recovery rates from medium of 68 -
100 % in breast cancer single cells and 28% to 88 % in cul-
tured squamous cell carcinoma cells. Further, 65% to 85 %
of MCF-7 cells and 20% to 55 % of SCL-1 cells could be
enriched from 7.5 mL whole blood from healthy donors
(Figure 3). In comparison, Chudziak and colleagues deter-
mined 69.5 % enrichment efficiency of spiked lung can-
cer cells in their marker-free CTC enrichment device Par-
sortix although it has to be mentioned that the sample
input only ranged from 0.5 to 4 mL volume [17]. We exten-
sively characterized the enrichment sub-unit in our previ-
ous study before it was implemented in the overall CTC-
elect platform [18]. Similar to manual enrichment, there
was no significant loss of cells due to vibrational disrup-
tion or tube surface adhesion. The enriched cells were
accurately detected using fluorescent microscopy. More
detailed, decreased enrichment efficiency by 15 % (MCF-
7) and 13 % (SCL-1) in donor blood compared to culture
medium was noted. As it has previously been postulated
that the magnetic susceptibility in blood is significantly
less negative than in aqueous solutions like medium [19,
20], we consequently hypothesize a generally lower mag-
netic force attracting immunomagnetic beads in whole
blood. In addition, a steric competition with the abundant
blood cell background could possibly prevent a proportion
of the target CTCs from binding beads and being mag-
netized. Another important aspect influencing cell recov-
ery rates is that cell deformability, viscoelasticity, and sta-
bility (density of actin filaments etc.) could play a role

for robustness against shear stress in automated pipetting
and these characteristics will be different among various
cell types. Comparing the two cell lines, MCF-7 cells were
detected at higher rates than SCL-1 cells. The density of
antigens blocking phagocytosis could be higher on the cell
surface of MCF-7 cells and therefore be more favorable for
spike-in experiments. Breast cancer-associated HER2 and
lymphoma-related CD47 exhibit a “please don’t eatme” sig-
nal tomacrophages [21, 22]. Besides that, Figure 3B showed
that when the number of spiked SCL-1 cells is higher
than 25, there is an inconsistency between observed and
expected cell count. This however does not suggest that the
platform is not efficient in recovering larger numbers of
CTCs as according to the results, the enrichment efficiency
of MCF-7 cells followed a linear trend at higher expected
cell counts. In our recently published work, we screened
several melanoma and carcinoma cell lines (MV3, SCL-
1, SCL-2, BLM, patient-derived HNC cells) and targets
(MCSP, EpCAM, cell surface vimentin) to find a suit-
able candidate for the testing of microfluidic platforms.
The enrichment fluctuation appeared frequently depend-
ing on the cell line and the sample volume also in man-
ual enrichment. Further, we observed a similarly effi-
cient cell line-dependent recovery rate at even higher cell
counts of 1000 cells for that is, A431 cells using the same
beads [18]. The practicability of spike-in experiments to
test novel CTC platforms, in cell line models without evo-
lutionary pressure in vitro combined with intracellular
synthetic dyes, remains discussable and limits the study
design. Nevertheless, these prevalidations are inevitable
to investigate the proof-of-concept and invented design of
the device. In this context, it has to be centered that the
actual CTC count in a cancer patient has a multifactorial
nature and therefore represents a dynamic measure with
discrepancies.
For a successful singularization of the CTCs in the

microfluidic cartridge and a high purity of the single
cell dispensing it is also important to reduce the amount
of WBC contamination during immunomagnetic enrich-
ment. Thus, the automated enrichment process was char-
acterized in terms of leukocyte by-catch. Enriched sam-
ples of 7.5 mL whole blood from healthy donors were
labeled with WBC marker CD45-FITC and roughly 3.700
CD45 positive PBMC were detected via flow cytometry
(Figure 3E). Healthy adults normally have a wide range of
3 - 10 million leukocytes per mL blood [23], which con-
cludes a by-catch reduction of 1:105 by means of CTC-
elect enrichment. Other devices like marker-dependent
CellSearch R© or Isoflux™ and label-free ScreenCell™ or
ClearCell showed similar contaminations of 102–104 blood
cells while authors also discussed a patient-dependent dis-
continuity in leukocyte by-catch using Parsortix [17, 24].
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F IGURE 6 Immunostaining of potential CTCs and WBCs after CTCelect isolation. Dispensed cells were pooled together and
subsequently stained with cell core dye Hoechst33342 (blue), ZO-1 as epithelial marker (magenta) and CD45 as WBCmarker (green). Residual
EpCAM staining from CTCelect isolation is displayed in red. Cells were identified as (A) potential CTCs if Hoechst+/ZO-1+/CD45− and (B) as
WBCs if Hoechst+/CD45+



STIEFEL et al. 403

TABLE 2 Comparison between CTCelect and different CTC isolation technologies.1

CTCelect DEPArray CellSearch Sievewell Parsortix
Sample type Whole blood, cell

suspension
Cell suspension Whole blood,

leucapheresis
Cell suspension Whole blood, cell

suspension
Automated isolation
of viable cells

Yes yes no manually Yes

Automated optical
counting

Yes setup Yes Yes No

Isolation method Marker Electrophoresis,
marker

Marker Marker, size Size,
compressibility

Single cell dispensing yes yes No CellCelector No
Isolation efficiency Enrichment

38.8% to 72 %
Dispensing
72.8 %
Isolation
40% to 56.7 %

99.7 %a) 93 %c)

81 %d)
n. a. 98 %g)

> 80 % (7.5 mL
blood)h)

30% to 70 % (1 mL
blood)h)

37 %i)

Purity (WBC
contamination)

66 - 90 % 100 %a) 800 WBCs/
samplee)

n. a. 97 %g)

29 %h)

Throughput 4*1011 cells/chip2;
96 wells
(3.3 mL/h)

10-10,000
cells/chipb)

n. a. 370,000
cells/chipf)

n. a.

Working volume 0.3–10 mL n. a. 7.5 mL 0.5–2 mL/chip 10 mL
Cycle duration 2.25 h 2 - 3 h n. a. n. a. n. a.

1No claim to be exhaustive.
a)Di Trapani et al. 2018. Cytometry. Part A, 93(12), 1260–1266.
b)http://www.siliconbiosystems.com/deparray-technology-faqs.
c)https://documents.cellsearchctc.com/pdf/e631600006/e631600006_EN.pdf.
d)Riethdorf et al. 2007. Clin Cancer Res 13(3), 920–928.
e)Sieuwerts et al. 2009. Breast Cancer Res Treat 118, 455.
f)https://www.sievewell.com/product-information.
g)Ciccioli et al. 2021. ANGLE plc AACR 2021 Virtual Meeting. https://angleplc.com/wp-content/uploads/EMT-assay-poster-AACR-2021-final.pdf [2021-09-10].
h)Chudziak et al. 2014. CRUK – Manchester, NCRI conference 2014. https://angleplc.com/wp-content/uploads/CRUK-Manchester-poster-1.pdf [2021-09-10].
i)Gorges et al. 2014. The University Medical Center Hamburg-Eppendorf (UKE), ACTC Conference. https://angleplc.com/wp-content/uploads/Angle_Hamburg_
MC_poster_ebook-2.pdf [2021-09-10].
2Not dispensable. Current limitation: 96-well plate; drive duration of object table: 500 ms.

Their approaches often provide a final sample pooled with
WBCs while subsequent marker-based single cell detec-
tion in CTCelect further purifies the CTC fraction for com-
patible molecular analysis.
Combined enrichment with single cell detection and

dispensing in one assay resulted in only minor cell losses
with recovery rates of almost 60 % for both MCF-7 and
SCL-1 cells from culture medium in the model system.
Even from 7.5 mL whole blood, single cells were iso-
lated at a probability of 57 % (MCF-7) and 40 % (SCL-1)
(Figure 4A). The determined recovery rates fromuntreated
whole blood at a high purity grade of less than 10 %
probability to dispense a WBC with a CTC [25] show-
cases a fine parameter balance of CTCelect compared to
other CTC isolation microdevices (Table 2). For exam-
ple, studies on devices using hydrodynamics, size-based
filtration or dielectrophoresis showed indeed cell recov-
ery rates of 70% to 85 % but were only able to process

approximately 1 mL/h or lacked CTC isolate purity [5].
In fact, at a flowrate of 2.25*10−15 L/s and 5 ms nozzle-
emptying time, it is theoretically possible to detect, but
not dispense, 200 events per second and 4*1013 cells/chip
in 500 µL. The current dispensing limitation is the 500
ms drive time of the object table and the 96-well plate
format. CTCelectmanages a moderate sample throughput
of 3.3 mL/h with the current run time of around 2.3 h
and 7.5 mL input volume. Additionally, most of the avail-
able systems require either sample transfer between dif-
ferent devices or blood pre-processing like density gradi-
ent centrifugation for buffy coats. Pre-enriched samples or
yieldedmononuclear phases of blood to specify the respec-
tive research needs can also be sampled in the herein dis-
cussed platform. To our knowledge, the possibility to use
whole blood samples for automated single cell dispensing
of rare cells in only onemarker-based device tomake them
available for corresponding analyzes stands alone.

http://www.siliconbiosystems.com/deparray-technology-faqs
https://documents.cellsearchctc.com/pdf/e631600006/e631600006_EN.pdf
https://www.sievewell.com/product-information
https://angleplc.com/wp-content/uploads/EMT-assay-poster-AACR-2021-final.pdf
https://angleplc.com/wp-content/uploads/CRUK-Manchester-poster-1.pdf
https://angleplc.com/wp-content/uploads/Angle_Hamburg_MC_poster_ebook-2.pdf
https://angleplc.com/wp-content/uploads/Angle_Hamburg_MC_poster_ebook-2.pdf
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The workflow for downstream single cell RT-qPCR was
simplified to immediate single cell lysis on the well plate.
Direct reverse transcription in the cavities of the well plate
coming from the device as well as the assay implementa-
tion to release detachable beads in the enrichment unit are
subjects of future work. This evaluation however included
the earliest results of the CTCelect device towards iso-
lating single CTCs from a patient with metastatic head
and neck squamous cell carcinoma in a clinical environ-
ment. In these patient samples, 30 EpCAM+ CTCs and
20 CD51+ CTCswere detected via fluorescencemicroscopy
(Figure 5A). Microfluidic cell singularization enabled sin-
gle cell RT-qPCR and allowed a distinction in 11 pre- and
13 pEMT CTC subtypes on the basis of different tumor-
related markers (Figure 5C). Hence our findings evidence
the potential of CTCelect to depict cancer plasticity. IVD
companies, that is, QIAGEN N.V., offer non-automated
CTC isolation/PCR platforms to characterize common
tumor entities such as lung, prostate and breast cancer,
but not for HNSCC diagnostics. Further, CTC liquid biopsy
in HNSCC could elucidate crucial information on early
assessment of treatment measures and effectiveness with
respect to the detection of micrometastases at the initial
diagnosis, complementingwell-established ctDNAcharac-
terizations. Mouliere et al. recently detected chromosomal
mutations of solid tumors in the blood by whole genome
copy number variation analysis [26]. Encompassing stud-
ies on ctDNA and CTC characterizations have been car-
ried out [27] but, especially in head and neck cancers, the
respective literature landscape is sparsely settled and to be
addressed in the future with the suggested data.
It is obvious that immuno-biochemical techniques tar-

geting antigens like EpCAM are not infallible for all
tumor entities or heterogeneous CTC populations, espe-
cially CTCs undergoing epithelial-mesenchymal transi-
tion (EMT) which is closely linked to invasive metasta-
sis. Against that, mixtures of antibodies like integrin sub-
types, cell surface vimentin or stem cell markers are of
assistance to improve the enrichment of partial/post-EMT
mesenchymal-likeCTCs. Besides these affinity-based tech-
niques to enrich and isolate CTCs, the physical methods
base on distinction in cell size, density or even plasticity.
Due to the fact that CTCs are a heterogeneous population
in blood, they have some characteristics in common with
healthy mononuclear blood cells. Thus, methods based on
filtration, centrifugation or size exclusion may not be used
for a standard clinical test system. Further, it is important
to mention that there are other obstacles, i.e. the purity of
the CTC fraction, before realizing subsequent applications
such as single cell sequencing or copy number variation
studies.
The certainly limited patient screening in this study

clearly demonstrated the feasibility of downstream appli-

cations. The platform enabled fully-automated CTC isola-
tion from HNSCC patient blood and immunofluorescent
identification of 18 potential CTCs for proof-of-concept
(Figure 6). Several researchers have stated that the pres-
ence of CTCs in the blood is of prognostic relevance
for overall and progression-free survival in patients with
head and neck cancer [28] and that HNSCC exhibits early
stage micrometastatic sites and severe intra-tumoral het-
erogeneitywhich is closely linked to poor disease outcome.
In this context, an important advantage of CTC/DTC iso-
lation over imaging technologies is that minimal resid-
ual disease (MRD), for example DTC micrometastases,
are undetectable by the latter. Especially bone marrow is
intensively studied as a reservoir for dormant DTCs with
the capacity to re-enter the circulatory system and trigger
MRD in distant tissues [29]. It is easily plausible to broaden
the applicability of the CTCelect device to process liquid
biopsies from bonemarrow or dissolved lymph node resec-
tions. All of these aspect stress the necessity of an improved
cell biological understanding to foremost provide a good
care for HNSCC patients. High-resolution of cell hetero-
geneity, metastatic invasiveness and evolutionary pressure
on cancer cells is key to precision medicine. To conclude,
the presented results demonstrate the robust technical per-
formance of CTCelect and its feasibility as a novel tool for
liquid biopsy to make CTCs available for corresponding
examinations on a single cell level with respect to head and
neck squamous cell carcinoma.
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2.1.6 SUMMARY 

When choosing a CTC enrichment method it is useful to establish a suitable model system for 

pre-clinical validation. Characterization of the marker expression of HNSCCUM-02T and 

HNSCCUM-03T by fluorescence microscopy and western blot revealed a more epithelial profile 

of HNSCCUM-02T cells based on EpCAM, ZO-1, Pan-CK, and E-Cadherin expression. 

HNSCCUM-03T cells can be considered of a more mesenchymal character based on CSV 

expression. HNSCCUM-02T were further used to probe the efficacy of manual CTC enrichment 

by two different positive selection methods, Dynabeads and pluriBeads. Since the pluriBeads 

generated the more promising results in cell culture medium, they were additionally tested for 

manual enrichment from whole blood. Recovery rates of around 50 % were achieved from both, 

medium and blood, but microscopy revealed significant contamination with blood cells after 

isolation. Automating the process using the CTCelect platform in combination with the 

Dynabeads system was tested with a HNSCC patient sample, generating a recovery of two 

thirds CTCs and one third non-CTCs/WBCs. Additional tests carried out by collaborators 

revealed that different CTC/DTC populations can be isolated by the CTCelect platform using 

either EpCAM-based enrichment and staining, or CD51/CD61/CD106-based enrichment and 

CD51 staining. They could further show that qPCR of dispensed single cells is feasible and CTC 

expression patterns differ depending on the antigen used for enrichment. 
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2.2 EXOSOME ISOLATION 

As introduced, one major hurdle in exosome research and their integration into clinical 

applications is their successful isolation. When looking at the current body of literature, 

ultracentrifugation (UC) remains the gold standard and is used by 50 % of all researchers. UC is 

also compatible with various sample types and volumes, making it a favourable method (Chen et 

al. 2021). Even though UC is a well-established technique with various protocols freely available, 

a thorough evaluation and validation of exosome isolation is pivotal to ensure that any results 

generated downstream are in fact related to exosomes. The MISEV2023 guidelines provide a 

general workflow for EV characterization that a vast number of researchers from the field have 

agreed on. It is recommended to show three positive and one negative marker for the respective 

EV type on protein level. Furthermore, two different but complementary techniques are to be 

used to characterize single EVs. This shall include image-based methods and single particle 

analysis techniques assessing biophysical properties. Since the 2018 update, it is also 

recommended to describe EVs quantitatively, i.e. by particle count, total protein content, or total 

lipid content (Welsh et al. 2024).  

To simplify the validation process, a HEK293T model cell line stably expressing emerald green 

fluorescent protein (emGFP)-tagged CD63 was used, allowing for quick and easy visual control 

and protein detection. Figure 16 illustrates the applied UC protocol, including the standard 

“cleaning” steps at 500x g, 3000x g, and 12.000x g to remove live cells, dead cells, and debris 

respectively. Exosomes were precipitated at 100.000x g and washed once in PBS before further 

analysis (for detailed protocol see section 4.3.1). 

 

 

Figure 16. Schematic overview of exosome isolation from cell culture supernatant 

 



Results and Discussion 

54 

 

2.2.1 PROOF OF CONCEPT BY FLUORESCENCE ANALYSIS 

To get a quick and easy first impression of the generated isolates, they were imaged by 

fluorescence microscopy. Additionally, fluorescence was quantified using a microplate reader. 

Figure 17A shows representative images of the GFP fluorescence of donor cells and putative 

exosome isolates. In cells, CD63 is typically localized at the plasma membrane as well as in late 

endosomes and lysosomes (Pols and Klumperman 2009). Accordingly, the GFP signal in the 

HEK293T CD63-emGFP cells accumulates at the plasma membrane and appears in dots 

throughout the cytoplasm, which likely correspond with endosomes or lysosomes. When imaging 

the putative exosome isolate, small, floating particles and occasional larger aggregates can be 

observed. When quantifying the fluorescence using a microplate reader, the fluorescence signal 

was 10-fold higher in UC isolates compared to PBS alone, further confirming the presence of 

CD63-emGFP in the isolates (Figure 17B).  

Whether the observed particles are in fact exosomes, or rather exosome aggregates, cannot be 

verified by the exploited methods, but the presence of CD63-emGFP motivated further analysis. 

 

Figure 17. Fluorescence analysis of HEK293T CD63-emGFP cells and their putative exosomes  
Putative exosomes were isolated from 40 mL of cell culture supernatant from HEK293T CD63-emGFP 
cells after 48h of conditioning and resuspended in PBS. A) Representative images of HEK293T CD63-
emGFP donor cells and respective UC isolates by fluorescence microscopy. Cells were grown in 
microscopy dishes for 24h before imaging. Nuclei were stained with Hoechst (blue) and CD63 is tagged 
with emGFP (green). Scale bars 10 µm. B) Relative fluorescence of UC isolate normalized to PBS of n=1 
experiment.  
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2.2.2 SINGLE PARTICLE CHARACTERIZATION 

Adhering to the MISEV2023 guidelines, three complementary methods were chosen to analyze 

the putative exosome preparations on single vesicle level. To assess the biophysical properties 

of single particles, tunable resistive pulse sensing (TRPS) was applied. TRPS is a technique that 

can assess size, concentration, and surface charge on single-particle level. 

Figure 18A shows the measured particle concentration by particle diameter, with a mean particle 

diameter of 104 ± 44,3 nm. The mean raw concentration was determined to be  

7,89 x 1010 particles/mL. The smallest measured particles had a size of 52 nm, while the largest 

reached 413 nm. 90 % of the measured particles were smaller than 152 nm and 50 % smaller 

than 68 nm. Thus, particles fall into the typical size range of exosomes. Figure 18B illustrates the 

particle velocity. When particles of similar size cause different blockade durations, they either 

differ in shape or surface charge, or smaller particles have formed aggregates. When looking at 

the blockade durations of the putative exosome isolate, there are only a few outliers, illustrating 

a uniform size and surface charge of the particles within the sample, with little aggregation.  

Size distribution was additionally assayed by dynamic light scattering (DLS). This method relies 

on the assessment of the Brownian motion, which in turn allows conclusions about the particle 

size (Stetefeld et al. 2016). Figure 18C shows the measured size distribution with a mean 

particle diameter of 112 ± 48,2 nm. The smallest measured particles had a size of 58,8 nm, 

while the largest reached 6440 nm. With 90 % of the particles being smaller than 163 nm and 

almost 70 % being smaller than 107 nm, they again fit into the typical exosome size range, 

though there seem to have been some impurities with larger vesicles, aggregates, or debris.  
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For image-based evaluation, putative exosomes were imaged using cryo-transmission electron 

microscopy (cryo-TEM). The resulting images are shown in Figure 18D. The isolated vesicles 

from both, cell culture supernatant and plasma show a round shape and membrane bilayer 

coating. The speckled appearance of the vesicles’ lumens infer an electron dense cargo. 

Regarding size, the isolated vesicles appear to be in the range of 50-200 nm, with occasional 

larger vesicles in the cell culture supernatant sample. When looking at the overview images it 

becomes apparent that the cell culture supernatant sample contained much more vesicles than 

the plasma sample. This can largely be attributed to the differing starting volumes of the samples 

(160 mL and 7,5 mL respectively). Overall, the isolated vesicles show great resemblance to 

exosomes.  

Taken together, the single particle characterization by cryo-TEM, TRPS, and DLS reveals 

membrane-coated vesicles with a round shape and mean diameter of 104 nm (TRPS) and  

112 nm (DLS). All these characteristics are in accordance with typical exosome attributes. In cell 

culture supernatant samples, occasional larger particles with diameters of up to 413 nm (TRPS) 

and 6440 nm (DLS) were recorded. It should be noted that DLS has a rather low resolution and 

the CD63-emGFP fluorescence could have interfered with the measurement, as it is based on 

light detection (Bhattacharjee 2016). Therefore, the TRPS size data can be considered more 

reliable, plus it is also more in agreement with the cryo-TEM images. Nevertheless, there are 

some impurities with particles outside of the exosomal size range detectable. When looking at 

the cryo-TEM images, it seems most likely that larger EVs were co-precipitated, as no 

aggregation or non-EV particulates are visible. The TRPS data also show little evidence for 

aggregation based on the blockade duration measurement. Isolating a fully pure exosome 

population is a rather unrealistic goal, and with 90 % of the particles being smaller than 152 nm 

as measured by TRPS, the presented EV preparations can likely be identified as exosomes. 

2.2.3 PROTEIN AND LIPID CONTENT QUANTIFICATION 

It is recommended to give quantitative data on EV preparations. EVs contain nucleic acids, 

proteins, lipids, and other biomolecules, which can all be exploited for quantification in addition 

to particle count (Welsh et al. 2024). Protein content is often measured using colorimetric 

assays, like the Bradford assay. The Bradford assay is based on the ability of Coomassie dye to 

bind to proteins in acidic conditions. The free, protonated dye absorbs at 465 nm, whereas the 

dye-protein complex absorbs at 595 nm. This increase in absorption at 595 nm can be 

measured with a photometer and protein concentrations can be calculated using a standard 
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curve (Sapan et al. 1999). Lipid content can be measured using the sulfo-phospho-vanillin (SPV) 

assay. The SPV assay is carried out in two steps.  

First, the lipid-containing sample is incubated with sulfuric acid at high temperatures. In the 

second step, the resulting products react with vanillin in the presence of phosphoric acid. The 

complex chemical reaction results in the formation of a pink chromophore, if double bonds or 

free hydroxyl groups are present within the lipid sample. Photometric measurement at 540 nm 

allows for the calculation of the lipid concentration using a liposome standard curve (McMahon 

et al. 2013, Visnovitz et al. 2019). 

Figure 19A summarizes the quantification data. For lipids, a mean total amount of  

14,43 ± 2,81 µg was measured, which translates to a concentration of 288,51 ± 56,18 µg/mL. 

The mean total protein amount was determined to be 218,88 ± 43,43 µg, which translates to a 

concentration of 4,38 ± 0,87 µg/µL.  

 

 
Figure 19. Lipid content quantification and protein content quantification and characterization of 
putative exosomes  
A) Protein and lipid concentration of exosome isolates. Putative exosomes were isolated from ~40 mL cell 
culture supernatant from HEK293T CD63-emGFP cells after 72h. Protein content was quantified using 
Bradford assay, while lipid content was determined using the SPV lipid assay. Mean ± SD of n=4 
independent isolations. B) Western blot analysis of exosomal protein content. Exosomes were isolated 
from 20 mL HEK293T CD63-emGFP cell culture supernatant after 72h. Exosomes and donor cells were 
lysed in RIPA buffer, and sonicated. Samples were stored at -80 °C until analysis.  
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Verifying whether the detected lipid and protein content in fact reflects EVs or exosomes is not 

possible using the applied methods. When looking at published research, it becomes apparent 

that different cells produce EVs with differing lipid content. One study found between 2,88 µg 

and 16,63 µg lipids in 5 µL of a small EV preparation depending on the cell line. Total starting 

volume for their experiments were 24 mL of cell culture supernatant that had been conditioned 

for 24h and resulted in a final volume of 30 µL of EVs (Visnovitz et al. 2019). Others only report 

0,85 µg/mL lipids in exosome samples from 24h conditioned cell culture medium (Osteikoetxea 

et al. 2015). Both studies used a combination of gravity driven filtration and differential 

centrifugation to isolate exosomes, and lipid content was measured by SPV lipid assay. Lipid 

concentrations can only be calculated reliably within the linear range of the reference curve; 

otherwise lipid content can be over- or underestimated. It is also not established, whether lipid 

assays like the SPV assay can detect all EVs independent of their specific lipid composition 

(Thery et al. 2018). So far, there is only a limited number of publications that disclose lipid 

quantification in combination with detailed information on the exosome isolation procedure, 

rendering it impossible to assess whether the results presented in this work are in an 

appreciable range for exosome isolates. However, being able to detect lipids with appreciable 

reproducibility is a promising outcome. 

When looking at exosomal protein content, one study reports 3,82 µg protein in exosomes from 

colon cancer cells and 3,02 µg in those from breast cancer cells, as measured by Bradford 

assay. Data are given per 106 cells and exosomes were isolated by UC (Dash et al. 2021). 

Exosomes isolated from THP-1 cells using different methods revealed total protein amounts 

between 27,25 µg and 45,5 µg by Bradford assay. Starting volumes for these experiments were 

208 mL cell culture supernatant from approximately 4 x 109 cells (Wang et al. 2015). Another 

study reports 46,60 ± 0,9833 µg total protein from leukemia cell exosomes and 38,75 ± 4,57 µg 

from breast cancer cell exosomes. Here, exosomes were isolated using lyophilisation, but 

starting volume and cell number are not disclosed (Qazi et al. 2023). When comparing these 

results, one has to keep in mind the different cell types, specific culture conditions, and isolation 

methods. Overall, a lot of available data on protein content of EVs is hard to interpret, as key 

information is not provided. Additionally, the Bradford assay can only detect proteins within the 

linear range of its reference curve. Highly purified or low concentrated EV preparations might fall 

outside of this range, leading to underestimation of the protein content. Conversely, 

overestimation of the protein content can result from co-precipitation of protein contaminants 

(Thery et al. 2018). Another potential source of error is the use of detergents. SDS is known to 

lower the sensitivity of the Bradford assay (Friedenauer and Berlet 1989). Other detergents like 

Triton-X, NP-40, and Na-deoxycholate further contribute to this effect, making the use of 
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Bradford assay unfavourable in combination with RIPA buffer (Krohn 2011). Indeed, additional 

protein concentration determination using the DC protein assay revealed significantly lower 

protein amounts than shown in Figure 19 (~45 µg of total exosomal protein from 240 mL cell 

culture supernatant). Thus, the here presented results should be viewed with caution. 

2.2.4 PROTEIN CONTENT CHARACTERIZATION 

The MISEV2023 guidelines define five different categories of proteins for the protein content-

based characterization of EVs. Category 1 contains transmembrane or GPI-anchored proteins 

associated with the plasma membrane and/or endosomes. These category 1 proteins are further 

divided into cell or tissue specific and non-tissue specific proteins. Among the non-tissue specific 

proteins are Integrins, MHC class I, and Tetraspanins (Thery et al. 2018). Exosomes in particular 

are known to be enriched in Tetraspanins CD63, CD81, and CD9 (Andreu and Yanez-Mo 2014). 

Category 2 lists cytosolic proteins recovered in EVs, that are sub-grouped into proteins with lipid 

or membrane protein-binding ability and promiscuously EV incorporated proteins. The first sub-

group contains proteins of the ESCRT complex and TSG101, which are involved in the formation 

of the MVB, and therefore also abundant in exosomes (Vlassov et al. 2012). The second sub-

group lists HSP70 and cytoskeleton associated proteins like actin and tubulin. Category 3 

contains non-EV co-isolated structures, for example albumin. Category 4 covers proteins 

associated with intracellular compartments other than endosomes and the plasma membrane, 

including the nucleus, mitochondria, and the ER. Finally, category 5 lists secreted proteins 

recovered with EVs, which are of interest if certain functional activities are investigated (Thery et 

al. 2018).   

To verify exosome isolation, putative exosome isolates were analyzed for their protein content 

by western blot. Figure 19B summarizes the analyzed positive and negative control markers. As 

expected, the overexpressed CD63-emGFP could be detected in putative exosomes and donor 

HEK293T cells. To evaluate an endogenously expressed tetraspanin, CD81 was also tested and 

could be detected in putative exosomes. Additionally, the MVB-associated protein TSG101 was 

detected in both, putative exosomes and donor cells. With a total of three positive EV markers 

from categories 1 and 2 found in the putative exosome preparation, EV content of the sample 

can be confirmed. In order to assess the purity of the preparation, two proteins from category 4 

were analyzed. Calnexin, an ER membrane protein, and Lamin A/C, a structural protein of the 

nucleus, were both detected in the donor cell lysate, as expected. Lamin A/C is completely 

absent in the putative exosome sample, while there is a faint band detectable for calnexin. This 

could hint at a contamination with ER components. However, calnexin expression has also been 
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detected in large EVs, making those another potential contamination source (Saludas et al. 

2022). Since exosomes are also known to interact with the ER and calnexin is a membrane 

bound protein, this would pose an alternative explanation for its appearance in exosomes. 

Proteins from categories 3 and 5 were not considered, as they are only relevant if exosomes are 

isolated from biological fluids.  
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2.2.5 EXOSOMES IN CANCER PROGRESSION AND THERAPY RESISTANCE: MOLECULAR INSIGHTS 

AND THERAPEUTIC OPPORTUNITIES (REVIEW)  

 

Madita Wandrey, Jadwiga Jablonska, Roland H. Stauber, Désirée Gül  

 

Abstract 

The development of therapy resistance still represents a major hurdle in treating cancers, 

leading to impaired treatment success and increased patient morbidity. The establishment of 

minimally invasive liquid biopsies is a promising approach to improving the early diagnosis, as 

well as therapy monitoring, of solid tumors. Because of their manifold functions in the tumor 

microenvironment, tumor-associated small extracellular vesicles, referred to as exosomes, have 

become a subject of intense research. Besides their important roles in cancer progression, 

metastasis, and the immune response, it has been proposed that exosomes also contribute to 

the acquisition and transfer of therapy resistance, mainly by delivering functional proteins and 

RNAs, as well as facilitating the export of active drugs or functioning as extracellular decoys. 

Extensive research has focused on understanding the molecular mechanisms underlying the 

occurrence of resistance and translating these into strategies for early detection. With this 

review, we want to provide an overview of the current knowledge about the (patho-)biology of 

exosomes, as well as state-of-the-art methods of isolation and analysis. Furthermore, we 

highlight the role of exosomes in tumorigenesis and cancer treatment, where they can function 

as therapeutic agents, biomarkers, and/or targets. By focusing on their roles in therapy 

resistance, we will reveal new paths of exploiting exosomes for cancer diagnosis and treatment.  
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Abstract: The development of therapy resistance still represents a major hurdle in treating cancers,
leading to impaired treatment success and increased patient morbidity. The establishment of min-
imally invasive liquid biopsies is a promising approach to improving the early diagnosis, as well
as therapy monitoring, of solid tumors. Because of their manifold functions in the tumor microen-
vironment, tumor-associated small extracellular vesicles, referred to as exosomes, have become a
subject of intense research. Besides their important roles in cancer progression, metastasis, and the
immune response, it has been proposed that exosomes also contribute to the acquisition and transfer
of therapy resistance, mainly by delivering functional proteins and RNAs, as well as facilitating the
export of active drugs or functioning as extracellular decoys. Extensive research has focused on
understanding the molecular mechanisms underlying the occurrence of resistance and translating
these into strategies for early detection. With this review, we want to provide an overview of the
current knowledge about the (patho-)biology of exosomes, as well as state-of-the-art methods of
isolation and analysis. Furthermore, we highlight the role of exosomes in tumorigenesis and cancer
treatment, where they can function as therapeutic agents, biomarkers, and/or targets. By focusing on
their roles in therapy resistance, we will reveal new paths of exploiting exosomes for cancer diagnosis
and treatment.

Keywords: exosomes; cancer; cancer therapy; therapy resistance; resistance transmission

1. Introduction

Exosomes are nanosized extracellular vesicles (EVs) that were first described as early
as 1983 [1,2]. While they were considered a cellular mechanism for waste disposal until
the 1990s, research has shown that they carry complex cargoes. By delivering their cargo
to neighboring and distant cells, exosomes participate in cell–cell communication and
influence the phenotype of recipient cells. The respective cargo is highly dependent on the
cell of origin [3–5]. Exosomal communication contributes to fundamental physiological
processes like cell homeostasis, immune response regulation, and senescence. As exosomes
are released by almost all cell types, aberrant cells, such as cancer cells, also readily shed
exosomes. These exosomes are part of the tumor microenvironment (TME) and play an
important role in cancer progression, metastasis, immune response, and therapy. They also
contribute to the acquisition and transfer of therapy resistance by promoting epithelial–
mesenchymal transition (EMT) and delivering functional proteins and non-coding RNAs
(ncRNAs) [6,7]. Therapy resistance is one of the major challenges in the treatment of various
cancer entities, as it is the main cause of relapses and poor survival outcomes.
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2. Exosome Structure and Contents

Exosomes are characterized by their small size (30–200 nm) and endosomal origin,
allowing for differentiation from other types of EVs like microvesicles (100–1000 nm) and
apoptotic bodies (1–5 µm) [8].

The contents of exosomes are highly complex and include proteins, nucleic acids,
metabolites, and lipids (Figure 1B). To date, 41,860 proteins, 7784 RNAs, and 1116 lipids
from 286 studies have been entered into the ExoCarta database [9]. Typically, exosomes
are enriched in tetraspanins (CD63, CD81, CD9), heat shock proteins (HSP70, HSP90),
multivesicular body (MVB)-formation-associated proteins (TSG101, ALG-2-interacting
protein X/Alix), and proteins related to membrane transport and fusion (GTPases). These
proteins serve as exosome markers, allowing for their distinction from other EVs and
even facilitating exosome isolation [10]. Among the RNA species contained in exosomes,
microRNAs (miRNAs) are the most abundant in plasma-derived exosomes. Upon their
uptake, miRNAs can alter the phenotype of the recipient cell through modifications of
its protein expression [11]. As for DNA, it has been shown that more than 90% of cell-
free DNA in plasma is associated with exosomes [12]. While DNA of genomic (gDNA)
as wells as mitochondrial (mtDNA) origin have been found in exosomes, the packaging
mechanisms remain largely unknown. It is thought that the exosomal packaging of DNA is
a mechanism of maintaining cell homeostasis but also a means of altering the recipient cell
by incorporating the DNA into its genome [13]. Among the metabolites found in exosomes
are amino acids and their derivatives, carbohydrates, carbonic acids, and folates [5]. Apart
from their cargo, exosomes also have a specific lipid composition. Generally, exosomes are
enriched in cholesterol, ceramides, sphingolipids, and phosphatidylserine. Additionally,
exosomes can also contain lipolytic enzymes, which can autonomously produce units of
bioactive lipids [14,15].
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Figure 1. (A) Schematic overview of exosome biogenesis via the endosomal pathway. Starting with 
(receptor-mediated) endocytosis (1.,2.), intracellular vesicles are formed (3.) and converge into 
early endosomes (4.). After maturation to late endosomes, intraluminal vesicles are formed through 
inward budding of the endosomal membrane, resulting in the MVB (5.). Upon fusion of the MVB 
with lysosomes (6a.), contents are typically recycled or degraded. Fusion of the MVB or lysosome 
with the plasma membrane (6b.) leads to the release of exosomes into the extracellular space (7.). 
(B) Schematic illustration of a single exosome and its bioactive cargo and components. MVB = 
Multivesicular body. TGN = Trans-Golgi network. Symbols indicate different endosomal cargoes, 
such as peptides and proteins, metabolites, and nucleic acids (as depicted in B). Purple squares 
symbolize ligand for receptor-mediated endocytosis. Created with BioRender.com. 

Figure 1. (A) Schematic overview of exosome biogenesis via the endosomal pathway. Starting with
(receptor-mediated) endocytosis (1.,2.), intracellular vesicles are formed (3.) and converge into early
endosomes (4.). After maturation to late endosomes, intraluminal vesicles are formed through inward
budding of the endosomal membrane, resulting in the MVB (5.). Upon fusion of the MVB with
lysosomes (6a.), contents are typically recycled or degraded. Fusion of the MVB or lysosome with the
plasma membrane (6b.) leads to the release of exosomes into the extracellular space (7.). (B) Schematic
illustration of a single exosome and its bioactive cargo and components. MVB = Multivesicular body.
TGN = Trans-Golgi network. Symbols indicate different endosomal cargoes, such as peptides and
proteins, metabolites, and nucleic acids (as depicted in B). Purple squares symbolize ligand for
receptor-mediated endocytosis. Created with BioRender.com.
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3. Exosome Shaping and Signaling
3.1. Exosome Biogenesis

Exosomes originate from the endosomal pathway, typically starting with the (receptor-
mediated) endocytosis of extracellular materials through the invagination of the plasma
membrane (Figure 1A). The resulting vesicles converge into early endosomes. These early
endosomes not only contain extracellular components but also plasma membrane pro-
teins [15,16]. Through V-ATPase-mediated acidification, they mature into late endosomes.
Late endosomes can also receive cargo-loaded vesicles from the Trans-Golgi network [17].
From the inward budding of the endosomal membrane, small intraluminal vesicles (ILVs)
are formed. The formation of ILVs requires the activity of the endosomal sorting complex
required for transport (ESCRT), which is initiated by the binding of ubiquitinated proteins
to the ESCRT-0 subunit in the endosomal membrane [18,19]. Alternatively, there are also
ESCRT-independent routes for ILV formation based on ceramide- or tetraspanin-enriched
microdomains within the endosomal membrane [20–22]. The ILVs are contained within
the MVB, and upon fusion of the MVB with the plasma membrane, they are released into
the extracellular space as exosomes [15]. Alternatively, MVBs can fuse with lysosomes,
which leads to the degradation of their contents, although there have also been reports
of lysosomes fusing with the plasma membrane and releasing exosomes [23]. Other re-
ports also mention exosomes originating directly from the plasma membrane. Budding
from endosome-like microdomains, they carry classic exosome markers like CD63 and
CD81 [24,25]. However, the amount of evidence is still limited, leaving this route of
biogenesis up for debate [8].

3.2. Exosome Distribution and Bioactivity

Exosome biodistribution occurs locally and systemically. Exosomes can undergo
multiple cycles of uptake and release, allowing for deep tissue penetration [8]. Most
studies on exosome biodistribution come from pharmacokinetic research, meaning they use
heterologous exosomes. The oral administration of heterologous exosomes results in their
distribution to almost all organs, including the liver, lung, kidney, colon, and brain [26,27].
Intravenous administration leads to the fast elimination of heterologous exosomes from the
bloodstream, while nasal administration has been shown to direct them to the brain [28,29].
Exosome biodistribution and cell or organ tropism are considerably influenced by many
factors, including the cell of origin, the membrane constitution, and the overall patho-
/physiological state of the host, as well as dose and route of administration in the case
of heterologous exosomes [30]. It is very likely that the biodistribution of autologous
exosomes differs significantly from that of heterologous ones. Nevertheless, autologous
exosomes have been found in various bodily fluids, including blood, urine, breast milk,
saliva, and interstitial fluid [8].

Upon reaching the recipient cell, there are different possibilities for exosomes to elicit
bioactivity (Figure 2). Ligands in the exosomal membrane can bind to cellular receptors,
causing downstream signaling cascades. One study has shown that exosomes released
by dendritic cells carry tumor necrosis factor (TNF) and TNF-related apoptosis-inducing
ligand (TRAIL), which bind to the TNF receptors on tumor cells and activate caspases, even-
tually resulting in apoptosis [31]. Alternatively, exosomes can be taken up by endocytosis,
phagocytosis, or plasma membrane fusion. Fusion with the plasma membrane is most
likely Rab- and SNARE-mediated and leads to the direct release of exosomal cargo into
the recipient cell [32,33]. However, the primary route for exosome uptake is believed to be
internalization by endocytosis or phagocytosis. Typically, endocytosis is receptor-mediated
and results in clathrin-coated intracellular vesicles that eventually undergo uncoating
and converge into early endosomes. Clathrin-independent endocytosis occurs at lipid
rafts, which are membrane microdomains enriched in cholesterol, sphingolipids, and GPI-
anchored proteins [16]. Phagocytosis mainly occurs in immune cells like macrophages
and dendritic cells. During phagocytosis, the plasma membrane is deformed and engulfs
extracellular materials, including bacteria, dead cells, and EVs. The resulting phagosome
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is internalized and directed to the endosomal pathway [34]. The typical endpoint of the
endosomal pathway is the lysosome, where recycling and degradation take place. In order
to achieve signaling, exosomes or their cargo have to bypass lysosomal degradation [8].
Some cargoes, for instance, transforming growth factor (TGF) β-1, can be activated by
acidification within the endosome [35]. It has also been shown that cargo can passively
diffuse into the cytoplasm [36]. Rab5/Rab7-positive endosomal vesicles have been found
to interact with the endoplasmic reticulum (ER). Since protein translation occurs at the
ER, this would be a favorable route for exosomes carrying mRNA or miRNA [37,38]. The
nucleoplasmic reticulum (NR) is a compartment consisting of invaginations penetrating
into the nucleoplasm. Upon the interaction of the NR with late endosomes, exosomal cargo
could enter the nucleus [39]. Other possible routes for bypassing degradation are retro-
grade trafficking from the endosome to the Golgi apparatus, the fusion of endosomal and
exosomal membranes, and release into the cytoplasm by endosome or lysosome rupture [8].
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4. Exosome Isolation and Analysis
4.1. Isolation of Exosomes

One major challenge in studying exosomes is their efficient and reproducible isolation
since they are small in size, low in density, and mixed with various other components if
isolated from bodily fluids. Depending on the downstream application, there are differ-
ent techniques in use, with the most common ones being ultracentrifugation, size-based
isolation, polymer precipitation, and immunoaffinity capture. There are also numerous com-
mercial exosome isolation kits available that rely on the aforementioned methods [40,41].

Ultracentrifugation (UC), also referred to as differential centrifugation, remains the
gold standard of exosome isolation and is used by around 50% of researchers [41]. UC
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relies on the differences in size and density between exosomes and other components of the
sample [41,42]. Typically, the protocol starts with a series of lower-speed centrifugations to
remove live cells, dead cells, and debris (at 300× g, 2000× g, and 10,000× g, respectively).
Alternatively, this can be achieved by filtration. Following this are two high-speed cen-
trifugations at 100,000× g to precipitate the exosomes [41,43]. The advantages of UC are
that it is a well-established method suitable for a variety of sample types and volumes.
The downsides of UC are that it is a rather time-consuming method, and due to the high
centrifugation speeds, exosomes can be damaged, and their biological functions can be
altered. Therefore, UC is more suitable for proteomic or other molecular analyses and
less suitable for functional assays. Also, as it is based on size and density, impurities
like protein aggregates or organelles can co-precipitate [40,44]. To reduce such impurities,
density-gradient UC was introduced, where separation media with different densities are
applied. However, this method is rather elaborate and even more time-consuming than
classic UC, limiting its application [45,46].

The most common size-based techniques are size-exclusion chromatography (SEC) and
ultrafiltration (UF). For SEC, samples are added to columns containing a porous gel (e.g.,
Sepharose), where larger particles cannot enter the pores and therefore elute faster than the
small exosomes trapped in the pores. Since this method works with a low centrifugal force
or even gravity, isolated exosomes remain intact and biologically active [47]. However, SEC
relies solely on size, which leads to contamination with other particulates in a similar size
range. Therefore, SEC is often applied in combination with other methods, like UC [48].

UF uses membranes with different molecular weight cutoffs (MWCOs) to separate
exosomes from larger particles. Different forces can be used to drive the sample through
the membranes, including centrifugation, pressure, and electric charge. As for SEC, UF
suffers from impurities of similar-sized particulates and additionally from low recovery
rates due to unspecific binding to or clogging of the membranes [44,49].

Polymer precipitation is a common method for isolating viruses, which share a lot of
common features with exosomes [50]. The most commonly used reagent for polymer pre-
cipitation is polyethylene glycol (PEG), which reduces the solubility of exosomes, allowing
their precipitation at lower centrifugation speeds. While this method is quick and easy, it is
also prone to contamination with particles with similar biophysical properties, and it can
be difficult to remove the polymer reagent after isolation [40].

Immunoaffinity capture relies on the interaction between antigens and specific anti-
bodies. As described in Section 3.1, exosomes carry a number of general marker proteins
that can serve as antigens for capture. The respective antibodies are fixed to a carrier, mostly
beads or chromatography matrices. Through the binding of the exosomal antigen to the
fixed antibody, exosomes can be separated from contaminants in the sample. Such methods
yield high-purity exosomes but are also rather high in cost and time-consuming. Addition-
ally, the isolated exosome population is highly dependent on the choice of antigen(s), thus
not reflecting the total exosome population [41,51,52].

Recently, microfluidic devices have emerged as promising tools to combine enrichment
and analysis of exosomes. Generally, many of these devices also rely on classic isolation
techniques based on physical and biochemical properties. Microfluidic devices based
on physical properties contain porous membranes, nanofilters, microvilli, or electrical or
acoustic fields to trap and separate exosomes. Biochemical-property-based devices contain
mobile or stationary antibody-coated media [41]. There are also devices combining both
approaches. Notably, some platforms even offer the possibility of the real-time analysis of
the isolated exosomes, for example, by subsequent imaging or biomarker detection [53,54].

The choice of a suitable isolation method is highly dependent on the research focus
and downstream application. At the same time, the obtained results may vary depending
on the applied isolation method, making this choice pivotal for any exosome research. For
more detailed information on methods for exosome isolation and their specific implications,
we refer the reader to more thorough reviews on the topic [44,55–57].
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4.2. Analysis of Exosomes

To validate successful exosome isolation and gain further insights into their patho-
/biological functions, the downstream analysis of exosomes is crucial. Exosomes are
typically analyzed for their physical and/or biochemical properties. Physical properties
include particle size and concentration, while biochemical properties focus on the exosomes’
composition and cargo.

Physical properties can be analyzed using dynamic light scattering (DLS), nanoparticle
tracking analysis (NTA), tunable resistive pulse sensing (TRPS), and electron microscopy (EM).
DLS is an easy-to-use method that allows the analysis of very small sample volumes. However,
DLS has a rather low resolution and tends to skew data toward larger particles [58,59]. NTA
is a sensitive method that can readily detect particles in the size range of exosomes, but its
major downside is the requirement for rather large sample volumes of around 0.5 mL [59,60].
TRPS is a technique that can assess size, concentration, and surface charge at a single-particle
level. While TRPS is suitable for small-sized particles, there are many factors that have to be
adjusted for the measurement, like the pore size, current, and choice of calibration particles.
When it comes to EM, there are different approaches available, with the most common ones in
EV research being transmission EM (TEM) and scanning EM (SEM). Comparing the two, TEM
reaches higher resolutions but also needs more advanced sample preparation, as the samples
have to be very thin (≤1 µm) to allow the passage of electrons [61,62]. Both methods yield
satisfying results for the size assessment of exosomes, but the morphological appearance can
differ based on the chosen approach and respective sample preparation [63]. In the Minimal
information for studies of extracellular vesicles 2018 (MISEV2018) guidelines published by
the International Society of EVs, it is advised to use two complementary techniques to assess
EVs at a single-particle level. This should include one image-based method, like EM, and one
of the other methods for assessing physical properties [64].

For the analysis of biochemical properties, there are two main groups of methods:
immunodetection-based methods and proteomics. Common immunodetection methods in-
clude Western blotting and flow cytometry. Western blotting is a quite easy-to-use method
that is available in many labs. Western blotting technically allows for the detection of
surface markers as well as cargoes since exosomes are lysed before analysis [65]. Unfor-
tunately, Western blotting is highly dependent on the used antibodies when it comes to
specificity and reproducibility. Additionally, it only allows for the assessment of a very
limited number of proteins in one sample [59]. Flow cytometry requires a single-particle
laminar flow of antibody-labeled particles. To achieve this with EVs can be difficult because
they are prone to aggregation. As for exosomes, they are also too small to be detected by
standard flow cytometers, which detect in a size range of 1–15 µm [66]. Therefore, they are
typically bound to beads by either an antibody–antigen interaction or covalent conjuga-
tion [67]. Alternatively, the vesicle flow cytometry (VFC) approach is based on staining
the vesicle membranes for size and concentration measurements. Antibody staining can
give additional information about surface protein expression. To avoid misinterpretation
based on aggregation, the measurement of serial dilutions of the sample is advised [68].
Whether VFC can be used for exosomes highly depends on the flow cytometer’s detection
limit. Flow cytometry generally allows for high-throughput analysis of exosomes and can
identify different expression patterns within one sample. However, as for Western blotting,
only a limited number of markers can be assessed in one sample, and the outcome might
vary depending on the used antibody. As the particles remain intact, analysis is limited to
surface markers. Proteomic analysis of exosomes mainly relies on mass spectrometry (MS).
Beyond proteomic research, MS is also a suitable method for the analysis of lipids and
metabolites, but so far, proteins remain the main focus of MS-driven exosome research [69].
The MISEV2018 guidelines suggest showing at least three positive and one negative marker
for the respective EV type on a protein level using any of the aforementioned methods.

Since the 2018 update, the MISEV guidelines also recommend describing EVs quanti-
tatively. One option would be the particle count, as analyzed by DLS, NTA, or TRPS. Other
options include total protein content and total lipid content [64]. As mentioned before,
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MS can quantify proteins and lipids. However, it is a rather advanced and expensive
method, which is hardly used for routine isolation verification. Standard procedures for
protein content measurements are colorimetric assays, for example, the Bradford assay. The
readout of the Bradford assay is based on a comparison to a reference curve. Accordingly,
the Bradford assay can only detect proteins within the linear range of its reference curve.
Highly purified or low-concentrated EV preparations might fall outside of this range, lead-
ing to an underestimation of the protein content. Conversely, overestimation of the protein
content can result from the co-precipitation of protein contaminants like albumin [64].
Other options for colorimetric protein assays include the Pierce BCA assay and the Lowry
assay, which both rely on the biuret reaction and the subsequent colorimetric detection
of cuprous cations. Lipid content can be measured using the colorimetric sulfo-phospho-
vanillin (SPV) assay [70,71]. As for the Bradford assay, the SPV assay uses a reference
curve, and lipid concentrations can only be reliably calculated within its linear range;
otherwise, lipid content can be over- or underestimated. It is also not established whether
lipid assays like the SPV assay can detect all EVs with the same efficacy, independent
of their specific lipid composition [64]. Therefore, a conclusive interpretation of protein
and lipid content data is nearly impossible, as both require stable input concentrations
within the assay’s linear range and differ significantly based on the exosome source and
isolation method. Unfortunately, the lack of details regarding exosome production and
isolation in many publications further contributes to this issue, highlighting the need for
standardized procedures.

5. Exosomes in Cancer Development and Progression

Cancer progression is a multi-step process, ultimately resulting in the development of
malignancy. Being part of the tumor microenvironment, exosomes have been suggested to
regulate multiple different processes of tumorigenesis, such as angiogenesis, metastasis,
and immune response.

5.1. Angiogenesis

As cancer cells have a high demand for oxygen and nutrients, angiogenesis is cru-
cial for cancer progression. Angiogenesis is induced by an imbalance between anti- and
pro-angiogenic factors, which is favored by hypoxic conditions [72]. Interestingly, ex-
osome release has been found to be elevated in cells exposed to hypoxia [73]. Under
hypoxic conditions, cancer cells release exosomes enriched in miR-23a, which promotes
angiogenesis by targeting HIF-1α, ZO-1, and prolyl hydroxylase [74,75]. Exosomes also
deliver pro-angiogenic miRNAs like miR-9, miR-92a-3p, miR-205, and miR-135b, which
are involved in endothelial cell migration and tube formation [76–79]. Melanoma- and
glioblastoma-cell-derived exosomes have been shown to carry pro-angiogenic factors like
VEGF and IL-6 [80,81]. Exosomes from ovarian cancer cells carry increased levels of soluble
E-Cadherin, which activates angiogenic signaling in endothelial cells [82]. Exosomes from
nasopharyngeal cancer and myeloma are enriched in matrix metalloproteinases (MMPs)
like MMP-9 and MMP-13, which are also involved in angiogenesis induction [83,84]. In
head and neck squamous cell carcinoma (HNSSC), small EVs from patients with advanced-
stage disease stimulated significantly increased tubulogenesis, migration, and proliferation
of endothelial cells compared to those from healthy donors [85]. Upon treatment with
exosomes derived from leukemia cells, endothelial cells show increased expression of vas-
cular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1),
which have been associated with neovascularization [86]. The exosomal delivery of surface
tetraspanin Tspan8 has also been suggested to promote angiogenesis in colorectal cancer
and adenocarcinoma [87].

In summary, exosomes play a significant role in angiogenesis by delivering pro-
angiogenic factors and miRNAs, promoting endothelial cell migration, tube formation, and
neovascularization in various cancer types.
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5.2. Metastasis

Another major step in cancer progression is metastasis, which is responsible for 90%
of tumor-related deaths [88]. In order to metastasize, tumor cells need to detach from
the original tumor mass and gain migratory potential. This process involves extracellular
matrix (ECM) degradation and epithelial–mesenchymal transition (EMT). As mentioned
before, tumor-derived exosomes (TDEs) can carry MMPs, which mediate ECM degradation.
Additionally, TDEs have been shown to carry miRNAs that promote MMP expression. For
example, melanoma-derived exosomes can enhance MMP-2 and MMP-9 expression in
fibroblasts through the delivery of miR-21 [89]. In a triple-negative breast cancer (TNBC)
model, cancer cells released exosomes enriched in MMP-1. The ingestion of these exosomes
by different TNBC cell lines leads to increased MMP-1 secretion, favoring EMT [90]. EMT is
a cellular process that leads to a loss of epithelial and a gain of mesenchymal characteristics.
During EMT, cells lose their apical–basal polarity, as well as cell–cell and cell–ECM adhe-
sions [91]. There are multiple known signaling pathways that can induce EMT through
EMT-promoting transcription factors (EMT-TFs). Prominent examples of EMT-TF families
are SNAIL, SLUG, TWIST, and ZEB [92]. A very extensively studied EMT signaling path-
way in tumor research is the Wnt/β-catenin pathway. Several Wnt ligands are delivered
by TDEs, including Wnt1, Wnt4, and Wnt5a [80,93–95]. Exosomal Wnt10b delivered by
fibroblast-derived exosomes induces EMT in breast cancer cells [96]. Exosomal Tenascin-
C (TNC), an extracellular matrix protein, has also been shown to induce EMT in breast
cancer cells through the Wnt/β-catenin signaling pathway [97]. Exosomes derived from
cancer-associated fibroblasts deliver miR-34a-5p, resulting in β-catenin/SNAIL-mediated
EMT induction in oral squamous cell carcinoma (OSCC) [98]. The delivery of circABCC1
by colorectal-cancer-cell-derived exosomes also induces EMT through Wnt/ß-catenin sig-
naling [99].

In OSCC, exosomal miR-21 induces EMT, while miR-21 inhibition leads to reversed
EMT and cancer stem cell (CSC) phenotype [100]. In bladder cancer, increased levels of
exosomal casein kinase II α and annexin A2 were associated with EMT [101]. Another
study showed that the treatment of epithelial tumor cells with exosomes from head and
neck SCC patients’ plasma could induce the expression of mesenchymal markers like
Vimentin, N-Cadherin, SNAIL, TWIST, SLUG, and ZEB-1. This effect was lost if exosomes
were isolated after patients underwent photodynamic therapy [102]. There are also reports
suggesting the involvement of TDEs in pre-metastatic niche formation. Specific integrin
patterns and adhesion molecules on the TDEs’ surfaces lead to targeted delivery to specific
cell types or organs and promote pre-metastatic niche formation [103,104]. In gastric cancer,
exosomal delivery of EGFR to liver stromal cells has been associated with the upregulation
of hepatocyte growth factor, which represents a binding partner for c-MET and thereby
facilitates the landing of metastatic cancer cells [105]. Melanoma-derived exosomes have
been shown to prime lymph nodes for metastasis by upregulating proteins involved in
melanoma cell recruitment, ECM modification, and angiogenic growth factors [106].

Collectively, a substantial amount of evidence supports the role of exosomes in ECM
degradation and EMT, which in turn favors metastasis.

5.3. Cancer Immunity

The immune response against malignant cells is of critical importance for the progres-
sion and invasion of the tumor. TDEs have been suggested to take part in both anti- and
pro-tumor immune reactions.

The anti-tumor response is mainly based on antigen presentation on the TDEs’ sur-
faces [107]. For example, the presentation of HSP70 on exosomes induces CD8+ T-cells and
activates NK cells and macrophages [108–110]. Exosomes from Rab27a-overexpressing lung
cancer cells are able to promote CD4+ T-cell proliferation through the activation of MHC-II,
CD80, and CD86 on dendritic cells (DCs) [111]. When breast cancer cells are treated with the
DNA-double-strand-break-inducing agent Topotecan, they release exosomes that reinforce
anti-tumor immunity by activating DCs and CD8+ T-cells [112].



Life 2023, 13, 2033 9 of 30

However, the majority of TDEs mediate immune-inhibitory functions. It has been
shown that exosomes from head and neck cancer (HNC) patients carry immunosuppressive
protein cargoes and mediate suppressive effector T-cell functions [113]. For example, cancer-
derived exosomes carry TGFβ and PD-L1 [114–117]. PD-L1 is an immunosuppressive
ligand strongly associated with immune evasion in cancer [118]. In agreement, PD-L1-
carrying small EVs block the activity of NK cells and T-cells and support apoptosis in CD8+

T-cells in HNSCC [117]. Elevated levels of exosomal PD-L1 have been associated with poor
patient prognosis in different cancer entities [119].

Another important immunosuppressive axis in cancer is the Fas/FasL pathway. It
is considered crucial for cancer-mediated immunosuppression and T-cell apoptosis [120].
In agreement, exosomal presentation of FasL and galectin-9 has been associated with
apoptosis induction in activated T-cells [121,122]. Importantly, small-EV-associated FasL
levels are reduced in advanced HNSCCs, while Fas is increased for up to six months after
therapy [117].

The downregulation of MHC I plays an important role in cancer immunosurveillance.
It has been described in 40–90% of human tumors, often correlating with a worse prog-
nosis [123]. Low levels of MHC-I on glioma-cell-derived exosomes are associated with
the dysfunction of CD8+ T-cells, while the upregulation of exosomal MHC-I restored their
anti-tumor response [124].

Myeloid cells, such as macrophages, neutrophils, and DCs, strongly influence anti-
cancer immune responses. TDEs can inhibit the differentiation of DCs and the function
of their cytokines by delivering miR-203. EVs have also been shown to stimulate the pro-
tumor activity of neutrophils and to increase their chemotaxis in melanoma [125]. Moreover,
there are numerous reports on exosome-driven stimulation of macrophage polarization
toward the immunosuppressive and thus cancer-promoting M2 phase [107]. For example,
exosomes from SNAIL-expressing HNC cells have been found to be enriched in miR-21.
Upon the uptake of the miR-21-containing exosomes by CD14+ monocytes, the expression
of M1 markers was suppressed, while that of M2 markers increased [126]. Exosomal
delivery of tyrosine kinase with immunoglobulin and epidermal growth factor homology
domains 2 (TIE2) from cervical cancer cells to macrophages leads to an M2 phenotype
and promotes angiogenesis [127]. TDEs can even influence macrophage polarization in
the pre-metastatic niche through TLR2 and NF-κB signaling [128]. Thus, TDEs play an
important role in the regulation of anti-tumor immune responses, providing an important
target that could be addressed therapeutically in order to impair tumor progression.

By delivering suppressive signals and proteins to immune cells, exosomes substantially
contribute to an immunosuppressive microenvironment, ultimately resulting in tumor
immune evasion.

6. Exosomes in Cancer Therapy and Treatment

Given the compelling evidence supporting the critical involvement of exosomes in
the development and progression of cancer, translating this knowledge into clinical use
is a current research interest. Seeing as exosomes can deliver their cargo to specific cells,
exploiting them as vehicles for targeted drug or signal delivery is a promising approach.
Moreover, TDEs carry distinct markers, allowing their use as biomarkers for cancer de-
tection and therapy monitoring. An alternative treatment approach is to target TDEs to
prevent disease progression.

6.1. Exosomes as Drug Carriers and Therapeutic Agents

The targeted delivery of drugs to cancer cells is one of the major challenges in cancer
therapy research. A widely studied approach is the use of nanoparticles (NPs) as drug carri-
ers, offering sustained drug release, prolonged bioavailability, an enhanced permeation and
retention (EPR) effect on tumors, and few side effects. For example, in a cell spheroid model
of HNSCC, the delivery of cisplatin (CDDP) by NPs was able to overcome CDDP resistance
and successfully eradicate cancer cells [129]. Copper(II) bis(diethyldithiocarbamate) (CuET)
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NPs successfully induced copper-dependent programmed cell death (cuproptosis) in non-
small lung cancer cells and showed potent anti-tumor effects in a CDDP-resistant tumor
model in vivo [130]. However, the binding of bodily proteins and biomolecules to the NPs,
the so-called NP-corona, often limits the desired effects in vivo [131–133]. Exosomes can be
viewed as naturally occurring NPs, which have a high bioavailability and few side effects,
therefore representing a promising carrier for therapeutic drugs. Loading the respective
drugs into exosomes can be achieved by modifying the donor cells to directly incorpo-
rate the drug into the exosomes. If this is not possible, purified exosomes can be loaded
in vitro using electroporation, sonification, or passive diffusion [134,135]. The delivery of
paclitaxel (PTX) via exosomes was shown to be more efficient than free-drug or liposome
delivery in a multi-drug-resistant cancer cell model [135]. In mice, coating exosomes with
different chemotherapeutics leads to a complete loss of side effects compared to free drugs
while effectively inhibiting tumor growth [47]. Chemical or genetic modifications of the
exosomal surface also allow for a more targeted delivery of their cargo. The conjugation of
ApoA-1 mimetic peptides to lipids allows for the targeted delivery of Methotrexate-loaded
exosomes to primary glioma cells [136]. Exosomes engineered to carry a peptide that
readily binds to c-Met were successfully targeted to c-Met-overexpressing triple-negative
breast cancer cells in vitro and in vivo, leading to increased cellular uptake and tumor
apoptosis [137]. Another option for targeting exosomes is the use of antibody mimetics
like affibodies. Affibodies are based on the immunoglobulin binding domain of protein
A and can bind target proteins with high specificity. Surface Her2-affibody-expressing
exosomes from genetically engineered HEK293T donor cells successfully deliver PTX and
miR-21 to Her2-expressing colorectal cancer cells and show anti-tumor effects in mice [138].
Genetically engineered exosomes expressing a fragment of IL-3 on their surfaces effectively
target IL3-receptor-overexpressing chronic myeloid leukemia cells and inhibit cell growth
by delivering Imatinib or BCR-ABL siRNA [139].

Exosomes can also be used as therapeutic agents to induce immunogenic cell death
(ICD). Exosomes derived from DCs are known to carry classic antigen-presenting molecules
like MHC-I/II and CD1a-d, allowing them to activate the anti-tumor immune response [140].
For example, DC-derived exosomes are able to prime antigen-specific CD4 and CD8 T-cells
through MHC-I/II expression and antigen presentation. There are multiple ongoing clinical
trials exploring the effectivity of DC exosomes as cancer vaccines [141]. In breast cancer,
synthetic multivalent antibody retargeted exosomes (SMART-Exo) have been exploited to
activate and redirect T-cells to EGFR- or HER-2-expressing cancer cells by displaying the
respective antibodies on their surface [142,143]. CD40-ligand-expressing exosomes from
modified lung cancer cells are able to activate DCs in vitro and enhance the anti-tumor
activity of T-cells in a mouse model [144]. Engineered A-lactalbumin exosomes loaded with
the ICD inducers human neutrophil elastase (ELANE) and Hiltonol specifically induce
ICD in breast cancer cells, which in turn leads to the activation of DCs and CD8+ T-cells.
ICD can also be triggered by the exosomal delivery of galectin-9 siRNA and the oxaliplatin
prodrug in pancreatic ductal adenocarcinoma [145]. In some cases, inflammation can also
contribute to tumor growth [146]. Exosomes have also been proposed as decoys for the
proinflammatory cytokine TNFα by displaying the TNFα-binding domain of human TNF
receptor-1 on their surface [147].

Exploiting exosomes as therapeutic agents is a promising approach, even beyond
cancer treatment. However, most studies are still pre-clinical, and further efforts will be
necessary to translate the current knowledge into clinical application.

6.2. Exosomes as Biomarkers

Recently, liquid biopsies have emerged as a minimally invasive procedure that can
complement the management of cancer patients during standard therapy. Compared to
tissue biopsies, liquid biopsies are lower in cost and easily performed, enabling multiple
samplings during a patient’s treatment [148]. Among the examined biomarkers are circulat-
ing tumor cells (CTCs), cell-free DNA, circulating RNA, and exosomes [149,150]. Exosomes
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are more abundant and stable in the circulation than CTCs and nucleic acids, making them
promising candidates for biomarkers [151]. In breast cancer, a correlation between the total
amount of exosomal miRNA and malignancy and prognosis could be established [152].
LncRNA H19 from serum exosomes is significantly elevated in breast cancer patients com-
pared to healthy donors, making it a promising diagnostic marker [153,154]. Exosomal
miR-106b is elevated in lung cancer patients compared to healthy individuals and could be
linked to cancer cell migration and lymph node metastasis [155]. Upregulation of miR-21
and miR-4257 in exosomes was associated with disease recurrence in non-small-cell lung
cancer [156]. In HNSCC, exosome levels are elevated in advanced-stage tumors, with exo-
some amounts nearly doubling with disease progression [113,157]. One study showed that
a high expression of the mesenchymal markers N-cadherin and TGF-β1 on plasma-derived
exosomes of HNSCC patients is associated with increased tumor proliferation, migration,
and invasion. After photodynamic therapy, they observed a shift to epithelial markers [102].
In a study surveilling HNSCC patients receiving a combination treatment with cetuximab,
ipilimumab, and radiation, patients with recurrent disease showed increased levels of
total exosome proteins, total exosome ratio, and total CD3+, CD3−PD-L1+, and CD3+15s+

exosomes compared to patients who remained disease-free [158]. Overexpression of EGFR
is a common occurrence in HNSCC, which is also reflected in exosomes [150]. Others have
shown that exosomal EGFR and pEGFR are reduced in HNSCC patients after cetuximab
treatment, allowing for treatment monitoring [159]. In laryngeal SCC, serum exosomal miR-
21 and homeobox transcript antisense RNA (HOTAIR) could be associated with disease
progression. Patients with lymph node metastasis showed increased levels of exosomal
miR-21 and HOTAIR [160]. In patients with stage III colorectal cancer, levels of exosomal
20S proteasome and MMP9+ subpopulations were associated with unfavorable prognostic
factors for overall survival [161]. In colon cancer, the lipid profiling of exosomes revealed
the molecular species PE 34:2, PE 36:2, pPE 16:0/20:4, and Cer d18:1/24:1 as possible
markers for metastasis [162].

Exosomes represent a promising diagnostic and prognostic tool for a variety of dif-
ferent cancer entities and thus have the potential to change the management of cancer
patients in the future. However, the lack of standardized isolation methods is hindering
the integration of exosomal biomarkers into the clinical routine [163].

6.3. Exosomes as Therapy Targets

Since exosomes have been shown to play a role in multiple steps of cancer progression,
they are also interesting targets for therapy. GW4869 is a potent inhibitor of the mem-
brane neutral sphingomyelinase (nSMase), an enzyme that hydrolyzes sphingomyelins
and thereby generates ceramides. SMase is found in different cellular compartments, in-
cluding the Golgi apparatus, endosomes, and the plasma membrane. GW4869-induced
Smase inhibition has been shown to also potently inhibit exosome release [164]. GW4869-
mediated inhibition of exosome release from cancer-associated fibroblasts can reduce the
chemoresistance transfer and thus the survival of pancreatic cancer cells. The combina-
tion treatment of gemcitabine and GW4869 also led to reduced tumor growth in a mouse
model [165]. Treatment with a CD44-targeting nanounit composed of GW4869 and the
ferroptosis inducer FE3+ induced an anti-tumor immune response to melanoma cells in
mice, while no cytotoxic effects of GW4869 could be observed in vitro [166]. Transfection
of pancreatic cancer cells with siRAB27B can also reduce exosome release, resulting in a sig-
nificant decrease in miR-155-induced gemcitabine resistance [167]. Targeting RAB27A with
siRNA led to reduced tumor growth and metastasis in mouse models [168,169]. The blood-
pressure-lowering drug dimethyl amiloride has been shown to reduce endocytic recycling
and, in turn, also exosome release. Treatment with amiloride can reduce tumor growth in
mice by preventing the exosomal delivery of HSP72 to myeloid-derived suppressor cells
and increase cyclophosphamide-based chemotherapy efficacy [170]. Inhibition of exosome
uptake is another possible route to target exosomes for therapy. Enzymatic depletion of cell
surface HSPG has been shown to effectively attenuate exosome uptake [171]. Annexin V
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binds to and blocks surface phosphatidylserine, which is important for membrane adhesion
and exosome uptake. Treatment with annexin V was shown to reduce the growth rate and
metastatic potential of human glioma xenografts in mice [172].

While there is evidence supporting the exploitation of inhibiting exosome release and
uptake as a novel therapeutic approach, further in vivo studies will be necessary to explore
the systemic effects of such inhibitors. Assuming that interference with Smase activity and
phosphatidylserine adhesion is likely to disrupt other cellular processes, achieving the
precisely targeted delivery of inhibitors will be crucial.

7. Exosomes in Transmitting Therapy Resistance

The choice of a suitable treatment regimen is highly dependent on the cancer en-
tity, progression stage, and metastasis stage of the tumor. Generally, treatment options
include surgical resection, radiotherapy, and systemic therapy, with the ladder including
chemotherapy and immunotherapy. Different approaches are often combined to achieve
the best possible outcome for the patient. While surgical removal remains a standard
procedure for many solid tumors, it is not always an option, depending on the affected
anatomical site, and there are also reports suggesting that surgery-induced trauma increases
metastasis and recurrence [173]. Non-surgical treatment options are mainly focused on
triggering programmed cell death (PD) in cancer cells by inducing cellular stress and DNA
damage or enhancing immune surveillance mechanisms [174]. Unfortunately, primary or
acquired therapy resistance is a common occurrence, contributing to the nearly 10 million
cancer deaths worldwide in 2020 [175]. As intercellular messengers of the TME, exosomes
have been suggested to contribute to the development and transfer of therapy resistance
in cancer.

7.1. Chemotherapy

The primary goal of chemotherapy is to inhibit tumor cell proliferation and, in turn,
prevent invasion and metastasis. Unfortunately, resistance to chemotherapeutic agents is
common, accounting for 90% of deaths in patients with metastatic tumors [176]. There are
two main routes by which cells achieve chemoresistance: a reduction in the intracellular
active drug concentration and the evasion of apoptosis. The intracellular active drug
concentration is influenced by drug influx, which depends on transporter expression and
membrane constitution, as well as active drug export and intracellular drug detoxification.
The evasion of apoptosis is achieved by upregulating pro-survival genes and increasing
DNA damage repair activity [177]. Exosomes can contribute to the transmission of chemore-
sistance mechanisms by delivering functional proteins and miRNAs to neighboring cells
and contributing to active drug export from their cell of origin (Figure 3A).

Generally, exosome biogenesis is accelerated by treatment with chemotherapeutic
drugs [178,179]. There is evidence that drug export via exosomes contributes to resistance in
different cancer entities. In ovarian cancer, exosomes from CDDP-resistant cells were shown
to incorporate two-fold more CDDP than those from sensitive cells [180]. In adriamycin
(ADM)-resistant breast cancer cells, ADM did not accumulate in the nuclei as expected but
instead was exported in exosomes [181]. A similar mechanism was observed in gemcitabine-
resistant pancreatic cancer cells [182].

Exosomes can also facilitate the horizontal transfer of proteins. Functional drug ex-
porters like P-gp, multi-drug-resistance-associated proteins (MRPs), and ABC transporters
ABCA-3 and ABCG-2 have been found in exosomes [7]. Exosomal delivery of P-gp was
shown to transfer a chemoresistant phenotype in breast cancer cells [183,184]. Notably, P-gp
functionality could be detected as early as two hours after transfer [185]. Docetaxel-resistant
prostate-cancer-cell-derived exosomes show elevated levels of P-gp compared to those
from sensitive cells. Likewise, exosomes isolated from patients with docetaxel-resistant
pancreatic cancer showed higher P-gp levels than those from therapy-naïve patients [186].
Exosomal transfer of MRP-1 and ABCA-3 could confer a chemoresistant phenotype to
leukemia cells [187,188]. Exosomes from CDDP-resistant ovarian cancer cells have been
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shown to carry elevated levels of the drug exporters MRP2, ATP7A, and ATP7B [180].
Mesenchymal stem cell (MSC)-derived exosomes could be shown to prevent 5-fluorouracil
(5-FU)-induced apoptosis by activating the CaM-Ks/Raf/MEK/ERK pathway and stimu-
lating the expression of MRPs in a gastric cancer mouse model [189].
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Figure 3. Schematic overview of exosome-related mechanism contributing to therapy resistance.
(A) Increased release of exosomes and export of active drug within exosomes facilitates chemotherapy
resistance. Resistant cells can transfer their resistant phenotype to naïve cells via exosomal delivery
of proteins and miRNAs. Upon uptake, this cargo can induce different cellular responses related
to chemotherapy resistance. (B) Immunotherapy-resistant cells also show an increased release of
exosomes. These exosomes can function as decoys for immunotherapeutic drugs or facilitate receptor–
ligand signaling that increases therapy resistance. Uptake of exosomes shed by resistant cells can also
induce immunotherapy resistance by delivering ncRNAs and proteins. (C) Radiotherapy-resistant
cells also show an increased amount of exosome release. These exosomes contain ncRNAs and
proteins that trigger resistance mechanisms if taken up by naïve cells. Created with BioRender.com.

Exosomes have also been shown to carry pro-survival proteins like survivin and
HSPs. Treatment of hepatocellular carcinoma cells with CDDP or Carboplatin increased
the exosomal export of HSPs 60, 70, and 90 [179]. High exosomal survivin levels could
be associated with relapse after chemotherapy in prostate cancer patients [190]. PTX-
resistant breast-cancer-cell-derived exosomes have also been found to contain increased
levels of survivin, leading to apoptosis evasion and resistance transfer [191]. Exosomes
isolated from hepatitis-B-associated liver cancer cells increased the expression of Lamp2a
and, in turn, increased apoptosis evasion and oxaliplatin resistance in naïve liver cancer
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cells. However, the details of the underlying mechanism remain unclear [192]. Exosomal
transfer of HSP90 from PTX-resistant breast cancer cells to sensitive cells increases their
PTX resistance through the degradation of p53. HSP90 was also found to be upregulated in
plasma exosomes from patients showing PTX resistance [193].

Among other proteins that are transferred via exosomes is the microsomal triglyceride
transfer protein (MTTP), which inhibits ferroptosis and induces resistance to oxaliplatin
in colorectal cancer. MTTP levels were found to be increased in the plasma exosomes
of colorectal cancer patients with a high body fat ratio, correlating with a poor therapy
response [194]. In an esophageal SCC cell model, exosomes from PTX-resistant cells showed
higher levels of PD 1 ligand 1 (PDL-1) than those from sensitive cells. Exosomal PDL-1 could
transfer the resistant phenotype, putatively by regulating the STAT3/miR-21/PTEN/Akt
axis [195]. In an ADM-resistant breast cancer cell model, exosomes transferred resistance
via UCH-L1. High levels of UCH-L1 in patient exosomes before therapy onset could
be associated with a poor prognosis [181]. Exosomal delivery of CD44 could transfer
doxorubicin resistance in a breast cancer cell model. Likewise, exosomal CD44 in the serum
of non-responders was significantly higher than in chemotherapy-responsive patients [196].
Exosomes from nasopharyngeal cancer cells treated with CDDP show increased levels of
ER-resident protein 44 (ERp44), which enhances the resistant phenotype in recipient cells.
The incorporation of ERp44 in exosomes is likely caused by CDDP-induced ER stress [197].

Another mode of resistance transfer via exosomes is the delivery of miRNAs. MiR-21
is one of the most studied oncogenic miRNAs and has been found to play a role in various
cancer entities, including glioma, liver cancer, colorectal cancer, prostate cancer, breast can-
cer, ovarian cancer, and bladder cancer [198]. In oral SCC, exosomal miR-21 was indicated
in CDDP resistance transfer by targeting DNA damage signaling [199]. The level of miR-21
is significantly increased in exosomes derived from CDDP-resistant esophageal cancer
cells compared to those from sensitive esophageal cancer cells or healthy esophageal cells.
Exosomes were also able to transfer the resistant phenotype through miR-21-mediated
downregulation of PDCD4 [200]. CDDP-resistant liver cells release exosomes with in-
creased levels of miR-643, which has been shown to transfer resistance to recipient cells by
targeting APOL6 and inhibiting apoptosis [201]. In breast cancer cells, Tamoxifen resistance
could be transferred to sensitive cells via exosomal miR-221/222 delivery [202]. Exosomal
miR-222/223 was shown to induce cancer cell dormancy and subsequent Carboplatin
resistance in breast cancer in vitro and in vivo [203]. In another breast cancer model, exo-
somal miR-451 and miR-326 transferred a P-gp-overexpressing phenotype from donor to
recipient cells [204]. When analyzing breast cancer patient exosomes from serum before
and after chemotherapy with doxorubicin and paclitaxel, miR-378a-3p and miR-378d could
be correlated with therapy resistance. In vitro experiments further revealed that exosomal
transfer of miR-378a-3p and miR-378d induced chemoresistance [205]. Exosomes derived
from doxorubicin-resistant gastric cancer cells are enriched in miR-501, which can transfer
the resistant phenotype to sensitive cells [206]. MiR-196a-3p, which is thought to target the
gemcitabine importer hENT1, is upregulated in the exosomes of pancreatic cancer cell lines
and in the serum exosomes of patients [207]. Gemcitabine treatment of pancreatic cancer
cells can lead to increased amounts of exosomal miR-155, which can induce resistance in
recipient cells [167]. Exosomal miR-155-5p has also been associated with EMT induction
and the transfer of paclitaxel resistance in gastric cancer cells [208]. Prostate cancer tis-
sue treated with CDDP, doxorubicin, and docetaxel shows increased levels of exosomal
miR-27a, which induces chemoresistance by targeting p53. In vitro experiments were able
to show that primary prostate fibroblasts co-cultured with cancer cells are a vital source
of miR-27a-carrying exosomes [209]. Some miRNAs are also reduced in exosomes upon
chemotherapeutic treatment. The miR-30a level is decreased in CDDP-resistant oral SCC
cells. Accordingly, exosomal miR-30a was found to be significantly reduced in the serum of
oral SCC patients after CDDP treatment, especially those showing recurrent disease [210].
In non-small-cell lung cancer, a reduction in exosomal miR-1273a was found to induce
CDDP resistance by increasing Syndecan-binding protein (SDCBP) levels in recipient cells.
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Patients receiving platinum-based therapy showing decreased plasma exosomal miR-1273a
and increased plasma SDCBP levels experienced worse therapeutic outcomes [211]. Re-
search into exosomal miRNAs and other ncRNAs is a growing field, with novel oncogenic
and chemoresistance-related candidates emerging continuously.

While there is a lot of evidence for a pivotal role of exosomes in chemoresistance
transfer from in vitro experiments, only a limited number of studies providing in vivo data
are available. Conditions in the TME differ significantly from those in vitro, potentially
leading to divergent kinetics of exosomal resistance transfer in vivo [7].

Interestingly, some studies also suggest exosomes as enhancers of chemosensitiv-
ity. Mesenchymal-stem-cell-derived (MSC) exosomes have been implicated in reversing
resistance to taxanes, such as docetaxel, in ovarian cancer by delivering miR-146a [212]. Ex-
osomal miR-451a can inhibit EMT in hepatocellular carcinoma cells, resulting in increased
PTX sensitivity [213]. Adipose MSCs release exosomes carrying miR-1236, which increases
CDDP sensitivity through SLC9A1 downregulation in breast cancer cells [214].

7.2. Immunotherapy and Targeted Therapy

Ideally, the cells of the immune system recognize and eliminate aberrant cells like
cancer cells, thus preventing tumor growth. Unfortunately, cancer cells have evolved
different immune-evasive and -suppressive mechanisms to bypass these natural defenses.
The aim of immunotherapy is to stimulate the immune response to eradicate cancer cells
more effectively. There are different approaches available, including immune checkpoint in-
hibitors (ICI), cancer vaccines, or adoptive cell transfer. Given their role in cancer immunity,
exosomes also contribute to immunotherapy resistance (Figure 3B).

Treatment with immunotherapeutic drugs can increase the number of secreted exo-
somes and alter their molecular profile [215]. For example, treatment of colorectal cancer
cells with cetuximab leads to the release of exosomes with an increased abundance of
miRNAs and proteins activating proliferation and inflammation, while those related to
immune suppression are reduced [216].

The only FDA-approved ICIs target PD-1, PD-L1, or cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4), all of which are negative regulators of T-cell immune function. CTLA-4
competes with the co-stimulatory CD28 for its ligands CD80 and CD86. Exosomal miR-424
from colorectal cancer cells can inhibit the CD28-CD80/86 pathway, leading to ICI resis-
tance [217]. PD-L1 expression has been found in and on TDEs from different entities [218].
In metastatic melanoma patients, exosomes were found to carry increased levels of PD-L1,
contributing to T-cell suppression. The study suggests that high levels of exosomal PD-L1
reflect T-cell exhaustion, rendering anti-PD-1 treatment with Pembrolizumab futile [116].
Exosomal PD-L1 expression can also circumvent anti-PD-L1 treatment. Exosomal PD-L1
can bind to PD-1 on T-cells regardless of PD-L1 inhibition on the tumor cells. Alternatively,
PD-L1-expressing exosomes can bind to the respective inhibitor and thus function as a
decoy. Both mechanisms are possible explanations for the continuing immunosuppression
despite ICI treatment [219].

Currently, there are three therapeutic cancer vaccines and seven adoptive cell transfer
treatments approved by the FDA, although the distinction between the two categories is
somewhat blurry [220,221]. So far, there is little knowledge about the role of exosomes in
these innovative treatment approaches. For example, one study found that EVs expressing
CD19 can be used to boost the expansion and efficacy of chimeric-antigen-receptor-modified
(CAR) T-cells in vitro and in vivo [222].

Targeted therapy is mostly based on small molecules and monoclonal antibodies.
Monoclonal antibodies can block vital cellular processes or help immune cells to recognize
and subsequently eliminate cancer cells, leaving them at the intersection of immunotherapy.
They are designed to target antigens that are specific to cancer cells. HER-2-positive
exosomes from cell culture and breast cancer patients have been shown to express active full-
length HER-2 and bind to Trastuzumab, inhibiting its activity [223]. A similar mechanism
was observed in B-cell lymphoma, where CD20-expressing exosomes function as a decoy for
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Rituximab [224,225]. In a colon cancer model, exosomes could transfer cetuximab resistance
to sensitive cells by downregulating PTEN and increasing p-Akt levels [226]. Another
study found that exosomes released from MDR colorectal cancer cells increased PD-L1
and Sox2 expression in recipient cells via PI3K/AKT activation and led to the expression
of stem-cell-associated markers, resulting in cetuximab resistance [227]. Bevacizumab-
resistant colorectal cancer cells and their respective exosomes carry increased levels of the
lncRNA SNHG11. SNHG11 increases MRP1 expression via downregulation of miR-1207-5p,
resulting in Bevacizumab resistance [228].

Most small molecules used in targeted therapy are protein-kinase inhibitors, thus
interfering with cell proliferation signaling. Imatinib-resistant gastrointestinal stromal
tumors show an overexpression of Rab25, which leads to the increased release of exosomes.
These exosomes have been shown to transfer the resistant phenotype to sensitive cells [229].
Exosomes from Imatinib-resistant chronic myeloid leukemia cells carry elevated levels
of IFITM3, CD146, and CD36 and can increase Imatinib tolerance in recipient cells [230].
Exosomes released from lung cancer cells treated with Osimertinib can transfer wildtype
EGFR to recipient EGFR-mutated cells, increasing their Osimertinib resistance [231]. An-
other study found the exosomal transfer of miR-210-3p to be involved in Osimertinib
resistance transmission [232]. Exosomal delivery of mir-21 was associated with Gefitinib
resistance in lung cancer cells [233]. Another study found that exosomal miR-564 and
miR-658 derived from Gefitinib-resistant lung cancer cells can induce resistance in recipi-
ent cells [234]. Treatment of melanoma cells with Vemurafenib can enhance miR-211-5p
expression in cells and exosomes, allowing for resistance transfer [235]. Another study
found circRNA hsa_circ_0001005 to be elevated in Vemurafenib-resistant cells and their
respective exosomes. In recipient cells, hsa_circ_0001005 functions as a miRNA sponge,
thereby activating canonical pathways related to drug resistance [236].

In summary, more detailed research is needed investigating the effect of exosomes
on the outcomes of immune- and targeted therapies. However, given the involvement of
exosomes in numerous immunological processes, it is likely that exosomes also contribute
to the success or failure of these immunotherapies.

7.3. Radiotherapy

Radiotherapy uses ionizing radiation to damage or kill cancer cells locally. Radiation
elicits its toxic effects through the direct damage of hit molecules or indirect effects, mostly
due to the ionization of the water contained in the cell plasm, which leads to fission products
and radicals with oxidative properties. Both direct and indirect effects induce DNA damage
and subsequent cell cycle arrest or cell death. Radiotherapy can be applied with curative
intent or as adjuvant or palliative treatment. It is often combined with chemotherapy or
surgery [237].

As for chemo- and immunotherapy, radiotherapy also increases the general number
of exosomes that are secreted. In non-human primates, the number of plasma-derived
exosomes per µL was elevated after irradiation [238]. Breast cancer cells have been shown to
release increased amounts of exosomes after irradiation in a dose-dependent manner [239].
A possible explanation is the stress-induced activation of p53, which has been proposed as
a regulator of exosome biogenesis in a TSAP6-dependent manner [240,241].

There is also evidence suggesting the role of exosomes in the resistance of cancer cells
to radiotherapy (Figure 3C). In lung cancer cells, irradiation leads to increased levels of
exosomal miR-208a, which decreases apoptosis and increases proliferation in recipient cells,
leading to a radioresistant phenotype [242]. Pancreatic cancer cells dying from irradiation
release exosomes carrying miR-194-5p, which induces G1/S arrest and enhances the DNA
damage response, promoting the survival of tumor-repopulating cells [243]. Irradiated
glioma cells secrete exosomes with elevated levels of miR-889, Notch, and JAK-STAT, fa-
voring the proliferation of recipient cells, while the levels of tumor-suppressive miR-516
and miR-365 are decreased [244]. Exosomal miR-208a from irradiated cells increased the
proliferation and radioresistance of lung cancer cells by targeting p21 and the AKT/mTOR
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pathway [242]. Radiotherapy-resistant colorectal cancer cells and their respective exosomes
show elevated levels of miR-19b. Transfer of miR-19b to naïve cells via exosomes leads
to a reduction in apoptosis and an increase in 3D spheroid formation ability, indicating
radioresistance and stemness properties [245]. The abundance of the circular RNA cir-
cMYC was found to be increased in exosomes from nasopharyngeal cancer and could
be associated with disease recurrence. In vitro experiments revealed that the overexpres-
sion of circMYC increases resistance to radiotherapy and promotes proliferation, while its
knockdown has the opposite effects [246]. Low-dose radiotherapy of glioblastoma cells
induces high levels of circMETRN in exosomes, which increases the radioresistance of
recipient cells via miR-4709-3p/GRB14/PDGFRα signaling [247]. Using HNSCC cells, one
study found 472 proteins that were differentially expressed in exosomes after irradiation.
These proteins were mainly involved in the radiation response, radical oxygen species
metabolism, DNA repair, chromatin packaging, and protein folding [248]. Exosomes from
irradiated cervical cancer cells incorporate increased levels of survivin, promoting recur-
rence after therapy [249]. Exosomes from LMP1-expressing nasopharyngeal cancer cells
can transfer a resistant phenotype to recipient cells via P38 MAPK signaling [250]. In an
HNSCC cell model, exosomes from irradiated cells increased DNA double-strand break
repair in recipient cells, leading to a higher irradiation tolerance [251]. In rectal cancer, exo-
somal proteins C8G, CFHR3, and SerpinF2 were elevated in patients with a good response
to radiotherapy. The same study found that the exosomal metabolite 1,4-Dithiothreitol
is elevated in poor responders, proposing exosomes as possible biomarkers for radio-
therapy efficiency in rectal cancer [252]. In human and canine breast cancer cell models,
radiotherapy-resistant cells could transfer their resistance to naïve cells via exosomes and
additionally increase their resistance to chemotherapy with doxorubicin. The same study
also showed that pre-incubation with exosomes derived from radiotherapy resistance
increases the 3D-spheroid-forming ability of recipient cells [253]. Glioblastoma cells treated
with exosomes from irradiated cells show increased motility [254]. This could explain the
local and distant spreading of tumors often observed after radiotherapy [255]. Another
major hurdle in radiotherapy is hypoxia, as oxygen is needed to produce free radicals
through ionization. Tumors typically contain hypoxic regions distributed throughout the
whole tumor mass [256]. As previously mentioned, exosome release is increased under
hypoxic conditions [73]. In esophageal SCC cells, hypoxic exosomes were found to be en-
riched in miR-340-5p, which accelerated DNA damage repair and induced radioresistance
in normoxic cells [256].

Another challenge in radiotherapy is the radiotherapy-induced bystander effects
(RIBEs), which describe damaging effects on neighboring cells that have not been directly
exposed to radiation but received damaging signals through cell–cell communication with
affected cells. Exosomes contribute to this intercellular communication and can induce
RIBEs. Exosomes from irradiated keratinocytes lead to increased ROS production and
cell death in naïve cells [257]. Irradiated fibroblasts release exosomes enriched in miR-21,
which induces the formation of micronuclei and enhances DNA damage in bystander
cells [258]. Similar effects were observed in keratinocytes [259]. Exosomal miR-1246 from
irradiated bronchial epithelial cells also induces micronuclei formation and DNA damage
in bystander cells, inhibiting their proliferation [260]. Exosomes from irradiated bronchial
epithelial cells can transfer miRNA-7-5p to non-irradiated cells to induce autophagy via
the EGFR/Akt/mTOR axis [261]. One study using breast cancer cells showed that even
bystander cells that experienced RIBE can transfer the effects further onto naïve cells via
exosomes [262].

Radiation therapy can also cause radiation burns. Depending on the dose of radiation,
the effects can range from rather benign erythema to chronic non-healing ulcers and fibrosis.
A key factor in healing burn wounds is mesenchymal stem cells (MSCs) [263]. MSC-
derived exosomes exert immunomodulatory functions, regulating immune cell function
and cytokine release [264]. For example, the release of exosomes enriched in miR-146 and
miR-34 from MSCs induces M2-like macrophages [265]. MSC-derived exosomes carrying
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miR-135a promote epithelial cell migration to the burn site [266]. Exosomes from MSCs
can also reduce EMT and thus inhibit fibrosis [267].

In conclusion, not only do exosomes contribute to radiotherapy resistance by increas-
ing DNA damage repair and delivering pro-survival signals, counteracting the toxic effects
of radiation, but they can also lead to unwanted RIBE. But on the contrary, exosomes
derived from MSCs can also facilitate healing and regeneration of radiotherapy-induced
burn wounds.

8. Conclusions and Future Directions

Exosomes are important intercellular messengers, delivering complex cargoes that
alter the recipient cells’ fate. As such, they also have a pivotal impact on cancer development
and progression. There is already a large body of evidence suggesting the involvement of
exosomes in cancer progression, metastasis, and therapy response, with new mechanisms
emerging continuously. Since therapy response and the development of resistance are still
major concerns in cancer treatment, discovering the underlying mechanisms is of critical
importance. Exosomes have been shown to transfer drug exporters and pro-survival
signals from therapy-resistant to sensitive cells, leading to a reduction in apoptosis and
increased survival. There is also a vast amount of evidence that exosomal delivery of
miRNAs and other ncRNAs is involved in the evasion of apoptosis, resulting in resistance
to chemo-, immuno-, and radiotherapies. Regarding the fact that the majority of studies are
focusing on RNAs, further research is urgently needed to clarify the potential functions of
other exosomal cargoes, such as membrane and soluble proteins, metabolites, and DNA,
in therapy resistance. In chemotherapy, the export of the active drug via exosomes also
offers a resistance mechanism, while in immunotherapy, exosomal surface proteins can
serve as decoys for drugs, decreasing their efficiency. In radiotherapy, exosomes are not
only involved in resistance transfer but also contribute to radiotherapy-induced bystander
effects (RIBEs), resulting in unwanted adverse effects on surrounding healthy tissue. On
the other hand, exosomes have also been implicated in sensitizing cells to chemotherapy
and aiding regeneration in radiotherapy-induced burns.

One of the main goals for future research is to make use of these discoveries to
improve the clinical management of cancer patients (Figure 4). While numerous potential
applications of exosomes for clinical implementation have already been proposed, including
their use as biomarkers for cancer disease in general, as well as for potential drug resistance,
as drug carriers, and even as therapy targets, their integration into standard practice is
still very limited. This can be attributed to the lack of easy-to-use, standardized isolation
and analysis protocols and the rather small amount of in vivo data compared to in vitro
studies. Translating the current knowledge about exosomes in cancer progression and
therapy response into clinical practice will be the aim of future research. Therefore, there
is a high need for (observational) clinical studies evaluating the prognostic power of
concurrent exosome analysis during standard cancer treatment (Figure 4B). We suggest
that focusing on the development of standardized and potentially automated isolation
methods will aid in the successful integration of exosomes as biomarkers into clinical
use. Exploiting exosomes as targeted drug carriers is another promising approach, given
their high biocompatibility. Further research into the in vivo application of such exosome-
based drugs will pave the way for their clinical integration. Analyzing and comparing
the biodistribution of heterologous and autologous exosomes will be a pivotal step in
this regard. A rather new therapeutic approach is targeting cancer-associated exosomes
by inhibiting their release or uptake and, in turn, their cancer- and therapy-resistance-
promoting effects. Whether such inhibition can be integrated into clinical practice remains
to be elucidated, as it has the potential to interfere with numerous physiological processes
in vivo. However, the evidence supporting exosomal involvement in several steps of cancer
progression and the transfer of resistant phenotypes renders these vesicles an attractive
target to be investigated in depth in future clinical research.
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Figure 4. Clinical use of exosomes. (A) After the diagnosis of cancer, an appropriate treatment 
strategy (surgery, chemotherapy, radiotherapy, immunotherapy, or a combination) is chosen based 
on the clinical gold standard. (B) Concurrent and recurrent analyses of exosomes allow treatment 
choices to be optimized and closely monitored, resulting in higher chances of remission and im-
proved patient survival. Created with BioRender.com. 
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choices to be optimized and closely monitored, resulting in higher chances of remission and improved
patient survival. Created with BioRender.com.
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2.2.6 SUMMARY 

In summary, the evaluation of putative exosome isolates by fluorescence microscopy and 

quantification, TRPS, DLS, cryo-TEM, protein and lipid quantification, and western blot provides 

all data required by the MISEV2023 guidelines to validate the respective exosome isolation. 

Single particle characterization revealed round-shaped, membrane-bilayer coated particles with 

a mean size of 104 ± 44,3 nm (TRPS) or 112 ± 48,2 nm (DLS) respectively, which is in 

accordance with typical exosome morphology and size. In cell culture supernatant, the CD63-

emGFP exosome marker signal was detectable by fluorescence microscopy and quantification. 

Particle quantification revealed a particle concentration of 7,89 x 1010 particles/mL, 4,38 µg/µL 

protein content, and 288,51 µg/mL lipid content, though protein content was most likely 

overestimated due to methodical difficulties. Western blot analysis revealed the presence of 

overexpressed exosome marker CD63 and endogenous exosome markers CD81 and TSG101, 

while ER and nucleus markers were (almost) absent. Thus, it can be concluded that the applied 

UC protocol is suitable for isolation of high purity exosomes, and isolates generated as such will 

be referred to as exosomes hereafter.  



Results and Discussion 

94 

 

2.3 HNSCC MODEL CELL LINES FOR CISPLATIN RESISTANCE 

As previously discussed, chemoresistance is a major obstacle in the successful treatment of 

different cancer entities, including HNSCC. Cisplatin represents a suitable model drug for 

studying chemoresistant HNSCC, as it is a widely used chemotherapeutic, and many patients 

show a high initial treatment response, however relapses with resistant tumors are common as 

well (Jou and Hess 2017, Alsahafi et al. 2019). To investigate the role of exosomes in 

chemoresistant HNSCC, the HPV-negative FaDu model cell line was used. FaDu cells were 

originally generated from a squamous cell carcinoma of the hypopharynx (Rangan 1972). To 

increase comparability, single-cell clones of the FaDu cell line were generated to constitute the 

homogenous FaDuWT cell line. The cisplatin-resistant FaDuCisR cell line was generated by 

treatment of FaDuWT cells with sublethal cisplatin concentrations (3-5 µM) for 6 months, and 

subsequent culture in the presence of 3 µM cisplatin, thus provoking the acquisition of 

heterogeneous mutations by constant mutagen exposure as expected to occur in treated 

patients. For more details on the generation of the FaDu sub-cell lines refer to section 2.3.3.  

2.3.1 CHARACTERIZATION OF THE MODEL CELL LINES 

The established FaDu sub-cell lines were characterized regarding their morphology and protein 

marker expression. Both cell lines show comparable morphology and growth in small “islands”, 

as observed by bright-field microscopy (Figure 20A). Regular passaging revealed that FaDuCisR 

cells proliferate approximately 50 % slower than FaDuWT, even when selective cisplatin pressure 

is relieved (Data not shown). Since FaDu cells have an epithelial origin, expression of epithelial 

marker protein EpCAM was tested. EpCAM is readily detectable in both sub-cell lines by 

fluorescence microscopy (Figure 20B). Furthermore, the expression of known resistance 

markers was analysed by qPCR. Therefore, cells were seeded in 10 cm dishes at defined 

numbers and RNA was extracted after 72h. For FaDuCisR cells, the possible influence of cisplatin 

treatment (3 µM) during the 72h incubation period was considered as well. As shown in Figure 

20C, FaDuCisR cells show a significantly decreased expression of ERCC3, a member of the 

excision repair complex. The decreased expression was detectable regardless of cisplatin 

treatment before RNA extraction. This is rather counter-intuitive, as cisplatin-resistant cells 

usually show increased DNA repair activity. However, there are numerous other proteins and 

pathways relevant to DNA repair, which may play a superior role in this specific model. It is 

already known that HNSCC chemoresistance is rather based on a shifted balance of DNA repair 

protein expression, than the expression of a specific singular protein (Bold et al. 2021). Birc5,  

a member of the inhibitors of apoptosis (IAP) family, is expressed at quite similar levels in both 



Results and Discussion 

95 

 

sub-cell lines. Unfortunately, the standard deviation of Birc5 expression is high in FaDuCisR cells, 

which may have hampered statistical analysis. As a protein contributing to apoptosis evasion, 

increased expression of Birc5 has been reported in resistant cells. But like for DNA repair, there 

are numerous other possible routes of apoptosis evasion that might be at play in FaDuCisR cells. 

 

Figure 20. Characterization of newly established FaDu sub-cell lines  
A) Representative bright-field images of FaDuWT and FaDuCisR cells. Images were taken 2 days after 
regular passaging in T25 maintenance flasks. Scale bars 20 µm. B) Representative fluorescence 
microscopy images of FaDuWT and FaDuCisR cells. Cells were grown in microscopy dishes for 24h and 
then fixed and stained with primary antibody against EpCAM and Cy3-labeled secondary antibody. Nuclei 
were stained with Hoechst. Scale bars 10 µm. C) FaDu cells were seeded at 106 cells in 10 cm cell culture 
dishes. FaduCisR cells were either treated with 3 µM cisplatin (+) or kept in medium without cisplatin (-). 
FaDuWT cells were not treated with cisplatin. After 72h, RNA was extracted and transcribed to cDNA for 
qPCR analysis. cDNA quality was checked by running reactions with and without reverse transcriptase, 
and subsequent PCR for housekeeping gene actin-ß. Mean ΔCT ± SD of n=3 independent experiments. 
Statistical analysis by two-way ANOVA and Tukey's multiple comparisons test. * p < 0,05; ** p < 0,01. 
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2.3.2 RESPONSE OF THE MODEL CELL LINES TO CISPLATIN 

To evaluate whether the established FaDuCisR cells were indeed a suitable model for cisplatin 

resistance, their response to cisplatin treatment was tested using different cell culture techniques 

and readouts. Assaying the viability in a standard 2D format revealed significantly increased 

cisplatin tolerance of FaDuCisR cells compared to FaDuWT cells, even at high concentrations 

(Figure 21A). Applying 3D spheroid culture additionally verified an increased cisplatin tolerance 

of FaDuCisR cells, even after prolonged cisplatin treatment of 7 days (Figure 21B). In order to 

determine the effect of cisplatin on the molecular level, induction of DNA double-strand breaks 

was assayed microscopically. Therefore, the marker protein γH2AX, the phosphorylated form of 

the histone H2A family member X, was stained. Phosphorylation of H2AX at serine 139 

correlates with the amount of DNA double-strand breaks, and has been used for its 

quantification in several studies (Rogakou et al. 1998, Meyer et al. 2013, Rothkamm et al. 2015). 

FaDuWT cells treated with 20 µM cisplatin show significant γH2AX staining, while there is no 

γH2AX detectable in untreated cells, thus proving that cisplatin toxicity is at least partially based 

on DNA damage in this model (Figure 21C). Additionally, nuclei of cisplatin-treated cells appear 

larger in comparison to untreated controls. Swelling of the nucleus is characteristic of necrotic 

cell death (Kwon et al. 2015). Thus, this observation could hint at necrosis or necroptosis as the 

underlying cell death mechanism. 
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Figure 21. Viability of FaDu sub-cell lines in response to cisplatin 
A) Relative viability of FaDu sub-cell lines after 72h of cisplatin treatment as determined by CTG assay. 
Cells were seeded at defined numbers in 96-well plates and allowed to attach for 24h before onset of 
treatment. B) Relative viability of FaDu spheroids after 7 days of cisplatin treatment as determined by 
CTG 3D assay. Spheroids were seeded at defined numbers and allowed to form for three days before 
onset of treatment. C) Representative fluorescence microscopy images of cisplatin-induced DNA damage. 
FaDuWT cells were seeded in microscopy dishes and treated with 0 µM or 20 µM cisplatin for 24h. Then, 

cells were fixed and stained with Hoechst, primary antibody against γH2AX, and Cy3-labelled secondary 
antibody. Cells were imaged with fixed exposure times. Scale bars 10 µM.All viability data is given as 
Mean ± SD of n=3 independent experiments and was normalized to 0 µM controls. Statistical analysis of 
viability in 2D by two-way ANOVA and Tukey's multiple comparisons test. Statistical analysis of spheroid 
viability by multiple t-tests and correction for multiple comparisons using the Holm-Sidak method. * p < 
0,05; *** p < 0,005 

 

Beyond viability analysis, spheroids were also evaluated for phenotypic parameters using HCS 

as described in section 2.1.2, revealing a significantly decreased relative spheroid area in both 

sub-cell lines in response to cisplatin treatment (Figure 22A). The effect is already visible after 

four days of treatment in FaDuWT, and becomes even more drastic after 7 days, while FaDuCisR 

only show a significantly decreased spheroid area after 7 days of treatment. Likewise, cisplatin-

treated spheroids tend to have a less spherical shape regardless of the sub-cell line, but not to a 

statistically significant extent (Figure 22B). Even though FaDuWT spheroids display a significantly 

decreased viability after 10 days of cisplatin treatment, spheroids do not disintegrate, as 

illustrated by Figure 22C. Nevertheless, especially four days after onset of cisplatin treatment 

(d7c4) FaDuWT spheroids appear more affected than FaDuCisR spheroids based on the ragged 

spheroid margin. Spheroid relative intensity generally decreases over time but is not influenced 

by cisplatin treatment (Supplementary Figure 2). The general decrease in intensity can be 
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attributed to the increasing cell density as the spheroids grow, resulting in an increased light 

absorption and subsequent loss of intensity. This is also apparent when looking at the 

microscopy images, where day 10 spheroids appear darker than those on day three  

(Figure 22C). Overall, these findings highlight that phenotypic features do not reflect the viability 

of the spheroids, but can provide additional relevant information. 

 

Figure 22. Phenotypic screening of FaDu sub-cell line spheroids in response to cisplatin  
A) Relative spheroid area of FaDu spheroids as measured by HCS over 10 days. Data was normalized to 
day one. Arrows mark beginning of cisplatin treatment. B) Shape P2A of FaDu spheroids as measured by 
HCS over 10 days. Dashed line marks P2A = 1, which equals a perfectly round shape. Arrows mark 
beginning of cisplatin treatment. C) Representative bright-field images of FaDu spheroids in response to 

cisplatin treatment. d ≙ days since seeding; c ≙ days of cisplatin treatment. Scale bars 50 µm. All data is 
given as Mean ± SD of n=2 independent experiments. Statistical analysis by two-way ANOVA and Tukey's 
multiple comparisons test. ** p < 0,01; **** p < 0,001 



Results and Discussion 

99 

 

2.3.3 A HEAD AND NECK CANCER SPHEROID MODEL FOR PHENOTYPIC HIGH-CONTENT 

SCREENING OF CHEMORESISTANCE (BOOK CHAPTER) 

 

Madita Wandrey, Aya Khamis Hassan, Roland H. Stauber, Désirée Gül 

 

Abstract 

Resistances against common treatment regimens like chemotherapy are a major concern in 

current cancer research and clinical disease management. Moreover, in vitro cell culture models 

cannot always adequately represent the tumor situation in vivo, hampering the analysis of the 

underlying mechanisms. Efforts have been made to establish three-dimensional cancer cell 

models, such as spheroids or organoids, mimicking the in vivo situation of the tumor more 

closely. Here, we describe the establishment of a three-dimensional spheroid model of head and 

neck squamous cell carcinoma (HNSCC) allowing for the study of chemoresistance. The 

analysis of relevant phenotypic readouts by a high-content screening platform enables the 

objective evaluation and monitoring of spheroids during chemotherapeutic treatment. This model 

also represents a starting point for the evaluation of a precision medicine-based management of 

HNSCC patients. 

 

Reproduced with permission from Springer Nature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Head and neck squamous cell carcinoma (HNSCC) is among the ten most common cancer 

types worldwide. Unfortunately, the 5-year survival rate of patients with advanced disease is 

only 20%, with 50% of patients developing invasion and metastasis. This is often facilitated by 

the development of resistances against established treatments [1,2]. Thus, the improvement of 

traditional treatment strategies, as well as the establishment of novel approaches is urgently 

needed. To this end, image-based high-content screening (HCS) of in vitro cell models is a 

favorable approach. Modeling resistance to chemotherapeutic drugs in cancer cell lines can be 

achieved by different means. Inherited or spontaneous mutations can be modeled by directed 

genetic modifications, whereas resistance with a broad mutational load can be acquired by 

prolonged exposure to sub-lethal drug doses [3]. 

Traditionally, cells are cultured as adherent monolayers on flat, two-dimensional (2D) 

surfaces, which inherently bears significant differences from the situation in vivo [4,5]. Within 

a tumor, cells grow in three-dimensional (3D) structures and constantly engage in 

communication with neighboring cells and components of the tumor microenvironment. This 

microarchitecture results in differences in the availability of oxygen, nutrients, or drugs 

depending on the specific location of the individual cells within the 3D structure. Cultivating 

cells in 3D cultures, so-called spheroids, gives a better representation of this situation in vitro. 

Additionally, the surrounding cell-cell contacts within spheroids enable cells to develop 

polarity [6-8]. Such models have already been successfully applied to discover novel treatment 

regimens to overcome cisplatin resistance [9]. At the same time, 3D cell culture models also 

allow for a variety of novel phenotypic readouts. Aside from marker expression and cell 

viability, morphological properties like spheroid shape, volume, diameter, translucency, 

integrity, and growth kinetics can be assessed. Using image-based HCS platforms, all these 



parameters can be analyzed automatically on single spheroid level, enabling the identification 

of novel drugs or adjuvants, and their effects on the spheroid phenotype (Figure 1) [10]. 

 

Figure 1: Assessment of phenotypic spheroid properties by high-content screening (HCS) microscopy. Created 
with BioRender.com. 

 

As a tool for the analysis of chemoresistance, we generated a cisplatin-resistant cell model 

based on the established human hypopharyngeal squamous cell carcinoma cell line FaDu 

(FaDuCisR). FaDuCisR cells, as well as FaDuWT control cells were used for the generation of 3D 

spheroids representing a suitable in vitro model to analyze the acquisition and maintenance of 

cellular chemotherapy resistance. We performed a multi-parametric readout of phenotypic 

properties in response to standard cisplatin treatment using the image-based HCS platform 

Array Scan VTI, and combined these results with the measurement of cell viability in a 96-well 

plate format. This model also represents a starting point for the further establishment of 

HNSCC patient-derived organoids, bridging the gap between in vivo and in vitro approaches.  



2. Materials 

2.1 Cell culture and generation of cisplatin-resistant cells 

1. HNSCC cell line: FaDu (ATCC-HTB43)  

2. Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4.5 g/L D-Glucose and no 

Pyruvate, supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL 

penicillin, and 100 µg/mL streptomycin  

3. Trypsin solution  

4. Phosphate-buffered saline (PBS) composed of 144 mg/L Potassium Phosphate 

monobasic, 9000 mg/L Sodium Chloride, and 795 mg/L Sodium Phosphate dibasic. pH 

7.4 

5. Dimethyl sulfoxide (DMSO) 

6. Sterile cell culture flasks, 10 cm dishes, 96-well plates, 24-well plates, pipets, and filter 

papers  

7. Water bath 

8. Cell counting device  

9. Humidified cell culture incubator set to 37 °C and 5% CO2 

10. Microscope  

11. Mycoplasma testing kit or service provider 

12. Clinical grade cisplatin (see Note 1)  

2.2 Generation and Assay of spheroids 

1. Ultra Low Attachment Round Bottom 96-well cell culture plates (Corning) 

2. HCS microscopy platform (Cellomics Array Scan VTI (700 series), Thermo Fisher 

Scientific) and corresponding data acquisition and analysis software (Cellomics iDEV 



Version 7.6.3.1, Thermo Fisher Scientific) or comparable platform providing automated 

brightfield live cell imaging with 5x objective and corresponding software allowing for 

phenotypic analysis of three-dimensional structures in regards to object shape and area 

3. CellTiter-Glo® 3D Cell Viability Assay (Promega) or comparable viability assay 

suitable for three-dimensional cell structures 

4. Opaque 96-well cell culture plates 

5. Horizontal shaker 

6. Luminometer or plate reader capable of luminescence readout 

3. Methods 

FaDu cells should be in culture for at least two weeks and checked for contamination with 

mycoplasma prior to starting spheroid generation. Standard culture conditions are 37 °C 

and 5% CO2 in a humidified atmosphere. Cells should be passaged at least twice a week 

and medium needs to be exchanged every three to four days. 

3.1 Generation of homogenous FaDuWT and cisplatin-resistant FaDuCisR cell lines 

To ensure the generation of a homogeneous cell population with uniform resistance 

characteristics, FaDu single cell clones are prepared as starting material for the FaDuWT 

sub-cell line. FaDuWT cells are used to establish the cisplatin-resistant FaDuCisR sub-cell line. 

3.1.1 Generation of FaDuWT from single cell clones 

1. Seed FaDu cells into 10 cm cell culture dishes in serial dilutions (see Note 2). 

2. Over the course of 7-10 days, check cells microscopically for cluster generation from 

single cells. 

3. To separate the cell clusters, wash the plate with PBS and place sterile filter papers 

soaked in Trypsin on the separate clusters (see Note 3). 



4. After incubation at 37 °C for 5 min, transfer the filter papers and any attached cells to 

a 24-well plate with fresh medium. 

5. After another 7-10 days in culture, check the cells microscopically for successful 

proliferation and transfer promising populations to cell culture vessels with increasing 

surface area (see Note 4). 

3.1.2 Generation of FaDuCisR by cisplatin selection 

1. Seed FaDuWT cells from section 3.1.1 in a fresh T25-flask and treat with 5 µM cisplatin, 

which is corresponding to IC90 as determined by cell viability assay. 

2. Keep Cells in culture under these conditions for four weeks, and exchange medium 

every three to four days. Monitor proliferation of clusters closely by microscopy and 

passage cells whenever they reach 80-90% confluency. Add fresh cisplatin whenever 

medium is exchanged or cells are passaged. 

3. After four weeks, keep the surviving cells under constant selection pressure using 3 

µM cisplatin. 

4. To ensure a stable resistance phenotype, culture cells for at least 6 months before 

starting experiments (see Note 5). 

3.2 General protocol for generation and culture of spheroids from FaDu cells 

1. Thaw cells from cryo stocks by placing them in a 37 °C water bath until no ice remains 

in the cell solution. 

2. Add FCS in a 5:1 ration and spin down the cells at 500 xg for 5 min. 

3. Discard the supernatant and resuspend the cells in medium, then add them to a T25 

cell culture flask. Add 3 µM cisplatin for FaDuCisR. 

4. Keep cells in culture for one week, then check for mycoplasma contamination. 



5. If cells are contamination-free, culture them to 80-90% confluency, then remove 

medium and wash with PBS once. 

6. After addition of trypsin solution, incubate cells at room temperature until they are 

fully detached (up to 5 min). 

7. Resuspend the cells in medium, then count and dilute them to  

5,000 cells/mL. 

8. Add 200 µL of cell suspension per well to an Ultra Low Attachment Round Bottom 96-

well cell culture plate, resulting in a final number of 1,000 cells/well. 

9. Keep cells under standard culture conditions (see Note 6), uniformly shaped spheroids 

are formed within three days (see Note 7). 

10. Exchange medium every three to four days (see Note 8). 

3.3 Phenotypic HCS of cisplatin-treated spheroids 

To assess whether the resistance acquisition has any impact on the reaction to cisplatin 

treatment on a phenotypic level, FaDuWT and FaDuCisR spheroids are treated with different 

concentrations of cisplatin for multiple days and analyzed on single spheroid level. 

Assessment of therapy adjuvants (e.g. Vitamin D) or other chemotherapeutic drugs (e.g. 

oxaliplatin) can be carried out accordingly. 

  



3.3.1 Spheroid treatment 

1. Allow FaDuWT and FaDuCisR spheroids to form for three days prior to treatment. 

2. Treat spheroids with different concentrations of cisplatin (see Note 8) and assay by HSC 

microscopy for up to 10 days. 

3.3.2 HCS microscopy and data analysis 

1. Start the iDEV software and load the plate into the device. 

2. Select the BioApplication Morphology V4 and continue to Configure Acquisition. 

3. Configure the image acquisition by selecting the 5x objective, ORCA-ER camera 

configuration and standard acquisition camera mode. Set number of channels to 1. 

4. For channel specific parameters, select Brightfield as detection mode and XF100 – 

BRIGHTFIELD as dye. 

5. In the exposure settings, select Fixed Exposure Time as exposure type (see Note 9) and 

tick the box for Use This Channel For Autofocus. 

6. Select AutoFocus as autofocus camera mode and set the step size to 16.8. 

7. For acquisition, set the form factor to the specific plate type you are using. 

8. Select one well and autofocus on it. Then acquire an image and save the field for 

analysis. Repeat this step for one well of each treatment/cell type of the experiment (see 

Note 10). 

9. Continue to Configure Assay Parameters and configure as many groups as there are 

different treatments/cell types in the experiment and assign the corresponding saved 

fields from the previous step. 

10. For image preprocessing, select Dark for the object type and tick the box for background 

removal using the method LowPassFilter with a value of 99. 



11. For primary object identification, tick the box for thresholding using the method Isodata 

with a value of 1E -5. Also tick the box for object cleanup. 

12. For primary object validation, select the features Object.BorderObject (see Note 11), 

Object.ShapeP2A, and Object.TotalIntensity. For Object.ShapeP2A the range is set to 0 to 

20.  

13. Set scan limits to a maximum of one field per well and a minimum of one object per 

well. 

14. Select all possible features to store and save the protocol for further use. 

15. Continue to the scan settings and select the appropriate scan area (all wells containing 

spheroids) and set field pattern type to spiral with starting field 1 (central field), then 

start the scan. 

16. Export all relevant data (in this case shape P2A and object area) to excel or any 

comparable analysis software. 

17. Figure 2C shows example results for spheroid area and shape P2A (see Note 12) after 

10 days of treatment with different cisplatin concentrations (see Note 13). 

3.4 Viability assay for spheroids 

To validate the acquired cisplatin resistance of FaDuCisR cells in 3D spheroid culture, 

spheroids are assayed for their viability using a commercial kit. 

1. Place the CellTiter-Glo® 3D Cell Viability reagent at 4 °C overnight. 

2. Equilibrate the reagent to room temperature 30 min prior to the assay. 

3. Add one volume of the reagent equal to the volume of cell culture medium to each well 

and mix by pipetting. 

4. Incubate on a horizontal shaker at 225 rpm for 5 min in the dark. 



5. Incubate at room temperature for 25 min in the dark. 

6. Transfer cell solution to an opaque 96-well plate.  

7. Measure luminescence (see Note 14). 

8. Example results after 10 days of treatment with different cisplatin concentrations are 

shown in Figure 2B (see Note 13).  

 

Figure 2: Phenotypic screening of FaDuWT and FaDuCisR spheroids after cisplatin treatment.  
A) Example image acquired by automated HCS platform. Valid objects are marked in blue, identified objects 
that did not pass object validation are marked in orange. B) Relative viability as determined by CellTiter-
Glo® 3D assay after 10 days of cisplatin treatment. Data was normalized to untreated controls (0 µM). C) 
Analysis of phenotypic spheroid parameters (area and shape P2A) after 10 days of cisplatin treatment. 
Spheroid area was normalized to untreated controls (0 µM). All data are shown as mean ± SD of 1-4 
biological replicates. 
  



4. Notes 

1. Cisplatin stock solution of 1 mg/mL in  0.9% sodium chloride should be stored at -20 

°C in aliquots. Do not thaw and refreeze. 

2. Start with 5000 cells per 10 cm dish and prepare serial two-fold dilutions thereof. 

3. Clusters should have a minimum distance of 2 cm from another. 

4. Whenever cells reach ~90% confluency, they can be transferred to a new vessel. We 

advise to go from 24-well to 12-well, to 6-well, to T25-flask. 

5. Regularly preparing cryo-stocks of the sub-cell line during this period is advised, e.g. 

after 4, 12, and 24 weeks of selection. Stocks are prepared in FCS containing 10% 

DMSO. Regular validation of cisplatin resistance using viability assays (e.g. CellTiter-

Glo® 2.0) is advised. 

6. During the initial spheroid formation phase (three days) both, FaDuWT and FaDuCisR 

spheroids, are cultured in medium without cisplatin. 

7. Spheroids should have a round shape (P2A < 2) without any obvious inclusions (non-

cellular structures, dark spots) and a diameter of ≥ 200 µm. 

8. For medium exchanges or addition of treatments, aspirate and replace ~50% of the total 

volume within the well. When adding medium containing treatment remember to 

account for the two-fold dilution after addition to the plate. 

9. To define the exposure time during the initial protocol setup, use the auto expose 

function during acquisition. Then fix the exposure time to the automatically optimized 

time. 

10. As cell type and treatment can influence the phenotypic properties of the spheroids, it 

is advisable to save one field for each cell type (FaDuWT, FaDuCisR) and treatment (0 µM, 

10 µM, and 50 µM cisplatin) combination and check whether the defined parameters 



result in satisfactory object validation for all conditions. In our example, this would 

result in 6 saved fields/groups. 

11. This function ensures that objects intersecting the field border are excluded, which is 

important to ensure proper measurement of morphological features like shape or area. 

If the experimental focus is e.g. translucency or stained markers this function might 

not be necessary. 

12. Shape P2A describes the ratio of the perimeter (P) to the area (A) of the validated object 

using the following formula: 

 𝑃2𝐴 =  
௉మ

ସగ஺
 

If P2A = 1 the object is perfectly circular. 

13. FaDuCisR spheroids show higher viability when treated with cisplatin across both tested 

concentrations, as expected (Figure 2B). They also elicit a higher spheroid area, 

indicating continued proliferation during cisplatin treatment as opposed to FaDuWT 

(Figure 2C). At high cisplatin concentrations (50 µM) all spheroids start to disintegrate 

and lose their spherical shape due to increased cell death. 

14. In our experiment we used an integration time of 1000 ms for the luminescence 

measurement, however the optimal time might vary based on the specific device used. 
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2.3.4 SUMMARY 

In summary, the established FaDu sub-cell lines do not differ macroscopically and still possess 

epithelial characteristics based on EpCAM expression. When looking at the expression of 

cisplatin resistance-relevant proteins ERCC3 and Birc5, ERCC3 is significantly decreased in 

FaDuCisR cells, while there is no significant difference in Birc5 expression. An acquired cisplatin 

resistance of FaDuCisR cells could be verified by viability assay in 2D and 3D cell culture. 

Evaluation of phenotypic spheroid parameters revealed a negative impact of cisplatin treatment 

on spheroid area, which is apparent after four days in FaDuWT and after 7 days in FaDuCisR cells. 

Spherical shape also shows a tendency to be negatively affected by cisplatin treatment. 

Macroscopically, effects of cisplatin treatment appear as ragged spheroid margins on day four of 

treatment in FaDuWT and on day 7 of treatment in FaDuCisR spheroids. Overall these results 

confirm that the established FaDu sub-cell lines are a suitable model to investigate cisplatin 

resistance in HNSCC cells.  
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2.4 TRANSCRIPTOMIC CHARACTERIZATION OF HNSCC EXOSOMES 

Intercellular communication via exosomes is largely attributed to the exosomes’ content. Besides 

their specific lipid membrane composition, exosomes can contain DNA, RNA, proteins, and 

metabolites (Valadi et al. 2007, Waldenstrom et al. 2012, Elzanowska et al. 2021, Harmati et al. 

2021). In the context of chemotherapy resistance, a lot of research has focussed on exosomal 

ncRNAs, especially miRNAs, and could already identify biomarker candidates among them 

(Hosseini et al. 2022, Mezher et al. 2023). However, when characterizing tissues or cells, it is 

more common to analyze the gene expression, i.e. coding RNAs. Since there is little data on the 

coding RNAs contained in exosomes and their potential role in cisplatin resistance, we chose to 

focus on coding RNAs contained in exosomes, identifying novel cisplatin resistance biomarker 

candidates. 

2.4.1 EXOSOMAL RNA CONTENT 

Total RNA of FaDuWT and FaDuCisR exosomes (ExoWT and ExoCisR) was extracted and analyzed 

from three independent experiments per group. A total of 16.953 genes was detected after 

exclusion of those found in less than two of the 6 total samples. Of these genes, 1.811 were 

upregulated and 1.380 were downregulated in ExoCisR, when considering a log2 fold  

change > │1,5│ and adjusted p-value < 0,05 as significant (Figure 23A). The 40 most regulated 

genes according to mean z-scores are shown in Figure 23B.  

Notably, the three most upregulated genes in ExosCisR are lncRNAs. Among the coding RNAs 

upregulated in ExoCisR are several genes with known association to cancer and chemotherapy 

resistance. Translationally controlled tumor protein 1 (TPT1) is associated with cisplatin 

resistance in lung cancer cells (Wang et al. 2018). Tissue inhibitor of matrix metalloprotease 1 

(TIMP1) overexpression could be associated with gemcitabine resistance and poor overall 

survival in pancreatic cancer (Tan et al. 2021). TIMP1 levels in saliva and serum have also been 

suggested as prognostic markers for HNSCC patients. High serum TIMP1 levels are significantly 

associated with poorer overall and progression-free survival. Saliva TIMP1 levels are 

significantly higher in tumor patients compared to healthy controls, and high pre-treatment saliva 

TIMP1 levels could be correlated with poor disease-free survival (Ruokolainen et al. 2005, 

Carpen et al. 2019, Rinecker et al. 2022). Sperm-associated antigen 9 (SPAG9) expression is 

positively correlated with mesenchymal markers (Slug and N-cadherin) in endometrial cancer 

tissue, while SPAG9 knock-down results in enhanced cytotoxicity of paclitaxel (Zhang et al. 

2016, Jagadish et al. 2018). 
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Among the 20 most downregulated genes in ExoCisR is only one ncRNA. Coding RNAs include 

cyclin-dependent kinase 8 (CDK8), which is known to be involved in EMT via the Wnt/β-catenin 

pathway (Xu et al. 2015). Overexpression of CDK8 could be associated with short overall 

survival in laryngeal squamous cell carcinoma (Li et al. 2017). p21-activated kinases (PAKs), 

including PAK2, are known to be overexpressed in HNSCC cell lines and tumor tissue. Knock-

down of PAK2 could be associated with reduced migration and invasion (Park et al. 2015). 

Integrin-β 6 (ITGB6) is overexpressed in oral cancer tissues and contributes to EMT via TGF-β1 

(Zhang et al. 2024). Given their pro-tumor activity, it seems surprising that these genes are 

expressed at lower levels in ExoCisR. However, exosomal expression levels are not necessarily 

reflective of the cellular expression. In fact, when looking at the gene expression of FaDu cells 

from previous work in our lab (Siemer 2021), neither of the three discussed genes is found to be 

significantly regulated (Supplementary Table 3). Thus it seems that the cisplatin-resistant 

phenotype of FaDuCisR cells rather influences the specific mRNA packaging into exosomes than 

the overall expression of these genes. 

To check whether certain pathways are enriched or decreased in ExoCisR, reactome analysis was 

performed, again considering those genes with a log2 fold change > │1,5│ and adjusted p-value 

< 0,05. While there was no clear overrepresentation of pathways in the downregulated genes 

(FDR > 0,4), the 10 most relevant pathways overrepresented in the upregulated genes are 

displayed in Table 4. Five pathways can be summarized as immunoregulatory pathways, as they 

involve interferons (IFNs), cytokines, and interleukin-10. IFNγ has been shown to increase the 

amount of exosomal PD-L1 shed by melanoma cells (Chen et al. 2018). PD-L1 is overexpressed 

in many tumors and functions as a suppressor of the immune response (Fan et al. 2022). 

Exosomal RNAs involved in IFNγ signalling could thus contribute to therapy resistance by 

facilitating immune evasion. Likewise, IFNα is a cytokine with diverse functions in cancer-related 

immune response. While it has been used as drug to treat different cancer malignancies, there 

are also reports of IFNα eliciting immunosuppressive effects (Vidal 2020). Exosomal 

transmission of RNAs related to IFNα signalling could contribute to a shift towards pro-tumor 

functions.  

Strikingly, four pathways related to mitochondrial RNA processing are also overrepresented in 

ExoCisR. Mitochondria are involved in the regulation of many vital cellular processes, including 

energy production, ROS generation, and apoptosis. Shifts in these processes can have 

considerable consequences (Wallace 2012). As introduced, cisplatin leads to DNA adducts that 

interfere with DNA function and replication. This is not only true for gDNA, but also for mtDNA. 

Indeed, mtDNA is especially sensitive to cisplatin-induced DNA damage as it lacks nucleotide 

excision repair (Cullen et al. 2007). Thus, modifications of mitochondrial pathways could be a 
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means of protection against cisplatin toxicity. Another common observation in cancer cells is a 

shift to energy production by “aerobic glycolysis”, which is independent of mitochondria. 

Opposed to its discoverer’s hypothesis, this so-called Warburg effect is not caused by 

dysfunctional mitochondria, but rather reflects a metabolic reprogramming that facilitates 

sustained proliferation and malignant progression of cancer cells (Vaupel and Multhoff 2021). 

Inhibition of the Warburg effect has been associated with increased cisplatin sensitivity in tongue 

squamous cell carcinoma, proposing another mechanism of mitochondrial involvement in 

cisplatin resistance (Liu et al. 2024). Transmission of RNAs related to mitochondrial RNA 

processing via exosomes could thus contribute to the modification of mitochondrial pathways in 

the recipient cell, increasing its cisplatin tolerance.  

Overrepresentation of genes involved in the endosomal pathway seems generally plausible in 

exosomes. Their upregulation in ExoCisR compared to ExoWT could hint at a mechanism to 

increase exosome biogenesis in recipient cells. As introduced, resistant cells typically shed more 

exosomes than their sensitive counterparts, and export of active drugs via exosomes has been 

proposed as a resistance mechanism (Safaei et al. 2005, Kong et al. 2015, Wandrey et al. 

2023). Thus, modifying the endosomal pathway in recipient cells via exosomal RNA 

transmission could contribute to resistance acquisition. 
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2.4.2 PROBING EXOSOMAL RNA CONTENT FOR CISPLATIN RESISTANCE MARKERS 

To find out whether the RNA content of HNSCC exosomes can be exploited as biomarker of 

cisplatin resistance, cisplatin resistance candidate genes were compiled by literature review 

(Kelland 2007, Rottenberg et al. 2021). Out of the 99 identified candidate genes, 78 were found 

in the exosome samples (for full list see Supplementary Table 1), and 45 were significantly 

regulated in ExoCisR (Figure 24). Interestingly, the majority (28 genes) are downregulated in 

ExoCisR. A possible explanation for this observation would be a reduction of exosomal packaging 

to increase the intracellular mRNA abundance and thus expression, resulting in increased 

cellular cisplatin resistance. A similar effect was already proposed in the previous section. 

Among the upregulated genes in ExoCisR is ERCC3, which was shown to be downregulated in 

FaDuCisR cells (Figure 20). This could hint at increased exosomal packaging of ERCC3 mRNA as 

the reason behind the differential expression between FaDuWT and FaDuCisR, as well as ExoWT 

and ExoCisR. Baseline expression could be alike in the donor cells, but differential packaging in 

exosomes leads to the significant differences in cellular and exosomal abundance. ERCC3 is a 

member of the excision repair complex, and increased DNA repair activity is a contributing factor 

in chemotherapy resistance. Uptake of ExoCisR could increase ERCC3 expression in recipient 

cells, and thus facilitate increased chemotherapy resistance. Likewise, the other 16 upregulated 

genes in ExoCisR could contribute to the transmission of a cisplatin-resistant phenotype. 

 
Figure 24. Heatmap analysis of cisplatin 
resistance candidate genes  
Candidate genes were identified by literature review 
and filtered for those significantly regulated in 
ExoCisR. Sequencing data is displayed as z-scores. 
For full list of candidate genes and normalized 
counts refer to Supplementary Table 1. 
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Whether the regulated cisplatin resistance markers found in ExoCisR are applicable in a clinical 

setting remains to be verified, but the compiled list poses a promising starting point for further 

studies in vitro and in vivo, and clinical relevance was already probed using The Cancer 

Genome Atlas (TCGA) database (see section 2.4.4). 

2.4.3 PROBING EXOSOMAL RNA CONTENT FOR EMT- AND CSC-MARKERS 

As introduced, EMT is an important process for the gain of migratory potential, favouring CTC 

shedding and metastasis. Furthermore, it is also associated with a CSC phenotype, which often 

elicits higher tolerance to chemotherapeutic treatment (Quail and Joyce 2013, Kisoda et al. 

2022). Therefore, exosomal RNA content was analyzed for EMT and CSC candidate genes 

compiled by literature review (Seton-Rogers 2016, Dongre and Weinberg 2019), investigating 

the potential involvement of exosomes in the transmission of a more mesenchymal phenotype 

and exploring the possibility to exploit exosomes as biomarkers for EMT. 

Of the 25 probed EMT candidate genes (for full list see Supplementary Table 2), 10 were 

significantly regulated between ExoWT and ExoCisR (Figure 25). Strikingly, all four mesenchymal 

markers are upregulated in ExoCisR, though there is considerable heterogeneity among the 

triplicates. Of the 6 epithelial markers, 50 % are up- and 50 % downregulated in ExoCisR. 

Considering the overall EMT marker expression (Supplementary Figure 3A) ExoWT represent a 

more epithelial phenotype, while ExoCisR lean more towards mesenchymal, though both most 

likely represent intermediate EMT types, as all probed markers were expressed. 

 

Figure 25. Heatmap analysis of EMT and CSC candidate genes 
Candidate genes were identified by literature review and filtered for those significantly regulated in ExoCisR. 
Sequencing data is displayed as z-scores. For full list of candidate genes and normalized counts refer to 
Supplementary Table 2.  
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Probing for 15 CSC candidate genes (for full list see Supplementary Table 2) revealed only four 

significantly regulated genes in ExoCisR, and one of them (SNAI1) is also considered a 

mesenchymal marker. Since three of the four genes are upregulated in ExoCisR and they 

generally show higher expression of CSC markers (Supplementary Figure 3B), they could hold 

the potential to transmit a CSC phenotype by mRNA delivery. 

Involvement of exosomes in EMT stimulation has already been reported, mainly focussing on 

miRNAs and proteins (Kim et al. 2020, Babaei et al. 2022). The results presented here show that 

exosomal transmission of coding RNAs could be another contributing factor in triggering EMT in 

recipient cells, and thus facilitating increased migratory potential, therapy resistance, and a CSC 

phenotype.  

2.4.4 PROBING IDENTIFIED EXOSOMAL RNA MARKERS FOR CLINICAL RELEVANCE 

To evaluate the clinical potential of the most regulated genes in ExoCisR, publicly available gene 

expression and survival data was obtained from The Cancer Genome Atlas (TCGA) database, 

filtering for HNSCC patients with residual disease or remission after primary therapy. Out of the 

40 most regulated genes found in FaDu exosomes (Figure 23), only four show a significant 

influence on treatment success (Figure 26). Tumor protein-, translationally-controlled 1 (TPT1) 

and Cbp/P300 interacting transactivator with Glu/Asp rich Carboxy-terminal domain 4 (CITED4) 

are overexpressed in ExoCisR, and could be correlated with residual disease or remission after 

primary therapy, which can be interpreted as treatment failure. Whether this treatment failure is 

based on chemotherapy resistance can unfortunately not be verified, but it would pose a 

plausible explanation. TPT1 is known to be overexpressed in different cancer types and 

promotes cell survival (Bae et al. 2017). High CITED4 expression has been associated with 

increased proliferation and invasion (Zhang et al. 2021)(Zhang et al. 2021)(Zhang et al. 2021). 

Conversely, hepatoma-derived growth factor related protein 3 (HDGFRP3) and DNA replication 

helicase/nuclease 2 (DNA2) are significantly downregulated in ExoCisR, and could be correlated 

with treatment success in patient data. DNA2 facilitates DNA replication fork stability, which 

would typically be associated with therapy resistance through stabilized DNA replication. 

However, a study using HNSCC cells could show that expression levels of DNA2 and other DNA 

repair proteins do not reflect resistance (Bold et al. 2021). They concluded that resistance is 

based on a balanced composition of DNA repair proteins, rather than the overexpression of 

such. HDGFRP3 is also part of the DNA repair machinery, and is involved in DNA double-strand 

break (DSB) repair. Knockdown of HDGFRP3 leads to an accumulation of DSBs and 

subsequent DNA damage hypersensitivity. Thus, it is not surprising that decreased HDGFRP3 
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expression increases treatment success. Reduced packaging of HDGFRP3 mRNA in ExoCisR 

could be a means of increasing the cellular expression to increase DBS repair activity and thus 

cisplatin resistance (Zhang et al. 2023). 

 

 

Figure 26. Clinical relevance of selected marker genes for treatment failure  
TCGA HNSC data was filtered for patients with residual disease or remission after primary therapy, 
resulting in a cohort of n=187 patients. Candidate genes displayed in Figure 23B were checked and only 
significantly influential genes are displayed here. Genes upregulated in ExoCisR are shaded in grey, those 
downregulated in white. Yes ≙ Treatment failure; No ≙ Treatment success. Statistical analysis by Welch´s 
t-test. * p < 0,05; ** p < 0,01 

 

When considering the 5-year survival of patients from the same cohort, four genes that are 

overexpressed in ExoCisR were found to have a significant impact. While high expression of Zinc 

finger and BTB domain-containing protein 32 (ZTBT32) and Sperm Associated Antigen 9 

(SPAG9) is indicative of increased 5-year survival, high levels of Zinc finger protein 706 

(ZNF706) and OTU deubiquitinase 1 (OTUD1) correlate with decreased probability of survival 

(Figure 27). While there is currently no literature on ZTBT32 involvement in cancer, SPAG9 

overexpression could be associated with 5-FU resistance in gastric cancer cells. Contrary to the 

patient cohort analysed here, high SPAG9 expression correlated with poor prognosis in gastric 

cancer patients (Miao et al. 2015). However, it has to be kept in mind that high exosomal 

expression is not necessarily indicative of similar expression levels in the tumor cells. ZNF706 

has already been proposed as molecular marker for laryngeal squamous cell carcinoma, while 

reprogramming of OTUD1 has already been shown in human oral keratinocytes treated with 

HNSCC and healthy donor exosomes (Colombo et al. 2009, Qadir et al. 2018).  

Bleomycin hydrolase (BLMH) expression is decreased in ExoCisR, and low expression correlates 

with decreased 5-year survival probability in the patient cohort. This is rather surprising, since 

BLMH inhibits the activity of bleomycin, an antibiotic used in squamous cell carcinoma treatment 

(Cheng et al. 2021). One study found that the single nucleotide polymorphism (SNP) A1450G of 

BLMH plays an important role for survival and relapse probability in testicular germ-cell cancer. 

Patients with the homozygous variant (G/G) have a significantly worse prognosis than those with 
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wildtype (A/A) or heterozygous (A/G) BLMH (de Haas et al. 2008). Whether this SNP was a 

contributing factor in the here presented data cannot be verified, but would pose a possible 

explanation for the counter-intuitive correlation. 

Notably, BLMH as wells as SPAG9 expression were only significant indicators when considering 

the 25 % highest and lowest expression within the cohort.  

 

 

Figure 27. Clinical relevance of selected marker genes for disease specific 5-year survival  
TCGA HNSC data was filtered for patients with residual disease or remission after primary therapy, 
resulting in a cohort of n=187 patients. The follow up period was set to 5 years (1825 days). Candidate 
genes displayed in Figure 23B were checked and only significantly influential genes are displayed here. 
For ZTBT32, ZNF706, and OTUD1 the cohort was split into two groups (50 % highest, 50 % lowest 
expression). For SPAG9 and BLMH the cohort was split into quartiles (25 % highest, 25 % lowest 
expression). Statistical analysis by Log-rank/Mantel-Cox test. * p < 0,05; ** p < 0,01 
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Considering the analysed cisplatin resistance candidate genes found in exosomes (Figure 24), 

10 candidates were also significantly relevant for the treatment outcome in the HNSCC patient 

cohort (Figure 28). Surprisingly, increased expression of all 10 candidates is correlated with 

treatment success. Signal transducer and activator of transcription 1 (STAT1) and tumor protein 

53 (TP53) are the only two among them that are upregulated in ExoCisR. STAT1 is a tumor 

suppressor, which is activated by cisplatin treatment (Schmitt et al. 2015). Thus, it seems 

plausible that high STAT1 levels correlate with treatment success. There is currently no data on 

STAT1 mRNA in exosomes available, but active expulsion could be a means of reducing the 

cellular STAT1 expression, thus contributing to cisplatin resistance. TP53 mutations are one of 

the hallmarks of many cancers including HNSCC, while wildtype TP53 is a known positive 

prognostic marker (Nathan et al. 2022). Transmission of mutated TP53 dsDNA via exosomes 

has previously been observed between colorectal adenocarcinoma cells and colon epithelial 

cells, leading to active transcription of mutated p53 in the ladder (Domenis et al. 2021). 

Exosomal packaging of TP53 mRNA might pose another contributing mechanism to transfer 

mutated TP53 to naïve cells. There is also evidence for the involvement of p53 in exosome 

biogenesis and –loading, suggesting that mutated p53 leads to smaller exosomes with differing 

protein cargo (Sun et al. 2016). Whether the TP53 detected in ExoCisR or the patients was 

wildtype or mutated is unfortunately unclear. Since high expression correlated with treatment 

success, it seems more likely that the wildtype variant was more prevalent. For ExoCisR, active 

transmission of mutated TP53 would appear more plausible. 

The other 8 candidate genes are downregulated in ExoCisR, while downregulation is 

corresponding with treatment failure in the patient cohort. Here it seems most likely that low 

cellular expression in resistant cells likewise leads to low abundance in the corresponding 

exosomes, as also apparent in Figure 30. 

Surprisingly, none of the EMT markers found in exosomes (Figure 25) could be correlated with 

treatment success or disease-specific survival in the examined cohort. EMT is generally 

associated with more aggressive cancer cells, thus a negative impact on patient survival and 

treatment efficacy would be expected. However, as introduced in section 1.3, cells can also be in 

intermediate stages of EMT, expressing epithelial and mesenchymal markers simultaneously. 

Thus, grouping of patients based on one single marker, e.g. a mesenchymal marker, might lead 

to a mixed population of complete and partial EMT in that group, masking potential effects. 

Interestingly, a review summarizing previous studies on EMT in HNSCC came to the conclusion 

that partial EMT gives rise to an even more aggressive phenotype than complete EMT, favouring 

CTC dissemination, metastasis, and drug resistance (Kisoda et al. 2022). This showcases the 

complexity of EMT as biomarker and highlights the importance of multiple marker analysis. 
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Of the CSC markers found differentially regulated in exosomes, none correlate with patient 

survival and only SOX2 is indicative of treatment outcome. Surprisingly, SOX2 is downregulated 

in ExoCisR and HNSCC patients with treatment failure. SOX2 is a transcription factor responsible 

for maintaining the stemness of stem cells. It has also been linked to proliferation and therapy 

resistance in different cancer entities (Novak et al. 2020). However, for HNSCC the role of SOX2 

has been ambiguous, with some studies finding high SOX2 expression to be a positive 

prognostic marker (Zullig et al. 2013, Chung et al. 2018), and others finding poor outcomes in 

patients with high SOX2 levels (Du et al. 2011, Schrock et al. 2014). 

 

 

Figure 28. Clinical relevance of cisplatin resistance and CSC candidate genes for treatment failure  
TCGA HNSC data was filtered for patients with residual disease or remission after primary therapy, 
resulting in a cohort of n=187 patients. Candidate genes displayed in Figure 24 and 25 were checked and 
only significantly influential genes are displayed. Genes upregulated in ExoCisR are shaded in grey.  

Yes ≙ Treatment failure; No ≙ Treatment success. Statistical analysis by Welch´s t-test. * p < 0,05;  
*** p < 0,005 
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Among the cisplatin resistance candidate genes found in exosomes, six show a significant 

impact on the 5-year survival in the patient cohort (Figure 29). High expression of all candidate 

genes is associated with increased probability of survival. Signal transducer and activator of 

transcription 3 (STAT3) is the only one among them, which is overexpressed in ExoCisR. STAT3 

is robustly expressed and activated in HNSCC tissue, and its inhibition sensitizes HNSCC cells 

to cisplatin and cetuximab in vitro (Sun et al. 2018). Given its role in cisplatin resistance, it 

makes sense to find it highly expressed in ExoCisR, while its positive effect on 5-year survival is 

counter-intuitive. However, it has to be kept in mind that numerous mechanisms are at play in 

cancerous cells, and no singular marker can precisely determine treatment outcomes.  

 

Figure 29. Clinical relevance of cisplatin resistance candidate genes for disease specific 5-year 
survival  
TCGA HNSC data was filtered for patients with residual disease or remission after primary therapy, 
resulting in a cohort of n=187 patients. The follow up period was set to 5 years (1825 days). Candidate 
genes displayed in Figure 24 were checked and only significantly influential genes are displayed. For 
STAT3, BRCA2, MAPK1, and ABCC1 the cohort was split into two groups (50 % highest, 50 % lowest 
expression). For ATP7A and KDM5A the cohort was split into quartiles (25 % highest, 25 % lowest 
expression). Statistical analysis by Log-rank/Mantel-Cox test. * p < 0,05; ** p < 0,01 
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2.4.5 TRANSCRIPTOMIC COMPARISON OF EXOSOMES AND DONOR CELLS 

To get a better understanding of the role of exosomal RNA packaging in cisplatin resistance and 

its potential transmission, the gene expression of FaDu donor cells was compared to their 

respective exosomes. Gene expression data of FaDu sub-cell lines was taken from previous 

work of our lab (Siemer 2021). Filtering for genes significantly regulated in both, donor cells and 

exosomes resulted in a list of 246 genes (for full list see Supplementary Table 3). Figure 30 

shows a heatmap analysis of the 40 most regulated genes according to mean z-score of 

FaDuCisR cells (A) or exosomes (B). 10 genes appear in both heatmaps, and out of those only 

one gene (IFRD1) is regulated differently between cells and exosomes. Interferon-related 

developmental regulator 1 (IFRD1) is downregulated in FaDuCisR cells, while its expression is 

upregulated in ExoCisR. IFRD1 is known to be a transcriptional co-regulator. In HNSCC, the 

IFRD1 locus is hypermethylated while global methylation is decreased, suggesting a pivotal role 

in maintaining the tumor phenotype (Poage et al. 2011). IFRD1 has also been shown to impair 

the acetylation of the RelA subunit of NFκB, leading to decreased NF-κB activity (Tummers et al. 

2015). However, in many cancers NF-κB is constitutively active, and NF-κB inhibition could 

counteract cisplatin resistance (Gil da Costa et al. 2023). Coherently, IFDR1 is downregulated in 

FaDuCisR cells, allowing for NF-κB activity, potentially contributing to the resistant phenotype.  

As a transcriptional regulator, IFDR1 could also influence other resistance-relevant proteins on 

an epigenetic level. There is currently no data on IFDR1 expression in exosomes available, but 

increased efflux of IFDR1 mRNA via ExoCisR could be a mechanism to decrease its cellular 

expression. This would match the very first theories of exosomes as waste disposal vehicles, but 

in a way more sophisticated manner than originally assumed (Pan and Johnstone 1983, Thery et 

al. 2002). 

The genes upregulated in FaDuCisR cells and ExoCisR are A-kinase anchor protein 12 (AKAP12), 

insulin like growth factor binding protein 6 (IGFBP6), transforming growth factor beta 1 (TGFB1), 

and CD55. AKAP12 is a tumor suppressor, which is downregulated in different cancer types. On 

the other hand, elevated AKAP12 expression has been found in cisplatin- and paclitaxel-

resistant cells (Lopez-Ayllon et al. 2014, Bateman et al. 2015, Liang et al. 2022). IGFBP6 is 

generally overexpressed in HNSCC cells, while IGFBP6 knock-down has been associated with 

decreased exosome release (Jeon et al. 2004, Efimova et al. 2023). Whether overexpression of 

IGFBP6 leads to increased exosome release is currently unknown. Likewise, there is currently 

no data on IGFBP6 involvement in cisplatin resistance. Exosomal TGFB1 protein levels have 

been proposed as biomarker for HNSCC disease progression (Ludwig et al. 2023). High 

expression of TGFBP1 has also been associated with cisplatin resistance in OSCC (Yan and Xu 
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2021). Overexpression of CD55 has previously been reported in cisplatin-resistant cells, 

contributing to resistance in a complement-dependant way and via lymphocyte-specific protein 

tyrosine kinase signaling (Nakamura et al. 2005, Saygin et al. 2017). 

Among the downregulated genes in FaduCisR cells and ExoCisR is discs large MAGUK scaffold 

protein 3 (DLG3). DLG3 negatively regulates cell proliferation, which plays a pivotal role in 

sensitivity to Pt-based drugs. High expression of DLG3 was associated with high sensitivity to 

cisplatin and carboplatin in lymphoblastoid cell lines (Gamazon et al. 2011). Thus, the observed 

downregulation in FaduCisR cells and respective exosomes seems plausible. The observed 

downregulation of sex determining region Y box 2 (SOX2) on the other hand is surprising, as its 

overexpression is known to contribute to cisplatin resistance, especially in lung cancer 

(Ashrafizadeh et al. 2021). SCL47A2 codes for multidrug and toxin extrusion 2 (MATE2),  

a proposed oxaliplatin and cisplatin transporter (Sprowl et al. 2013, Sauzay et al. 2016). Thus, 

downregulation of SCL47A2 could contribute to cisplatin resistance by decreasing the 

intracellular drug concentration. Homer scaffolding protein 2 (HOMER2) overexpression has 

been proposed as a prognostic biomarker for better cancer-specific survival in endometrial 

adenocarcinoma, but there is currently no evidence for involvement cisplatin sensitivity or 

HNSCC (Mhawech-Fauceglia et al. 2018). Likewise, there is currently no evidence connecting 

serine protease 12 (PRSS12) to HNSCC or chemotherapy responsiveness. 

Another striking observation is that genes upregulated in cells tend to also be upregulated in the 

respective exosomes, and genes downregulated in cells are also downregulated in their 

exosomes (Figure 29A). However, when looking at the most differentially regulated genes in 

exosomes, there is no clear correlation to the regulation in the respective donor cells  

(Figure 29B). This again could hint at specific packaging of the mRNAs that are highly abundant 

in exosomes but not cells, while those overexpressed in the cells naturally also appear at high 

rates in exosomes, with few exceptions. Likewise, low gene expression in cells is mostly also 

reflected in the corresponding exosomes, whereas low abundance in exosomes is no definite 

marker of low cellular expression levels. It is already known that EV RNA content differs 

substantially from the RNA content of the respective donor cells in terms of abundant RNA types 

and the relative concentrations of specific RNAs (O'Brien et al. 2020). Molecular changes 

contributing to cellular cisplatin resistance seem to have an additional impact here. 

There are limitations to this study regarding data normalization, which are worth mentioning. The 

gene expression data of exosomes and donor cells were normalized using different methods, 

namely DESeq2 (version 1.24.0) for exosomes and fragments per kilobase million (FPKM) for 

cells. Nevertheless, this should not impact relative expression outcomes. Additionally, there is a 

3 year time gap between the RNA sequencing of cells and exosomes, resulting in multiple 
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freeze/thaw events and passages of the cells in between. These procedures can lead to 

alterations in the gene expression of cells and subsequently their exosomes (Prasad et al. 

2023). Thus, the comparison results should be viewed with caution and simultaneous analysis of 

exosomes and donor cells should be performed in the future. 
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2.4.6 SUMMARY 

Transcriptomic characterization of ExoWT and ExoCisR revealed differential expression of a total of 

3.191 genes, with 1.811 upregulated and 1.380 downregulated genes in ExoCisR. Out of the  

40 most regulated genes in ExoCisR, four show significant correlation with treatment outcomes in 

HNC patients. Considering the 5-year survival of HNC patients, five of the differentially regulated 

genes in ExoCisR are indicative of patient survival. Additionally, 45 known cisplatin resistance 

candidate genes were found to be differentially expressed between ExoWT and ExoCisR, with the 

majority (28) being downregulated in ExoCisR. When probing their clinical relevance, eight genes 

had a significant impact on treatment success and six were indicative of the 5-year survival of 

HNC patients. Probing for EMT and CSC candidate genes revealed that ExoCisR have a more 

mesenchymal/CSC-like transcriptome compared to ExoWT. Only one of the here considered 

marker genes was indicative of treatment outcome in the patient cohort. However, gene 

regulation in ExoCisR did not always correlate with treatment success and 5-year survival in the 

expected way, highlighting that singular markers cannot reflect patient prognosis, and that the 

specific role of each gene and its product have to be considered. When looking at the regulation 

of mRNA content in ExoCisR it appears to have a dual role. On the one hand, exosomal export of 

specific mRNAs poses a mechanism to decrease intracellular mRNA abundance and 

subsequent translation of proteins that would sensitize the cell to cisplatin treatment. On the 

other hand, ExoCisR contain mRNAs encoding for proteins that contribute to cisplatin resistance 

and are involved in immunomodulatory pathways, hinting at an exosomal mechanism to 

increase cisplatin resistance through modulation of the recipient cell and the TME. Additionally, 

comparing exosomes and their respective donor cells revealed, that genes highly regulated in 

the donor cells often show similar regulation in their respective exosomes. On the contrary, 

genes highly regulated in exosomes are not necessarily similarly regulated in their donor cells, 

again highlighting a specific packaging mechanism for those RNAs. However, these results have 

to be viewed with caution since the time of sampling and the data analysis procedure were 

different between cells and exosomes. 
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2.5 IN VITRO MODELS FOR EXOSOMAL RESISTANCE TRANSMISSION 

After finding that resistance-relevant cargo is upregulated in ExoCisR, the possible transmission of 

cisplatin resistance via exosomes was to be modelled and analyzed. As introduced, there is a 

multitude of cell culture techniques available for cancer research. The application of different 2D 

and 3D cell culture techniques allows for a differentiated picture of the involvement of exosomes 

in HNSCC chemoresistance transmission.  

2.5.1 TWO-DIMENSIONAL CELL CULTURE MODELS 

In a first approach, FaDuWT cells were co-cultured with FaDuCisR cells using transwell inserts. 

This technique allows for the exchange of extracellular messengers without the possibility of 

direct cell-cell contacts. FaDuWT cells show a significantly higher viability in the presence of 

FaDuCisR cells after treatment with 20 µM cisplatin, while FaDuCisR cells show s similar viability 

regardless of the transwell inserts (Figure 31A). Whether this effect can be attributed to 

exosomes or other extracellular messengers like soluble proteins or other kinds of EVs fitting 

through the 0,4 µm transwell membrane’s pores cannot be determined using this method. 

Therefore, ExoCisR were deliberately added to FaDuWT cells grown in a standard 96-well format in 

the next approach. Exosomes were isolated from cell culture supernatant after 72h of 

conditioning and added to the cells three days before cisplatin treatment. Viability of FaDuWT 

cells in response to cisplatin treatment was not affected by the addition of exosomes (Figure 

31B). This could hint at other extracellular messengers as the responsible agents for resistance 

transmission in the transwell assay. However, it also has to be considered that co-culture with 

the transwell inserts lasted for 6 days prior to treatment and continued during cisplatin treatment. 

The longer and continuous exposure could lead to differences in the signal transmission, and is 

more in agreement with the in vivo situation. It can also not be excluded that the isolation 

procedure impacted the functionality of the exosomes, even though there was no structural 

damage visible during the validation process (see section 2.2). Others have found that exosome 

isolation by UC is associated with reduced protein and RNA recovery, and that the influence of 

high forces on liquid membranes are not sufficiently investigated (Taylor and Shah 2015).  

To investigate the influence of exosomes on the migratory potential of FaDuWT cells, they were 

seeded in special migration assay dishes and co-incubated with deliberately added exosomes. 

The dishes contained a silicone insert that created a 500 µm gap in the cell population. After  

15 days of co-incubation, the insert was removed and closing of the gap was observed 

microscopically (Figure 31C). Quantification of the gap width hints at an increased migratory 

potential of FaDuCisR compared to FaDuWT cells. ExoWT seem to have no impact on FaDuWT 
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migration, while ExoCisR tend to increase the migratory potential of FaDuWT, though not reaching 

the capacity of FaDuCisR (Figure 31D). Whether these results are reproducible and statistically 

significant cannot be verified at this point, since the migration assay was only performed once. 

However, others have shown that exosomes from irradiated FaDu cells increased the migration 

of naïve FaDu cells in a similar experimental setup (Mutschelknaus et al. 2017). Another study 

revealed that exosomes isolated from the plasma of recurrent HNSCC patients induced higher 

cell migration in vitro than exosomes from disease-free patients after standard of care surgery 

and adjuvant or primary (chemo)radiation (Hofmann et al. 2022). 
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Figure 31. 2D cell culture models for exosomal communication 
A) Cells were seeded at defined numbers in 12-well plates and corresponding transwell inserts. Co-culture 
was started 24h after seeding and lasted for 6 days before treatment with 20 µM cisplatin was started. 
Transwell inserts remained for the duration of the treatment, viability was determined by alamar blue 
assay after 72h. Data was normalized to controls without transwells. Data is given as Mean ± SD of n=3 
independent experiments. Statistical analysis by two-way ANOVA and multiple comparisons with 
correction for multiple comparisons using the Dunnett method. *** p < 0,005 B) Cells were seeded at 
defined numbers in 96-well plates and exosomes isolated from 72h conditioned cell culture supernatant 
were added 24h after seeding. After 72h of co-incubation with exosomes, cells were treated with cisplatin. 
Viability was determined by CTG assay after 72h. Data was normalized to untreated controls. Data is 
given as Mean ± SD of n=3 independent experiments. Statistical analysis by two-way ANOVA and 
Tukey’s multiple comparisons test. * p < 0,05 C-D) Cells were seeded at defined numbers in migration 
assay dishes and exosomes isolated from 72h conditioned cell culture supernatant were added 24h after 
seeding. Medium was exchanged every three to four days, continuously adding exosomes. After 15 days, 
the silicone divider was removed and cells were imaged daily for three days. Representative bright-field 
images are displayed. Scale bars 200 µm (C). Gaps were measured using AxioVision software and data 
was normalized to day zero. Data is given as Mean of n=1 experiment with 1-2 biological replicates (D). 
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2.5.2 THREE-DIMENSIONAL CELL CULTURE MODEL 

As previously discussed, 3D cell culture models have gained significant popularity over the past 

years, as they give a better representation of the conditions in vivo than 2D cultures. Thus, 

different modes of adding exosomes to 3D cell culture were tested in a preliminary experiment 

(Figure 32). Compared to FaDuWT spheroids, FaDuWT spheroids formed in the presence of 

ExoCisR show an increased viability after cisplatin treatment. Co-treating FaDuWT spheroids with a 

combination of ExoCisR and cisplatin lead to reduced viability. Pre-treating FaDuWT spheroids with 

ExoCisR for three days before cisplatin treatment had no effect on spheroid viability.  

 

Figure 32. Influence of different exosome treatments on FaDu spheroid viability  
FaDuWT cells were seeded at defined numbers and treated with exosomes and cisplatin at different time 
points. Control spheroids were allowed to form for 7 days before treatment with 20 µM cisplatin. The co-
formation group was seeded in the presence of ExoCisR and allowed to grow for four days before treatment 
with 20 µM cisplatin. The pre-treatment group was allowed to grow for four days before addition of ExoCisR. 
Another three days later treatment with 20 µM cisplatin started. The co-treatment group was allowed to 
grow for four days before simultaneous addition of ExoCisR and 20 µM cisplatin. Viability was assayed by 
CTG 3D 72h after onset of cisplatin treatment. Data was normalized to the control group and is given as 
Mean ± SD of n=1 experiment with 2-3 biological replicates. Statistical analysis by one-way ANOVA and 
Tukey’s multiple comparisons test. * p < 0,05 

 

Given the observed increase in cisplatin tolerance in the co-formation group, the impact of 

exosomes on the phenotype of 3D spheroids was tested. Exosomes were isolated from cell 

culture supernatant after 72h of conditioning and deliberately added to the cells upon seeding. 

Thus, the spheroids formed in the presence of (externally added) exosomes. Staining of the 

exosomes with membrane dye revealed their integration into the 3D structure, with the signal still 

readily detectable after 10 days (Figure 33B). When observing the spheroids microscopically, 

those formed in the presence of exosomes appear larger regardless of the exosome-donor cells 

(Figure 33A). Quantification of phenotypic parameters by HCS revealed significant differences in 
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relative spheroid area after 10 days of culture. FaDuCisR spheroids are significantly smaller than 

FaDuWT spheroids, regardless of the presence of exosomes during formation. This was not 

observed during initial assessment of the established sub-cell lines (see section 2.3.2).  

As previously discussed, spheroid area is not a reliable singular parameter. Experiments with 

the HPV-positive SCC-154 cell line in our lab even revealed shrinkage of spheroids over time, as 

spheroids did not grow in surface area but became more dense (data not shown). Whether the 

contradicting observations made here are based on similar phenomena, represent artefacts, or 

are based on different batches of cells in use cannot be clarified. FaDuWT spheroids formed in 

the presence of ExoCisR tend to be the largest, though not significantly different from the other 

FaDuWT spheroids (Figure 33C). Spheroids are generally less spherical during the first three 

days of culture and then approach a nearly round shape (Supplementary Figure 4). The addition 

of exosomes tends to disrupt spheroid formation based on an even less spherical shape in the 

first days of formation. On day one, FaDuWT spheroids formed in the presence of ExosWT are 

significantly less round than FaDuCisR spheroids, though there are no statistically significant 

differences among the other groups. On day 10 all spheroids reach an almost perfectly round 

shape (Figure 33D). Assaying the average spheroid intensity by HCS revealed a general 

decrease over time, but no significant differences based on sub-cell line or exosome addition 

(Supplementary Figure 5). 
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Figure 33. Phenotypic assessment of spheroids formed in the presence of exosomes  
A) Representative bright-field images of FaDu spheroids formed in the presence or absence of exosomes 
over 10 days. Scale bars 50 µm. B) Representative images of FaDuWT spheroids formed in the presence 
of PKH26-labeled exosomes on day 10. Scale bars 50 µm. C) Relative spheroid area of FaDu spheroids 
formed in the presence or absence of exosomes as measured by HCS over 10 days. Data was 
normalized to day one controls. D) Shape P2A of FaDu spheroids formed in the presence or absence of 
exosomes as measured by HCS on day one (left) and day 10 (right). Dashed lines mark P2A = 1, which 
equals a perfectly round shape. All data is given as Mean ± SD of n=3 independent experiments. 
Statistical analysis by two-way ANOVA and Tukey's multiple comparisons test. * p < 0,05; **** p < 0,001 
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When considering the impact of cisplatin treatment on the relative spheroid area, FaDuWT 

spheroids formed in the presence of ExoCisR show a significantly decreased area on day three of 

cisplatin treatment, in a seemingly concentration dependent manner. FaDuCisR spheroids are 

significantly smaller after treatment with 50 µM cisplatin compared to untreated controls 

(Supplementary Figure 6). FaDuCisR cells generally grow slower than FaDuWT cells in 2D (section 

2.2.3.1) and 3D (Figure 33C). This is also known for other cisplatin resistant cells (Duan et al. 

2017). Reduced proliferation has been proposed as a protective mechanism against cisplatin 

toxicity, as cells go through the sensitive S phase less frequently (Ijichi et al. 2014, Yano et al. 

2014). Exosomes from esophageal squamous cell carcinoma cells have been shown to reduce 

proliferation in recipient cells and increase the ratio of cells in G1 phase (Matsumoto et al. 2020). 

A similar, potentially cisplatin-induced mechanism might be at play here. However, the relative 

spheroid area on day three of 50 µM cisplatin treatment (day 10 of culture) does not differ 

significantly among the groups (Figure 34B). When looking at Figure 34A, it again becomes 

apparent that cisplatin treatment leads to frayed spheroid margins in FaDuWT spheroids, 

regardless of the presence of exosomes, while FaDuCisR spheroids seem rather unaffected even 

at 50 µM cisplatin. Surprisingly, automated microscopic analysis did not pick up any significant 

differences in spheroid intensity based on the cisplatin treatment (Supplementary Figure 5), 

even though treated spheroids appear darker in Figure 34A. Spheroid shape appears to be 

unaffected by cisplatin treatment (Figure 34C). Viability assay revealed significantly higher 

cisplatin tolerance of FaDuCisR spheroids at 50 µM cisplatin compared to FaDuWT and FaDuWT 

formed in the presence of ExosWT. FaDuWT spheroids formed in the presence of ExosCisR neither 

significantly differ from FaDuWT spheroids (p = 0,9612) nor FaDuCisR (p = 0,0691), but FaDuCisR 

clearly exhibit the highest cisplatin tolerance (Figure 34D). Testing of longer cisplatin treatment 

durations and different treatment starting times did also not reveal a clear influence of exosomes 

on spheroid viability or area (Supplementary Figure 7A,B). Starting 20 µM cisplatin treatment on 

day three of culture seems to have disrupted the spherical shape regardless of exosome 

presence in this experiment, though this was not observed previously and may be an artefact of 

this specific experimental run (Supplementary Figure 7C). 

  



Results and Discussion 

139 

 

 

 

 
Figure 34. Cisplatin-response of spheroids formed in the presence of exosomes  
Cells were seeded in the presence or absence of exosomes and spheroids were allowed to grow for  
7 days before treatment with different concentrations of cisplatin. Phenotypic parameters were assayed by 
HCS over 10 days. A) Representative bright-field images of FaDu spheroids on day 10. Scale bars 50 µm. 
B) Relative spheroid area of FaDu spheroids treated with 50 µM cisplatin. Arrow marks onset of treatment. 
C) Shape P2A of FaDu spheroids treated with 50 µM cisplatin. Arrow marks onset of treatment. Dashed 
line marks P2A = 1, which equals a perfectly round shape. D) Relative viability of FaDu spheroids in 
response to cisplatin treatment. Viability was assayed on day three of treatment using the CTG assay. All 
data is given as Mean ± SD of n=3 independent experiments. Statistical analysis by two-way ANOVA and 
Tukey's multiple comparisons test. * p < 0,05. 
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2.5.3 SUMMARY 

Applying different cell culture techniques to model exosomal cisplatin resistance transmission 

generated different perspectives on the impact of exosomes on cell viability, migratory behavior, 

and phenotypic parameters.  

The 2D cell culture approaches revealed that the co-culture of cisplatin-sensitive FaDuWT cells 

with cisplatin-resistant FaDuCisR cells increases the cisplatin tolerance of FaDuWT. The effect 

could not be reproduced by directly adding ExoCisR to FaDuWT in standard 2D cell culture. 

However, it has to be considered that the prolonged co-incubation before cisplatin treatment  

(6 days) and the continuous co-culture during the treatment may have led to a more intense 

(exosomal) communication between FaDuCisR and FaDuWT cells than the addition of ExoCisR 

three days before cisplatin treatment, with no exosomes present during treatment. The migratory 

potential of FaDuWT cells was increased by the addition of exosomes, especially the addition of 

ExoCisR.  

3D spheroid culture revealed that exosomes are readily incorporated into cell spheroids when 

present since seeding. FaDuWT spheroids formed in the presence of exosomes tend to have a 

less spherical shape during the first days, and an overall increased size. FaDuWT spheroids 

formed in the presence of ExoCisR elicit a reduced area in response to cisplatin treatment, 

suggesting reduced proliferation as a potential resistance mechanism. Effects of ExoCisR on 

FaDuWT spheroid susceptibility to cisplatin treatment could neither be verified nor ruled out. 

Further experimental adjustments could shed more light on this. 

 



Conclusions and Outlook 

141 

 

3 CONCLUSIONS AND OUTLOOK 

3.1 EXPLOITING CTCS AS BIOMARKER FOR HNSCC 

Standardized, easy-to-use procedures are pivotal for the integration of new methods into clinical 

use. A valuable step in that direction is automation, as it increases reproducibility and reduces 

the time and expertise required from users. Given their role in metastasis, it is not surprising that 

CTCs have already been successfully integrated into the staging of breast cancer, and the 

American Society of Clinical Oncology supports their use as biomarker for cancer in general. 

Nevertheless, CellSearch remains the only FDA-approved platform for automated CTC 

enrichment and analysis, hindering the broader integration of CTC-based biomarkers into cancer 

detection and monitoring. 

Comparing two bead-based positive selection methods with different protocol variations revealed 

striking differences in the achievable recovery rates. Manual isolation of HNSCCUM-02T cells 

spiked into cell culture medium was most successful using the pluriBeads system (49,5 ± 15,7 % 

recovery). However, tests with whole blood revealed significant contamination with non-target 

cells, making clinical application unfavourable. The DynaBead-compatible prototype IsoMAG 

achieved a recovery rate of 95 ± 15 % in a first study (Gribko et al. 2021), however these results 

could not be reproduced here. Nevertheless, the “human factor” has to be kept in mind here, 

especially for manual isolation. Operation of the IsoMAG platform was only performed once in 

the here presented study, thus lack of experience in its operation is a considerable source of 

variance. The successor platform CTCelect achieved 56,7 ± 18,9 % recovery of SCL-1 cells 

spiked into cell culture medium and 40,0 ± 5,0 % of cells were recovered from blood. Initial tests 

using HNSCC patient blood revealed that approximately 66 % of the isolated cells were CTCs, 

while 33 % were identified as non-CTCs/WBCs based immunofluorescent staining. Applying 

different antigens for enrichment and analysis of dispensed single cells by qPCR was also 

successful, allowing for the characterization of different CTC subpopulations. 

Overall, the spiking experiments using relevant HNSCC cell lines have proven to be a useful tool 

in validating CTC isolation. Efforts to automate the process using the CTCelect platform 

generated the first promising results using HNSCC patient blood. Further clinical tests with 

significantly larger patient cohorts will be necessary to validate the clinical applicability of the 

automated isolation, and to correlate single cell characteristics with clinical parameters. 

Analyzing patient CTCs on single cell level (e.g. by qPCR) will generate new insights into CTC-

specific biomarkers. Additionally, ex vivo culture of CTCs in standard or 3D cell culture could be 
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a next step towards personalized therapy. Different drugs could be tested on the patient’s CTCs 

in vitro to identify possible resistances early on and aid informed treatment decisions. 
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3.2 MODELLING EXOSOMAL CHEMORESISTANCE TRANSMISSION IN VITRO 

In vitro models are an important tool to unravel the molecular mechanisms contributing to 

chemotherapy resistance and its transmission. Insights generated from such models can aid the 

early detection and optimized treatment of HNSCC patients suffering from chemoresistance. 

Exosomes as extracellular messengers have been implied as transmission vehicles for different 

molecular cargo contributing to the occurrence of chemoresistance. To understand how 

exosomes can transmit a resistant phenotype and how their uptake influences the recipient cells, 

a cell model for cisplatin resistance was established and exosomal communication was 

evaluated using different in vitro cell culture techniques. 

To increase the reproducibility and avoid any possible genetic heterogeneity, a single-cell 

derived sub-cell line was generated from the established hypopharyngeal squamous cell 

carcinoma cell line FaDu (FaDuWT). Starting from FaDuWT cells, the cisplatin-resistant FaDuCisR 

sub-cell line was generated by constant exposure to sublethal cisplatin concentrations over a 

period of 6 months before onset of experiments, thus preventing further genetic drift in between 

observations. As opposed to directed genetic modifications of known contributors to 

chemoresistance, long term exposure to cisplatin likely leads to a broad mutational load. This 

method was chosen to mimic the acquisition of cisplatin resistance as occurring when patients 

undergo cisplatin therapy, though it has to be kept in mind that cisplatin is typically not applied 

as single agent but in combination with radiotherapy in the clinic. Evaluation of cell viability after 

cisplatin treatment revealed a significantly higher resistance of FaDuCisR cells to cisplatin when 

compared to FaDuWT, verifying an acquired chemoresistance phenotype. The effect was 

consistent using 2D and 3D cell culture models. 

To assess whether FaDuCisR cells are able to transfer their resistance to sensitive FaDuWT cells 

via exosomes, different 2D and 3D cell culture methods were applied. Co-culture of FaDuWT and 

FaDuCisR cells using trans-well inserts revealed an increased cisplatin tolerance of FaDuWT cells 

after co-culture. To find out whether this effect was caused by exosomes, FaDuWT cells were 

cultured as traditional 2D monolayers, and pre-treated with exosomes from FaDuCisR cells 

(ExoCisR) prior to cisplatin treatment. However, this did not impact their cisplatin tolerance. It 

cannot be ruled out that the increased tolerance observed in the co-culture set-up was based on 

other extracellular messengers besides exosomes. As mentioned before, it is also possible that 

the isolation procedure lead to changes in the exosome constitution and functionality, as it uses 

high force. Nonetheless, other studies have already shown that transmission of cisplatin 

resistance is possible using similar experimental setups. As evidenced by the transcriptomic 

characterization of ExoCisR, they also hold the potential to modulate the immune response. Even 
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though they did not influence FaDuWT cisplatin tolerance directly, they could potentially increase 

tumor cell survival through TME modulation. However, this effect was not investigated here. 

Nevertheless, the addition of exosomes, especially ExoCisR, appeared to have a positive impact 

on the migratory potential of FaDuWT cells in a gap-closing assay. These results highlight that 

exosomal function is at least not completely lost during the isolation procedure, and signaling via 

exosomes does occur. Future experiments focusing on other extracellular messengers would be 

beneficial to rule out or identify additional modes of chemoresistance transmission. Integrating 

other cell types, e.g. immune cells, into the model would be another valuable step towards a 

better representation of the in vivo situation, and it would allow for additional conclusions about 

exosomal communication with the TME. 

To get a more realistic representation of the situation within a tumor, 3D spheroid culture was 

applied. Here, cells can develop polarity, and nutrient, oxygen, and drug supply differ depending 

on the individual cell’s location within the 3D structure. Establishment of a HCS protocol allowed 

for the quantification of phenotypic parameters as additional readout to viability assessment. 

Automated analysis of spheroid morphology, including area, shape, and intensity, can generate 

new insights into the impact of genetic modifications and molecular communication in a broader 

context. The addition of exosomes to spheroids upon formation lead to the incorporation of those 

exosomes into the 3D structure. Automated assessment of phenotypic spheroid parameters 

revealed that FaDuWT spheroids formed in the presence of exosomes tend to be larger, and 

reaching a spherical shape takes them longer than without exosomes. In response to cisplatin 

treatment, FaDuWT spheroids formed in the presence of ExoCisR exert a decreased spheroid area 

compared to untreated controls. The decrease is strongest after treatment with 50 µM cisplatin, 

suggesting a concentration dependent area reduction. Other than that, exosomes did not affect 

spheroid morphology after cisplatin treatment. Considering the viability, there was no striking 

effect of exosome addition, though FaDuWT spheroids formed in the presence of ExoCisR may 

have a slightly increased cisplatin tolerance, but not reaching FaDuCisR spheroids’ resistance. 

Further experimental adjustments may help to clarify the validity of this observation. 

In conclusion, the presented cell culture models are a solid basis to explore the molecular 

mechanisms of cisplatin resistance and its transmission via exosomes and other extracellular 

messengers. The different applied in vitro cell culture techniques allow for diverse readouts 

related to cisplatin resistance and beyond. As such, the models can be applied to answer a 

broad spectrum of basic chemoresistance research questions in the future. Even though there 

was no definite effect of ExoCisR on the cisplatin tolerance of FaDuWT spheroids measureable, the 

established 3D model and HCS protocol offer many possibilities for further experiments. 

Modifications of exosome dose, spheroid growth before treatment, and cisplatin treatment 
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duration may deliver new, potentially different results. The model is also very versatile, allowing 

for the assessment of other chemotherapeutics, adjuvants, and drug carriers. Even the 

application of (chemo-) radiation would be possible and advisable, as cisplatin is typically 

administered in combination with radiation. To increase the scientific value, it would be beneficial 

to apply a similar “protocol” to additional HNSCC cell lines or primary cells for comparison. 

Adding patient-derived exosomes would pose another valuable option. The use of 

heterogeneous 3D models including additional cell types or even patient derived organoids will 

be another critical step towards a realistic and personalized model to answer basic research 

questions and to aid informed treatment decisions. 
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3.3 EXPLOITING EXOSOMES AS (CHEMORESISTANCE-) BIOMARKER FOR 

HNSCC 

The main goal of in vitro experiments is to translate the generated results into clinical 

applications. Since the introduction of liquid biopsy into cancer diagnostics, exosomes have 

been proposed as potential biomarker. Exploiting exosomes in the early detection of 

chemotherapy-resistant patients could significantly improve treatment success and patient well-

being. 

To identify potential exosomal biomarkers for cisplatin resistance, exosomes were isolated from 

cell culture supernatant of FaDuWT and FaDuCisR cells, and exosomal RNA was extracted and 

sequenced. RNA sequencing revealed differential expression of 3.191 genes between ExoWT 

and ExoCisR, with 1.811 upregulated and 1.380 downregulated genes in ExoCisR. Among the  

40 most regulated genes were several with known association to cancer and chemotherapy 

resistance. Interestingly, there is no definite pattern of expression of those genes in ExoCisR, as 

some are up- and some are downregulated. Similarly, when probing for known cisplatin 

resistance candidate genes, roughly 60 % were downregulated in ExoCisR, while the rest was 

upregulated. Probing for EMT and CSC markers revealed, that ExoCisR show a more 

mesenchymal/CSC-like expression pattern compared to ExoWT. This is in agreement with the 

general assumption that EMT and stemness facilitate more aggressive, therapy-resistant cancer. 

Comparison of RNA sequencing data of donor cells and exosomes revealed that genes 

upregulated in cells tend to also be upregulated in the respective exosomes, and genes 

downregulated in cells are also downregulated in their respective exosomes. However, when 

looking at the genes highly regulated in exosomes, there is no clear correlation to the expression 

in the respective donor cells. Thus, it seems that mRNA abundance in exosomes is influenced 

by two factors: The donor cell’s expression level and the specific regulation of exosomal 

packaging. The ladder group could be of high interest in terms of exosomal contribution to 

maintenance and transmission of chemoresistance. 

Reactome analysis of genes overexpressed in ExoCisR revealed two prevalent groups of 

pathways: immunoregulatory pathways and pathways related to mitochondrial RNA processing. 

Both can be considered relevant to cisplatin resistance. Regulation of immunological pathways 

via exosomes is a known resistance mechanism, shaping the TME and systemic responses. 

Mitochondria are also affected by cisplatin toxicity, suggesting alterations in mitochondrial 

pathways as protective mechanisms. 
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Correlating the sequencing data with clinical parameters from a HNSCC cohort retrieved from 

the TCGA database revealed that four of the most differentially regulated genes in ExoCisR are 

predictive of treatment success. Genes strongly upregulated in ExoCisR (TPT1, CITED4) are 

correlated with treatment failure, while those strongly downregulated in ExoCisR (HDGFRP3, 

DNA2) are indicative of treatment success. Considering the cisplatin resistance candidate genes 

significantly downregulated in ExoCisR, low expression of 8 genes (MSH2, BRCA2, ABCC2, ATR, 

MSH6, REV1, ABCC1) was also associated with treatment failure in the analyzed patient cohort. 

Assessment of the patients’ 5-year survival revealed that high expression of ZNF706 and 

OTUD1 is associated with decreased survival. Both genes were upregulated in ExoCisR. Low 

expression of BRCA2, MAPK1, ABCC1, ATP7A, and KDM5A correlates with decreased 5-year 

survival. These genes are downregulated in ExoCisR. Thus, these 16 genes are promising 

candidates for further validation in a clinical setting. 

In order to verify the significance of these findings for HNSCC patients, future experiments using 

patient-derived exosomes will be necessary. Here, the use of exosomes derived from relevant 

biological fluids such as blood or saliva would be an option. Knowing the patients’ history and 

treatment regimen in detail will contribute to a more precise evaluation of the biomarker 

candidates. Furthermore, reducing the time and equipment requirements for the exosome 

isolation procedure would accommodate clinical implementation. Methods like polymer 

precipitation pose a promising approach in this regard, significantly reducing necessary 

centrifugation speeds and overall isolation time. As with CTCs, automating the exosome 

isolation procedure would be the optimal long-term solution. If the here presented results can be 

confirmed in patient exosomes, it would be a solid basis for novel exosomal biomarkers of 

treatment success and patient survival in correlation with cisplatin resistance. Such biomarkers 

could help to identify high risk patients at an early stage and allow for timely treatment 

adjustments. 
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4 MATERIALS AND METHODS 

4.1 MATERIALS 

4.1.1 INSTRUMENTS 

Table 5: Instruments 

Instrument Model Manufacturer 

Agarose Gel System  peqLab, VWR, Darmstadt 

Array Scan  VTI Thermo Fisher Scientific, 

Dreieich 

Autoclave 5050 ELV Tuttnauer, Breda 

Cell Counting Device CASY TTC OMNI Life Science, 

Hamburg 

Cell Culture Hood Hera safe Heraeus Holding GmbH, 

Hanau 

Cell Freezing Container CoolCell Biocision, USA 

Centrifuge, Benchtop Mini Spin Eppendorf, Hamburg 

Centrifuge, Benchtop Centrifuge 5415D Eppendorf, Hamburg 

Centrifuge, Falcons  Heraeus Multifuge 1L-R Thermo Scientific, Tuttlingen 

Centrifuge, High-Speed Avanti JXN-30 Beckman-Coulter, Krefeld 

Chemidoc MP Imaging System Bio-Rad Laboratories, 

München 

Crushed Ice Machine AF 80 Scotsman, Vernon Hills, 

USA 

Fluorescence Reader Tecan Spark Tecan, Crailsheim 

Freezer (-20 °C)  Liebherr, Bulle, Schweiz 

Freezer (-80 °C) TSX Thermo Scientific, Dreieich 

Fridge  Liebherr, Bulle, Schweiz 

Gel Documentation Multi Genius Syngene 

Heating Block Thermomixer  Eppendorf, Hamburg 

Incubator Hera Cell Thermo Fisher Scientifc, 

Dreieich 
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Instrument Model Manufacturer 

 CB 60 Binder, Tuttlingen 

Magnetic rack DynaMag-15 Thermo Fisher Scientific, 

Dreieich 

Micro Scale PCB250-3 

PCB8000-1 

Kern&Sohn, Balingen-

Frommern 

Microscope, Flourescence Axiovert 200M Zeiss, Oberkochen 

Microscope, Fluorescence Eclipse TE2000-U Nikon, Düsseldorf 

Microscope, Cell Culture Nikon TMS Nikon, Düsseldorf 

Microwave M730 Philips, Hamburg 

Nanophotometer NanoDrop Thermo Fisher Scientific, 

Dreieich 

Nitrogen Tank GT 38 Omnilab AG, 

Mettmennstetten 

pH-Meter EasyFive Mettler Toledo, Gießen 

Pipette (Multi Channel) Research plus Eppendorf, Hamburg 

Pipettes  Pipetman Neo  

P2N, P200N, P1000N, 

P5000N 

Gilson, Limburg-Offenheim 

Pipette Pipetboy acu INTEGRA Biosciences, 

Fernwald 

High-Speed Centrifugation 

Tubes 

Polypropylene Centrifuge 

Tubes (25 x 89 mm) 

Beckman Coulter, USA 

Power Supply PowerPac  Bio-Rad Laboratories, 

München 

Rollermixer RollerMixer SRT6 Stuart Scientific, Asbach 

Scale ABT 120-SDM Kern&Sohn, Balingen 

SDS Gel System Mini Protean Cell Bio-Rad Laboratories, 

München 

Shaker WS 10 Edmung Bühler GmbH, 

Hechingen 

 Rocker 2D digital IKA, Staufen 

 3D Rocking Shaker StarLab, Hamburg 

Sonicator Sonoplus mini20 Bandelin, Berlin 
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Stirring Plate Ikama RCT Ika, Staufen 

Thermocycler T Personal Biometra, Jena 

Thermocycler One Cycler VWR, Darmstadt 

Turbo-Blotter Trans-Blot Turbo Transfer 

System 

Bio-Rad Laboratories, 

München 

Ultra fine scale ABT 120-5DM Kern&Sohn, Balingen-

Frommern 

Vortex Mixer VWR VV3 VWR, Darmstadt 

REAX 2000 Heidolph, Schwabach 

4.1.2 CONSUMABLES 

Table 6: Consumables 

Type Supplier 

Acrylamid (Rotiphorese 30) Carl Roth, Karslruhe 

Agarose  Invitrogen, Karlsruhe 

Amicon® Ultra Centrifugal Filters (10 kDa 

MWCO) 

Sigma Aldrich, Merck, Darmstadt 

Ammoniumpersulfat (APS) AppliChem, Darmstadt 

Bovine Serum Albumin (BSA) AppliChem, Darmstadt 

Bradford Protein Assay Bio-Rad, Dreieich 

Bromphenolblau Sigma Aldrich, Merck, Darmstadt 

Casy-Blue OMNI Life Science, Hamburg 

Casy-Ton OMNI Life Science, Hamburg 

Cell Culture Bottles T25, T75, T225 Greiner Bio-One, Österreich 

Cell Culture Dish, microscopy Mattek, USA 

Cell Culture Dish, migration assay Ibidi, Martinsried 

Cell Culture Plates 10 cm Greiner Bio-One, Österreich 

Cell Culture Plates 96 well, half-area Greiner Bio-One, Österreich 

Cell Culture Plates 96/24/12/6 well Greiner Bio-One, Österreich 

Cell Culture Plates, low adhesion, round 

bottom 

Corning, USA 

Cell Culture Slides, 8 well Ibidi, Martinsried 

Cisplatin, clinical grade University Medical Center Mainz Pharmacy 
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Type Supplier 

Complete Protease Inhibitor Roche, Penzberg 

Cryoconservation Tubes Biozym Scientific GmbH, Hessisch 

Oldendorf 

Dimethylsulfoxid (DMSO) AppliChem, Darmstadt 

Dithiothreitol (DTT) Carl Roth, Karslruhe 

DMEM Gibco, Invitrogen, Karlsruhe 

DMEM/F12 c. c. pro GmbH, Oberdorla 

dNTP Mix, 10 mM Roche, Penzberg 

Ethanol Carl Roth, Karlsruhe 

Ethanol, denatured Höfer Chemie, Kleinblittersdorf 

Ethidium Bromide Sigma Aldrich, Merck, Darmstadt 

Ethyldiamintetaacetat-Dinatriumsalt 

(EDTA) 

AppliChem, Darmstadt 

Falcon Tubes (15 mL, 50 mL) Greiner Bio-One, Austria 

Fetal Calf Serum (FCS) Gibco, Invitrogen, Karlsruhe 

GeneRuler 1 kb DNA Ladder Thermo Fisher Scientific, Dreieich  

Glutamine solution (200 mM) Gibco, Invitrogen, Karlsruhe 

Glycine AppliChem, Darmstadt 

Hoechst 33342 Sigma Aldrich, Merck, Darmstadt 

HEPES (1 M) Sigma Aldrich, Merck, Darmstadt 

InstantBlue Protein Stain Expedeon, Heidelberg 

Isopropanol Fisher Scientific, Schwerte 

JetPRIME Polyplus Transfection, France 

KCl Carl Roth, Karslruhe  

KH2PO4 Carl Roth, Karslruhe 

Lipofectamin 2000 Invitrogen, Karlsruhe 

Lysogeny broth (LB) medium Carl Roth, Karlsruhe 

Mercaptoethanol Carl Roth, Karslruhe 

Methanol Carl Roth, Karslruhe 

MgSO4 AppliChem, Darmstadt 

Microreaction tubes (0,5 mL, 1,5 mL, 2 

mL) 

Ratiolab, Dreieich 

Microreaction tubes (5 mL) Eppendorf, Hamburg 
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Type Supplier 

Mini-PROTEAN TGX Precast Gels Bio-Rad Laboratories, Dreieich 

NaCl Carl Roth, Karlsruhe 

NaHCO3 Carl Roth, Karlsruhe 

NaHCO3 solution (7,5 %) Gibco, Invitrogen, Karlsruhe 

NEAA (100x) Gibco, Invitrogen, Karlsruhe 

OptiMEM Gibco, Invitrogen, Karlsruhe 

Paclitaxel Sigma Aldrich, Merck, Darmstadt 

PageRuler Plus Prestained Protein 

Ladder 

Thermo Fisher Scientific, Dreieich 

Paraformaldehyd Serva Electrophoresis, Heidelberg 

PBS, sterile Gibco, Invitrogen, Karlsruhe 

Penicillin/Streptomycin (PenStrep) 

(10.000 U/mL Pen, 10 mg/mL Strep) 

Gibco, Invitrogen, Karlsruhe 

Pipette Tips (10 µL) Starlab, Hamburg 

Pipette Tips (200 µL, 1.000 µL, 5.000 µL) Falcon, Corning, USA 

Pipettes (2 mL) Corning, USA 

Pipettes (5 mL, 10 mL, 25 mL) Greiner Bio-One, Austria 

Polypropylene Tube (38,5 mL) Beckman-Coulter, Krefeld 

qEVoriginal / 35 nm columns Izon Science, Christchurch 

ReBlot strong (10x) Stripping Buffer Chemicon International 

RPMI Gibco, Invitrogen, Karlsruhe 

Skim Milk Powder AppliChem, Darmstadt 

Sodiumdodecylsulfat (SDS) Carl Roth, Karslruhe 

Syringe Filter (sterile, 0,22 µm pore size) Merck Milipore, Darmstadt 

Tetramethylethylendiamin (TEMED) Serva Electrophoresis, Heidelberg 

TransWell inserts (0,4 µM pore size) Greiner Bio-One, Austria 

Tris(hydroxymethyl)-aminomethan (Tris) Neolab, Heidelberg 

Triton X-100 Sigma Aldrich, Merck, Darmstadt 

Trypsin LE Express Gibco, Invitrogen, Karlsruhe 

Tween 20 AppliChem, Darmstadt 

Urea Merck, Darmstadt 
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4.1.3 BUFFERS AND SOLUTIONS 

Table 7: Buffers and Solutions 

Type Composition 

0,2 % Tween  0,2 % Tween 20 in PBS 

1 % Agarose gel 1 % agarose in TAE 

1 x Dissociation Buffer 62,5 mM Tris, 10 % glycerine, 2 % SDS, 50 mM DTT, 0,01 % 

bromphenol blue 

6 x Dissociation Buffer 350 mM Tris-HCl, 30 % β-mercaptoethanol, 10 % SDS, 30 % 

glycerine, 0,02 % bromphenol blue  

DNA Loading Buffer 15 % glycerine (87 %), 3 mM EDTA, 600 mg/l bromphenol blue 

Lysis Buffer 8 M urea, 2 % CHAPS, 0,01 % bromphenol blue 

Milk/PBS 5 % skim milk powder in PBS 

PBS 4,3 mM Na2HPO4, 1,4 mM KH2PO4, 137 mM NaCl, 2,7 mM 

KCl, pH 7,4 

PBS-T 0,1 % Tween 20 in PBS 

RIPA Buffer 150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1 % NP-40, 1 % 

Na-desoxycholat, 0,5 mM PMSF, Complete 1/50 mL 

0,1 % SDS 

SDS Buffer (Stacking 

gel) 

26,6 ml Rotiphorese 30, 125 mM Tris-HCl (pH 6,8), 0,1 % SDS, 

ad 200 mL 

SDS Buffer 3 g/l Tris, 14,4 g/l Tris, 1 g/l SDS 

Tris-Acetat-EDTA-Puffer 

(TAE) 

4,84 g/l Tris, 2,29 g/l Na3 H2O, 1 mM EDTA, pH 8 (HCl) 

Tris-HCl  0,5 M Tris, pH 6,8 (HCl) 
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4.1.4 COMMERCIAL KITS 

Table 8: Commercial Kits 

Type Supplier 

AlamarBlue  Thermo Fisher Scientific, Dreieich 

CellTiterGlo 2.0 Promega, Mannheim 

CellTiterGlo 3D Promega, Mannheim 

Clarity Western ECL  Bio-Rad Laboratories, Dreieich 

Dynabeads FlowComp Flexi Thermo Fisher Scientific, Dreieich 

PKH26 Red Fluorescent Cell Linker Mini 

Kit for General Cell Membrane Labeling 

Sigma Aldrich, Merck, Darmstadt 

Plasmid Plus Maxi Kit Qiagen, Hilden 

Plasmid Plus Mini Kit Qiagen, Hilden 

pluriBeads S pluriSelect, Leipzig 

QIAquick Gel Extraction Kit Qiagen, Hilden 

TaqMan Fast Advanced Master Mix Thermo Fisher Scientific, Dreieich 

TaqMan Assays Thermo Fisher Scientific, Dreieich 

Total Exosome RNA and Protein Isolation 

Kit 

Invitrogen, Karlsruhe 

Trans-Blot Turbo RTA Mini  

PVDF Transfer Kit 

Bio-Rad Laboratories, Dreieich 
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4.1.5 CELL LINES 

Table 9: Cell Lines 

Name Organism, Entity Medium ATCC/Reference 

293T Human embryonic 

kidney 

DMEM, 10 % FCS,  

2 mM Glutamin, 1x PenStrep 

CRL-11268 

CVCL_0063 

FaDu Human 

hypopharyngeal 

squamous cell 

carcinoma 

DMEM, 10 % FCS, 

2 mM Glutamin, 1x PenStrep,  

1x NEAA, 10 mM HEPES,  

1,5 mg NaHCO3 

ATCC-HTB43 

CVCL_1218 

HNSCCUM-

02T 

Human squamous 

cell carcinoma, base 

of the tongue 

DMEM:F12, 10 % FCS,  

2 mM Glutamin, 1x PenStrep 

Welkoborsky et al. 

2003 

HNSCCUM-

03T 

Human squamous 

cell carcinoma, 

pyriform sinus 

DMEM:F12, 10 % FCS,  

2 mM Glutamin, 1x PenStrep 

Welkoborsky et al. 

2003 

 

4.1.6 OLIGONUCLEOTIDES 

Table 10: Oligonucleotides 

Primer
-No. 

Name Sequence (5‘  3‘) Application 

3221 ACTB for GTGGGGCGCCCCAGGCACCA cDNA control 

3222 ACTB rev CTCCTTAATGTCACGCACGATTTC cDNA control 

 

4.1.7 PLASMIDS 

Table 11: Plasmids 

Name Features Encoded Resistance 

Bio CD63-emGFP emGFP-tagged CD63 Ampicillin, Puromycin 
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4.1.8 ENZYMES 

Table 12: Enzymes 

Enzyme Supplier 

KAPA HiFi-DNA-Polymerase Roche, Penzberg 

RNase-free DNase Qiagen, Hilden 

Taq-DNA-Polymerase BioAxis Genecraft Products, Köln 

 

4.1.9 ANTIBODIES 

Table 13: Antibodies 

No. Antigen Host Dilution  

Western Blot 

Dilution 

Immunofluorescence 

Primary Antibodies 

F101 TSG101 mouse 1:1.000  

F64 CD63 mouse 1:1.000  

F63 CD81 mouse 1:1.000  

F102 Calnexin rabbit 1:1.000  

31 GAPDH mouse 1:1.000  

35 GFP (FL) rabbit 1:1.000  

B19 Lamin A/C rabbit 1:1.000  

221 Pan-CK-PE mouse  1:50 

219 EpCAM-PE mouse  1:50 

223 ZO-1-Alexa 594 mouse  1:50 

222 E-Cadherin-Alexa 594 rabbit  1:50 

225 CSV-PE mouse  1:50 

59 CD45-FITC mouse  1:50 

209 γH2AX rabbit  1:200 

Secondary Antibodies 

B73 α-mouse (HRP) horse 1:5.000  

S31/B74 α-rabbit (HRP) goat 1:5.000  

S25 α-rabbit (TexasRed) goat  1:200 

- α-rabbit (Cy3) goat  1:300 
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4.1.10 SOFTWARE 

Table 14: Software 

Program Supplier/Reference 

Axiovision Zeiss, Oberkochen 

BioEdit BioEdit, available from 

https://bioedit.software.informer.com/7.2/. 

BLAST, GeneBank National Center for Biotechnology Information 

(NCBI). Bethesda (MD): National Library of 

Medicine (US), National Center for 

Biotechnology Information. Available from 

https://www.ncbi.nlm.nih.gov/ 

Canvas Canvas GFX, Inc., Boston, USA 

Fiji/ImageJ See Schindelin et al., 2012 

GraphPad PRISM 8 Graphpad Software, Inc., San Diego, USA 

Ingenuity Pathway Analysis (IPA) Qiagen, Hilden 

Leica Image Suite Leica, Wetzlar 

NEBioCalculator New England Biolabs, Inc., Ipswich, USA. 

Available from: https://nebiocalculator.neb.com 
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4.2 WORKING WITH MAMMALIAN CELLS 

4.2.1 CELL CULTURE AND STORAGE 

Cell lines were stored in liquid nitrogen and thawed in a water bath at 37 °C for usage. Every cell 

line was cultured in its respective medium (Table 5) at 37 °C and 5 % CO2 under humidified 

conditions. For passaging, cells were washed with PBS and detached by incubation with Trypsin 

at 37 °C. After a maximum of 5 min of co-incubation with Trypsin, detached cells were 

resuspended in fresh medium and the desired amount of cells was transferred to a new cell 

culture flask. Cells were passaged every 2 to 5 days, according to doubling time and 

experimental needs. To prepare stocks, cells were expanded to bigger flasks (T75 for 3 stocks, 

T125 for 5 stocks) at an early passage after thawing. When cells reached confluency, they were 

detached using Trypsin and pelleted at 1.500 rpm for 5 min. Cell pellets were resuspended in 

FCS containing 10 % DMSO. Aliquots of 1 mL were cooled down using a cell freezing container 

at -80 °C and then transferred to a liquid nitrogen tank for long term storage. 

4.2.2 VIABLE CELL COUNT 

Viable cell count was determined using the Casy TTC (Roche Innovatis, Bielefeld). Specific 

measurement parameters were established for every cell line. Therefore 50-100 µL of the 

respective cell suspension were incubated with 200 µL CasyBlue for 10 min and then mixed with 

10 mL CasyTon to determine live/dead cells. For regular measurements 50-100 µL of cells in 

solution were mixed with 10 mL CasyTon and analysed using the established parameters.  

4.2.3 TRANSWELL CO-CULTURE 

Cells were seeded in 12-well plates at a density of 5 x 103 cells/well and corresponding transwell 

inserts at 2,5 x 103 cells/transwell. After 24h, co-culture was started. After 6 days of incubation, 

cells were treated with 20 µM cisplatin. Viability was assayed 72h after onset of treatment. 

Viability was normalized to controls without transwell inserts. 
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4.2.4 SPHEROID CELL CULTURE 

To generate three-dimensional cell spheroids, cells were seeded at a density of 1000 cells/well 

in special Ultra Low Attachment Round Bottom 96-well cell culture plates (Corning). 

Approximately 50 % of the medium was aspirated and exchanged for fresh medium every 3 to  

5 days according to experimental needs. Spheroids were allowed to form for at least 3 days 

before any experiments/treatments were performed. 

4.2.5 CELL TRANSFECTION 

For transfection, cells were seeded in the desired cell culture plate or dish at defined numbers 

and plasmid DNA was introduced into the cells using the JetPrime transfection reagent. The 

transfection mixture was prepared according to Table 15. First, the desired amount of plasmid 

DNA was diluted in JetPrime buffer and vortexed for 10 sec. Then the JetPrime reagent was 

added and the sample was vortexed again. After 10 min incubation at RT, the mixture was 

added to the cells. After 5 h or overnight incubation the medium was exchanged.  

 

Table 15 JetPrime transfection mixture 

Format JetPrime buffer [µL] DNA [µg] JetPrime reagent [µL] 

6-Well 200 1-2 2-4 

24-Well 50 0,5 1 

96-Well 10 0,1 0,2 

 

4.2.6 PREPARATION OF CELLS FOR MICROSCOPY 

For microscopy, cells were seeded into glass-bottom microscopy dishes at defined numbers. 

Imaging was either performed on live cells or fixed cells. For fixation, medium was aspirated and 

cells were washed with PBS. 4 % PFA was added and cells were incubated for 20 min at RT, 

followed by three PBS washes. If necessary, cells were also permeabilized with 0,2 %  

Triton-X 100 in PBS for 5 min at RT and then blocked in 0,5 % BSA in PBS for 30 min at RT. 

4.2.6.1 STAINING OF THE NUCLEUS 

Nuclear staining was achieved with Hoechst 33342. Cells were co-incubated with Hoechst at a 

final concentration of 0,5 ng/mL for 10 min at RT (fixed cells) or in the incubator (live cells). 
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4.2.6.2 IMMUNOFLUORESCENCE STAINING  

For immunofluorescence staining cells needed to be fixed and potentially permeabilized as 

described in section 4.2.1.5. The primary antibody was diluted in 0,5 % BSA in PBS and 

incubated with the cells at 4 °C overnight. After three PBS washes the secondary, fluorescently 

labelled antibody diluted in PBS was added. After 1-2 h incubation at RT the cells were washed 

three times with PBS and then either directly imaged or stored at 4 °C. Respective antibody 

dilutions can be found in Table 13. 

4.2.6.3 MIGRATION ASSAY 

For the migration assay, cells were seeded at 104 cells per chamber in migration assay dishes 

(ibidi, Martinsried) and incubated until they reached confluency. Medium was exchanged every 

three to four days. Then, the silicone insert was removed, creating a 500 µM gap in the cell 

population. Closure of this gap was observed microscopically and quantified using the 

AxioVision software. 

4.2.6.4 CARBOXYFLUORESCEINSUCCINIMIDYLESTER (CFSE) STAINING 

Cells were detached and pelleted at 400x g for 5 min. Afterwards the cells were resuspended in 

1 mL prewarmed PBS and 2 µL CFSE staining solution were added. After 15 min incubation at 

37 °C cells were pelleted again and washed twice with cell culture medium. Cells were finally 

resuspended in 1 mL cell culture medium. For spiking experiments, stained cells were 

transferred into microscopy dishes and incubated for 10-15 min until cells sedimented. Then 

cells were counted and spiked into medium or whole blood using a fluorescence microscope. 

4.2.7 FLUORESCENCE MICROSCOPY 

Fluorescence microscopy was performed on a Zeiss Axiovert microscope either with optimal or 

fixed excitation times depending on the experiment. Image analysis was performed using Leica 

image suite and imageJ.  
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4.2.8 DETERMINATION OF CELL VIABILITY 

4.2.8.1 CELLTITERGLO ASSAY 

To determine cell viability in two-dimensional cultures the CellTiter-Glo® 2.0 Viability Assay kit 

(Promega) was applied according to the manufacturer’s instructions. For three-dimensional 

cultures, the CellTiter-Glo® 3D Viability Assay kit (Promega) was used according to the 

manufacturer’s instructions. Luminescence was measured using a Tecan Spark multiplate 

reader. Viability was normalized to control samples incubated under the same conditions. 

4.2.8.2 ALAMAR BLUE ASSAY 

To determine cell viability by Alamar Blue Assay, cell culture medium was changed to fresh 

medium containing 10 % Alamar Blue and incubated for 30-60 min. The fluorescence of 

resorufin was detected using a Tecan Spark multiplate reader with 550 nm excitation and  

595 nm emission wave lengths. Viability was normalized to control samples incubated under the 

same conditions. 

4.2.9 HIGH-CONTENT-ANALYSIS 

High content analysis (HCA) was performed at an Array Scan VTI (Thermo Fisher). To 

determine phenotypic spheroid parameters, the Morphology assay was used in bright light mode 

on live spheroids. A more detailed description of the protocol can be found in section 2.3.3. Data 

was exported as mean value per well. Further analysis was performed using Microsoft Excel and 

Graphpad Prism. 
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4.2.10 CTC ISOLATION 

4.2.10.1 DYNABEADS FLOWCOMP FLEXI 

50 µg of EpCAM or CSV antibodies were coupled to DSB-X biotin according to manufacturer’s 

instructions. For EpCAM based isolation 25 µL, for EpCAM plus CSV based isolation 15 µL each 

of biotinylated antibodies were added to 5 or 7,5 mL samples and cells were enriched according 

to the manufacturer’s instructions using the DynaMag-15 (Thermo Fisher Scientific, Dreieich). 

For the reduction of magnetic forces on the cells a protocol using weaker magnets was applied. 

For automated enrichment using the IsoMAG platform, samples were transferred to the 

instrument after incubation with the beads. Detachment from the beads was performed 

manually. After release from the beads cells were resuspended in 200 µL cell culture medium 

and transferred to 8-well slides for microscopic evaluation. 

4.2.10.2 PLURIBEADS 

For self-coupled beads, 10 µg EpCAM antibody were coupled to 400 µL of pluriBeads according 

to manufacturer’s instructions. Isolation was carried out using 160 µL of beads in 5 or 7,5 mL 

samples according to manufacturer’s instructions. After release from the beads cells were 

resuspended in 200 µL cell culture medium and transferred to 8-well slides for microscopic 

evaluation. 
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4.3 WORKING WITH EXOSOMES 

4.3.1 EXOSOME ISOLATION BY ULTRACENTRIFUGATION (UC) 

4.3.1.1 EXOSOME ISOLATION FROM CELL CULTURE MEDIUM 

For exosome isolation, cells were seeded in 10 cm or 20 cm cell culture dishes. When cells 

reached 80-90 % confluency, medium was exchanged to FCS-free medium to avoid 

contamination with serum exosomes. Cells were cultured in FCS-free medium for 48-72h. Then, 

conditioned medium was collected and subjected to a series of centrifugations at 4 °C. The first 

centrifugation was carried out at 500x g for 10 min to pellet any remaining cells. The supernatant 

was transferred to a fresh tube and centrifuged at 3.000x g for 20 min to remove dead cells and 

debris. Next, the supernatant was transferred to a polypropylene tube and weighed in to exactly 

balance out the centrifuge. High speed centrifugation was carried out in an Avanti JXN-30 at 

12.000x g for 20 min without break to remove any remaining debris from the sample. Finally the 

supernatant was transferred to a fresh polypropylene tube and exosomes were pelleted at 

100.000x g for 90 min. Afterwards the supernatant was removed and the exosomes were 

resuspended in PBS. After pelleting the exosomes again at 100.000x g for 90 min, they were 

resuspended in PBS, cell culture medium, or lysis buffer according to experimental needs. They 

were either used directly or stored at 4 °C or -20 °C overnight. Storage duration never exceeded 

20 h. 

4.3.1.2 EXOSOME ISOLATION FROM BLOOD 

Blood samples were collected in EDTA tubes and stored at 4 °C for up to 24h. For plasma 

separation, samples were centrifuged at 2.000x g for 15 min at 4 °C. Afterwards exosomes were 

isolated by ultracentrifugation as described in the previous section. 

4.3.2 PKH26 STAINING OF EXOSOMES 

For PKH26 staining exosomes were diluted in PBS. Staining was performed using a commercial 

kit (Sigma Aldrich, Darmstadt). The exosome sample was mixed 1:1 with diluent C. Afterwards 

0,6 µL PKH26 dye per 100 µL sample were added and mixed in by pipetting for 30 sec. After  

5 min incubation at RT the reaction was stopped by adding 1:2 10 % BSA in PBS. The sample 

was transferred to a ultracentrifuge tube and filled up to 30 mL with PBS. Then a 5,25 mL 0,9 M 

sucrose cushion was added and the sample was centrifuged at 100.000x g for 90 min. Pelleted 

exosomes were resuspended according to experimental needs. 
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4.3.3 SULFO-PHOSPHO-VANILLIN (SPV) LIPID ASSAY 

Exosomes were isolated from cell culture supernatant as described in section 4.3.1 and diluted 

in PBS. Phospho-Vanillin solution was prepared according to Table 16. To generate a standard 

curve, a liposome standard stock was prepared. 1 mg of 1,2-Dioleoyl-sn-glycero-3-

phosphocholine (DOPC) liposomes in chloroform was incubated at 60 °C under a fume hood 

until chloroform had evaporated. After resuspending in 1 mL PBS, the solution was vortexed 

vigorously for 2 min. Then it was sonicated at 30 kHz at 45 °C for 10 min and vortexed again for 

2 min. The resulting liposome standard solution was stored at 4 °C and vortexed before usage. 

For the assay, 40 µL of sample or standard were mixed with 200 µL 96 % sulfuric acid, vortexed 

and incubated at 90 °C for 20 min with open lid under a fume hood. After cooling down at 4 °C 

for 5 min, 120 µL Phospho-Vanillin were added to the samples and vortexed. Then 100 µL 

sample mix were added to a 96-Well plate in triplicates. After incubation at 37 °C for 1h, the 

absorbance was measured at 540 nm in a Tecan Spark multiplate reader. Lipid concentrations 

were calculated from the liposome standard curve. 

 

Table 16 Phospho-Vanillin Composition 

Component Amount 

Vanillin 50 mg 

Water 40 mL 

85 % phosphoric acid 10 mL 

 

4.3.4 CRYO-TRANSMISSION ELECTRON MICROSCOPY 

Exosomes were isolated from cell culture supernatant and blood plasma as described above 

and diluted in PBS. Samples were stored at 4 °C overnight until imaging. Cryo-transmission 

electron microscopy (TEM) and sample preparation were carried out at the Max Planck Institute 

for Polymer Research. 3 µL of each sample were applied to a Quantifoil or a lacey carbon 

coated TEM grid, that had been glow discharged in an oxygen plasma cleaner (Diener 

electronic, Ebhausen) shortly before. Excess sample was removed with a filter paper. Then, the 

sample was vitrified by plunging the grid into liquid ethane using a Vitrobot Mark V (Thermo 

Fisher, Hilsboro Oregon). For subsequent examination the sample was transferred to a TEM 

(FEI Titan Krios G4) keeping cryogenic conditions. Imaging was done using an acceleration 

voltage of 300 kV. 
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4.3.5 TUNABLE RESISTIVE PULSE SENSING (TRPS) ANALYSIS 

Exosome were characterized by Tunable Resistive Pulse Sensing (TRPS) by Izon Science 

Limited ©, Lyon, France. Exosomes were isolated from cell culture supernatant as described in 

4.3.1 and diluted in PBS. Measurement was carried out using the Izon qNano. 

4.3.6 DYNAMIC LIGHT SCATTERING (DLS) ANALYSIS 

Exosome size was measured by Dynamic Light Scattering (DLS) using the Malvern Nano S90. 

Exosomes were isolated from cell culture supernatant as described in section 4.3.1.1 and diluted 

in PBS. Measurement was carried out at the Max Planck Institute for Polymer Research.  
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4.4 WORKING WITH PROTEINS 

4.4.1 PREPARATION OF PROTEIN LYSATES FROM MAMMALIAN CELLS 

For protein lysates, mammalian cells were grown in 10 cm culture dishes or in 6-well plates and 

harvested by scraping. The detached cells were taken up in cold PBS and centrifuged at  

1500 rpm for 5 min at 4 °C. The cell pellet was then resuspended in 1 mL cold PBS and pelleted 

again. Thereafter the cell pellet was resuspended in 50-200 µL RIPA buffer according to pellet 

size. Samples were incubated on ice for 20 min. During this incubation time the samples were 

sonicated (amplitude 50 %, 0,5 s pulses for 30 s per interval) in three intervals with 5 min breaks 

in between. After sonication, the samples were centrifuged at 13.000 rpm for 20 min at 4 °C to 

clear out any remaining cell debris. The supernatants were collected in fresh tubes and either 

used directly or stored at -80 °C.  

4.4.2 PREPARATION OF PROTEIN LYSATES FROM EXOSOMES 

Exosomes were isolated as described in section 4.3.1. After the second centrifugation at 

100.000x g the pelleted exosomes were resuspended in 50-60 µL RIPA buffer. Samples were 

incubated on ice for 20 min. During this incubation time the samples were sonicated (amplitude 

50 %, 0,5 s pulses for 30 s per interval) in three intervals with 5 min breaks in between. Samples 

were either used directly or stored at -80 °C. For gel separation samples were mixed with 

Laemmli buffer and boiled for 5 min at 95 °C. 

4.4.3 DETERMINATION OF PROTEIN CONCENTRATION 

4.4.3.1 BRADFORD ASSAY 

Protein concentrations were determined using a commercial Bradford stock solution (Bio-Rad, 

Dreieich). The stock solution was diluted 5-fold with water before use. 10 µL of sample were 

mixed with 90 µL of Bradford solution in a 96-Well plate. After 10 min of incubation at RT the 

absorption at 595 nm was measured using a Tecan Spark multiplate reader. Protein 

concentration was calculated using a standard curve generated by measuring BSA samples of 

known concentration under the same conditions.  
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4.4.3.2 DC ASSAY 

For samples containing detergents, using Lowry-based assays is advised. DC assay 

components were purchased from Bio-Rad (Dreieich) and used according to manufacturer’s 

instructions. After 15 min of incubation at RT the absorption at 750 nm was measured using a 

Tecan Spark multiplate reader. Protein concentration was calculated using a standard curve 

generated by measuring BSA samples of known concentration under the same conditions. 

4.4.4 PROTEIN ANALYSIS VIA SDS-PAGE 

SDS gels were poured in glass chambers with a distance of 1,5 mm (Bio-Rad, Dreieich). Gel 

compositions are shown in Table 17. The separation gel was poured first and topped off with a 

small volume of methanol to generate an even surface. After polymerization for 1h, the methanol 

was removed and the stacking gel was added. A comb was introduced to generate pockets for 

sample application. After another hour of polymerization, the gels were stored at  

4 °C under moist conditions. Alternatively commercial gels (Mini-PROTEAN TGX Precast Gel, 

Bio-Rad Laboratories, Dreieich) were used. 

 

Table 17: SDS-Page Gel Composition 

Component Separation gel (10 %) Stacking gel 

SDS buffer 3,3 mL - 

Stacking gel buffer - 5 mL 

Acrylamide 2,5 mL - 

Water 4,2 mL - 

APS (10 %) 100 µL 50 µL 

TEMED 10 µL 5 µL 

 

Samples were prepared by mixing with dissociation buffer and boiling at 95 °C for 5 min. 

Afterwards samples were centrifuged at 13000 rpm for 5 min to remove any aggregates. 

Supernatants were applied to the gel. Additionally a protein ladder (PageRuler Plus Prestained 

Protein Ladder, Thermo Fisher Scientific) was added to the gel for size comparison. The gel was 

run at 60 V until samples passed through the stacking gel, then voltage was increased to 90 V. 

Commercial gels were run at 90 V. After the electrophoresis was finished, gels were removed 

from the chamber and further analyzed by Western Blot. 
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4.4.5 WESTERN BLOT ANALYSIS 

For Western Blot analysis, proteins separated by SDS-PAGE were transferred onto PVDF 

membranes. Therefore the membrane was activated by incubation in methanol for 2 min. Then, 

whatman paper soaked in transblot buffer, the membrane, the SDS gel and another soaked 

whatman paper were stacked in the cassette of a turbo blotter and additional transblot buffer 

was added to ensure semi-dry conditions. Blotting was carried out at 20 V and 0.8 Amp for  

30 min. Afterwards the membrane was transferred to 5 % milk in PBS for blocking. After 1h 

incubation with mild shaking at RT the primary antibody diluted in 5 % milk in PBS was added 

and the membrane was incubated at 4 °C with mild shaking overnight. Then the membrane was 

washed three times for 5 min each. The first washing step was carried out using 0,1 % Tween in 

PBS, the following two with just PBS. Then the secondary antibody diluted in 5 % milk in PBS 

was added and the membrane was incubated at RT with mild shaking for 1h. After three washes 

with PBS, the protein bands were visualized by adding a thin layer of ECL substrate and 

detecting luminescence with a ChemiDoc. Additionally a colorimetric image of the membrane 

was taken to visualize the protein ladder for size comparison. To detect further proteins on the 

same membrane, it was stripped by incubation with Reblot buffer for 10 min at RT. After three 

washes in PBS the whole procedure was started again beginning with the blocking step. The 

respective antibody dilutions can be found in Table 13.  
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4.5 WORKING WITH NUCLEIC ACIDS 

4.5.1 EXTRACTION OF RNA FROM MAMMALIAN CELLS 

Cells were seeded in 10 cm dishes at defined numbers and allowed to grow for 48-72h before 

RNA extraction. Cells were washed twice with cold PBS. 1 mL of Trizol was added per plate and 

cells were scraped off of the surface and collected in a 2 mL tube. After homogenization by 

vortexing, 200 µL Chloroform were added and samples were vortexed again. After a 3 min 

incubation at RT samples were centrifuged at 12.000x g for 15 min at 4 °C. Supernatants were 

transferred to a fresh tube and one volume of 100 % ethanol was added. Now the samples were 

transferred onto RNeasy Mini Kit columns and spun down at 8.000x g for 15 sec. Then 350 µL 

RW1 from the kit were added and samples were spun down at 8.000x g for 15 sec again. Then 

10 µL of DNAse were added for 15 min at RT to degrade any contaminating DNA. Afterwards 

the procedure was carried out according to the manufacturer’s instructions. RNA was eluted in 

30-50 µL RNAse-free water and concentration as wells as purity were determined using a 

nanophotometer. RNA was immediately reverse-transcribed into cDNA if A260/280 was greater 

than 1.9 and left-over RNA was stored at -80 °C. 

4.5.2 EXTRACTION OF RNA FROM EXOSOMES 

Exosomes were isolated according to 4.3.1 and diluted in 200 µL PBS. RNA was isolated and 

enriched for small RNA using the Total Exosome RNA and Protein Isolation Kit (Invitrogen, 

Karlsruhe) according to manufacturer’s instructions, with an additional DNA degradation after the 

first washing step. For DNA degradation DNAse was added to the column and incubated for  

15 min at RT. 

4.5.3 CDNA SYNTHESIS 

For cDNA synthesis starting from 1 µg of isolated RNA, the SuperScript IV VILO kit (Thermo 

Fisher Scientific, Dreieich) was used according to manufacturer’s instructions. Reaction mix and 

thermocycler program can be taken from Tables 18 and 19. To check the isolated RNA for 

contaminations with DNA, reactions with and without reverse transcriptase were prepared for 

each sample. PCR analysis of housekeeping gene Actin-β (ACTB) was performed on the 

synthesized cDNA samples. Samples containing reverse transcriptase should show a band at 

657 bp, while samples not containing reverse transcriptase should show no band when 

separated in an agarose gel after performance of PCR. 
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Table 18: SuperScript IV VILO Reaction Mix 

Component Amount [µL] 

5x VILO reaction mix 4 

RNA-free water ad 20 

 

 

Table 19: Thermocycler program SuperScript IV VILO 

Temperature [°C] Time [min] 

25 5  

50 60 

85 5 

 

4.5.4 POLYMERASE CHAIN REACTION (PCR) 

The Taq polymerase was used for analytical PCR. Reaction mix and Thermocycler program can 

be taken from Tables 20 and 21. 

 

Table 20: Taq Polymerase Reaction Mix 

Component Amount [µL] 

DNA x 

Primer I 1 

Primer II 1 

dNTPs 0,5 

Buffer 2 

Taq polymerase 0,5 

Water ad 20 

 

Table 21: Thermocycler program Taq 

Temperature [°C] Time [mm:ss] Number of Cycles 

95 10:00 1 

95 00:30 

30 x 00:30 

72 01:00 

72 07:00 1 

4 ∞  
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4.5.5 GEL ELECTROPHORESIS 

Agarose gel electrophoresis was used to separate DNA fragments according to their size. For 

gel preparation, 35 mL of 1 % agarose in TAE buffer were heated until boiling in a microwave. 

After cooling, 7 µL ethidium bromide were added to the solution and it was poured into a gel 

chamber, where it was left to solidify. For DNA sample preparation, DNA was mixed with loading 

buffer (6x) and then transferred into the gel pockets. A size standard was applied to the gel for 

comparison. The gel was then run at 90 V for up to 60 min. Afterwards bands were visualized on 

a UV table. 

4.5.6 QUANTITATIVE PCR (QPCR) 

TaqMan assays and master mix were purchased from Thermo Fisher Scientific. For qPCR a 

reaction mix containing 1-4 µL of cDNA was prepared according to Table 22. Samples were 

analyzed using a QuantStudio 1 Real-Time PCR cycler (Thermo Fisher Scientific, Dreieich) 

applying the comparative Ct method (ΔΔ Ct). ACTB was used as endogenous control (ECr). 

Target and ECr were multiplexed in one well. Wildtype (WT) or untreated samples were used as 

reference samples. The Thermocycler program can be taken from Table 23. 

 

Table 22: TaqMan Reaction Mix 

Component Amount [µL] 

20x TaqMan Assay Target 1 

20x TaqMan Assay ECr 1 

2x TaqMan Master Mix 10 

cDNA template 1-4 

Water ad 20 

 

Table 23: Thermocycler program TaqMan 

Temperature [°C] Time [mm:ss] Number of Cycles 

50 02:00 1 

95 10:00 1 

95 00:15 
40 

60 01:00 
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4.5.7 RNA SEQUENCING 

Total RNA sequencing was performed by CeGaT GmbH, Tuebingen. RNA was extracted from 

exosomes as described in section 4.5.2 in three independent experiments per group. DNA 

contamination was checked by performing cDNA transcription with and without addition of 

reverse transcriptase and subsequent control for amplification of housekeeping gene actin-β in a 

PCR reaction. Samples were shipped on dry ice. Differential expression analysis between 

groups was performed with DESeq2 (version 1.24.0). Adjusted p-values were calculated with 

Benjamini-Hochberg correction. Z-scores were calculated from normalized counts. 

4.5.8 PATIENT GENE EXPRESSION ANALYSIS 

Publicly available gene expression and survival data was obtained from The Cancer Genome 

Atlas (TCGA), filtering for patients with HNSCCs (TCGA HNSC). Patient data was accessed via 

the USCS Xena server and further analysed using GraphPad Prism software. Phenotypic 

parameters were set to “disease_after_curative_tx” to filter for patients with residual disease or 

remission after primary therapy. Genotypic parameters were set as indicated. Statistical 

evaluation of gene expression data was achieved by Welch’s t-test. Survival data was analysed 

using Log-rank/Mantel–Cox test. 

4.5.9 REACTOME ANALYSIS 

Reactome analysis was performed using the publicly available online platform reactome.org. 

Statistical analysis by hypergeometric distribution test with correction for multiple testing using 

the Benjamini-Hochberg method was performed. 
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6 APPENDIX 

6.1 SUPPLEMENTARY MATERIALS 

 

Supplementary Figure 1. Marker analysis of HNSCCUM-02T cells by fluorescence microscopy.  
A) Cells were seeded in microscopy dishes and fixed with PFA before staining with Pan-CK-PE or  
E-Cadherin-594 antibodies. B) Cells were spiked into 7,5 mL whole blood from a healthy donor and 
enriched using pluriBeads. Afterwards, cells were fixed and stained with Hoechst and E-Cadherin-594 or 
ZO-1-594 antibodies. Scale bars 20 µM. 

 

 

 

Supplementary Figure 2. Relative intensity of FaDu spheroids  
Cells were seeded at defined numbers and spheroids were allowed to form for three days before onset of 
cisplatin treatment (arrows). Spheroid average intensity was assayed by HCS and normalized to untreated 
controls on day one. Data is given as Mean ± SD of n=3 independent experiments. Statistical analysis by 
two-way ANOVA and Tukey's multiple comparisons test revealed no significant differences based on 
cisplatin treatment. 
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Supplementary Figure 3. Heatmap analysis of full set of EMT candidate genes 
Candidate genes were identified by literature review. Sequencing data is displayed as z-scores. For full list 
of candidate genes and normalized counts refer to Supplementary Table 2. 

 

 

 

Supplementary Figure 4. Shape of spheroids formed in the presence or absence of exosomes 
Spheroids were seeded in the presence or absence of exosomes and allowed to grow for 7 days before 
treatment with different concentrations of cisplatin. Spheroid shape P2A was assayed by HCS. Arrows 
mark onset of treatment. Dashed line marks P2A=1, which equals a perfectly round shape. Data is given 
as Mean ± SD of n=3 independent experiments. Statistical analysis by two-way ANOVA and Tukey's 
multiple comparisons test revealed no significant differences based on cisplatin treatment. 
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Supplementary Figure 5. Relative intensity of spheroids formed in the presence or absence of 
exosomes 
Spheroids were seeded in the presence or absence of exosomes and allowed to grow for 7 days before 
treatment with different concentrations of cisplatin. Spheroid average intensity was assayed by HCS and 
normalized to untreated controls on day one. Arrows mark onset of treatment. Data is given as Mean ± SD 
of n=3 independent experiments. Statistical analysis by two-way ANOVA and Tukey's multiple 
comparisons test revealed no significant differences based on cisplatin treatment. 



Appendix 

196 

 

 
Supplementary Figure 6. Relative area of spheroids formed in the presence or absence of 
exosomes 
Spheroids were seeded in the presence or absence of exosomes and allowed to grow for 7 days before 
treatment with different concentrations of cisplatin. Spheroid area was assayed by HCS and normalized to 
untreated controls on day one. Arrows mark onset of treatment. All data is given as Mean ± SD of n=3 
independent experiments. Statistical analysis by two-way ANOVA and Tukey's multiple comparisons test. 
* p < 0,05; *** p < 0,005 
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Supplementary Figure 7. Influence of treatment start and duration on spheroids formed in the 
presence or absence of exosomes 
Spheroids were seeded at defined numbers and allowed to grow for three (left) or 7 (right) days before 
cisplatin treatment. Medium was exchanged once during the 7 day treatment phase. A) Relative spheroid 
viability as determined by CTG assay on d10c7 or d14c7. Data was normalized to untreated controls.  
B) Relative spheroid area in response to 20 µM (left) and 50 µM (right) cisplatin treatment for seven days. 
Arrows mark onset of treatment. Data was normalized to untreated controls on day 1. C) Shape P2A of 
spheroids in response to 20 µM (left) and 50 µM (right) cisplatin treatment for seven days. Arrows mark 
onset of treatment. Dashed line marks P2A = 1, which equals a perfectly round shape. All data is given as 
Mean ± SD of n=1 experiment with 6 biological replicates. 
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Supplementary Table 1. RNA Sequencing Results of Cisplatin Resistance Candidate Genes  
Values are given as normalized counts. Significantly regulated genes based on adjusted p-value < 0,05 
are shaded in grey. All significantly regulated genes are included in the heatmap (Figure 17). 

n.a. ≙ gene not detected. 
Gene ExoWT 1 ExoWT 2 ExoWT 3 ExoCisR 1 ExoCisR 2 ExoCisR 3 

MAPK3 -1,138 -1,138 -1,138 -1,138 -1,138 -1,138 

ABCC1 0,819 1,195 0,957 -1,086 -1,069 -0,815 

RPA1 0,950 0,736 1,277 -0,996 -0,988 -0,978 

REV1 1,048 0,923 0,978 -1,326 -0,914 -0,708 

MSH6 0,996 1,247 0,703 -0,961 -0,815 -1,171 

BRCA1 0,719 1,298 0,910 -0,740 -1,213 -0,975 

MRE11a 0,609 1,366 0,941 -0,895 -1,144 -0,876 

MAPK14 1,190 1,251 0,458 -1,041 -0,923 -0,934 

MSH3 1,148 0,797 0,948 -1,030 -0,512 -1,351 

RAD51 1,157 0,873 0,860 -0,467 -1,247 -1,177 

ATR 1,440 0,920 0,525 -1,002 -1,062 -0,820 

ERBB2 0,372 1,401 1,076 -1,051 -1,005 -0,793 

ABCC2 0,843 1,458 0,535 -1,192 -0,597 -1,048 

JAK1 -0,933 -0,933 -0,933 -0,933 -0,933 -0,933 

BCL2 0,502 1,681 0,583 -1,025 -0,784 -0,958 

KDM5A 1,272 1,338 0,147 -1,060 -0,891 -0,806 

PMS2 1,349 0,665 0,740 -0,559 -1,581 -0,615 

ATP7A 1,366 0,213 1,106 -0,372 -1,320 -0,993 

ABCC5 0,540 1,440 0,676 -0,434 -1,620 -0,602 

mTOR 1,482 1,146 0,027 -0,645 -1,168 -0,842 

BRCA2 1,150 0,972 0,381 -1,516 0,139 -1,127 

EZH2 0,457 0,128 1,882 -0,705 -0,578 -1,184 

LRRC8A 0,014 1,967 0,432 -0,839 -0,798 -0,776 

CHD4 0,308 1,610 0,396 -0,904 -1,525 0,114 

JAK2 -0,762 -0,762 -0,762 -0,762 -0,762 -0,762 

TAZ 0,586 1,369 0,231 0,251 -1,809 -0,628 

GSTO2 2,024 -0,280 0,436 -0,685 -0,901 -0,594 

MSH2 -0,070 1,871 0,337 -0,567 -0,143 -1,427 

ABCC3 0,547 1,975 -0,531 -0,571 -1,014 -0,405 

ERCC2 1,972 -0,358 0,364 -0,113 -1,156 -0,708 

ERCC4 0,349 1,816 -0,286 -0,452 -1,513 0,086 

FOXO1 -0,733 1,521 0,672 -1,454 0,536 -0,543 

LRRC8D 0,527 0,487 -0,486 -0,966 1,672 -1,233 

ATP7B 0,243 -0,351 0,616 -1,691 1,561 -0,377 

GSTT1 -0,245 0,326 -0,259 1,126 -1,897 0,949 

NRP2 -0,674 1,032 -0,541 -0,048 -1,327 1,557 

GSTK1 -0,912 -1,035 1,702 0,908 -0,054 -0,610 

MLH1 -1,686 -0,493 1,629 -0,142 0,336 0,356 
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Gene ExoWT 1 ExoWT 2 ExoWT 3 ExoCisR 1 ExoCisR 2 ExoCisR 3 

MGST2 -0,004 -1,141 0,573 -0,657 1,876 -0,647 

XPC -0,387 1,533 -1,737 0,664 0,108 -0,181 

XPC -0,387 1,533 -1,737 0,664 0,108 -0,181 

MGST1 -0,273 -1,752 1,299 -0,255 -0,069 1,050 

TP73 -0,243 -0,512 -0,137 -0,536 -0,762 2,189 

TIE1 -0,447 -0,447 -0,447 -0,447 -0,447 2,236 

ERCC1 -0,798 -0,934 0,384 0,944 -1,095 1,500 

ABCB1 -0,510 -0,510 -0,510 2,220 -0,510 -0,180 

GTF2H5 -0,756 -0,945 -0,320 0,017 -0,099 2,103 

GSTM2 -0,705 -0,705 -0,705 1,552 1,267 -0,705 

GSTM3 -0,707 -0,707 -0,707 1,450 -0,707 1,378 

ERCC5 -0,582 -1,160 -0,397 0,098 0,005 2,037 

STAT6 -1,082 -0,039 -1,138 -0,144 0,644 1,760 

GSTZ1 -0,301 -1,217 -0,774 1,106 -0,382 1,569 

MGST3 -0,986 -1,536 0,107 1,033 0,127 1,254 

XPA -0,525 -0,039 -1,855 0,999 0,337 1,082 

TP53 -0,994 -0,557 -0,890 0,014 1,907 0,521 

MAST1 -1,155 -0,813 -0,641 0,214 0,613 1,781 

GSTO1 -1,054 -0,857 -0,738 1,413 -0,035 1,270 

XRCC6 -1,240 -0,946 -0,489 0,882 1,583 0,210 

BAX -0,670 -1,144 -0,895 0,733 1,678 0,298 

RAD23B -0,940 -0,813 -1,078 0,918 1,513 0,400 

BID -1,308 -1,093 -0,449 0,694 1,288 0,867 

XRCC2 -0,847 -0,650 -1,367 0,660 1,355 0,849 

MAPK12 0,955 0,955 0,955 0,955 0,955 0,955 

DYNLL1 -1,137 -1,305 -0,437 0,893 0,842 1,143 

GSTP1 -0,872 -1,374 -0,635 1,239 1,003 0,639 

GSTM4 -0,992 -1,100 -0,796 1,154 1,277 0,457 

ERCC3 -1,019 -0,844 -1,042 0,719 0,732 1,453 

STAT3 -1,024 -1,050 -0,856 0,562 1,185 1,182 

HDAC1 -1,130 -1,204 -0,600 1,027 1,100 0,807 

STAT1 -1,003 -0,964 -1,023 1,050 0,837 1,103 

MAPK6 1,060 1,060 1,060 1,060 1,060 1,060 

MAPK13 1,098 1,098 1,098 1,098 1,098 1,098 

MAPK9 1,130 1,130 1,130 1,130 1,130 1,130 

MAPK14 1,190 1,190 1,190 1,190 1,190 1,190 

MAPK1 1,504 1,504 1,504 1,504 1,504 1,504 

CTR1 n.a. n.a. n.a. n.a. n.a. n.a. 

REV7 n.a. n.a. n.a. n.a. n.a. n.a. 

VEGF n.a. n.a. n.a. n.a. n.a. n.a. 

P21 n.a. n.a. n.a. n.a. n.a. n.a. 



Appendix 

200 

 

Gene ExoWT 1 ExoWT 2 ExoWT 3 ExoCisR 1 ExoCisR 2 ExoCisR 3 

OCT1 n.a. n.a. n.a. n.a. n.a. n.a. 

OCT3 n.a. n.a. n.a. n.a. n.a. n.a. 

OCTN1 n.a. n.a. n.a. n.a. n.a. n.a. 

MRP2 n.a. n.a. n.a. n.a. n.a. n.a. 

PTIP n.a. n.a. n.a. n.a. n.a. n.a. 

YAP n.a. n.a. n.a. n.a. n.a. n.a. 

CD133 n.a. n.a. n.a. n.a. n.a. n.a. 

TLR9 n.a. n.a. n.a. n.a. n.a. n.a. 

NOX2 n.a. n.a. n.a. n.a. n.a. n.a. 

PD1 n.a. n.a. n.a. n.a. n.a. n.a. 

GSTM1 n.a. n.a. n.a. n.a. n.a. n.a. 

GSTT2 n.a. n.a. n.a. n.a. n.a. n.a. 

OCTN2 n.a. n.a. n.a. n.a. n.a. n.a. 

53BP1 n.a. n.a. n.a. n.a. n.a. n.a. 

MEK1 n.a. n.a. n.a. n.a. n.a. n.a. 

NER n.a. n.a. n.a. n.a. n.a. n.a. 

GSTA4 n.a. n.a. n.a. n.a. n.a. n.a. 

 

  



Appendix 

201 

Supplementary Table 2. RNA Sequencing Results of EMT and CSC Candidate Genes  
Values are given as normalized counts. Significantly regulated genes based on adjusted p-value < 0,05 
are shaded in grey. All significantly regulated genes are included in the heatmap (Figure 25). 

n.a. ≙ gene not detected; E ≙ epithelial; M ≙ mesenchymal; C ≙ CSC
Gene ExoWT 1 ExoWT 2 ExoWT 3 ExoCisR 1 ExoCisR 2 ExoCisR 3 Marker 

KRT18 -1,074 -1,091 -0,810 1,116 1,045 0,814 E 

CDH1 -0,959 -1,117 -0,889 1,038 0,730 1,197 E 

KRT8 -1,108 -0,906 -0,945 1,079 1,190 0,691 E 

MUC1 -1,015 -0,537 -0,931 0,983 -0,178 1,678 E 

ESRP1 -0,998 -0,093 -1,128 1,311 1,346 -0,438 E 

OCLN -0,595 -0,967 -0,472 2,005 -0,469 0,498 E 

TJP1 0,242 -1,023 -0,758 0,258 1,951 -0,671 E 

COL4A1 -0,141 -0,023 -1,029 0,291 1,939 -1,037 E 

DSG3 -0,237 1,003 -1,928 0,208 -0,123 1,077 E 

KRT19 -1,938 -0,348 1,301 0,529 0,377 0,080 E 

EpCAM 0,275 -1,314 1,869 -0,494 0,281 -0,617 E 

ERBB2 0,372 1,401 1,076 -1,051 -1,005 -0,793 E 

LAMB1 1,019 1,353 0,528 -0,973 -1,117 -0,810 E 

SDC1 0,636 1,255 1,057 -0,908 -1,031 -1,008 E 

SNAI2 -1,535 -0,818 -0,460 0,888 0,714 1,211 M 

PLS3 -0,891 -0,850 -0,843 0,458 1,871 0,254 M 

CTNND1 -0,712 -0,522 -1,340 1,111 -0,015 1,480 M 

ACTA2 -1,288 -0,441 -0,842 1,051 1,528 -0,007 M 

FN1 -0,892 -0,882 -0,779 0,774 -0,015 1,794 M 

TWIST1 -1,624 -0,149 -0,633 1,609 0,271 0,526 M 

SNAI1 -0,909 -0,966 -0,486 0,672 -0,186 1,876 M/C 

Zeb1 -0,971 -1,170 -0,123 1,818 0,590 -0,144 M 

S100A4 0,070 -1,096 1,712 -0,334 -1,096 0,744 M 

CDH2 0,741 1,719 0,046 -0,331 -0,991 -1,184 M 

VIM 1,608 0,684 0,331 -0,402 -1,431 -0,791 M 

SOX2 1,030 1,143 0,802 -0,947 -0,883 -1,146 C 

Nanog 2,236 -0,447 -0,447 -0,447 -0,447 -0,447 C 

ABCG2 0,408 -0,656 1,434 -1,088 -1,088 0,989 C 

ABCG5 -0,447 -0,447 -0,447 -0,447 2,236 -0,447 C 

ANPEP -1,211 1,281 -1,455 0,180 0,511 0,694 C 

PROM1 -0,582 -0,582 -0,582 -0,104 2,202 -0,351 C 

TWIST1 -1,624 -0,149 -0,633 1,609 0,271 0,526 C 

CD44 -0,846 -1,095 -0,876 1,225 0,272 1,320 C 

KLF4 -1,091 -0,967 -0,844 0,486 1,246 1,171 C 

ALDH1 n.a. n.a. n.a. n.a. n.a. n.a. C 

OCT4 n.a. n.a. n.a. n.a. n.a. n.a. C 

DPP4 n.a. n.a. n.a. n.a. n.a. n.a. C 

c-Met n.a. n.a. n.a. n.a. n.a. n.a. C 

Bmi-1 n.a. n.a. n.a. n.a. n.a. n.a. C 
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Supplementary Table 3. Genes significantly regulated in FaDu cells and exosomes 
Values are given as z-scores. Genes included in the heatmap analysis (Figure 18) are shaded in grey. 

Cells Exosomes 

gene WT1 WT2 WT3 CisR1 CisR2 CisR3 WT1 WT2 WT3 CisR1 CisR2 CisR3 

HOMER2 0,92 0,90 1,16 -0,88 -1,08 -1,02 0,91 1,34 0,70 -0,97 -0,94 -1,04

GLUL 1,23 0,86 0,88 -1,08 -1,01 -0,88 1,18 0,97 0,74 -1,17 -1,21 -0,52

TBL1X 1,24 1,07 0,61 -1,22 -0,77 -0,94 1,23 1,35 0,20 -1,06 -0,79 -0,93

NOTCH3 1,44 0,81 0,67 -0,95 -0,96 -1,01 1,23 0,79 0,77 -1,10 -1,41 -0,28

IFRD1 1,15 0,86 0,89 -1,34 -1,03 -0,54 -0,94 -1,15 -0,87 0,92 0,81 1,23 

RIPK4 1,36 0,57 0,96 -0,97 -1,18 -0,74 0,38 0,40 1,76 -1,00 -0,30 -1,23

PRSS12 0,97 1,15 0,77 -1,17 -0,48 -1,24 1,17 1,00 0,78 -1,08 -0,71 -1,16

RAC3 1,35 0,54 1,00 -1,19 -1,00 -0,70 0,85 1,45 0,54 -1,31 -0,86 -0,65

RAI14 0,97 0,55 1,36 -0,85 -1,26 -0,77 1,37 0,69 0,80 -0,55 -1,31 -0,99

PLIN2 0,86 1,24 0,79 -0,99 -1,36 -0,53 -0,88 -0,95 -0,89 1,47 0,09 1,17 

SYT12 0,48 1,30 1,09 -1,19 -0,67 -1,02 1,28 1,12 0,48 -1,05 -0,72 -1,12

PRICKLE1 1,15 1,03 0,69 -0,58 -1,45 -0,84 0,71 1,62 0,48 -0,98 -0,89 -0,94

DLG3 0,51 1,43 0,92 -1,17 -0,74 -0,95 1,02 1,31 0,60 -0,97 -0,99 -0,98

TMEM164 1,08 0,59 1,20 -1,41 -0,79 -0,67 1,11 1,25 0,56 -0,88 -0,91 -1,13

SOX2 1,51 0,86 0,49 -0,97 -0,95 -0,95 1,03 1,14 0,80 -0,95 -0,88 -1,15

SLC47A2 1,52 0,88 0,44 -1,03 -0,85 -0,97 0,64 1,22 1,09 -0,95 -1,04 -0,96

ABCA2 1,59 0,60 0,64 -0,99 -0,77 -1,07 1,06 1,32 0,45 -0,97 -1,31 -0,55

SLC6A8 1,25 1,20 0,36 -0,77 -0,71 -1,33 -0,72 -0,70 -1,14 1,05 -0,10 1,61 

CDK2AP2 1,59 0,51 0,69 -0,81 -1,19 -0,79 -1,00 -1,30 -0,35 0,58 1,63 0,44 

PSPC1 0,67 0,57 1,55 -1,31 -0,69 -0,79 0,75 1,42 0,74 -0,95 -1,14 -0,82

NEDD9 1,44 0,88 0,47 -1,37 -0,56 -0,85 -1,19 -0,78 -0,82 0,26 1,16 1,37 

CAPG 1,27 0,92 0,60 -1,44 -1,00 -0,34 -1,10 -1,05 -0,76 0,63 0,92 1,37 

NIPAL2 1,18 1,40 0,19 -0,93 -0,84 -1,01 1,25 1,07 0,44 -1,45 -0,40 -0,90

ELF4 1,39 0,60 0,78 -1,06 -1,37 -0,34 0,98 0,71 1,24 -1,27 -0,93 -0,73

NEIL2 0,35 0,90 1,50 -0,52 -1,26 -0,97 0,92 1,56 0,31 -0,86 -1,05 -0,88

GAMT 1,66 0,47 0,62 -1,09 -1,01 -0,66 -0,85 -0,69 -1,23 0,79 1,58 0,40 

SNCG 0,63 0,68 1,45 -1,13 -1,29 -0,33 -1,09 -1,05 -0,74 0,70 0,69 1,48 

TRIB3 1,66 0,31 0,77 -1,09 -0,81 -0,84 -1,32 -1,32 0,10 0,62 0,59 1,33 

SNX12 0,78 0,70 1,25 -1,38 -1,18 -0,18 1,32 0,48 1,09 -0,89 -0,90 -1,11

UBAC2 0,30 1,71 0,72 -0,94 -0,90 -0,88 0,76 1,02 1,17 -0,74 -1,08 -1,14

BMP7 1,72 0,58 0,42 -0,91 -0,76 -1,05 1,16 0,09 1,47 -0,91 -0,91 -0,91

FGFR2 1,71 0,53 0,48 -0,79 -0,76 -1,16 1,19 1,20 0,54 -0,96 -0,93 -1,03

LBH 0,26 0,77 1,68 -0,96 -0,69 -1,06 0,78 0,91 1,25 -1,30 -0,78 -0,86

ADD2 1,77 0,50 0,42 -1,00 -0,77 -0,92 1,23 1,17 0,48 -0,70 -1,04 -1,14

PCK2 1,74 0,38 0,56 -1,03 -0,62 -1,04 -0,91 -1,04 -0,97 0,52 1,11 1,28 

TSPAN1 0,56 1,18 0,91 -1,01 -0,09 -1,56 -0,91 -1,15 -0,84 0,58 0,90 1,42 

SBDSP1 0,95 0,35 1,34 -0,52 -1,62 -0,50 0,68 0,11 1,67 -0,40 -0,58 -1,49

B3GALT6 0,90 0,71 1,04 -0,86 -1,69 -0,09 0,61 1,57 0,65 -1,10 -0,74 -0,99
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gene WT1 WT2 WT3 CisR1 CisR2 CisR3 WT1 WT2 WT3 CisR1 CisR2 CisR3 

SYNM 0,87 1,27 0,47 -1,74 -0,44 -0,42 0,49 1,56 0,63 -0,89 -1,42 -0,37

EGLN3 1,35 1,28 -0,06 -1,34 -0,66 -0,56 -1,04 -1,23 -0,33 0,60 0,31 1,69 

MFSD3 1,88 0,24 0,42 -0,74 -0,73 -1,06 -1,22 -0,94 -0,79 0,82 0,89 1,24 

ANKRD2 1,61 -0,23 1,12 -0,83 -0,71 -0,96 0,40 1,38 1,06 -0,63 -1,10 -1,10

FUNDC2 -0,17 1,44 1,20 -0,77 -1,31 -0,39 0,71 0,87 1,04 -1,25 0,08 -1,45

NCS1 1,61 0,21 0,64 -0,92 -1,45 -0,08 1,13 1,35 0,38 -0,97 -0,81 -1,08

AMER1 0,91 0,25 1,24 0,24 -1,38 -1,26 1,46 0,84 0,32 -1,43 -0,18 -1,00

PEX6 1,76 0,85 -0,20 -1,10 -0,43 -0,88 0,83 0,54 1,49 -1,10 -0,88 -0,89

TBC1D16 1,98 0,08 0,35 -0,79 -0,95 -0,66 1,00 1,24 0,72 -0,95 -0,97 -1,05

GPT2 1,95 -0,02 0,44 -0,80 -1,02 -0,55 0,92 1,35 0,66 -0,85 -1,08 -1,00

CCND2 1,75 0,61 -0,01 -1,08 -0,08 -1,18 1,13 1,21 0,59 -0,98 -0,88 -1,08

NGFRAP1 0,74 1,84 -0,25 -0,70 -1,11 -0,52 -1,25 -1,22 -0,32 1,13 0,55 1,12 

PGK1 0,21 0,77 1,32 -0,88 -1,67 0,25 -0,79 -1,32 -0,75 0,98 0,53 1,35 

IFRD2 1,46 0,15 0,68 -0,70 -1,70 0,12 0,53 1,47 0,78 -0,48 -1,27 -1,05

NDRG1 1,40 0,78 0,09 -0,74 -1,68 0,16 -1,02 -1,01 -0,51 0,44 0,24 1,86 

NAMPT 0,61 1,07 0,57 -0,47 -1,98 0,19 -1,15 -0,93 -0,87 1,30 0,82 0,83 

FAT2 1,90 0,68 -0,33 -0,77 -0,46 -1,01 1,35 1,25 0,16 -0,98 -1,04 -0,74

PVRL4 1,12 1,20 -0,12 -1,46 0,30 -1,04 -0,94 -0,67 -0,61 0,54 -0,30 1,98 

RAPGEF3 2,03 -0,14 0,28 -0,59 -0,50 -1,09 0,67 1,84 0,03 -0,83 -0,79 -0,92

CORO2A 2,10 0,21 -0,21 -0,64 -0,56 -0,89 0,79 1,43 0,49 -1,23 -0,25 -1,24

HCAR2 1,56 0,84 -0,32 -1,11 0,23 -1,21 1,39 0,50 0,89 -1,21 -1,20 -0,36

IRAK1 1,98 -0,27 0,36 -0,84 -1,08 -0,15 0,76 1,52 0,59 -0,92 -0,89 -1,06

SLC7A11 0,98 -0,10 1,18 -1,90 -0,10 -0,06 1,48 1,18 -0,12 -0,71 -0,60 -1,23

GDF15 2,10 0,09 -0,14 -0,97 -0,43 -0,65 -0,92 -1,03 -0,79 0,52 0,50 1,72 

ASS1 2,13 -0,16 0,04 -0,93 -0,49 -0,59 -1,00 -1,21 -0,76 1,03 0,91 1,03 

IGBP1 -0,39 0,34 2,04 -0,54 -1,05 -0,40 -1,02 -0,57 -1,27 0,56 0,97 1,33 

MECP2 1,69 -0,09 0,38 -0,83 -1,48 0,33 0,87 1,37 0,70 -0,96 -0,91 -1,06

SLC19A1 1,90 0,00 0,08 -0,72 -1,36 0,10 1,60 0,76 0,23 -0,87 -1,39 -0,34

BCL11A 0,73 1,91 -0,66 -0,46 -0,87 -0,64 1,35 0,70 0,87 -0,95 -0,81 -1,16

OTUB2 1,76 0,16 0,03 -0,86 -1,42 0,33 0,71 1,31 0,93 -1,04 -1,00 -0,91

COL4A2 1,90 0,74 -0,73 -0,64 -0,42 -0,85 0,55 1,94 -0,11 -0,59 -0,90 -0,88

RPS4X -0,80 1,08 1,60 -0,82 -0,97 -0,08 -0,95 -1,24 -0,64 0,87 0,49 1,47 

MAGEA4 -0,69 0,93 1,63 -0,80 -1,16 0,08 -1,22 -1,27 -0,38 0,94 0,95 0,98 

CYGB 2,14 -0,16 -0,14 -1,00 -0,30 -0,54 1,18 0,35 1,29 -0,70 -0,85 -1,26

CLDN1 1,82 0,33 -0,33 -1,00 0,34 -1,17 -0,73 -0,98 -0,54 0,40 2,01 -0,15

ATP11C -0,40 1,04 1,17 -0,69 0,51 -1,63 0,88 1,49 0,45 -0,69 -0,97 -1,17

SEMA3B 2,12 -0,31 -0,02 -0,32 -0,40 -1,07 -1,21 -0,87 -0,84 0,81 0,74 1,38 

RPL36A -0,95 1,07 1,66 -0,44 -0,92 -0,41 -0,80 -0,80 -0,66 -0,33 1,93 0,67 

RASGEF1A 0,43 1,65 -0,32 -1,64 0,30 -0,43 0,52 0,86 1,47 -1,18 -0,66 -1,01

MARCKSL1 1,28 0,58 -0,11 -1,83 -0,52 0,60 -1,05 -1,01 -0,93 0,84 1,18 0,96 
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gene WT1 WT2 WT3 CisR1 CisR2 CisR3 WT1 WT2 WT3 CisR1 CisR2 CisR3 

NFIX 1,69 0,43 -0,37 -0,36 -1,62 0,23 0,82 1,68 0,19 -0,78 -0,85 -1,06

HES4 1,56 0,49 -0,33 -0,87 0,59 -1,45 -1,03 -1,08 -0,86 0,83 0,90 1,23 

COX7B -1,07 1,38 1,26 -0,25 -0,22 -1,11 -0,99 -1,52 -0,29 0,94 1,02 0,84 

PLAG1 0,84 0,56 0,13 -0,86 1,08 -1,75 1,04 1,28 0,56 -0,77 -1,32 -0,79

TMEM132A 2,19 -0,28 -0,39 -0,80 -0,53 -0,20 -0,90 -1,02 -0,82 0,37 0,64 1,72 

SOX9 1,21 0,98 -0,71 -0,50 -1,57 0,59 -1,07 -0,92 -0,66 0,38 0,46 1,80 

NCDN 1,93 -0,36 -0,14 -0,87 -1,05 0,49 -0,56 -1,01 -1,12 1,42 0,09 1,18 

BLVRB 1,68 -0,91 0,59 -1,02 -0,85 0,51 -1,21 -1,22 -0,41 1,28 0,83 0,73 

SASH1 1,79 0,60 -1,10 -0,34 0,09 -1,04 0,62 0,67 1,41 -0,54 -1,60 -0,57

FSD1 1,87 0,15 -0,72 -0,28 0,33 -1,34 -1,04 -1,21 -0,59 0,89 1,42 0,54 

NRG1 1,85 -0,78 0,20 0,22 -1,37 -0,11 1,18 0,56 1,19 -0,98 -0,91 -1,04

ELF2 -1,02 0,32 1,94 -1,04 -0,12 -0,08 1,00 0,92 0,88 -0,74 -0,43 -1,63

C3 2,21 -0,45 -0,57 -0,49 -0,13 -0,57 -0,97 -1,06 -0,93 1,08 0,68 1,20 

LCN2 2,18 -0,47 -0,52 -0,54 0,05 -0,69 -0,86 -0,92 -0,46 1,25 -0,53 1,54 

CD99L2 -0,42 0,12 1,42 -1,42 1,07 -0,78 1,35 0,60 0,96 -0,77 -1,13 -1,02

NAA10 0,38 -0,49 1,15 -0,47 -1,69 1,11 0,36 1,40 1,06 -0,80 -1,23 -0,80

CXCL1 2,19 -0,61 -0,66 -0,23 -0,10 -0,59 -1,10 -0,71 -0,89 0,33 0,65 1,72 

HAGHL 1,59 -0,16 -0,51 0,02 0,71 -1,64 -0,97 -0,57 -1,06 0,28 0,52 1,81 

HDAC8 -0,80 1,34 0,33 -1,71 0,12 0,71 -0,16 1,31 1,43 -0,75 -0,92 -0,91

GAL -0,49 0,02 1,25 -0,06 -1,76 1,04 -0,78 -0,87 -0,55 1,10 1,67 -0,57

MDK 1,25 -0,23 -0,26 -0,77 1,38 -1,36 -1,05 -1,09 -0,82 0,72 1,22 1,01 

ST3GAL2 1,87 0,27 -1,46 -0,45 0,09 -0,31 -0,89 -0,73 -1,00 -0,06 1,57 1,10 

ZC3H12A 2,10 -0,81 -0,70 -0,32 0,25 -0,52 -0,87 -0,80 -0,37 0,53 -0,49 1,99 

C20orf194 0,75 0,72 -0,90 -0,40 1,32 -1,49 1,09 0,46 1,34 -0,91 -1,02 -0,96

MORF4L2 -1,67 0,87 1,35 0,23 -0,02 -0,76 -1,29 -0,76 -0,80 1,41 0,51 0,93 

KREMEN2 2,11 -0,96 -0,60 -0,52 -0,02 0,00 -0,96 -1,07 -0,88 0,56 1,39 0,96 

FST 0,15 -0,51 0,84 1,65 -1,19 -0,95 1,86 0,32 0,25 -1,27 -0,34 -0,81

CENPV 0,14 -0,90 1,23 0,21 -1,64 0,96 1,09 1,11 0,79 -1,02 -0,95 -1,02

PRPS1 -0,80 0,13 1,05 -0,31 -1,48 1,40 -1,14 -0,67 -0,93 0,31 1,62 0,81 

UST 1,67 -0,58 -0,73 -1,11 1,01 -0,26 -0,56 -0,85 -1,12 1,14 1,55 -0,16

CDH24 1,90 -1,20 -0,34 -0,75 -0,13 0,52 -1,01 -1,40 -0,45 0,91 1,20 0,75 

GPR87 -1,36 0,66 0,93 1,29 -0,72 -0,81 0,79 1,16 0,99 -0,85 -1,28 -0,82

LAMP3 0,77 -0,03 -0,51 -0,95 1,77 -1,05 -0,90 -1,05 -0,52 0,09 1,88 0,51 

VMA21 -1,84 0,90 1,16 0,09 0,30 -0,60 1,23 1,00 0,48 -0,62 -0,46 -1,63

ZNF467 0,49 0,83 -1,15 -0,59 1,50 -1,08 -1,18 -0,46 -1,14 1,44 0,91 0,43 

PBXIP1 0,75 0,03 -0,61 -0,97 1,78 -0,97 -1,05 -0,90 -1,03 0,90 1,17 0,92 

PHLDA2 0,25 -0,27 0,18 -0,78 -1,27 1,90 -1,03 -1,44 -0,25 0,61 0,75 1,36 

STRA6 1,56 -1,00 -0,47 -1,27 0,76 0,42 -0,96 -1,08 -0,86 0,67 0,78 1,46 

TNFAIP3 2,02 -0,95 -0,99 0,01 0,12 -0,22 -1,02 -1,05 -0,52 0,32 0,47 1,80 

TUBB2A 1,03 -0,47 -0,54 -0,61 -1,09 1,69 -1,15 -1,04 -0,37 0,92 0,03 1,62 
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gene WT1 WT2 WT3 CisR1 CisR2 CisR3 WT1 WT2 WT3 CisR1 CisR2 CisR3 

SDC4 1,70 -0,77 -0,94 -0,55 1,04 -0,48 -1,00 -1,13 -0,70 0,61 0,67 1,55 

CDK6 1,84 -0,31 -1,54 -0,12 -0,16 0,30 1,30 0,68 0,95 -1,07 -0,75 -1,11

LINC00674 -1,74 0,83 0,89 -0,92 0,79 0,15 1,42 0,54 0,90 -0,73 -0,83 -1,29

GINS1 -1,79 0,35 1,34 0,77 -0,16 -0,51 1,03 0,93 1,03 -1,05 -0,90 -1,05

NFKBIA 1,80 -0,94 -1,01 -0,66 0,17 0,63 -1,03 -1,03 -0,80 0,65 0,66 1,54 

PDE8A 1,87 -0,92 -1,11 -0,10 0,57 -0,32 1,10 0,77 1,07 -0,95 -0,69 -1,30

ICAM1 1,76 -0,86 -1,06 -0,25 0,88 -0,46 -0,96 -1,00 -0,85 0,73 0,49 1,60 

AMMECR1 -0,17 -0,01 0,01 0,88 -1,93 1,22 1,61 0,52 0,58 -0,82 -1,36 -0,53

KIF4A -1,23 1,46 -0,51 -0,55 -0,44 1,26 0,76 1,42 0,53 -1,30 -0,24 -1,17

HELZ2 1,42 -0,55 -1,22 -0,51 1,31 -0,45 -1,31 -0,65 -0,87 0,41 1,07 1,35 

LDOC1 1,28 -1,42 -0,35 1,31 -0,15 -0,67 -0,43 -1,11 -0,85 0,12 1,93 0,33 

APOBEC3B 1,67 -1,67 -0,54 0,04 0,30 0,21 -1,04 -1,08 -0,71 1,28 1,23 0,31 

ZDHHC8 1,46 -0,36 -1,66 0,40 0,72 -0,56 -0,98 -1,14 -0,63 0,67 0,43 1,65 

LIF 0,67 -1,05 -0,20 -1,03 1,82 -0,21 0,89 0,91 0,93 -1,74 -0,41 -0,57

SORT1 -1,07 0,02 0,27 -0,07 1,91 -1,06 -0,49 -1,27 -1,06 0,47 1,30 1,05 

AMOTL2 1,41 -1,11 -1,15 -0,41 0,13 1,13 -1,23 -0,63 -0,97 0,84 1,49 0,49 

ST3GAL1 1,52 -1,41 -0,96 0,68 -0,30 0,47 0,49 0,93 1,43 -0,64 -1,03 -1,18

PLK3 1,41 -1,07 -1,21 -0,07 -0,22 1,17 -1,09 -1,08 -0,75 0,59 1,16 1,18 

IFIT1 -0,04 0,10 -0,98 -0,40 2,07 -0,75 -1,06 -1,06 -0,84 0,83 0,89 1,25 

ABCD1 1,04 -1,16 -0,81 -0,97 0,64 1,26 -1,13 -0,92 -0,79 0,76 1,55 0,52 

OASL -0,55 0,57 -0,96 -0,49 1,98 -0,55 -1,03 -1,04 -0,82 0,64 0,79 1,46 

IFIT2 -0,14 0,14 -0,96 -0,60 2,09 -0,53 -1,07 -1,00 -0,86 0,71 0,87 1,36 

LPCAT1 1,43 -0,93 -1,50 0,19 -0,09 0,90 0,29 1,64 0,48 -0,56 -1,62 -0,23

MTMR1 -0,61 0,69 -1,11 1,83 -0,05 -0,76 1,29 1,20 0,31 -0,67 -1,26 -0,87

DECR1 -2,21 0,71 0,44 0,16 0,53 0,37 -0,88 -1,01 -0,56 1,15 -0,28 1,58 

XIAP -0,94 1,27 -1,47 -0,15 1,14 0,15 0,83 1,76 -0,03 -0,85 -0,72 -0,98

TXNRD1 -0,01 -1,23 0,09 0,37 -1,03 1,81 0,94 1,30 0,71 -0,95 -0,88 -1,12

MX1 -0,12 -0,32 -0,71 -0,43 2,19 -0,61 -0,98 -0,95 -0,79 0,41 0,56 1,75 

ATF3 0,19 -0,42 -0,96 -0,36 2,11 -0,56 -1,00 -1,02 -0,64 0,38 0,52 1,77 

DDX60 -0,21 0,00 -0,98 -0,27 2,12 -0,66 -1,04 -1,05 -0,81 0,63 0,82 1,45 

ISG15 -0,23 -0,01 -1,00 -0,46 2,13 -0,43 -1,08 -1,08 -0,83 1,01 0,94 1,04 

STK17A -0,30 -0,10 -0,84 1,65 -1,30 0,89 -1,07 -0,66 -1,08 1,43 1,04 0,34 

KIRREL 1,32 -0,87 -1,72 0,38 0,45 0,45 1,07 0,65 0,94 -0,49 -1,78 -0,39

LOXL2 1,31 -1,36 -1,23 0,01 0,43 0,85 -1,46 -1,24 0,17 0,64 1,20 0,68 

IFIT3 -0,19 -0,19 -0,93 -0,33 2,16 -0,53 -1,06 -1,05 -0,83 0,76 0,80 1,37 

ACADVL 0,96 -0,93 -1,34 0,43 1,40 -0,52 -0,86 -1,12 -0,68 0,40 0,50 1,77 

GADD45A 1,25 -1,38 -1,25 0,07 0,42 0,89 -1,02 -1,17 -0,76 0,77 0,98 1,21 

IGFL1 0,04 -0,67 -0,74 -0,45 2,16 -0,34 -1,14 -1,04 -0,72 1,40 0,86 0,63 

TCEAL4 -1,80 0,59 -0,17 0,56 1,34 -0,52 -0,90 -1,36 -0,57 0,71 0,67 1,44 

HLA-B 1,02 -0,89 -1,54 0,29 1,29 -0,18 -1,02 -1,01 -0,86 0,69 0,72 1,49 
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OSMR 0,61 0,15 -2,17 0,30 0,85 0,27 -0,89 -1,29 -0,71 1,14 0,57 1,19 

IRX3 1,18 -1,24 -1,45 0,24 0,40 0,87 -0,98 -1,04 -0,94 0,81 1,33 0,81 

ABTB2 0,93 -0,81 -1,63 -0,23 0,52 1,22 -1,00 -1,01 -0,86 0,42 1,40 1,05 

FGD4 -1,35 0,22 -0,39 -0,17 1,97 -0,27 0,72 1,13 1,06 -1,15 -0,53 -1,22 

IFI44 -0,61 -0,04 -0,87 0,01 2,12 -0,61 -0,97 -1,03 -0,93 0,94 0,62 1,37 

NEAT1 -0,39 -0,48 -0,67 0,15 2,14 -0,75 -0,98 -0,98 -0,95 0,57 0,92 1,42 

IL1A 1,13 -1,27 -1,41 0,34 0,97 0,23 -1,12 -1,15 -0,64 0,84 1,31 0,76 

ATP7A 0,24 -0,19 -1,61 -0,52 1,70 0,38 1,37 0,21 1,11 -0,37 -1,32 -0,99 

OAS1 -0,24 -0,61 -0,81 -0,03 2,17 -0,47 -0,96 -0,95 -0,76 0,62 0,28 1,77 

CA2 0,91 -1,24 -1,33 1,06 -0,22 0,82 -1,10 -0,42 -1,02 1,22 1,44 -0,12 

ADIRF -0,82 -0,70 -0,15 0,99 -1,00 1,68 -0,97 -1,14 -0,58 0,41 0,59 1,70 

NFKB2 0,84 -1,05 -1,49 -0,09 0,50 1,30 -1,07 -0,96 -0,90 0,76 0,77 1,40 

TCEAL8 -2,05 0,30 0,01 0,92 0,93 -0,12 -1,20 -1,06 -0,51 1,34 0,29 1,14 

PCMTD1 -1,02 -0,10 -0,62 0,46 1,97 -0,69 1,20 1,54 -0,47 -0,51 -0,63 -1,14 

SLFN5 0,71 -1,03 -1,47 -0,07 1,45 0,40 -0,98 -1,04 -0,87 0,47 1,29 1,14 

MMP14 0,81 -1,01 -1,60 0,14 1,27 0,39 -0,88 -1,07 -0,98 1,15 0,58 1,21 

CDH5 0,95 -1,25 -1,51 0,48 0,93 0,40 -1,09 -0,39 -0,48 -0,04 2,10 -0,10 

RSPO4 0,14 -1,06 -0,93 0,96 1,60 -0,72 -0,75 -1,08 -0,84 0,21 1,72 0,75 

ARHGEF9 -0,58 -0,41 -0,90 0,81 1,85 -0,77 0,64 1,42 0,86 -0,94 -0,98 -1,00 

PLS3 -1,35 0,36 -0,91 0,95 -0,49 1,44 -0,89 -0,85 -0,84 0,46 1,87 0,25 

HMOX1 -0,35 -0,77 -0,82 -0,22 0,03 2,14 -0,97 -1,04 -0,88 1,41 0,99 0,49 

NUP62CL -0,77 -0,14 -1,07 1,96 0,44 -0,42 0,51 1,56 0,76 -1,18 -0,80 -0,85 

LRRC8A 0,26 -1,25 -1,06 0,43 -0,13 1,74 0,01 1,97 0,43 -0,84 -0,80 -0,78 

KIF20B -1,81 -0,10 -0,17 0,72 1,47 -0,11 -0,39 -0,72 -0,88 0,43 2,04 -0,48 

CENPI -0,52 -1,09 -0,52 -0,01 2,06 0,08 0,28 1,69 0,53 -0,85 -0,25 -1,41 

TUBB3 -0,47 -0,76 -0,92 0,55 -0,38 1,98 -0,82 -1,05 -1,05 1,08 0,54 1,30 

EGFL7 0,57 -1,42 -1,33 0,30 0,76 1,11 -1,03 -0,80 -0,99 1,62 0,57 0,62 

METRNL -0,31 -0,55 -1,36 -0,06 0,39 1,90 -1,12 -0,60 -1,14 0,89 0,57 1,41 

ZNF337 -0,96 -0,47 -0,86 1,34 1,44 -0,49 0,76 1,62 0,41 -1,00 -0,98 -0,81 

BRWD3 -0,06 -0,44 -1,80 0,22 1,47 0,60 0,76 1,08 1,14 -1,05 -0,92 -1,01 

ATRX -1,71 0,19 -0,80 0,58 1,41 0,32 0,97 1,11 0,82 -0,51 -1,39 -0,99 

SEMA3C 0,03 -0,81 -1,55 0,34 1,65 0,34 -1,03 -0,91 -1,01 1,28 1,02 0,65 

MED12 -0,23 -0,57 -1,54 0,00 1,67 0,68 -0,93 -0,90 -1,08 0,91 0,59 1,41 

ISG20 -0,45 -0,73 -1,16 -0,19 1,85 0,68 -1,08 -1,06 -0,82 0,78 0,88 1,30 

DLGAP5 -1,60 -0,06 -0,69 0,95 1,44 -0,03 -1,15 -1,16 -0,39 0,76 1,57 0,38 

C2CD2 -0,37 -1,02 -0,99 0,82 -0,21 1,77 1,19 1,22 0,45 -0,61 -1,07 -1,18 

MT2A -0,10 -0,39 -1,90 1,27 0,55 0,57 -0,92 -1,32 -0,67 0,70 1,07 1,15 

UPF3B -1,81 -0,45 -0,13 1,40 0,33 0,66 -1,00 -1,15 -0,58 0,75 0,33 1,64 

COL27A1 -0,51 -0,88 -1,00 1,39 1,37 -0,37 -0,60 -0,40 -1,12 0,23 -0,15 2,04 

AQP3 -0,28 -0,99 -1,15 0,76 -0,08 1,75 -0,87 -1,02 -0,92 0,70 1,62 0,50 
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 Cells Exosomes 

gene WT1 WT2 WT3 CisR1 CisR2 CisR3 WT1 WT2 WT3 CisR1 CisR2 CisR3 

KLK6 -1,00 -0,79 -0,64 0,94 -0,25 1,74 -1,17 -0,70 -0,90 1,39 0,22 1,16 

L1CAM -0,57 -0,96 -0,90 0,00 0,51 1,92 -1,10 -1,09 -0,74 0,76 0,86 1,31 

ALDH16A1 0,17 -1,20 -1,41 0,84 0,28 1,32 -1,22 -0,40 -1,13 1,30 0,33 1,12 

COBL 0,10 -1,14 -1,41 0,67 1,47 0,32 0,92 1,38 0,62 -0,99 -0,97 -0,97 

IFI27 -0,78 -0,77 -0,91 1,07 1,66 -0,26 -1,05 -1,04 -0,68 0,85 0,32 1,60 

TPM1 -0,31 -0,87 -1,29 0,15 0,54 1,78 -0,98 -0,92 -0,45 1,89 -0,18 0,62 

SRPX2 -0,23 -0,98 -1,26 0,57 1,74 0,17 -0,98 -0,98 -0,98 0,95 1,32 0,68 

COL17A1 -0,19 -1,03 -1,29 1,66 0,16 0,69 -1,18 -1,03 -0,69 0,55 1,10 1,24 

DUSP1 -0,76 -0,92 -0,83 -0,10 0,81 1,80 -0,94 -1,03 -0,85 0,53 0,68 1,61 

ARHGAP10 -0,05 -1,62 -0,85 0,57 1,45 0,49 0,77 0,70 1,44 -0,93 -1,03 -0,96 

ATL3 -1,73 -0,43 -0,38 1,27 1,00 0,28 1,21 1,08 0,57 -0,62 -1,38 -0,87 

TRIM38 -0,71 -0,40 -1,43 0,38 1,71 0,45 -0,98 -1,12 -0,75 0,97 0,46 1,44 

FAM111A -0,58 -0,81 -1,17 0,93 1,67 -0,03 -1,24 -1,23 -0,31 0,55 1,31 0,92 

AKAP9 -1,70 -0,30 -0,57 0,67 1,42 0,47 0,55 1,84 0,06 -0,39 -1,20 -0,85 

ASL -0,63 -1,28 -0,67 0,98 -0,02 1,60 -1,11 -0,69 -0,68 -0,23 1,11 1,60 

CEP350 -0,79 -0,31 -1,49 0,79 1,54 0,26 0,97 0,71 1,23 -1,23 -0,59 -1,09 

HBEGF -0,07 -1,31 -1,21 0,92 0,31 1,36 -0,97 -1,05 -0,70 0,58 0,41 1,72 

PTGS1 -0,33 -0,75 -1,53 1,06 0,19 1,36 1,53 1,06 0,06 -0,57 -1,22 -0,86 

CDKN1A -0,38 -0,97 -1,26 0,03 1,27 1,31 -0,98 -1,02 -0,83 0,62 0,62 1,59 

VAT1 -0,43 -1,01 -1,18 0,12 0,89 1,61 -0,99 -0,89 -0,91 1,13 1,44 0,23 

SLC9A6 -0,73 -1,21 -0,69 1,68 0,84 0,11 0,98 0,36 1,42 -0,47 -1,31 -0,98 

TLE1 -0,07 -1,08 -1,49 0,56 0,81 1,28 -1,19 -0,93 -0,69 0,32 1,35 1,14 

LAMC2 -0,50 -1,00 -1,15 1,35 0,03 1,27 -1,19 -0,72 -0,61 0,57 0,12 1,83 

IGFBP3 -0,82 -0,84 -1,00 1,00 1,62 0,04 -0,98 -1,00 -0,88 1,03 0,40 1,43 

SERPINE2 -0,68 -0,86 -1,18 1,21 0,11 1,39 -1,01 -0,99 -0,83 0,32 1,43 1,09 

ZNF292 -0,83 -0,71 -1,23 0,79 1,58 0,41 0,85 1,33 0,65 -0,94 -0,49 -1,40 

WBP5 -1,24 -0,48 -1,10 1,05 1,31 0,45 -1,06 -1,20 -0,60 0,98 0,52 1,36 

ZNF518A -1,31 -0,78 -0,72 1,11 1,33 0,37 -0,80 -0,92 -1,06 0,97 1,54 0,27 

CPVL -1,12 -0,73 -0,96 0,93 1,51 0,38 -0,99 -0,84 -1,05 0,94 1,44 0,50 

TGFB1 -0,84 -0,92 -1,07 0,49 0,76 1,58 -0,99 -0,95 -1,03 1,09 0,72 1,16 

CD44 -0,76 -0,85 -1,21 1,52 0,47 0,84 -0,85 -1,09 -0,88 1,23 0,27 1,32 

FSTL3 -0,42 -1,02 -1,39 1,29 0,75 0,78 -0,95 -1,06 -0,90 1,04 0,53 1,34 

GOLGB1 -1,08 -0,62 -1,13 1,05 1,39 0,39 -1,09 -0,98 -0,87 1,32 0,64 0,98 

PHLDA1 -0,35 -1,13 -1,36 1,13 0,82 0,89 -1,03 -0,84 -1,04 0,53 1,02 1,36 

C1QTNF6 -0,52 -0,93 -1,39 0,60 1,25 1,00 -0,65 -1,36 -0,78 0,39 1,39 1,01 

WARS -0,70 -0,99 -1,16 0,42 1,12 1,32 -1,02 -1,09 -0,78 0,52 0,94 1,42 

ANKRD12 -1,47 -0,53 -0,88 1,10 0,96 0,81 0,36 1,61 0,67 -1,10 -0,28 -1,25 

CD55 -1,43 -0,65 -0,80 0,91 0,78 1,20 -0,95 -1,06 -0,93 0,89 0,70 1,35 

FHL1 -0,74 -1,02 -1,14 0,77 0,73 1,40 -0,96 -1,05 -0,90 1,21 1,20 0,50 

VPS13A -0,82 -0,93 -1,16 0,92 1,38 0,61 1,26 1,07 0,60 -1,17 -0,81 -0,95 
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Cells Exosomes 

gene WT1 WT2 WT3 CisR1 CisR2 CisR3 WT1 WT2 WT3 CisR1 CisR2 CisR3 

DBN1 -0,74 -0,96 -1,23 0,63 1,15 1,14 -0,96 -0,94 -0,84 1,37 0,11 1,26 

IGFBP6 -0,83 -0,96 -1,14 0,68 0,94 1,32 -1,02 -1,01 -0,93 0,70 1,00 1,26 

AKAP12 -0,85 -1,05 -1,03 0,67 0,94 1,33 -1,13 -1,08 -0,75 1,17 0,75 1,04 

F3 -0,85 -1,02 -1,09 0,97 0,73 1,25 -1,07 -1,19 -0,61 0,76 1,43 0,68 

CHST11 -0,70 -1,15 -1,10 1,04 0,82 1,09 -0,93 -0,38 -1,12 -0,28 1,32 1,39 

TSPAN6 -0,77 -1,19 -1,01 0,89 0,94 1,14 1,10 1,22 0,56 -0,70 -0,85 -1,34

CNN3 -1,14 -0,74 -1,10 0,93 1,02 1,02 -1,07 -0,99 -0,84 0,71 1,46 0,74 

SLC4A7 -0,87 -0,93 -1,17 0,90 1,17 0,90 1,12 1,01 0,74 -0,43 -1,19 -1,26
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6.2 ABBREVIATIONS 

2D Two-dimensional, on flat surface 
3D Three-dimensional 
ABC ATP binding casette 
AKAP12 A-kinase anchor protein 12
BLMH Bleomycin hydrolase
CDK8 Cyclin-dependent kinase 8
CFSE Carboxyfluoresceinsuccinimidylester
circRNA Circular RNA
CITED4 Cbp/P300 interacting transactivator with Glu/Asp rich Carboxy-

terminal domain 4
CK Cytokeratin
CSC Cancer stem cell
CSV Cell-surface vimentin
CTC Circulating tumor cell
CTR1 Copper transporter receptor 1
DAPI 4,6-diamino-2-phenylindole
DLG3 Discs large MAGUK scaffold protein 3
DLS Dynamic light scattering
DSB DNA double-strand break
EC Endothelial cell
ECr Endogenous control
EGFR Epithelial growth factor receptor
EMT Epithelial-mesenchymal transition
ER Endoplasmic reticulum
ERCC1 Excision repair cross-complementation group 1
ERCC3 Excision repair cross-complementation group 3
ESCRT Endosomal sorting complex required for transport
EV Extracellular vesicle
ExoCisR Exosomes from FaDuCisR cells
ExoWT Exosomes from FaDuWT cells
FaDuCisR Cisplatin-resistant FaDu sub-cell line generated from FaDuWT cells

treated with sublethal cisplatin concentrations over 6 months
FaDuWT FaDu sub-cell line generated from single cell clone
FPKM Fragments per kilobase
gDNA Genomic DNA
GPI Glycosylphosphatidylinositol
GSH Glutathione
HNC Head and neck cancer
HNSCC Head and neck squamous cell carcinoma
HOMER2 Homer scaffolding protein 2
HOTAIR Homeobox transcript antisense RNA
HPV Human Papilloma Virus
HSP Heat shock protein
IAP Inhibitor of apoptosis
IFN Interferon
IFRD1 Interferon-related developmental regulator 1
IGFBP6 Insulin like growth factor binding protein 6
ILV Itraluminal vesicle
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ITGB6 Integrin-β 6 
lncRNA Long non-coding RNA 
LUV Large unilammelar vesicle 
MATE2 Multidrug and toxin extrusion 2 
MDR Multi drug resistance 
MDRP Multi drug resistance proteins 
MET Mesenchymal-epithelial transition 
miRNA Micro RNA 
MMR Mismatch repair 
MSH2 MutS homolog 2 
mtDNA Mitochondrial DNA 
MVB Multivesicular body 
MWCO Molecular weight cutoff 
ncRNA Non-coding RNA 
NER Nucleotide excision repair 
NK cell Natural killer cell 
NR Nucleoplasmic reticulum 
NTA Nano-particle tracking analysis 
OCT Organic cation transporter 
OCTN Organic cation/carnitine transporter 
OTUD1 OTU deubiquitinase 1 
PAK p21-activated kinase 
PD-1 Programmed death 1 
PEG Polyethylene glycol 
P-gp P-glycoprotein
PMS2 Post-meiotic segregation 2
PRSS2 Serine protease 12
SEC Size exclusion chromatography
SNP Single nucleotide polymorphism
SOX2 Sex determining region Y box 2
SPAG9 Sperm-associated antigen 9
STAT Signal transducer and activator of transcription
TCGA The cancer genome atlas
TDE Tumor derived exosome
TEM Transmission electron microscopy
TGF Tumor growth factor
TGFB1 Transforming growth factor beta 1
TIMP1 Tissue inhibitor of matrix metalloprotease 1
TME Tumor microenvironment
TNC Tenascin-C
TNF Tumor necrosis factor
TNM-stage Tumor, node, and metastasis stage
TP53 Tumor protein 53
TPT1 Translationally controlled tumor protein 1
TRAIL Tumor necrosis factor related apoptosis inducing ligand
TRPS Tunable resistive pulse sensing
UC Ultracentrifugation
UF Ultrafiltration
VRAC Volume-regulated anion channel
WBC White blood cell
ZBTB32 Zinc finger and BTB domain-containing protein 32
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