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1. INTRODUCTION 

Toll-like receptors (TLRs) are crucial receptors in the innate immune response. They are 

expressed in cells of different origins, primarily immune cells such as dendritic cells and 

macrophages, but also fibroblasts, endothelial cells, epithelial cells, and tumor cells (Kawasaki 

& Kawai, 2014; Zhou et al., 2009). TLRs belong to a family of receptors known as pattern 

recognition receptors (PRRs). Their main role is to recognize specific molecular patterns 

originating from pathogens (bacteria, viruses, parasites, and fungi), termed pathogen-associated 

molecular patterns (PAMPs) or endogenous molecules originating from injured tissue or 

necrotic cells, known as damage-associated molecular patterns (DAMPs) (Vijay, 2018; 

Piccinini & Midwood, 2010). Both PAMPs and DAMPs can activate TLR signaling pathways. 

Stimulation of TLRs by their ligands triggers the activation of specific signaling pathways, 

resulting in the secretion of various inflammatory factors, including pro-inflammatory 

cytokines IL-1β, IL-18, TNF-α, and interferon type I. This leads to the activation of proliferative 

signaling pathways, immune system activation, or apoptosis (Hanke & Kielian, 2011).  

Toll-like receptor 3 (TLR3) is an endosomal receptor that recognizes double-stranded RNA 

(dsRNA), usually derived from viruses. Due to its localization in the endosome rather than the 

cytosol, TLR3 cannot directly recognize a viral infection but can identify viruses that have 

undergone endocytosis and those infecting neighboring cells, subsequently subjected to 

phagocytosis (Karikó et al., 2004; Nishiya et al., 2005). Activation of TLR3 by viral dsRNA 

leads to the direct activation of innate and adaptive immune responses, such as maturation of 

dendritic cells and activation of specific T-cell responses (Chattopadhyay & Sen, 2014; Kumar 

et al., 2008). 

The discovery that TLRs are expressed on tumor cells has sparked significant interest in this 

direction, revealing the dual role of TLR3 in tumors. Some studies have demonstrated that 

TLR3 activation induces apoptosis in tumors (Salaun et al., 2006), while others indicate that 

TLR3 activation stimulates tumor progression. TLR3 contributes to the proliferation of head 

and neck squamous cell carcinomas by activating NF-κB and c-Myc (Pries et al., 2008). 

Matijevic & Pavelic, (2011) have shown that TLR3 might be important in the process of tumor 

metastasis. They determined significant differences when it comes to TLR3 expression and 

functioning in primary and metastatic carcinoma cell lines. Matijevic Glavan et al. (2017) 
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discovered that TLR3 can trigger metabolic reprogramming of pharyngeal cancer cell lines by 

inducing aerobic glycolysis. 

It has been demonstrated that TLR3 can be activated by DAMPs, such as variants of cellular 

RNA originating from necrotic cells (Karikó et al., 2004). This implies that the activation of 

TLR3 in tumor cells or their microenvironment does not necessarily require an external factor, 

such as a viral infection. Rather, its activation can be mediated solely by internal factors 

(Cavassani et al., 2008; Vasiljevic et al., 2023). DAMPs are often overexpressed in tumors or 

released by tumors due to the stressful conditions in the tumor microenvironment (Zapletal et 

al., 2023). It has already been confirmed that TLR3 is an important factor in the progression of 

head and neck tumors (Pries et al., 2008). 

Head and neck squamous cell carcinoma (HNSCC) accounts for 90% of all head and neck 

cancers. It is the sixth most prevalent cancer globally and is distinguished by its recurrence 

tendency post-treatment. Cancers in the oral cavity and larynx are commonly linked to the use 

of tobacco, excessive alcohol consumption, or a combination of both. In terms of infectious 

agents, persistent infection with human papillomavirus (HPV) and Epstein–Barr virus (EBV), 

are risk factor for HNSCC arising from the oropharynx and nasopharynx (Johnson et al., 2020). 

Patients with HPV-related HNSCC generally exhibit better response to therapy and have better 

survival compared to HPV-negative patients (Ang et al., 2010).  

Regardless of existing therapy, a considerable number of patients show suboptimal responses 

to treatment, leading to disease recurrence. It is known that a persistent factor for failure of 

conventional therapy in HNSCC is the frequent incidence of local recurrence and distant 

metastasis, which can be attributed to cancer stem cells (CSCs). 

Our approach to studying the role of TLR3 in the carcinogenesis of HNSCC focuses on the 

investigation of CSCs. Jia et al. (2015) showed that TLR3 has a role in the formation and 

maintenance of tumor spheres in breast cancer, and that is the only study published on this topic. 

CSCs are a subset of cancer cells characterized by their self-renewal potential, the ability to 

differentiate into various cell types, and the capacity to initiate tumor growth. CSCs can also 

stimulate cell cycle arrest, entering a quiescent state that enhances their resistance to 

chemotherapy and radiotherapy (Phi et al., 2018).  

CSCs may exhibit resistance to cell death induced by DNA damage through various 

mechanisms, such as protection against oxidative DNA damage by increasing reactive oxygen 
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species (ROS) scavenging, enhancing DNA repair capabilities via ATM and CHK1/CHK2 

phosphorylation, or activating anti-apoptotic signaling pathways, including PI3K/Akt, Wnt/β-

catenin, and Notch signaling pathways (Peitzsch et al., 2013). 

Therefore, it is crucial to understand the mechanisms through which CSCs maintain stemness 

and acquire resistance to therapeutic agents and how to increase their sensitivity to cancer 

therapy.  

 

The objective of this doctoral thesis was to determine the role of Toll-like receptor 3 (TLR3) 

in the progression of head and neck tumors by focusing on its role in cancer stem cells (CSCs). 

 

The hypotheses of this research were as follows: 

1. Activation of TLR3 stimulates the formation of tumor spheres and the maintenance of 

stemness. 

2. CSCs may release endogenous ligands (DAMPs) or other factors into the 

microenvironment, which can increase migration and invasion of the surrounding tumor 

cells. 

3. To develop potential antitumor therapy, we will determine whether the treatment with 

inhibitors of endogenous ligands in combination with irradiation and poly(I:C) has a 

cytotoxic effect on CSC and can reduce stemness markers. 

4. Exploring novel CSC biomarkers will deepen our understanding of how CSCs work and 

help in developing more effective new therapies for HNSCC. 

The research was conducted using HNSCC cell lines. The experimental methods used in this 

study included the tumor sphere formation assay, transient transfection, gel electrophoresis, 

western blot, γ- and proton irradiation, migration and invasion assay, MTT assay, cell viability 

assay (Via Light), and real-time qPCR. 
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Based on the results of this research, we suggest that: 

1. TLR3 activation helps in tumor sphere formation and maintenance by showing that TLR3 

activation induced the formation of an increased number of bigger tumor spheres. 

2. TLR3 stimulation in CSC induces DAMP release, such as S100A9, HMGB1, or HSP70 into 

the tumor microenvironment. They further interact with receptors like TLR4 or RAGE on 

neighboring cells, setting off paracrine signals that promote the migration of surrounding 

tumor cells, but not tumor cell invasion. This effect can be abolished with the addition of 

DAMP inhibitors (especially aspirin and metformin). 

3. Aspirin, especially with poly(I:C) as a TLR3 activator, holds promise as a potential 

anticancer drug targeting CSCs. Aspirin's main advantages are its low cost and proven safety 

profile. Combined treatment with γ-radiation effectively targets adherent tumor cells, and 

combined treatment with proton irradiation successfully targets CSCs. 

4. Recognizing potential novel CSC biomarkers contributes to a deeper understanding of CSC, 

with potential for the development of novel therapy targeting specifically CSCs. 
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2. LITERATURE REVIEW 

2.1. Toll-like receptors 

Toll-like receptors (TLRs) belong to the class I transmembrane receptor family, which are 

important for innate immune response. They were first discovered in Drosophila melanogaster 

(Hashimoto et al., 1988). In 1996, Lemaitre et al. identified their association with immunity. 

TLRs are expressed in cells of different origins, primarily immune cells, including dendritic 

cells and macrophages, fibroblasts, endothelial cells, epithelial cells, and tumor cells (Kawasaki 

& Kawai, 2014; Zhou et al., 2009). TLRs belong to a family of receptors known as pattern 

recognition receptors (PRRs). Their main role is to recognize specific molecular motifs 

originating from pathogens (bacteria, viruses, parasites, and fungi), termed pathogen-associated 

molecular patterns (PAMPs) or endogenous molecules originating from injured tissue or 

necrotic cells, known as damage-associated molecular patterns (DAMPs) (Vijay, 2018; 

Piccinini & Midwood, 2010). Both PAMPs and DAMPs can activate TLR signaling pathways. 

When the ligand binds to TLRs, they form homodimers or heterodimers. Stimulation of TLRs 

by their ligands triggers the activation of specific signaling pathways and activation of 

transcription factors (TFs), activator protein-1 (AP-1), nuclear factor-kappa B (NF-κB), and 

interferon regulatory factors (IRFs). This results in the release of various inflammatory factors, 

including pro-inflammatory cytokines IL-18, IL-1β, TNF-α, and interferon type I, leading to 

different outcomes, including the activation of proliferative signaling pathways, immune 

system activation or apoptosis (Medzhitov et al., 1997; O’Neill & Bowie, 2007; Uematsu & 

Akira, 2007; Li et al., 2010). A total of 10 TLRs have been identified in humans. TLR1, TLR2, 

TLR4, TLR5, and TLR6 are located on the cell membrane. They mainly bind molecules 

originating from the membranes of various microbes, such as bacterial lipopeptides (TLR1/2 

and TLR2/6), peptidoglycans (TLR2), flagellins (TLR5), lipopolysaccharides (LPS – TLR4), 

and lipoteichoic acid (TLR2). TLR3, TLR7, TLR8, and TLR9 are found on the endosomal 

membrane and initially on the membrane of the endoplasmic reticulum before trafficking to 

endosomes (Kawasaki & Kawai, 2014). They recognize nucleic acids of pathogen origin, such 

as single- (TLR 7/8) or double-stranded RNA (TLR3), and unmethylated CpG sequences on 

single- and double-stranded DNA (TLR9) (Barton & Medzhitov, 2002) (Figure 2.1). TLRs 

consist of three key structural domains: extracellular, transmembrane, and intracellular. The 

extracellular domain is the N-terminal of the receptor, which contains the leucine-rich repeats 
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(LRR). This domain plays a role in ligand binding. The transmembrane domain (TD) consists 

of one helix that connects the LLR domain and the intracellular toll/interleukin-1 receptor (TIR) 

domain, the inner C-terminal domain responsible for signal transduction (Bell et al., 2003; 

Botos et al., 2011). The function of TLR10 is still not defined; it is expressed on the cell 

membrane, but its ligands have not been confirmed. 

 

 

Figure 2.1. Human Toll-like receptors’ localization and their ligands. TLRs recognize 

different molecular motifs and are therefore localized differently in the cell. TLR1, TLR2, 

TLR4, TLR5, TLR6, and TLR10 are localized on the cell membrane. They mainly bind 

molecules originating from the membranes of various microbes, such as bacterial lipopeptides 

(TLR1/2 and TLR2/6), peptidoglycans (TLR2), flagellins (TLR5), lipopolysaccharides (LPS – 

TLR4), and lipoteichoic acid (TLR2). TLR3, TLR7, TLR8, and TLR9 are localized on the 

membranes of endosomes. They recognize nucleic acids of pathogen origin, such as single- 

(TLR 7/8) or double-stranded RNA (TLR3), and unmethylated CpG sequences on single-

stranded DNA (TLR9). The image was created with biorender.com. 

  



 

 

7 
 

2.2. Toll-like receptor 3 

Toll-like receptor 3 (TLR3), also known as cluster of differentiation 283 (CD283), is an 

endosomal receptor that recognizes double-stranded RNA (dsRNA), usually derived from 

viruses. It was first identified in 1998 in D. melanogaster (Rock et al., 1998). TLR3 also 

recognizes synthetic analogs of dsRNA, polyinosinic:polycytidylic acid (poly(I:C)) and 

polyadenylic:polyuridylic acid (poly(A:U)). Poly(A:U) is a more selective TLR3 ligand 

compared to poly(I:C) because it does not activate other dsRNA receptors, retinoic acid-

inducible gene I (RIG-I), and melanoma differentiation-associated protein 5 (MDA5) (Perrot et 

al., 2010).  

TLR3 is found on the membrane of the endosome of dendritic cells, macrophages, and intestinal 

epithelial cells, but can also be found in the cell membrane of fibroblasts and some cancer cells 

(Helmy et al., 2009; Matsumoto et al., 2002; Fukata et al., 2008; Pries et al., 2008; Goto et al., 

2008). Due to its localization, TLR3 cannot directly recognize a viral infection but can identify 

viruses that have undergone endocytosis and those infecting neighboring cells, subsequently 

subjected to phagocytosis (Alexopoulou et al., 2001; Karikó et al., 2004; Nishiya et al., 2005; 

Lim et al., 2022). Viral dsRNA binding to TLR3 leads to the maturation of dendritic cells, 

which stimulates the antigen-specific T-cell response (Kumar et al., 2008; Chattopadhyay & 

Sen, 2014). 

TLR3 contains three main domains. The first one is an ectodomain with a horseshoe shape and 

consists of 23 LRRs, situated in the lumen of the endosome and serves as a ligand-binding 

platform. Each of the LRRs contains 20-30 amino acids. The second domain is the cytoplasmic 

domain, called the TIR domain, which activates signal transduction. Between the LRR and TIR 

domains is the transmembrane domain, which is responsible for signal transmission across the 

membrane but can also contribute to the position of TLR3 within the cell (Funami, 2004; Sen 

& Sarkar, 2005; Manavalan et al., 2011; Chattopadhyay & Sen, 2014). TLR3 receptors interact 

with another transmembrane protein called unc-93 homolog B1 (UNC93B1). UNC93B1 is an 

endoplasmic protein that has a role in the translocation of TLRs from the endoplasmic reticulum 

to the endosome (Kim et al., 2008; Chaturvedi & Pierce, 2009; Brinkmann et al., 2007). 
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2.2.1. TLR3 activation and signaling pathways 

TLR3 activation begins following the homodimer formation, which happens after recognizing 

dsRNA or poly(I:C)/ poly(A:U). Homodimer is formed when the extracellular domain of TLR3 

binds to the 45-bp segment of the dsRNA, which is a minimum length required for binding 

(Botos et al., 2011). The membrane protein UNC93B1 is necessary for the proteolytic 

processing of TLR3 and is an important cofactor for nucleic acid-sensing TLRs on endosomes 

(Pohar et al., 2013). Huang et al. (2021) demonstrated that human C-type lectin member 18A 

(CLEC18A) has an affinity for TLR3 and directly interacts with poly(I:C). This indicates that 

CLEC18A serves as a co-receptor alongside TLR3 within the endosome. 

Upon ligand binding, TLR3 forms an active homodimer, recruiting TIR-domain-containing 

adapter-inducing interferon-β (TRIF) adapter proteins to bind to the TIR domain of the receptor. 

This interaction initiates two major downstream pathways. Unlike other TLRs, the TLR3 

signaling pathway follows the myeloid differentiation primary response 88 (MyD88)-

independent pathway (Figure 2.1). The TLR3 signaling pathway takes place entirely through 

the TRIF adapter protein (Yamamoto et al., 2003). In the first downstream pathway, TRIF 

interacts with TNF receptor-associated factor 6 (TRAF6) (Häcker et al., 2006). TRAF6 recruits 

the kinase receptor-interacting protein kinase 1 (RIP1), which then activates TGFβ-activated 

kinase (TAK1) and TAK1-binding protein 2 & 3 (TAB2/3) with NF-kappa-B essential 

modulator (NEMO). The activation of downstream molecules begins with the IkappaB kinase 

(IKK) complex (IKK-α, IKK-β). TAK1 phosphorylates IKK, which then phosphorylates IκBα 

leading to IκBα degradation by proteasomes. NF-κB is then released into the nucleus and 

activated, where it acts as a transcription factor and starts the transcription of genes that produce 

pro-inflammatory cytokines and chemokines (Kawai & Akira, 2006; Prickett et al., 2008; Tak 

& Firestein, 2001; Krishnan et al., 2007). It can also activate the mitogen-activated protein 

kinase (MAPK) cascade. TAK1 initiates the signaling cascade by activating MAPKs (p38, 

JNK, ERK1/2). c-Jun N-terminal kinase (JNK) phosphorylates and activates AP-1 transcription 

factor. AP-1 moves into the nucleus where it starts the transcription of pro-inflammatory 

cytokines and chemokines (Wang et al., 2001; Brown et al., 2011).  

In the second downstream pathway of the TLR3 signaling, TRIF engages TRAF3, which 

promotes the formation of the IKK kinases TANK-binding kinase 1 (TBK1) and inhibitor of 

κB kinase-related kinase-ɛ (IKK-ɛ) complex, to phosphorylate the IRF3 transcription factor. 

Phosphorylated and activated IRF3 is a dimer, and as such, it moves from the cytoplasm to the 
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nucleus and initiates transcription of the type I interferon (IFN) genes (Kawasaki & Kawai, 

2014). This leads to the release of type I interferons (IFNα and IFNβ), which play a crucial role 

in the antiviral immune response (Liu et al., 2012) (Figure 2.2). 

 

 

Figure 2.2. TLR3 signaling pathway. Upon ligand binding, TLR3 forms an active 

homodimer, recruiting the adapter molecule TRIF to bind to the TIR domain of the receptor. 

This interaction initiates two major downstream pathways. In one branch, TRIF recruits the 

protein complex containing TRAF6 and RIP1, which leads to the activation and assembly of a 

complex involving TAK1, TAB2/3, and the IKK complex. This complex can activate either the 

MAPK cascade, leading to activation of AP1, or the IKKα/IKKβ complexes, which result in 

NF-κB activation. In the other branch, TRIF engages TRAF3, promoting the formation of the 

TBK1 and IKK-ɛ complex. This result is the phosphorylation and activation of the IRF3, and it 

ultimately leads to the synthesis of interferons. The image was created with biorender.com. 
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2.2.2. Dual Role of TLR3 in Cancer 

In addition to immune and normal epithelial cells, the expression of TLRs has been found in 

tumors, where TLRs seem to have two very different roles. Almost all TLRs have a dual role 

in cancer (TLR2, TLR3, TLR4, TLR7/8, and TLR9), one being anticancer and the other pro-

tumorigenic. TLR3 was also studied in these two directions. First studies have demonstrated 

that TLR3 activation induces apoptosis in tumors (Salaun et al., 2006), while the following 

research established that TLR3 activation can also stimulate tumor progression. Pries et al. 

(2008) showed that TLR3 contributes to the proliferation of head and neck squamous cell 

carcinomas by activating NF-κB and c-Myc proto-oncogene. These authors have also shown 

that TLR3 is expressed in HNSCC tumor tissue but not in the normal adjacent tissue. Matijevic 

& Pavelic (2011) have shown that TLR3 might be important in the process of tumor metastasis. 

They determined significant differences when it comes to TLR3 expression and function in 

primary and metastatic carcinoma cell lines. Due to the tendency of cancer cells for 

uncontrolled proliferation and the need for a higher supply of oxygen and nutrients, they 

undergo metabolic reprogramming. In cancer cells, metabolic reprogramming often affects 

resistance to therapy and tumor invasion. Matijevic Glavan et al. (2017) have shown first that 

TLR3, once activated, can induce metabolic reprogramming, which leads to increased aerobic 

glycolysis in pharyngeal cancer cells and the Warburg effect (Warburg, 1956). Paone et al. 

(2010) showed that in prostate cancer, TLR3 activation leads to two very different processes. It 

increases expression of hypoxia-inducible factors (HIF-1), leading to reduced apoptosis, and it 

releases vascular endothelial growth factors (VEGF), promoting angiogenesis. TLR3 activation 

in tumors can also result in tumor promotion. TLR3 overexpression is associated with poor 

outcomes in oral cancer, gastric cancer, and prostate cancer (Muresan et al., 2020). It was 

revealed that in breast cancer, TLR3 can upregulate markers associated with cancer stem cells 

and activate the Wnt/β-catenin signaling pathway when stimulated with poly(I:C) (Jia et al., 

2015). TLR3 activation leads to the production of chemokines in intestinal epithelial cancer 

cells (Bugge et al., 2017) and in lung cancer (Liu et al., 2016) that recruit neutrophils, which 

leads to tumor invasion and metastasis. 

On the other hand, Muresan et al. (2020) showed that TLR3 is overexpressed in most cancers 

and that the overexpression in many cancers is associated with a positive prognosis and anti-

tumorigenic properties. This includes melanoma, renal cancer, lung adenocarcinoma, and 

hepatocellular cancer. Salaun et al. (2006) showed in breast cancer that TLR3, when activated 

with dsRNA ligands, can start the signaling through TRIF-mediated expression of NF-κB and 
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type I interferons (IFN-β), which ends in the apoptosis induction. The extrinsic apoptotic 

pathway is related to TLR3 activation. In lung cancer cells, it has been discovered that TRIF 

recruits caspase 8 and RIP1 to induce apoptosis (Estornes et al., 2012). In HNSCC, decreased 

expression of survivin was associated with poly(I:C) dose-responsive induced apoptosis (Nomi 

et al., 2010). In addition, TLR3 anti-tumorigenic effects also result in the activation of the 

immune response (Toussi & Massari, 2014) (Figure 2.3).  

 

 

Figure 2.3. Dual role of TLR3 in cancer cells. TLR3 in tumor cells has been shown to play 

two very different roles. Depending on the part of the signaling cascade that is activated, it can 

lead to either a pro-tumorigenic outcome or an anti-tumorigenic response. The image is adapted 

from (Muresan et al., 2020) and created with biorender.com. 
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2.3. Cancer stem cells (CSCs) 

Cancer stem cells (CSCs) are a small population of tumor cells that have properties of normal 

stem cells that include the ability to self-renew, but also the properties of the tumor cell, which 

include the ability to continuously proliferate. Combined characteristics result in CSCs' ability 

to exhibit resistance to therapy, including chemotherapy and radiotherapy, which enables tumor 

growth and metastasis (Yu et al., 2012). These mechanisms can include increased expression 

of drug efflux pumps, enhanced DNA repair capabilities, and a slower rate of cell division or 

even cell cycle arrest (quiescence), making them less susceptible to drugs targeting rapidly 

dividing cells.  

The first theories on the origin of tumor cells and the existence of CSC appeared in 1855. 

Almost a century later, in 1937, Furth et al. showed that a single cancer cell could induce 

tumors; however, CSCs were identified for the first time in the 1990s. Bonnet & Dick (1997) 

described them in acute myeloid leukemia (AML) as a separate subgroup of leukemia cells that 

had stem-like properties. They observed that these cancer cells could drive tumorigenesis, they 

had proliferative capacities, and they were able to induce leukemia when transplanted into 

immunodeficient mice. 

CSCs can undergo asymmetrical division. A single CSC can produce one progenitor cell and 

one pluripotent cell, which ensures the retention of cancer stem cell properties to ensure the 

maintenance of the CSC population (Mukherjee et al., 2015). Because of their great plasticity, 

cancer stem cells can switch from stem-like cells to more differentiated cells, depending on the 

microenvironment conditions (growth factors, cytokines, hypoxia (low oxygen levels), and 

interactions with other cell types). CSCs could be one of the main causes for unsuccessful 

cancer treatment, so understanding the CSCs' function could be the main lead for targeting 

cancer treatment. 

The development of the CSC niche microenvironment, the localized region within the tumor 

microenvironment (TME) that maintains and regulates CSCs, is crucial for the formation and 

maintenance of CSCs. TME is a special ecosystem that allows the tumor cell to grow and thrive. 

It is created when the tumor cells start to invade the surrounding tissue. This system maintains 

a lower oxygen (O2) concentration, high nitric oxide (NO), acidic pH, angiogenesis, and 

changed metabolites. TME consists of cancer cells, stromal cells (fibroblasts and endothelial 
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cells), immune cells, and anti-inflammatory cytokines. Cytokines and chemokines sustain the 

stem-like properties of CSCs (Hanahan & Coussens, 2012; Chu et al., 2024) (Figure 2.4).  

 

 

Figure 2.4. Tumor microenvironment (TME). The CSC niche is a special region within the 

TME that supports the survival and self-renewal of cancer stem cells. TME is characterized by 

low oxygen (O2), high nitric oxide (NO), acidic pH, and active angiogenesis, etc. It consists of 

cancer cells, immune cells, stromal cells, cytokines/chemokines, and other molecules that 

preserve the stem-like properties of CSC. The image was created with biorender.com. 

 

 

 

2.3.1. Evolution models of CSC 

The concept of CSC has significantly reshaped the understanding of cancer biology. Over the 

past few decades, several models of CSC origin and evolution have been proposed.  

Currently, there are three proposed evolution models for the development of CSC. The first 

hierarchical model was proposed in 1997. by Bonnet & Dick. This theory supports that the 

CSCs are at the top of the hierarchy and drive the development of new cancer cells and the 

spread of the tumor. The diversity within the tumors stems from the CSCs differentiating into 

various non-stem cancer cells, but generally from a single (or a few initiating) CSC. The 

hierarchical model would explain the resistance to therapy of some cancer cells and the ability 
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for recurrence of the disease. However, this model assumes a relatively fixed fate of cancer 

cells, which may oversimplify the complex behaviors of tumors (Batlle & Clevers, 2017). 

On the other hand, in the stochastic (clonal) model, it is proposed that all the tumor cells can 

become CSCs within the tumor, and they can act as CSCs and metastasize when they have the 

right environmental conditions or intrinsic stimuli. According to this model, the tumor cell 

heterogeneity is a result of genetic and epigenetic variations, and all the mutations are a product 

of the errors accumulated during hyperproliferation. Any tumor cell can acquire mutations to 

gain stem-like properties (Greaves & Maley, 2012). The stochastic evolutionary model is 

relevant in explaining therapy-induced selection and CSC targeting in treatment, especially in 

cases when the non-CSC population survives the treatment and later gains CSC properties 

(Creighton et al., 2009). 

The third model of CSC evolution is the cellular plasticity model. It connects the two, making 

the hybrid view of stochastic and hierarchical models, but also highlights the importance of 

both CSCs and TME. It is proposed that cancer cells can acquire or lose stemness and switch 

between a stem-like and non-stem-like state. This response depends on changes in the 

microenvironment, which include hypoxia, inflammatory signals, or therapy, allowing them to 

(de)differentiate as needed. This model indicates a dynamic CSC phenotype, a behavior that 

has been observed in colorectal and breast cancer. These finding highlights the importance of 

targeting not only CSC but the entire TME (Chaffer et al., 2013; Rich, 2016). 

 

2.3.2. CSC markers in HNSCC 

CSCs express markers that are absent in normal somatic cells, and those markers depend on the 

type of cancer (Zhao et al., 2017). Aldehyde dehydrogenase (ALDH) (intracellular enzyme) 

(Chen et al., 2009), CD133 (transmembrane glycoprotein) (Wu & Wu, 2009), and CD44 (cell-

surface glycoprotein) (Prince et al., 2007) have effectively served as markers for identifying 

highly tumorigenic cancer stem cells in head and neck squamous cell carcinoma (HNSCC).  

CD133 (prominin-1), a cell surface glycoprotein involved primarily in membrane organization, 

is a biomarker for stem cells. It is also involved in cell metabolism, renewal, differentiation, 

apoptosis, and regeneration (Li, 2013). It was found to be increased in oral cancers, which were 

linked to higher tumorigenicity and metastasis (Chiou et al., 2008). CD133 suppression reduces 
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stemness properties and promotes apoptosis of CSCs in HNSCC (Chen et al., 2011). ALDHs 

are enzymes that convert aldehydes into carboxylic acids using NAD(P)+. They play a role in 

detoxification, defend against oxidative stress, and regulate cellular functions (Shortall et al., 

2021), thus helping CSCs in DNA protection and chemoresistance. CD44, a hyaluronic acid 

receptor, is a type I transmembrane glycoprotein receptor that has a function in cell adhesion, 

proliferation, migration, and angiogenesis (Hassn Mesrati et al., 2021). Some findings indicate 

that CD44 has a role in tumor metastasis and growth of HNSCC (Wang et al., 2009). The 

determination of stem-like markers allows CSC identification and the development of cancer 

therapy by targeting CSC specifically (Chen et al., 2016). 

Octamer-binding transcription factor 4 (OCT4) is associated with stemness properties of CSC, 

including self-renewal and maintenance of pluripotency. OCT4 plays a role in the maintenance 

of stem cells. It is overexpressed in pluripotent cells, and its transcription regulates the fate of 

embryonic stem cells. OCT4 becomes downregulated as the cells undergo differentiation (Shi 

& Jin, 2010). OCT4 is often found to be upregulated in HNSCC. It promotes radioresistance in 

HNSCC through DNA damage response regulation and sustaining the stem-like phenotype. Its 

expression correlates with increased tumor aggressiveness and poor prognosis, including 

resistance to therapy. OCT4 is an interesting target in CSC therapy due to its important 

regulatory function in stem cells and CSCs (Chiou et al., 2008; Nathansen et al., 2021). ATP 

binding cassette subfamily G member 2 (ABCG2) is a membrane transporter protein. It plays a 

role in drug efflux and drug resistance. Increased expression of ABCG2 has been detected in 

CSCs, where it contributes to drug resistance, resulting in the enhanced survival of CSCs under 

therapeutic stress (El-Ashmawy et al., 2025) (Figure 2.5).  

Besides CSC markers, CSC factors are crucial for the maintenance of CSC and tumor 

progression. CSC factors include transcription factors and other proteins involved in the 

signaling pathways that are a part of the regulation of the stemness properties. Different stem 

cell factors that play a role in supporting the CSC properties in HNSCC include transcription 

factors Octamer-binding transcription factors (Oct3/4), SRY (Sex-determining Region Y)-Box 

(Sox2), Nanog, B cell-specific Moloney murine leukemia virus integration site 1 (Bmi-1), 

Twist, and Snail. Other factors include nuclear factor erythroid 2-related factor (Nrf2) and 

interleukin-4 (IL-4) (Vukovic Đerfi et al., 2023). 
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Figure 2.5. CSC markers in HNSCC and their functions in CSCs. ALDH, CD133, and 

CD44 have effectively served as markers for identifying CSCs in HNSCC. OCT4 is also a 

stemness marker that can contribute to tumor growth and metastasis, while ABCG2 is a drug 

resistance marker involved in chemoresistance. The image is adapted from (Vukovic Đerfi et 

al., 2023) and created with biorender.com. 

 

 

 

2.3.3. Signaling pathways in HNSCC CSCs 

To maintain CSC properties (therapy resistance, self-renewal, and proliferation), CSCs activate 

certain signaling pathways, such as Wnt, Hedgehog-GLI (HH-GLI), Notch, Hippo, and JAK-

STAT (Figure 2.6). 

During embryonic development, the Wnt signaling pathway plays a role in cell differentiation, 

proliferation, and migration. In β-catenin-dependent Wnt signaling, in the absence of Wnt, β-

catenin is targeted for degradation by the so-called destruction complex, which consists of axin, 

APC (adenomatous polyposis coli), and two kinases: casein kinase 1 (CK1) and glycogen 

synthase kinase 3 (GSK3). This complex phosphorylates β-catenin in the absence of a ligand. 

Once phosphorylated, the β-catenin is then ubiquitinated for proteasomal breakdown. This 

prevents accumulation in the nucleus. When Wnt ligand binds to Frizzled receptor, it forms a 

complex with the co-receptor low-density lipoprotein receptor (LRP), which recruits 

cytoplasmic protein Dishevelled (Willert & Jones, 2006). The destruction complex gets 
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inactivated and β-catenin is no longer phosphorylated or affected by ubiquitins, which allows 

it to accumulate in the cytosol and is transported to the nucleus, where it joins T-cell 

factor/lymphoid enhancer-binding factor (TCF/LEF) to start gene transcription, which 

promotes cell proliferation and cell survival (Liu et al., 2022). 

The Hedgehog-GLI (HH-GLI) signaling pathway plays a role in angiogenesis, proliferation, 

and tissue homeostasis. Cells secrete a ligand called Sonic-Hedgehog (SHH). This ligand binds 

to the Patched (PTCH1) receptor on the nearby cells. Once attached, PTCH1 no longer inhibits 

Smoothened (SMO) protein, and activated SMO initiates an intracellular signaling cascade. 

This results in the inhibition of the phosphorylation and proteolytic processing of GLI proteins, 

their translocation and accumulation in the nucleus where they act as transcriptional activators, 

binding to specific DNA sequences and promoting the expression of HH-GLI target genes 

(Carballo et al., 2018). 

The Notch signaling pathway controls proliferation, differentiation, and apoptosis, but is also 

crucial for angiogenesis. It is involved in direct contact between two cells, the sending cell 

(which contains the ligand) and the receiving cell (which contains the receptor). The NOTCH 

receptor is a dimer that attaches itself to nearby cells' signaling transmembrane proteins. There 

are 4 neurogenic locus notch homolog (NOTCH 1-4) receptors in humans. Ligands of the 

NOTCH receptors are divided into two groups.  First are the Jagged protein family (JAG1 and 

JAG2). The other group is Delta-like proteins (DLL1, DLL3, and DLL4). When the 

dimerization occurs, the Notch protein undergoes proteolytic cleavage in the canonical pathway 

initially, which is caused by A disintegrin and metalloprotease (ADAM) protease and 

subsequently by intracellular secretase-γ, which releases the notch intracellular domain (NICD) 

into the cytoplasm. It then translocates into the nucleus where it binds to a DNA-binding 

protein, CSL (CBF-1, Suppressor of hairless, Lag-1). This binding converts CSL from a 

transcriptional repressor to an activator, leading to the transcription of Notch target genes (Zhou 

et al., 2022). 

The Hippo signaling pathway plays a key role in immune response, wound healing, 

regeneration, and tissue homeostasis. It is particularly interesting because it can integrate 

different physiological and environmental information by reacting to a broad variety of stimuli. 

In humans, the three kinases, mitogen-activated protein 4 kinase (MAP4K), the hippo homolog 

mammalian STE20-like kinase 1/2 (MST1/2), large tumor suppressor kinase 1/2 (LATS1/2), 

and Salvador homolog 1 (Sav1), are part of the cascade of the Hippo signaling pathway. When 
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the complex is formed, the yes-associated protein 1/tafazzin (YAP/TAZ) is phosphorylated by 

activated LATS1/2. This prevents nuclear translocation and leads to degradation. When 

YAP/TAZ is unphosphorylated, it translocates to the nucleus, binds to TEA domain 

transcription factor (TEAD 1-4), and activates transcription of genes that regulate cell 

proliferation, stem cell renewal, and cell death (Fu et al., 2024; Faraji et al., 2022). 

The JAK-STAT pathway gets activated with the binding of different ligands that include 

cytokines, growth factors, or hormones, to their receptors. It plays crucial roles in inflammation 

and apoptosis. Receptor dimerization or conformational changes upon ligand binding bring the 

associated JAKs into proximity, which allows the JAKs to transphosphorylate each other. JAK 

phosphorylates the tyrosine residues of the receptor, which act as a docking point for STAT 

proteins. STATs are phosphorylated by the JAKs and dissociated from the receptor and form 

homo- or heterodimers via their SH2 domains. Next, they enter the nucleus and bind to specific 

promoter domains, activating transcription of target genes (Hu et al., 2021). 
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Figure 2.6. CSC signaling pathways in HNSCC: Wnt, HH-GLI, Notch, Hippo, 

JAK/STAT. (A) Wnt ligand binding to the Frizzled receptor complex and LRP co-receptor 

leads to recruitment of the Dishevelled protein. This suppresses the β-catenin destruction 

complex, allowing β-catenin to accumulate, translocate into the nucleus, and induce gene 

transcription. (B) Hedgehog ligand binding to the PTCH1 receptor removes its inhibition of the 

SMO protein. This prevents degradation of GLI, which enters the nucleus and transactivates 

Hh target genes. (C) Notch receptor ligand binding leads to sequential cleavage by ADAM 

protease and γ-secretase. The released intracellular domain travels to the nucleus, binds to CLS, 

and activates transcription. (D) Different stimuli initiate the MST1/2-MAP4K-LATS1/2 

signaling cascade, which leads to phosphorylation of the coactivator YAP1/TAZ. This prevents 

nuclear translocation. When YAP/TAZ is unphosphorylated, it translocates to the nucleus, 

binds to TEAD, and activates transcription. (E) Ligand-activated non-receptor JAK kinases 

phosphorylate STAT protein. The dimerized, phosphorylated STATs travel to the nucleus and 

function as TFs. The image is adapted from (Ang et al., 2023) and created with biorender.com. 
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2.3.4. CSC and resistance to therapy 

Resistance to conventional anti-cancer therapy is one of the main characteristics of CSCs. This 

includes chemotherapy, radiotherapy, and targeted treatments. CSCs can also prompt cell cycle 

arrest, entering a quiescent state that enhances their resistance to chemotherapy and 

radiotherapy (Phi et al., 2018; Chikamatsu et al., 2012). Traditional cancer therapy is based on 

DNA damage induction. CSCs may exhibit resistance to cell death induced by DNA damage 

through various mechanisms, such as protection against oxidative DNA damage by increasing 

reactive oxygen species (ROS) scavenging, enhancing DNA repair capabilities via Ataxia-

Telangiectasia Mutated (ATM) a protein kinase that plays an important role in DNA damage 

response; and checkpoint kinase 1 and 2 (CHK1/CHK2) phosphorylation, or activating anti-

apoptotic signaling pathways, including PI3K/Akt, Wnt/β-catenin, and Notch signaling 

pathways (Peitzsch et al., 2013). CSCs may also have genetic mutations or epigenetic 

alterations that could affect multidrug transporters, ATP-binding cassettes (ABCs), and changes 

in drug metabolism and drug resistance. CSCs have higher expression levels of ABCs, which 

leads to faster elimination of anti-cancer drugs and drug resistance, but also alters the enzymatic 

activity, such as ALDH activity (Dean et al., 2005). CSCs exhibit lower mitotic activity than 

standard cancer cells and therefore may not be affected by the chemotherapeutics that target 

fast-dividing cells (Chen et al., 2016). 

 

2.3.4.1. CSC and resistance to therapy in HNSCC 

The high recurrence of HNSCC cancer could be a result of CSC mechanisms for therapy 

resistance. Traditional chemotherapy is effective in reducing the bulk of the tumor mass, but 

CSCs are not eliminated, and over time, they can renew the tumor in the same tissue or 

metastasize. Increased stemness markers such as ALDH, CD133, Sox2, Bmi-1, Nanog, but also 

fibroblast growth factor receptor (FGFR) signaling, may lead to higher resistance to cisplatin 

(Lu et al., 2016; McDermott et al., 2018). CD44 marker has been studied in association with 

radiotherapy resistance in HNSCC (Dubey et al., 2022). Therefore, it is crucial to understand 

the characteristics and mechanisms by which CSCs manifest resistance to therapeutic agents 

and how to enhance their sensitivity to cancer therapy. Consequently, targeting and eliminating 

these tumor-initiating cells could disrupt tumor regrowth and prevent metastasis 

(Krishnamurthy & Nör, 2012). 
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2.3.5. Tumor spheres 

Our approach to studying the role of TLR3 in the carcinogenesis of HNSCC focuses on the 

study of CSCs. Jia et al. showed in 2015 that TLR3 has a role in the formation and maintenance 

of tumor spheres in breast cancer. However, no other publications on other types of cancer have 

been published since. CSCs represent a small subgroup of the tumor population, making them 

more challenging to research. Methods for culturing, analyzing, and isolation of CSCs are still 

being developed. 

The isolation of CD44+ cells using fluorescence-activated cell sorting (FACS) and the isolation 

based on other CSC markers are some of the methods used for CSC detection (Masciale et al., 

2019; Chen & Wang, 2019). The differentiation characteristics and self-renewal of cells can be 

tested using gel-embedding, the models that include embedding cells onto gels similar to the 

extracellular matrix, such as Matrigel or collagen (Han et al., 2014). CSC can also be isolated 

based on their side population, which includes variable efflux dye capacity (Chen & Wang, 

2019). Petrić & Sabol (2023) also described some other common methods for spheroid 

cultivation in prostate cancer. These include the suspension cell cultures, hanging drops, 

prefabricated scaffolds, and organ-on-a-chip technology. Organ-on-a-chip technology uses 

microfluid devices to precisely imitate the in vivo tumor microenvironment in in vitro 

conditions. Prefabricated scaffolds have structures similar to in vivo conditions and are used as 

a replacement for the extracellular matrix model. Tumor cells can form spheres or spheroids 

through self-aggregation. Aggregation depends on cell-cell adhesion molecules (e.g., E-

cadherin, integrins) and extracellular matrix components. The method of sphere formation 

includes culturing tumor cells under specific conditions in low-attachment plates. This allows 

them to detach from their natural environment, survive, and aggregate into 3D structures. 

Another method of tumor sphere creation is hanging drop cultures, where tumor cells are seeded 

in a droplet of medium and allowed to hang in a petri dish. This method allows the formation 

of a smaller number of tumor spheres. 

When cancer cells form spheres, they retain stem cell properties over multiple generations. 

Their ability to reform spheroid shape and structure, and form another generation of tumor 

spheres, even after the dissociation of the previous generation, acts as evidence of their ability 

to self-renew. In addition, the determination of phenotypic markers enables their identification 

(Vukovic Đerfi et al., 2023). 
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Tumor spheres can vary in size, typically ranging from 50 to 500 micrometers in diameter. 

Their shape and size depend on cell type and culture conditions. Tumor spheroids exhibit 

heterogeneous cellular organization. They consist of the outer layer, which consists of 

proliferating cells that are exposed to nutrients and oxygen. The middle layer contains non-

dividing live cells due to limited sources of oxygen and nutrients. The third layer is the core 

that contains the necrotic zone, which contains dead cells because of hypoxic conditions and 

nutrient deprivation. Usually, larger tumor spheroids will form necrotic cores after developing 

oxygen and nutrient gradients. This formation is similar to solid tumors in the body, which 

makes tumor spheres a better model for cancer research compared to 2D monolayers (Gunti et 

al., 2021). Until now, the tumor spheres were studied in various types of cancer, including breast 

cancer spheres (mammospheres), neural (neurospheres), prostate, but also HNSCC 

(orospheres) (Pastrana et al., 2011; Krishnamurthy et al., 2010). Krishnamurthy & Nör (2012) 

indicate that sphere formation ability of HNSCC seems to be a suitable method for studying the 

mechanism of CSCs in HNSCC and might further impact the treatment development. Tumor 

spheres provide insights into tumor growth, resistance to therapy, and metastasis. Some tumor 

spheres show invasive abilities mimicking cancer metastasis. The morphology of invasive 

tumor spheres can indicate the metastatic potential of the cancer cells (Hamilton & Rath, 2019). 
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2.4. Endogenous ligands/damage-associated molecular patterns 

(DAMPs) 

Numerous intracellular molecules known as endogenous ligands or damage-derived molecular 

patterns are generated during cell damage. DAMPs are often released from necrotic cells after 

being exposed to stressors. Necrotic cell death can happen due to chemical or physical effects, 

including radiation, chemotherapy, toxins, mechanical injury, burn-induced damage, or 

cryonecrosis (Zhang et al., 2014) (Figure 2.7). 

DAMPs can be cellular proteins, lipids, metabolites, extracellular matrix molecules, and nucleic 

acids that are being released during cell injury or tissue damage. DAMPs are an important part 

of the immune system signaling. When DAMPs bind to their corresponding receptors, they will 

induce an immune response and activate the immune system (Piccinini & Midwood, 2010). The 

list of DAMPs and their receptors can be found in Table 2.1. Some of the DAMP receptors are 

TLRs, receptors for advanced glycation end products (RAGE), RIG-I-like receptors (RLRs), 

NOD1-like receptors (NLRs), and AIM2-like receptors (Huang et al., 2015). 

RAGE is a transmembrane pattern recognition receptor that is expressed on the endothelial, 

immune, and tumor cells. RAGE recognizes endogenous molecules that are released from 

damaged tissues, playing a role as a receptor in many inflammatory disorders (Cross et al., 

2024). RAGE receptors bind advanced glycation end products (AGEs) but also DAMP 

molecules, HMGB1, HSPs, and S100 proteins. RAGE is an important player in chronic 

inflammation and cancer progression (Fritz, 2011; Daffu et al., 2013; Riehl et al., 2009). 

High mobility group box 1 (HMGB1) is a highly conserved nuclear protein. , which plays an 

important role in DNA-associated processes that include transcription, replication, and DNA 

repair. It acts as a DNA chaperone, facilitating DNA bending and unwinding, which is crucial 

for processes like gene transcription, DNA replication, and DNA repair mechanisms. 

Intracellularly, HMGB1 loss will lead to increased DNA damage, cell death, and consequently, 

its release from the cells. Extracellularly, it acts as a pro-inflammatory mediator and 

tumorigenic factor, which binds to TLR2, TLR4, and RAGE. Ligand binding further activates 

signaling pathways involved in cancer progression and tumor sphere formation. In addition, 

HMGB1 contributes to invasion, stimulates autophagy, acts as an immune suppressor, and plays 

a role in resistance to anti-cancer therapy (Zapletal et al., 2023). 
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S100 is a family of intracellular proteins that act as regulatory proteins for calcium binding. 

They also regulate cell growth and differentiation, apoptosis, cell migration, and invasion 

(Donato et al., 2012). Some of them also act as DAMP ligands in cancer. In the TME, they are 

associated with immune activation, migration, invasion, and tumor progression in the majority 

of tumors. The exception is S100A2, which acts as a tumor suppressor in oral cancer (Tsai et 

al., 2006) but as a tumor promoter in others (Bresnick et al., 2015). 

Heat shock proteins (HSPs) are a group of ubiquitously expressed stress proteins. They are 

upregulated in certain cellular stress conditions that include toxin exposure, hypoxia, and 

hyperthermia. They are primarily molecular chaperones, and their function is to preserve 

protein structure and proper folding, as well as protein signaling activation, and prevent cell 

death. They play a crucial role in maintaining cellular homeostasis (Singh et al., 2024). Due to 

stressors like hypoxia and nutrient deficiency in TME, HSPs are often elevated in tumors. This 

can lead to cancer cell survival by blocking apoptosis, but also by contributing to therapy 

resistance and enhancing metastatic traits like EMT (Zapletal et al., 2023). 

It has been demonstrated that TLR3 can be activated by DAMPs, such as variants of cellular 

RNA originating from necrotic cells (Figure 2.7), including mRNA from necrotic cells, which 

has been described as the first endogenous ligand for TLR3 (Karikó et al., 2004). This implies 

that the activation of TLR3 in tumor cells or their microenvironment does not necessarily 

require an external factor, such as a viral infection. Their activation could be induced by internal 

factors only (Cavassani et al., 2008; Vasiljevic et al., 2023). DAMPs are often overexpressed 

in tumors or released by tumors due to the stressful conditions in the TME (Zapletal et al., 

2023), where they activate TLR signaling pathways or RAGE. TLR activation by DAMPs 

induces the activation of the immune response (Piccinini & Midwood, 2010).  
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Table 2.1. List of DAMPs and their receptors. Table taken from Zapletal et al., 2023. 

Type of DAMP DAMPs Receptors 

 HMGB1 TLR2, TLR4, RAGE 

 Histone TLR2, TLR4 

 S100 TLR2, TLR4, RAGE 

 HSPs TLR2, TLR4, CD91, RAGE 

 Annexin A1 FPR1 

 Versican TLR2, TLR6, CD14 

 Fibronectin (EDA domain) TLR4 

 Fibrinogen TLR4 

 Tenascin C TLR4 

Proteins F-actin DNGR-1 

 Cyclophilin A CD147 

 Aβ TLR2, NLRP1, NLRP3, CD36, 

RAGE 
 IL1α/IL33 IL-1R/ST2 

 Formyl peptide FPR1 

 Calreticulin CD91 

 Defensins TLR4 

 Cathelicidin (LL37) P2X7, FPR2 

 Granulysin TLR4 

 LMW hyaluronan TLR2, TLR4, NLRP3 

Lipids and carbohydrates SAA TLR2, TLR4 

 Heparan sulfate TLR4 

Metabolite-related DAMPs ATP P2X7, P2Y2 

 Uric acid NLRP3, P2X7 

 DNA TLR9, AIM2 

Nucleic acids RNA TLR3, TLR7/8, RIG-I, MDA5 

 mtDNA TLR9 

 



 

 

26 
 

 

 

Figure 2.7. DAMPs released from necrotic tumor tissue activate TLRs on either immune 

cells or on tumor cells in the tumor microenvironment. DAMPs can be released after tissue 

damage due to chemotherapy, radiotherapy, or other factors. They can stimulate different 

responses after binding to TLRs on tumor cells or immune cells. Immune cells may activate an 

immune response or induce immune suppressive cells, and tumor cells may induce cell 

proliferation, metastasis, invasion, and resistance to apoptosis. The image is adapted from (Jang 

et al., 2020) and created with biorender.com. 
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2.5. Head and neck squamous cell carcinoma (HNSCC) 

Head and neck cancers include different tumors of the aerodigestive tract. Tumors can develop 

in the oral cavity, mucosal membrane, pharynx, larynx, nasal cavity, muscles, or nerves of the 

head and neck area (Argiris et al., 2008) (Figure 2.8). Each of these regions is lined with 

squamous epithelium cells. Most head and neck tumors are diagnosed as squamous cell 

carcinomas. Mucosal epithelium is where the cancer stems from. It starts with the hyperplasia 

of the epithelial cells, succeeded by dysplasia and carcinoma in situ, which ends with an 

invasive malignant tumor (Johnson et al., 2020). 

Head and neck squamous cell carcinoma (HNSCC) represents approximately 90% of all head 

and neck malignancies. It is the sixth most prevalent cancer globally and is characterized by its 

recurrence tendency post-treatment. Cancers in the oral cavity and larynx are commonly linked 

to the use of tobacco, excessive alcohol consumption, or a combination of both. In terms of 

infectious agents, persistent infection with human papillomavirus (HPV) and Epstein–Barr 

virus (EBV), are risk factor for HNSCC arising from the oropharynx and nasopharynx (Johnson 

et al., 2020).  

In recent research, TLR3 has been linked with the development of EBV-induced 

nasopharyngeal carcinoma (Li et al., 2015). External factors, including viral infections, toxins, 

and radiation, cause inflammation in the TME. During chronic inflammation, this persistent 

state leads to ROS factors release, and pro-inflammatory cytokines, which results in DNA 

damage or mutation in tumor suppressor genes, including TP53, which promotes tumor 

progression (Gudkov & Komarova, 2016). 
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Figure 2.8. The Anatomy of the head and neck. The oral cavity includes the lips, mouth, 

anterior tongue, buccal mucosa, and hard palate. Surrounding anatomical regions include the 

nasal cavity, sinuses, pharynx, which is divided into nasopharynx, oropharynx, hypopharynx, 

and the larynx with vocal cords. The image was created with biorender.com. 
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2.5.1. Challenges in current HNSCC therapies 

Regardless of many existing therapy modalities, a significant number of patients show 

inadequate responses to treatment, resulting in recurrent disease. HNSCC is characterized by 

the high incidence of local recurrence and distant metastasis, which may be attributed to CSCs 

(Chinn et al., 2012). HNSCC is often very aggressive and diagnosed in the late stages of the 

disease, when metastasis has already occurred. Current treatments often include surgery, 

chemotherapy, radiotherapy, immunotherapy, or their combinations.  

Despite the development of cancer treatment, HNSCC still has a poor prognosis, and overall, 

the 5-year survival rate for HNSCC can range from 40% to 60%. Head and neck tumor cells 

often develop radio- and chemotherapy resistance, which results in the recurrence of disease 

(Li et al., 2023). Epithelial–mesenchymal transition (EMT) plays a significant role in tumor 

migration and metastasis. EMT is a physiological mechanism that causes cells to lose their 

epithelial traits. This allows them to loosen and lose a strong, adhesive bond with surrounding 

cells. These cells then gain the ability to migrate, which causes invasion of surrounding tissues 

and metastasis. EMT is believed to be crucial in head and neck malignancies (Pal et al., 2021). 

Recent studies showed that metastasis in HNSCC is associated with several molecular 

mechanisms. This involves immune invasion, extracellular matrix reorganization, and 

involvement of hypoxia-induced factors. Hypoxia in TME activates HIF-1α, which enhances 

metastatic potential by promoting angiogenesis in TME (Wicks & Semenza, 2022). 

Additionally, (Li et al., 2016) showed that the exosomal miRNA in TME derived from hypoxic 

HNSCC can reach normal cells and induce pro-metastatic characteristics in nonhypoxic cells. 

Moreover, HNSCC metastases most commonly occur in cervical lymph nodes (Burusapat et 

al., 2015). 
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2.6. Radiation therapy 

Radiation therapy is one of the main treatment options for HNSCC. Radiotherapy is often 

combined with chemotherapy and surgery. Pre-treatment by chemotherapy can make cancer 

cells more susceptible to irradiation by inducing radiosensitivity (Yeh, 2010). Radioactive 

decay generates three types of radiation: alpha and beta particles, and γ-rays (Springer, 2004). 

Gamma (γ) irradiation is based on γ-rays that are obtained from radioactive isotopes of Cobalt-

60, a common source of γ-rays in medical use. Gamma radiation has a very high ability of tissue 

penetration and is only stopped by very dense materials such as thick lead shields (Brinston & 

Norton, 1994). It is also damaging healthy tissue, so common side effects include irritation, 

vomiting, and hair loss. Radiotherapy damages the cancer cells' DNA, which leads to cell death 

and disruption of the TME in terms of damage to endothelial cells, stromal cells, and activation 

of the immune response.  

In HNSCC, it can be used as the final treatment after surgery, as definitive treatment (instead 

of surgery), or pre-operatively. Cancer cells often become resistant to radiation therapy due to 

enhanced DNA damage repair, specific changes in the TME, such as hypoxia or immune 

suppression, or by the activation of pro-survival pathways and apoptosis evasion. Radiotherapy 

resistance in HNSCC is common because of increased DNA repair capacity and tumor hypoxia 

(low oxygen levels). Hypoxia reduces the generation of reactive oxygen species (ROS), which 

are crucial for radiation-induced damage. EGFR and PI3K/AKT signaling pathways are 

frequently dysregulated in cancer and are known to promote cell survival, DNA repair, and 

contribute to radioresistance (Glorieux et al., 2020). To enhance anti-tumor response and 

overcome resistance in HNSCC, a promising approach would involve sensitization of cancer 

cells to radiation, targeting hypoxia-related mechanisms, and combining radiation treatment 

with immune checkpoint inhibitors (Kao et al., 2023; dos Santos et al., 2021). 
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2.7. Proton therapy 

Proton beam therapy is an innovative form of radiation treatment that employs positively 

charged particles – protons to deliver a focused dose of radiation directly to cancerous tissue. 

Unlike conventional radiation cancer treatments, such as γ-ray radiation and X-ray irradiation, 

which lack precision, protons target cancer cells with high precision, releasing most of their 

energy exactly where the tumor is located. This leads to less destructive irradiation side effects 

since it preserves normal surrounding tissues. Bragg's peak is the distinct ability of charged 

particles to deposit most of their energy at the end of their path as they travel through matter. 

This results in a sharp, localized peak for radiation dose delivery. Bragg’s peak was first 

mentioned in 1904 by William Henry Bragg when he observed that ionization with radium 

alpha particles was more effective towards the end of its course (Bragg & Kleeman, 1904). 

Bragg’s peak was first mentioned in a medical context by Wilson in 1946. He proposed the idea 

that proton beam therapy could be used for cancer treatment. He explained first that the proton 

beam travels through healthy tissue before it reaches the target cancer, depositing low amounts 

of energy. Then it releases a large amount of radiation energy to the target and kills cancer cells 

(Wilson, 1946). To compare, X-rays release and deposit energy along their path, causing 

damage to surrounding tissues and organs, before and after the target tumor tissue. Protons were 

effective in lung cancer CSCs eradication, where they significantly decreased the cell survival 

of tumor cells resistant to chemotherapy, reduced the number and survival of tumor spheres, 

and downregulated migration and invasiveness. Moreover, CSC markers were reduced, and 

apoptosis and ROS were increased (Zhang et al., 2013). 

For HNSCC, Nuyts et al. (2022) show that proton beam therapy could be a treatment option for 

patients with mucosal SCC that is situated superior to the hyoid bone because of their complex 

structure and different critical organs at risk. For patients with recurrent disease, the re-

irradiation therapy with proton beam could be the sole treatment approach with a curative 

outcome. It allows a higher dose of irradiation for tumor targeting, but without affecting the 

previously irradiated healthy tissue (Romesser et al., 2016). Another study indicated that re-

irradiation in HNSCC was effective for the tumor site, but it comes with the risk of potentially 

developing osteoradionecrosis (Hsieh et al., 2024). Mumaw et al. (2024) state that there are 

only a few cases of cancer recurrence on the contralateral neck after the unilateral proton beam 

therapy in patients with HNSCC. 
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2.8. UFMylation 
 

UFMylation is a form of posttranslational modification, similar to ubiquitination, that was 

described in the early 2000s. It was first characterized by Komatsu et al. (2004). who showed 

that all the major proteins that take part in UFMylation are ubiquitously expressed across 

various tissues, indicating their fundamental role in cellular processes. The process of 

UFMylation begins with the activation of ubiquitin fold modifier-1 (UFM1), a small protein (9 

kDa) that is similar to ubiquitin in its tertiary structure. UFM1 is synthesized as a precursor and 

requires proteolytic cleavage (processing). It is cleaved by UFSP1 and UFSP2, which are 

UFM1-specific peptidases. Three types of enzymes, which are preserved in most eukaryotes, 

play a role in the process of UFMylation, similarly to ubiquitination: E1 (activating), E2 

(conjugating), and E3 (ligase). The process begins with the E1, ubiquitin-like modifier 

activating enzyme 5 (UBA5) activation of UFM1 by binding adenosine triphosphate (ATP). 

 

Next, the E2, ubiquitin-fold modifier conjugating enzyme 1 (UFC1), transports active UFM1 

from E1 to E3. Subsequently, E3, UFM1-specific ligase 1 (UFL1) recognizes specific target 

proteins (substrate) and, along with regulatory proteins DDRGK domain containing 1 

(DDRGK1), acts as a docking hub for substrate UFMylation. UFM1 binds to lysine residues on 

target proteins. UFSP1 and UFSP2 also act as de-UFMylating enzymes and can remove UFM1 

from the substrate to make the process of UFMylation reversible (Kang et al., 2007) (Figure 

2.9). 

Besides UFM1, UBA5 is found in the cytoplasm and is specific for UFMylation as the only E1 

protein found in this process. UFC1 is found in the nucleus and the cytoplasm and acts as the 

E2 enzyme. UFL1 is identified as the E3 ligase, which is specific for UFM1 and is located on 

the membrane of the endoplasmic reticulum. The DDRGK1 and CDK5 regulatory subunit-

associated protein 3 (CDK5RAP3) participate in the final step of substrate recruitment (Millrine 

et al., 2023). 

UFSP2, together with UFSP1, is a protease specific to UFM1 that belongs to the novel cysteine 

protease subgroup. They cleave the C-terminal Ser-Cys dipeptide so it can reveal the glycine 

residue. They are involved in the process of protein UFM1 activation and UFM1 removal from 

the substrate. It is generally assumed that UFSP2 plays a more important role in the removal of 

UFM1 from the substrate, which enables the recycling of UFM1, while UFSP1 might have a 

role in UFM1 maturation. UFSP1 is found in the cytoplasm, while UFSP2 is found in the 
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cytoplasm and nucleus and can be associated with the endoplasmic reticulum (ER) (Millrine et 

al., 2023). 

The function of UFMylation is still not completely clear, but it has been linked to DNA damage 

response, protein biogenesis, telomere maintenance, autophagy, and ER homeostasis. The role 

of UFMylation in tumorigenesis is still poorly explained, and the role depends on the type of 

cancer. In some tumors, it plays a role in tumor suppression, while in others, it has a pro-

tumorigenic effect (Millrine et al., 2023). Only a few UFMylation substrates have been 

described. Tumor suppressor p53 protein is one of them, and it has been demonstrated that 

UFM1 can covalently modify p53 and inhibit its ubiquitination and proteasomal degradation. 

This leads to stabilization of the p53 protein and activation of tumor suppression. It has been 

shown that the downregulation of DDRGK1 and UFL1 reduces the stability of p53, which leads 

to increased cell proliferation and tumor formation (Liu et al., 2020). 

We showed that in HNSCC, UFMylation could play an important role in cancer stem cells. 

Proteomic analysis and further confirmation by western blot showed different expressions of 

DDRGK1 and UFSP2 proteins, involved in UFMylation. Bioinformatic analysis revealed us a 

correlation of UFM1 with EMT genes that indicate poor prognosis. UFM1 silencing decreased 

tumor sphere number and stemness, demonstrating its possible role in maintaining CSC 

characteristics. Based on bioinformatics analysis, which identified Sp1 as the main TF in 

UFMylation, mithramycin, a known Sp1 inhibitor, was used to target CSCs. Mithramycin 

reduced tumor sphere survival, targeted key UFMylation genes and RPL26, a known 

UFMylation substrate, and induced apoptosis. Overall, downregulating UFMylation proteins 

could inhibit HNSCC progression by acting on CSCs (Derfi et al., 2024). 
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Figure 2.9. The UFMylation process. The UFM1 precursor (pre-UFM1) is cleaved by the 

UFM1-specific peptidases (UFSP1 and UFSP2), while the UBA5 activates the mature UFM1 

by starting the cascade of UFM1 transfer to the substrate through UFC1 and UFL1 proteins. 

The regulatory proteins CDK5RAP3 and DDRGK1 participate in the final step of substrate 

recruitment. UFSP1 and UFSP2 can cleave UFM1 from the substrate to make the process 

reversible. The image is adapted from Jing et al. (2022) and created with biorender.com. 
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2.9. Kynurenine pathway 

The kynurenine pathway plays a role in the tryptophan (Trp) degradation cascade (Figure 2.10). 

According to Badawy (2017) it participates in 95% of the Trp metabolism. Kynurenine 

Aminotransferase 3 (KYAT3, KAT3) is a key enzyme that plays a role in the tryptophan 

degradation cascade. KYAT3 facilitates the irreversible transamination of L-kynurenine, which 

leads to the production of kynurenic acid (Human Protein Atlas, 2024, accessed on 10.05.2025). 

According to The Human Protein Atlas, KYAT3 is found to be a prognostic marker for breast 

carcinoma, kidney carcinoma, and colon adenocarcinoma. Overall, little is known about 

KYAT3 and its role in cancer stem cells.  

A preliminary study from 2006 (Tankiewicz et al.) showed that in oral squamous cell 

carcinoma, Trp breakdown has been associated with the regulation of tumor cell proliferation. 

The kynurenine pathway has been linked with tumor escape from immune recognition. 

Increased indolamine 2,3-dioxygenase (IDO), one of the key enzymes of the Trp/kynurenine 

pathway, causes a drop in Trp levels and a buildup of the breakdown product, kynurenine, 

within the TME. This leads to immunosuppressive settings where T cells are unresponsive and 

apoptotic, while their differentiation is inhibited (León-Letelier et al., 2023). In recent studies, 

targeting tryptophan metabolism has been proposed as a potential new strategy for cancer 

treatment (Platten et al., 2019; Yan et al., 2024). 
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Figure 2.10. Kynurenine pathway. The overview of the tryptophan metabolism and the 

kynurenine pathway. Tryptophan (Trp) is metabolized by indolamine 2,3-dioxygenase (IDO) 

(or tryptophan 2,3-dioxygenase (TDO) to kynurenine (Kyn). It can then be converted to several 

metabolites (kynurenic acid, anthranilic acid or quinolinic acid), and also to other metabolites 

(xanthurenic acid, 3-hydroxykynurenine, 3-hydroxyanthranilic acid and quinolinic acid. 

Pathway includes several enzymes including arylformamidase (AFMID), kynurenine 

aminotransferases (KATs/KYATs), kynureninase (KYNU), kynurenine 3-monooxygenase 

(KMO), 3-hydroxyanthranilate 3,4-dioxygenase (HAAO), and quinolinate 

phosphoribosyltransferase (QPRT). The image is adapted from Walczak et al. (2020). 
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3. MATERIALS AND METHODS 

3.1. Tumor cell lines  

Human head and neck squamous cell carcinoma (HNSCC) derived cell lines were analyzed in 

this research (pharyngeal cancer cell lines Detroit 562 and FaDu, and laryngeal cancer cell line 

SQ20B). The pharyngeal cells were obtained from ATCC (LGC Standards) in 2018 (part of the 

head and neck cancer panel, TCP-1012), and the laryngeal cancer cell line SQ20B (CVCL 

7138) was a gift from Prof. Pierre Busson (Gustave Roussy Institute, Villejuif, France). The 

Detroit 562 (CCL-138™, ATCC, Manassas, Virginia, USA) (CVCL 1171) epithelial cell line 

is derived from pleural effusion of pharyngeal metastatic carcinoma. FaDu (ATCC® HTB-43TM, 

ATCC, Manassas, Virginia, USA) (CVCL 1218) is an epithelial cell line derived from primary 

hypopharyngeal squamous cell carcinoma. The SQ20B cell line, derived from a laryngeal 

tumor, is frequently used as a radiation-resistant HNSCC model. 

 

3.2. Cell culture 

3.2.1. Routine cell culturing  

Detroit 562, FaDu, and SQ20B cells were stored at -196°C in liquid nitrogen for long-term 

storage. To introduce the cells into the cell culture, they were rapidly thawed using a water bath 

at 37°C. Then, the cells were transferred into a 15 mL Falcon tube containing 5 mL of cell 

growth medium (DMEM, Dulbecco’s Modified Eagle Medium Low Glucose (Sigma Aldrich, 

St. Louis, Missouri, USA); supplemented with 1% penicillin and streptomycin (Sigma Aldrich, 

St. Louis, Missouri, USA), 1% L-glutamine (Sigma Aldrich, St. Louis, Missouri, USA), and 

10% fetal bovine serum (FBS, Sigma Aldrich, St. Louis, Missouri, USA)). The cells were 

centrifuged (Heraeus Megafuge 1.0 R, Thermo Fisher Scientific, Waltham, Massachusetts, 

USA) at 300 x g for 5 minutes at room temperature. The cell pellet was resuspended in fresh 

DMEM and transferred to the cell culture flask (T75, TPP Techno Plastic, Trasadingen, 

Switzerland). Finally, the cell culture flask was kept in the incubator at 37°C, with 5% CO2 

volume fraction (Heraeus HERAcell 150, Thermo Fisher Scientific, Waltham, Massachusetts, 

USA). All in vitro procedures were performed under sterile conditions inside a laminar flow 

hood (Iskra HK16, Klimaoprema, Samobor, Croatia). 
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3.2.2. Tumor sphere formation  

The tumor sphere formation technique was applied to enrich CSCs. This assay is considered a 

well-established model for CSC research (Lee et al., 2016). The assay was based on the ability 

of cancer cells to form 3D spherical structures when grown in low-attachment cell culture plates 

in a serum-free, antibiotic-free medium MEBM (Mammary Epithelium Basal Medium, Lonza 

Bioscience, Basel, Switzerland), supplemented with vitamin B27 supplement (50X) serum free 

(1:50) (Thermo Fisher Scientific, Waltham, Massachusetts, USA), epidermal growth factor 

(EGF, 20 ng/mL) (PeproTech, Thermo Fisher Scientific, Waltham, Massachusetts, USA)  and 

fibroblast growth factor (FGF, 10 ng/mL) (PeproTech, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) (Figure 3.1). To prepare plates for tumor sphere growing conditions, 

different types and sizes of TPP® tissue culture dishes (Techno Plastic, Trasadingen, 

Switzerland) were coated with BIOFLOAT™ FLEX coating solution (faCellitate, Mannheim, 

Germany). For 96 wells, ready-to-use BIOFLOAT™ 96-well plates with U-bottom were used. 

 

 

Figure 3.1. Formation of tumor spheroids. Adherent cancer cells are transferred into the low-

attachment culture plates, where they aggregate and form 3D tumor spheroids. Tumor spheroids 

have an established concentration gradient. Oxygen and nutrients decrease towards the center, 

while metabolic waste and CO2 accumulate. This creates a proliferative zone at the periphery, 

senescent middle zone and the necrotic core. The image was sourced from Gilazieva et al. 

(2020), and adjusted using biorender.com. 

  



 

 

39 
 

3.2.2.1. Tumor sphere size and morphology 

Detroit 562, FaDu, and SQ20B cells were cultured in ultra-low attachment plates and serum-

free MEBM with the addition of EGF, FGF, and B27 to form tumor spheres. Three days after 

seeding, tumor spheres were treated with poly(I:C) or poly(A:U) and were quantified based on 

number and size after the stimulation of TLR3. The number of tumor spheres was quantified at 

2, 4, and 7 days after the treatment. Spheres were counted using an inverted phase-contrast 

microscope, with particular focus on larger spheres. Tumor spheres were divided into three 

groups based on size. The first was 0 - 50 μm in diameter, the second was 150 - 200 μm in 

diameter, and the third was ≥300 μm in diameter. The effects of the treatment on sphere size 

and morphology were assessed by comparing the number of spheres in the treated versus control 

groups. 

 

3.3. Tumor sphere generations 

Aldehyde dehydrogenase (ALDH) is a marker for cancer stem cells that plays a significant role 

in cell survival. The expression of ALDH1A1 was analyzed after prolonged cultivation and 

tumor spheres enrichment through a series of passages of tumor spheres. Detroit 562 cells were 

seeded in low-adhesion conditions and special MEBM medium for tumor spheres cultivation. 

Several generations of tumor spheres were grown, and the expressions of ALDH1A1 and 

CD133 were determined for each generation. Increased expression and activity of ALDH are 

linked to enhanced stem-like properties in tumor spheres, and CD133 is a CSC marker that 

plays an important role in tumorigenicity and metastasis. Generations 1-3 were obtained by 

cultivating the spheres for 72 hours after which a portion of tumor spheres was removed for 

expression analysis and the rest was dissociated into single-cell suspension using TrypLE™ 

Express Enzyme (Thermo Fisher Scientific, Waltham, Massachusetts, USA) with EDTA 

without phenol red, which reduces damage to cells. The dissociated cells were then cultured 

again to form tumor spheres under the same conditions for another 3 days, and the whole 

process was repeated for 3 generations. Proteins were isolated from tumor spheres, and 

ALDH1A1 and CD133 expressions were detected using western blot. 
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3.4. Transfection 

Transfection is a technique utilized to distribute external nucleic acids into eukaryotic cells. 

RNA interference (RNAi) is an RNA-dependent gene silencing method that is regulated by 

RNA-induced silencing complex (RISC) and is activated by short double-stranded RNA 

molecules (small hairpin RNA (shRNA), small interfering RNA (siRNA), and microRNA 

(miRNA)). It is being utilized by eukaryotes for antiviral defense, gene modulation, and gene 

regulation. Many methods for shRNA and siRNA delivery into the cell are available (Agrawal 

et al., 2003). Different vectors and commercially available plasmids are being used. In most 

cases, transfection is transient, meaning that the introduced DNA remains in the cell cytoplasm 

without integrating into the chromosomal DNA of the cell. The introduced DNA will be lost 

after a few cell divisions, unlike in stable transfection, where the plasmid is integrated into the 

genome (Chong et al., 2021). 

 

3.4.1. pTRIPZ stable transfection 

FaDu and SQ20B cell lines with stably transfected pTRIPZ were a gift from Prof. Pierre Busson 

of the Institut Gustave Roussy, Villejuif, France. The pTRIPZ plasmid was used for stable 

transfection (Thermo Scientific, Waltham, Massachusetts, United States) (Figure 3.2). pTRIPZ 

can induce shRNA expression in the presence of doxycycline (Tet-On configuration) . The Tet-

On system is based on two features for induction: a modified tetracycline response element 

(TRE) and a transactivator. This transactivator, reverse tetracycline transactivator 3 (rtTA3), is 

bound to the TRE in the presence of doxycycline, activating transcription from the TRE 

promoter. The pTRIPZ plasmid contains a coding region for TurboRFP (tRFP, red fluorescent 

protein), the operator gene, which is located upstream of the shRNA gene and downstream of 

TRE. Additionally, the plasmid contains a puromycin resistance gene, allowing the 

establishment of stably transfected cell lines. Cells without the plasmid will not survive when 

puromycin is added to the medium. 

FaDu and SQ20B cell lines were stably transfected with the pTRIPZ plasmid containing shRNA 

targeting TLR3. More specifically, FaDu-shTLR3 and SQ20B-shTLR3 cell clones were stably 

transfected with the pTRIPZ plasmid, which carries a gene for shRNA that specifically targets 

TLR3 mRNA. The addition of doxycycline induces the expression of shRNA in transfected 

cells, allowing conditional TLR3 knockdown. This activates the RNAi pathways, ultimately 
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leading to mRNA degradation and silencing of TLR3 expression. FaDu-shcontrol and SQ20B-

shcontrol cell clones contain a stably transfected empty plasmid. 

For protein isolation, 106 cells were seeded in 6-well plates per well for tumor spheres and 0.5 

x 106 cells in 6-well plates per well for adherent cells. Doxycycline (Sigma Aldrich, St. Louis, 

Missouri, USA) was added at a concentration of 2 µg/mL, and puromycin (Sigma Aldrich, St. 

Louis, Missouri, USA) at a concentration of 0.4 µg/mL. Antibiotics were mixed with the 

medium before being added to the cells. Cells were incubated for 72 hours to form tumor 

spheres before the tumor spheres were treated with poly(I:C) or poly(A:U) and doxycycline to 

silence TLR3. Proteins were isolated after 24 hours, and a western blot was performed. 

 

Figure 3.2. pTRIPZ lentiviral vector. Source: Thermo Fisher pTRIPZ technical manual. 

 

 

3.4.2. Transient transfection 

siRNAs are often used to silence and regulate the expression of target genes in eukaryotes. 

siRNAs are assembled into RISCs through the Argonaute 2 (Ago2) protein. When siRNA is 

being processed, it is separated into two strands. One is the guide strand that matches the target 

messenger RNA (mRNA), and the other, the passenger strand, is discarded. Once RISCs are 

activated, they bind to complementary mRNA. The bound mRNA is cleaved, resulting in gene 

silencing (Alshaer et al., 2021) (Figure 3.3). 
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Figure 3.3. The RNAi cascade reaction from the siRNA to mRNA degradation and gene 

silencing. siRNAs are incorporated into the RISCs via the Ago2 protein, which keeps the 

guided strand and degrades the passenger strand. Activated RISC binds to complementary 

mRNA and cleaves it, leading to gene silencing. The image was created in biorender.com.  

 

A literature search revealed that the transfection of tumor spheres may not be as effective as 

that of adherent cells (de Caro et al., 2023). Therefore, the transfection was performed on 

adherent Detroit 562 cells, and tumor spheres were grown subsequently (Figure 3.4). Double-

stranded siRNA for knocking down the endogenous TLR3 (sc-36685, Santa Cruz 

Biotechnology, Dallas, Texas, USA) and scrambled-sequence control siRNA (Control siRNA-

A, sc-37007, Santa Cruz Biotechnology, Dallas, Texas, USA) were used. To determine the most 

suitable transfection conditions for gene silencing, the efficiency of different concentrations of 

siRNA and transfection reagent was evaluated. 

To obtain visible results, control siRNA labeled with fluorescein isothiocyanate was used 

(FITC-siRNA, sc-36869, Santa Cruz Biotechnology, Dallas, Texas, USA). Various molar 

concentrations of FITC-siRNA (10 nM, 20 nM, 50 nM, and 80 nM) were combined with 

different volumes (4 μL, 6 μL, and 8 μL) of TransFectin™ Lipid Reagent (Bio-Rad 

Laboratories, Hercules, California, USA). For siRNA transient transfections in adherent cells, 

serum-free DMEM supplemented with L-glutamine was used. The FLoid™ Cell Imaging 
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Station (Thermo Fisher Scientific, Waltham, Massachusetts, USA) fluorescence microscope 

was used to capture images of transfected cells. The conditions where a substantial reduction 

in gene expression was demonstrated were replicated in experiments with the target gene. We 

have determined that for transfection experiments, Detroit 562 cells, which were seeded at 8 

x105 cells in 6-well plates, the best results are obtained with 80 nM of TLR3 siRNA or control 

siRNA and 8 μL of TransFectin™ Lipid Reagent. Twenty-four hours following transfection, 

cells were seeded in low adherent plates and MEBM medium to form tumor spheres, and one 

day later, spheres were treated with poly(I:C)/poly(A:U) for 24 hours, followed by protein 

isolation. 

 

 

Figure 3.4. Experimental setup for transient transfections. The image was created with 

biorender.com.  
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3.5. Protein isolation 

Proteins were isolated from Detroit 562, siRNA Detroit 562, siTLR3 Detroit 562, FaDu 

shCTRL, FaDu shTLR3, SQ20B shCTRL, and SQ20B shTLR3 cells cultured in adherent 

conditions and tumor spheres. Adherent cells or tumor spheres were grown for 3 days and 

treated with 10 µg/mL of poly(I:C) or poly(A:U) for 24 hours before protein isolation. Adherent 

cells were detached from the flask using a 0.25% trypsin-EDTA solution (Sigma Aldrich, St. 

Louis, Missouri, USA), and tumor spheres were collected from the flask.  

Once the cell pellet was collected by centrifugation at 300 x g for 5 minutes at room 

temperature, it was resuspended in a 50 - 100 µL of RIPA buffer (1M Tris pH 7,4-8,0; 5M 

NaCl; Triton X; 10% SDS; sodium deoxycholate, sterile dH2O) supplemented with protease 

inhibitor cocktail (complete Tablets Mini, Roche, Basel, Switzerland). 

To prepare the 7X concentrated stock solution, one cOmplete Mini Protease inhibitor tablet was 

dissolved in 1.5 mL PBS (Dulbecco’s phosphate buffered saline without Ca2+ and Mg2+) (Sigma 

Aldrich, St. Louis, Missouri, USA). The stock solution was diluted 7 times in the RIPA buffer 

to generate lysis buffer.  

After the lysis in RIPA buffer, cells were sonicated for 10 seconds per sample at an amplitude 

of 80 with the probe of 1 mm in diameter using Labsonic M (B. Braun Biotech International, 

Melsungen, Germany). Samples were centrifuged (Centrifuge 5415R, Eppendorf, Hamburg, 

Germany) at 15300 x g for 15 minutes and 4°C, and the supernatants were collected. Isolated 

proteins were used immediately or stored at -80°C. 

 

3.5.1. Determination of protein concentration using Bradford assay 

To determine the concentration of isolated proteins, the Bradford colorimetric protein 

quantification assay was performed. The Coomassie Brilliant Blue G-250 dye is bound to 

proteins through electrostatic interactions with basic amino acids and hydrophobic interactions, 

causing a shift in its absorbance spectrum and a visible color change from reddish-brown to 

blue. The absorbance is measured at 595 nm. 

For Bradford assay, isolated protein samples were diluted 10X in MilliQ water and measured 

in duplicates. For the standard curve, BSA (bovine serum albumin) was used in concentrations 

of 1000 μg/ml, 800 μg/ml, 400 μg/ml, 200 μg/ml, 100 μg/ml, and 0 μg/ml, which was blank 
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containing qH2O. A final volume of 10 μL of prepared proteins and standards was mixed with 

200 μL of Bradford reagent (Bio-Rad Laboratories, Hercules, California, USA), which had been 

previously diluted 5 times with MilliQ water. Samples were incubated for 3 minutes in the dark, 

shaken by a microtitre plate shaker, and the absorbance was measured using the microplate 

reader (Labsystems Multiscan MS, Ascent software 2.6, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). The absorbance measured at 595 nm is proportional to protein 

concentration. Higher absorbance indicates higher protein concentration.  

Protein concentration was calculated by generating a standard curve based on the absorbance 

of known BSA concentrations. The linear regression equation (Y = AX + B) was derived from 

the standard curve. X represents protein concentration; Y is absorbance, A is the slope, and B 

is the Y intercept. The absorbance of proteins was measured, and the concentration was 

calculated by solving the X. The final concentration was adjusted based on the dilution factor. 

Protein concentration was calculated using Microsoft Excel. 

 

3.6. Western blot 

Western blot is a widely used and highly specific method for detecting and quantifying specific 

proteins. Proteins are separated according to molecular weight using the Sodium Dodecyl 

Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). SDS is an anionic detergent, which 

means that it binds to proteins, giving them a negative charge. This allows proteins to denature 

and migrate through the gel, based solely on their molecular weight, and move towards the 

positively charged electrode during electrophoresis. The separated proteins are transferred from 

the gel onto the 0.2 μm nitrocellulose membrane using the wet transfer. The wet transfer 

involves an electric current in a buffer system, which allows proteins to migrate from the gel 

onto the membrane. The proteins are detected using primary and secondary antibodies, and the 

presence of target proteins is visualized using chemiluminescence. The signal was generated 

through an enzymatic reaction of horseradish peroxidase (HRP) with a substrate. 

 

3.6.1. SDS-PAGE - protein gel electrophoresis 

Isolated proteins were mixed 1:1 with 2x Laemmli buffer (1M Tris pH 6.8; 1M DTT; 10% SDS; 

glycerol; 0.1 mg/ml bromophenol blue, dH2O) and boiled for 4 min at 95°C on the thermoblock 

(Thermomixer comfort, Eppendorf, Hamburg, Germany). 20-40 μg of protein was loaded onto 
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a 5% polyacrylamide stacking gel (1.0M Tris pH 6.8; 10% SDS; 30% acrylamide mix; 10% 

ammonium persulfate; 1% TEMED, dH2O), which allowed proteins to concentrate before 

entering the resolving gel. Next, the proteins migrate into polyacrylamide resolving gels. 

Depending on the molecular weight of the analyzed proteins, resolving gels with different 

acrylamide concentrations (ranging from 8% to 15%) (1.5M Tris pH 8.8; 10% SDS; 30% 

acrylamide mix; 10% ammonium persulfate; 1% TEMED, dH2O) were prepared in separate 

experiments. For the molecular weight identification, 3.5 μL of protein maker (Precision Plus 

Protein Dual Color, Bio-Rad Laboratories, Hercules, California, USA) was used. The SDS page 

was performed in a 1X running buffer (25 mM Tris base, 192 mM Glycine; 1% SDS, dH2O 1 

L) for 20 minutes at the 90 V current (electrophoresis, PowerPac HC, Bio-Rad Laboratories, 

Hercules, California, USA) to pack together the proteins in the stacking gel, followed by 110 

V current for around 90 minutes or until the samples reached the lower edge of the gel to 

separate the proteins. 

 

3.6.2. Wet transfer 

Once the proteins were separated on SDS-PAGE, the gel was put into the cassette containing 

the nitrocellulose membrane with a pore size of 0.2 µm (Protran BA83, Whatman, Dassel, 

Germany). The transfer cassette was assembled by first placing a sponge on the black side of 

the cassette, followed by two filter papers and the gel. A wet nitrocellulose membrane soaked 

in transfer buffer was placed on the gel, followed by two more filter papers and another sponge. 

Before closing the cassette, air bubbles were removed by gently rolling a glass tube over the 

top sponge with light pressure.  

The transfer was performed in wet conditions with a cool 1X transfer buffer (TB) (700 mL 

dH2O, 200 mL MetOH, 100 mL 10X TB (184 mM Tris, 140 mM glycine, 1 L dH2O)). The 

closed cassette was placed into the Bio-Rad system with a spinning magnet to ensure continuous 

buffer circulation and a cool environment for consistent and efficient transfer. The system was 

filled with a cold 1X TB with an ice insert to keep it cool during the transfer. The transfer was 

conducted for 40-80 minutes at 90-110 V (PowerPac HC, Bio-Rad Laboratories, Hercules, 

California, USA), depending on the size of the protein of interest. After the transfer, the 

membrane was shortly dyed with naphthol blue solution (10% MetOH, 2% CH3COOH, 0.1% 

naphthol blue in dH2O) for visualization and loading control acquisition. The membrane was 

further washed with the decolorizing solution (40% MetOH, 8% CH3COOH in dH2O) twice, 
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and once in 1x TBST (900 mL dH2O, 100 mL 10X TBST (1M Tris pH 8; 5M NaCl; 20% Tween 

20)). The drying and washing of the membrane were performed on a shaker (Thermolyne Speci-

mix, Thermo Fisher Scientific, Waltham, Massachusetts, USA). Next, the membrane was 

incubated in a blocking solution which was specific for each antibody used, and was applied as 

described in Table 3.1, containing milk, BSA (Tocris Bioscience, Bristol, UK) or both in 1x 

TBST for 20 minutes.The primary antibody was incubated overnight at 4°C. It was diluted 

1:400 - 1:000, depending on the antibody type, in the blocking solution (Table 3.1). 

 

3.6.3. DAMP detection 

For detection of DAMPs in adherent cells and tumor spheres treated with poly(I:C) or 

poly(A:U). Adherent cells or tumor spheres were grown for 3 days and treated with 10 µg/mL 

of poly(I:C) or poly(A:U) for 24 hours before DAMP collection and protein isolation. Western 

blot was performed, and DAMPs expressed after the TLR3 activation in adherent cells and 

tumor spheres were detected using antibodies against S100A9, HMGB1, HSP70, RAGE, and 

TLR4 (Table 3.1) by western blot. 
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Table 3.1. List of primary antibodies 

Target 

(clone) 

Molecular 

weight 

Host 

species 

Dilution 

for WB 

Blocking 

buffer 

Transfer 

time 

Manufacturer (cat. 

no.) 

HSP70 

(W27) 

70 kDa Mouse 1:1000 4% milk 60 min Santa Cruz 

Biotechnology (sc-24) 

HMGB1 

(HAP46.5) 

30 kDa Mouse 1:500 2% milk + 

2.5% BSA 

35 min Santa Cruz 

Biotechnology (sc-

56698) 

S100A9 

(Calgranuli

n B; B-5) 

14 (25) 

kDa 

Mouse 1:400 5% BSA 35 min Santa Cruz 

Biotechnology (sc-

376772) 

TLR4 (25) 100 kDa Mouse 1:400 4% milk 80 min Santa Cruz 

Biotechnology (sc-

293072) 

RAGE  

(A-9) 

46 kDa Mouse 1:500 2% milk + 

2.5% BSA 

60 min Santa Cruz 

Biotechnology (sc-

365154) 

ALDH1A1 

(H-4) 

56 kDa Mouse 1:500 5% BSA 60 min Santa Cruz 

Biotechnology (sc-

374076) 

UFSP2  

(G-11) 

53 kDa Mouse 1:1000 4% milk 60 min Santa Cruz 

Biotechnology (sc-

376084) 

PARP 

(46D11) 

89 (116) 

kDa 

Rabbit 1:1000 2% milk + 

2.5% BSA 

70 min Cell signaling 

technology (9532) 

KYAT3 40 kDa Rabbit 1:1000 2% milk + 

2.5% BSA 

40 min Sigma-Aldrich 

(HPA027168) 

GRWD1 

(B-7) 

49 kDa Mouse 1:1000 2% milk + 

2.5% BSA 

40 min Santa Cruz 

Biotechnology (sc-

514125) 
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STARD10 

(C-11) 

35 kDa Mouse 1:1000 2% milk + 

2.5% BSA 

35 min Santa Cruz 

Biotechnology (sc-

365580) 

Gasdermin 

(H-6) 

49 kDa Mouse 1:1000 2% milk + 

2.5% BSA 

40 min Santa Cruz 

Biotechnology (sc-

376318) 

GSTT1  

(D-1) 

27 (54) 

kDa 

Mouse 1:1000 2% milk + 

2.5% BSA 

40 min Santa Cruz 

Biotechnology (sc-

393035) 

TSG101 

(2H18) 

44 (20) 

kDa 

Rabbit 1:1000 2% milk + 

2.5% BSA 

40 min Sigma-Aldrich 

(ZRB1244) 

NUP62  

(C-9) 

62 kDa Mouse 1:1000 2% milk + 

2.5% BSA 

60 min Santa Cruz 

Biotechnology (sc-

48373) 

UCH-L5 

(C-4) 

38 kDa Mouse 1:1000 2% milk + 

2.5% BSA 

40 min Santa Cruz 

Biotechnology (sc-

271002) 

syntenin-1 

(C-3) 

32 kDa Mouse 1:1000 2% milk + 

2.5% BSA 

35 min Santa Cruz 

Biotechnology (sc-

515538) 

CD133 

(17A6.1) 

100 kDa Mouse 1:500 5% BSA 80 min Merck (MAB4399-I) 

 

After the incubation of the membrane with primary antibody, it was washed 3 times for 5-10 

minutes in 1x TBST buffer. Further, the secondary antibody was diluted 1:3000 for mouse 

(Anti-mouse IgG-HRP conjugated antibody, GE Healthcare, Chicago, Illinois, USA) and 

1:5000 for rabbit (Anti-rabbit IgG HRP-conjugated antibody, Cell Signaling Technology, 

Danvers, Massachusetts, USA) in blocking solution. Proteins bound to the membrane were 

detected using the imaging system (Alliance Q9 Mini, Uvitec, Cambridge, UK) after incubation 

with the luminol-based substrate for HRP-catalyzed detection (Western Lightning Plus-ECL, 

PerkinElmer, Waltham, Massachusetts, USA) for 5 minutes in the dark. An image of the 

membrane stained with naphthol blue was used as a loading control. 
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3.7. Treatments 

3.7.1. TLR3 agonists 

Since TLR3 is activated by dsRNA, synthetic dsRNA ligands, polyinosinic:polycytidylic acid 

(poly(I:C)) and polyadenylic-polyuridylic acid (poly(A:U)) (InvivoGen, San Diego, California, 

USA) were used as TLR3 agonists to stimulate the signaling pathway. Working concentrations 

of poly(I:C) and poly(A:U) were 10 µg/mL. Poly(I:C) activates TLR3, RIG-I and MDA5, while 

poly(A:U) is a selective TLR3 agonist (Perrot et al., 2010). 

 

3.7.2. DAMP inhibitors 

We investigated if certain DAMP inhibitors as potential cancer treatment since TLR activation 

can trigger DAMP release, and this may contribute to tumor metastasis and inflammation. In 

this study, several renowned drugs were evaluated for use as potential DAMP inhibitors to 

explore their ability to control these processes. These drugs are already being used as dietary 

supplements or as pharmaceutical agents to treat different illnesses. The idea was to repurpose 

them for new therapeutic applications to target CSCs and determine if CSC properties could be 

decreased by the treatment with pharmacological inhibitors of endogenous ligands, including 

ASA (acetylsalicylic acid, Aspirin), kahweol (KW), paquinimod (PAQ), and metformin (MF). 

DAMP inhibitors were dissolved either in DMSO or qH2O and filtered to ensure sterility.  
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Table 3.2. List of DAMP inhibitors. 

Drug Inhibition 

target 

Solvent Mr 

(g/mol) 

Stock conc. 

(mM) 

*Working 

conc. (µM) 

Manufacturer 

Aspirin 

(ASA) 

HMGB1 DMSO 180 55 100 and 

1000 

Sigma Aldrich, 

St. Louis, 

Missouri, USA 

Kahweol 

(KW) 

HSP70 DMSO 314 1.6 10 Abcam, 

Cambridge, 

UK 

Metformin 

(MF) 

RAGE qH2O 130 310 10000 Sigma Aldrich, 

St. Louis, 

Missouri, USA 

Paquinimod 

(PAQ) 

S100A9 DMSO 350.41 5.7 10 Sigma Aldrich, 

St. Louis, 

Missouri, USA 

*Working concentrations were adapted to the Detroit 562 cell line.  

 

3.7.2.1. The determination of DAMP inhibitor concentrations  

The IC50 for each DAMP inhibitor was determined in Detroit 562 cells using the MTT assay 

(described in 3.9.1.), and these concentrations were employed in all subsequent experiments: 

ASA 1000 µM and 100 µM, paquinimod 10 µM, kahweol 10 µM, and metformin 10000 µM. 

 

3.7.3. Gamma irradiation 

Gamma irradiation is a highly effective form of ionizing radiation which has been used in cancer 

therapy. It utilizes gamma rays from cobalt-60 (60Co) and can easily interact with biological 

materials and reach deep tissues. It causes DNA damage and denatures proteins through direct 

ionization and the production of reactive oxygen species. 

Detroit 562 adherent cells and tumor spheres were irradiated with gamma rays in a panoramic 

60Co source (Rudjer Boskovic Institute, Division of Materials Chemistry, Radiation Chemistry 
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and Dosimetry Laboratory,). The 60Co isotope is a radioactive source of irradiation. Adherent 

cells were irradiated with 2.5 Gy or 5 Gy, and tumor spheres were irradiated with 2 Gy and 5 

Gy. Gy (Gray) is the unit of absorbed radiation dose. Gy measures the amount of ionizing 

radiation energy deposited in a mass. One Gray equals the absorption of one joule (J) per 

kilogram of matter. Cells were irradiated at 220 cm from the irradiation source. Total time was 

242 - 253 seconds for 5 Gy (20 mGy/s), 121 seconds for 2.5 Gy (20 mGy/s), and 92 - 110 

seconds for 2 Gy (20 mGy/s). 

 

3.7.4. Proton irradiation 

Conventional cancer treatments, such as gamma and X-ray irradiation, lack precision and have 

limitations due to their non-specific targeting and damage to surrounding healthy tissues. Proton 

therapy, a type of particle therapy, offers more targeted treatment by using high-energy protons. 

The Bragg peak effect allows precise energy delivery to the tumor while minimizing harm to 

surrounding tissue. This means that, unlike gamma rays, protons can direct most of the energy 

to a specific depth in the targeted tissue. The energy can be deposited in a very localized manner. 

Proton therapy was explored as a potential strategy for targeting tumor spheres. For this specific 

research, Teflon chambers were designed (Figure 3.5) in collaboration with the Laboratory for 

Ion Beam Interactions, Division of Experimental Physics at Rudjer Boskovic Institute. A day 

before proton irradiation, Detroit 562 cells were seeded in these chambers on a special 3 µm 

Mylar transparent foil (Spex Industries, Metuchen, New Jersey, USA) coated with collagen 

(Rat Tail Collagen Coating Solution: Type I Collagen, Cell Applications, San Diego, California, 

USA). Before the collagen coating, chambers and Mylar foil were assembled and sterilized 

using 70% EtOH for 30 minutes. Once it was completely dry, the chambers were exposed to 

UV light for 10 minutes. All preparation was done in sterile conditions under the laminar flow 

and using the Bunsen burner with an open flame. Once the chambers were sterilized, 600 μL of 

collagen was added inside the chamber to cover the bottom. It was incubated in a cell culture 

incubator at 37°C, 5% CO2 for 2 hours. The excess of collagen was removed from the chamber 

and washed twice with PBS before 1x106 cells were seeded per well in 4 mL DMEM. The next 

day, cells were then exposed to a proton beam to deliver a dose of 2 Gy. Before the irradiation, 

chambers were filled completely with DMEM to cover the cells and sealed with covers. 

Irradiations were performed at the Ruđer Bošković Institute (Laboratory for Ion Beam 

Interactions, Division of Experimental Physics). The 1.0 MV Tandetron accelerator provided 2 
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MeV protons inside the Dual Microprobe (DuMi) end station (Jakšić et al., 2023). The beam 

passed through a 1 μm-thick nickel foil, and the samples were positioned in the air at 25 mm 

from the exit window. The final proton energy on the samples was 700 keV with a circular-

shaped beam of 1 cm in diameter. After the irradiation, cells were incubated to recover at 37°C, 

5% CO2 for 24 hours. The next day, irradiated cells were cultured as tumor spheres in 12-well 

plates under ultra-low attachment conditions with 1.5 x105 cells per well in 2 mL MEBM for 

RNA and protein isolation. For the cytotoxicity assay 3x 103 cells of the irradiated cells were 

seeded in 200 μL MEBM and cultured as tumor spheres in 96 wells. Tumor spheres were grown 

for 72 hours before the treatment with DAMP inhibitors (Aspirin 1000 μM, and Kahweol 10 

μM), which were added alone or in combination with poly(I:C). The effects of proton irradiation 

on CSC viability and self-renewal capacity were evaluated using a cytotoxicity assay, poly 

(ADP-ribose) polymerase (PARP) cleavage, and further studied by RNA expression analysis 

of CSC markers by qPCR. RNA isolation was performed 24 hours after the treatment, while 

protein isolation and cytotoxicity assay were carried out 48 hours after the treatment. Apoptosis 

was assessed with western blot by measuring PARP cleavage. 

 

Figure 3.5. Proton irradiation experimental setup. Irradiations were performed at the Ruđer 

Bošković Institute (Laboratory for Ion Beam Interactions, Division of Experimental Physics). 

The 1.0 MV Tandetron accelerator provided 2 MeV protons inside the Dual Microprobe (DuMi) 

end station. The beam passed through a 1 μm-thick nickel foil, and the samples were positioned 

in the air at 25 mm from the exit window. The final proton energy on the samples was 700 keV 

with a circular-shaped beam of 1 cm in diameter. The image was created using PowerPoint in 

combination with biorender.com. 
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3.8. Migration and invasion  

To determine whether CSCs release factors (DAMPs) into the environment that can induce 

migration and invasion of tumor cells, Detroit 562 adherent tumor cells were treated with 

supernatants (conditioned media) obtained from tumor sphere cultures and monitored for their 

migration and invasion capacity. DAMP inhibitors were investigated to determine if they can 

abolish this effect. 

 

3.8.1. Cell migration 

Cell migration is involved in various biological mechanisms, including wound healing, immune 

response, and cancer metastasis. This experimental technique is used to study the movement of 

cells in response to chemical, biological, and mechanical stimuli. Usually, chamber-based 

systems such as Boyden chambers or transwells are used for migration assays (Grada et al., 

2017). In this study, the Radius™ 96-Well Cell Migration Assay kit (Cell Biolabs, San Diego, 

California, USA) was used (Figure 3.6). This assay uses a special cell culture plate with a central 

gel spot, which is made of biocompatible, non-toxic hydrogels. Cells can’t adhere to the gel 

spots. After the seeding, cells attach everywhere except on the gel, creating a cell-free zone. 

The gel was then removed, allowing cells to close the gap by migrating across the area. This 

method was compatible with cells of all sizes, which eliminates problems with finding the 

corresponding pore size. Also, it supports both quantitative and qualitative analysis of migrated 

cells in real time or at the endpoint imaging. Altogether, this kit was a highly effective tool for 

detecting cell migration. 

A total of 0.75 x 105 Detroit 562 cells were seeded in 700 µL of MEBM using 24-well plates 

for tumor sphere formation. A total of 1x105 of adherent cells were seeded in 1 mL of DMEM 

in 12 wells. The cells were treated 96 hours after the initial seeding. Tumor spheres were treated 

with DAMP inhibitors using working concentrations from Table 3.2 in combination with 10 

µg/mL poly(I:C)/poly(A:U) or with poly(I:C)/poly(A:U) alone. The next day, migration plates 

were prepared according to the manufacturer's instructions. The gel spot was removed at the 

beginning of the experiment by dissolving it using the 1X Radius™ Gel Removal Solution (Part 

No. 112504), allowing the cells to fill the circular space after seeding. 7.4 x 104 adherent cells 

were seeded per well in migration plates in 100 µL of DMEM and incubated at 37°C, 5% CO2 

for 24 hours. The migration experiment was performed in triplicate. The next day, 48 hours 
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after the treatment, 170 µL of conditioned media from treated tumor spheres was added to the 

adherent cells on the migration plate. Cell migration was evaluated after 0, 11, and 24 hours. 

Images were captured using a Dino-Eye microscope camera at the inverted microscope 

(Invertoscope ID 03 Zeiss, Jena, Germany), and analyzed by measuring the closing of the cell-

free area in Image J. 

 

 

 

Figure 3.6. Cell migration assay. The image was acquired from the Radius™ 96-Well Cell 

Migration Assay kit (Cell Biolabs, San Diego, California, USA) and adjusted with 

biorender.com. 
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3.8.2. Cell invasion 

The acquisition of invasive properties enables cells to penetrate surrounding tissues and migrate 

through the extracellular matrix (ECM) (Fares et al., 2020). For the invasion assay, the 

Corning® Matrigel® Basement Membrane Matrix for 3D Culture In Vitro (Corning, New 

York, USA) was used for gel formation, which mimics ECM, along with Millicell Cell Culture 

Inserts (transwell inserts, Merck Millipore, Darmstadt, Germany). This method was based on 

chambers with porous membranes that allow cells to migrate through the pores and reach the 

chemoattractant (Figure 3.7). 

0.15 x 106 Detroit 562 cells per well were seeded in 800 µL MEBM using 24-well plates to 

form tumor spheres. Additionally, 0.5x105 adherent cells per well were seeded in 1 mL DMEM. 

Tumor spheres were treated 96 hours after the initial seeding with DAMP inhibitors using 

working concentrations from Table 3.2. and with 10 µg/mL poly(I:C)/poly(A:U) or with 10 

µg/mL poly(I:C)/poly(A:U) alone, and incubated at 37°C, 5% CO2 for 72 hours. A day before 

the invasion experiment, Matrigel was transferred from -20°C to +4°C to liquify. Pipette tips 

were placed in -20°C to cool overnight. Matrigel contains thermosensitive extracellular matrix 

components, which include collagen IV, laminin, and entactin, that form a gel network at room 

temperature. This results in quick solidification of the gel (Hughes et al., 2010). To avoid this, 

and to keep the gel in liquid form, all the equipment was kept cool during the experiment. 

On the day of the invasion experiment, 24-well plates and transwell inserts were prepared. 

Everything was kept on ice, especially Matrigel and tips. Matrigel mix was prepared by mixing 

it with DMEM without FBS in a 1:3 ratio. The 60 µL of the Matrigel/DMEM mix was added 

onto the transwells, which were placed inside the 24-well plate and incubated for 1 hour at 

37°C, 5% CO2. Next, the supernatants were prepared by transferring to 1.5 mL microfuge tubes 

and centrifuged (Centrifuge 5415R, Eppendorf, Hamburg, Germany) at 13000 x g for 5 

minutes. At the same time, Detroit 562 cells were prepared for seeding into the Matrigel. The 

cells were trypsinized, centrifuged, and resuspended at a concentration of 1x106 cells in 1 mL 

of migration buffer (DMEM + 10 mM HEPES (N- [2-Hydroxyethyl] piperazine-N’- [2-

ethanesulfonic acid]) + 0.1% bovine serum albumin (BSA), pH 7.4). A total of 100 µL of cell 

suspension was added to the Matrigel inside the transwell. After incubation for 10 minutes, 600 

µL of chemoattractant (tumor spheres supernatant with all the treatment conditions) was added 

to the bottom of the 24-well plate. After 24 hours, transwells were gently washed with PBS, 

and migrated cells were fixed for 5 minutes with 4% paraformaldehyde in PBS and stained for 
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5 minutes with 0.2% crystal violet staining solution. Transwells were washed with PBS to 

remove excess dye, and the Matrigel excess was removed with a cotton swab. Images were 

captured using a Dino-Eye microscope camera at the inverted microscope, and analyzed by 

counting the migrated cells in Image J. The experiment was based on the Transwell In Vitro 

Cell Migration and Invasion Assays (Justus et al., 2023) protocol and adjusted for the Detroit 

562 cancer cell line. 

 

 

 

Figure 3.7. Cell invasion experiment set up. The image was created with biorender.com. 

  



 

 

58 
 

3.9. Cytotoxicity assays 

3.9.1. Adherent cell proliferation assay (MTT assay) 

The cytotoxicity after the irradiation and the treatment with pharmacological DAMP inhibitors 

alone or in combination with poly(I:C) was determined using the MTT assay. Living cells can 

convert the yellow, water-soluble tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] to formazan, a purple substance soluble in dimethyl sulfoxide 

(DMSO). The MTT assay relies on the activity of NAD(P)H-dependent oxidoreductase 

enzymes, which are primarily found in the mitochondria of metabolically active cells. Detroit 

562 cells (1x104 cells per well) were seeded into 96-well plates 16 hours before treatment and 

irradiation. After the irradiation and/or the treatment with DAMP inhibitors, cells were grown 

for 72 hours. The supernatants were then removed, and 40 µL of diluted MTT reagent (1:10 in 

DMEM) was added to the cells, including the blind control (only diluted MTT reagent). Cells 

were incubated for 4 hours in the dark at 37°C, 5% CO2. Before the absorbance measurement, 

160 µL of DMSO was added to each well to dissolve the formazan produced during the assay. 

After mixing the plate on a microtitre plate shaker (ASAL, Milan, Italy), the absorbance was 

measured at 570 nm wavelength using the microplate reader (Labsystems Multiscan MS, 

Ascent program 2.6, Thermo Fisher Scientific, Waltham, Massachusetts, USA) (Figure 3.8). 

Cell survival (percentage of growth) was calculated using the formula and expressed in relation 

to the control.  

 

OD sample = the measured absorbance value of the samples 

OD control = the measured absorbance value of the control samples 

OD t0 = measured absorbance value of the samples without the treatment at time point 0 
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Figure 3.8. The MTT assay experiment set up. The image was created with biorender.com 

 

3.9.2. Tumor spheres proliferation assay (ViaLight™ Plus Cell Proliferation 

and Cytotoxicity BioAssay Kit) 

The viability of tumor spheres was measured using ViaLight™ Plus Cell Proliferation and 

Cytotoxicity BioAssay Kit (Lonza Bioscience, Basel, Switzerland). The cell survival of tumor 

spheres could not be determined using the MTT assay, as they grow in clusters of cells and in 

a suspension, so alternative evaluation options had to be explored. The ViaLight™ Plus kit as 

a good option for the measurement of the viability of cells in a suspension. This kit provides 

sensitive and highly reproducible measurement of tumor sphere viability based on intracellular 

ATP levels, which reflects metabolic function and consequently cell viability. 

ViaLight assay tracks the survival of tumor spheres by using a bioluminescent ATP assay, 

which relies on the firefly luciferase enzymatic reaction to generate light photons from ATP 

released upon lysis of viable cells. Luciferase enzyme catalyzes the production of light from 

luciferin and ATP. The detectable light intensity demonstrates the concentration of ATP.  

To determine the viability, 3 x 103 Detroit 562 cells were seeded per well in 200 μL MEBM in 

BIOFLOAT™ 96-well U-bottom plates (faCellitate, Mannheim, Germany) and cultured for 72 

hours to form tumor spheres. The spheres were then treated with DAMP inhibitors in 
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combination with 10 µg/mL poly(I:C) or with poly(I:C) alone and incubated at 37°C, 5% CO2 

for 72 hours. To evaluate the tumor sphere survival, the manufacturer's protocol was followed: 

50 µl of cell lysis reagent was added to each well, and the plate was incubated for 75 minutes 

at room temperature to lyse the tumor spheres and release the ATP. To ensure better lysis, the 

protocol was slightly modified, and 45 minutes after the addition of lysis reagent, the solution 

was mixed 10 times with a pipette, and the lysis buffer with spheres was incubated for another 

30 minutes (Figure 3.9). The original protocol from the kit was adjusted to ensure complete 

tumor sphere lysis; so, the lysis step was prolonged from 10 minutes to 75 minutes. Then, 100 

µl of the cell lysate was transferred to white Nunclon Surface flat-bottom 96-well plates (Nunc, 

Roskilde, Denmark), and 100 µl of the ATP monitoring reagent (AMR plus) was added. This 

reagent was prepared by adding the assay buffer from the kit to the lyophilized AMR Plus. It 

was gently mixed and left for 15 minutes at room temperature to equilibrate. After 2 minutes 

of incubation of lysed cells with ATP monitoring reagent, the luminescence was measured using 

a Spark multimodal microplate reader (Tecan, Männedorf, Switzerland) and Magellan data 

analysis software (Tecan, Männedorf, Switzerland). Results were analyzed using Excel. 

 

 

Figure 3.9. Vialight assay for tumor spheres set up. The image was created using the 

ViaLight Plus kit images and biorender.com. 
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3.10. Gene expression 

3.10.1 RNA isolation 

RNA was isolated using the GenElute Mammalian Total RNA Miniprep Kit (Sigma Aldrich, 

St. Louis, Missouri, USA). 1.5 x 105 cells of Detroit 562 cells were seeded in 2 ml of MEBM. 

72 hours after the seeding, the cells were treated with DAMP inhibitors (ASA 1000 µM or KW 

10 µM) alone or in combination with 10 µg/mL poly(I:C) for 24 hours, followed by RNA 

isolation. Medium with tumor spheres was collected into a 15 mL Falcon tube and spun in the 

centrifuge at 300 x g for 5 minutes at room temperature to pellet the spheres and remove the 

excess medium. The tumor sphere pellet was lysed using the lysis buffer with the addition of 

β-mercaptoethanol (BME). Lysed cells were transferred onto the filtration column in a 

collection tube and centrifuged at maximum speed for 2 minutes. Next, 70% EtOH was added 

directly to the filtered lysate and transferred to the binding column and centrifuged at maximum 

speed for 15 seconds. In the next step, the column with samples was washed with the 

manufacturer’s washing solution 1, centrifuged, and for each sample, 10 µL DNase 1 enzyme 

was dissolved in 70 µL DNase Digest Buffer, which was then added to the column and 

incubated for 15 minutes at RT. The columns were then washed again once with washing 

solution 1 and twice with washing solution 2. The binding column was transferred to the new 

collection tube. The 23 µl of Elution Solution (provided with the kit) was added to the 

membrane, and RNA was eluted by centrifugation for 1 minute at maximum speed. RNA 

concentration and quality were measured by the spectrophotometer NanoPhotometer N60 

(Implen, Munich, Germany). The ratio of A260/280 measures the RNA purity by indicating 

protein contamination, with expected values around 2.0. A260/230 ratio analyzes RNA sample 

purity, reflecting contamination with organic compounds, with the optimal range around 2.0 - 

2.2.  The elution solution provided by the kit was used as a blank. Isolated RNA was used 

immediately or stored at -80°C. 

 

3.10.2. Complementary DNA (cDNA) synthesis 

Complementary DNA (cDNA) is a double-stranded DNA that is synthesized from RNA that 

serves as a synthesis template through the action of the enzyme reverse transcriptase. The 

cDNA synthesis was performed with 0.3 µg of isolated RNA using random primers (hexamer), 

short 6-nucleotide-long sequences. These primers bind randomly across the RNA template, 

enabling the synthesis of cDNA. The High-Capacity cDNA Reverse Transcription kit (Applied 
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Biosystems, Thermo Fisher Scientific Baltics, Vilnius, Lithuania) was used according to the 

manufacturer’s instructions (Table 3.3). 

 

Table 3.3. Mastermix for cDNA synthesis 

Mastermix for cDNA 1 X (µL) 

dNTP mix 1.0 

RT buffer 2.5 

RNAse inhibitor 1.25 

Reverse transcriptase 1.25 

random primers 2.5 

qH2O 4.0 

Total mastermix per reaction 12.5 

0.3 µg RNA + qH2O per sample 12.5 

Total volume 25.0 

 

cDNA synthesis was performed in an Applied Biosystems PCR machine, 2720 Thermal Cycler 

(Applied Biosystems, Foster City, California, USA) under the following conditions: 25°C for 

10 minutes (random primers bind to the RNA template before the reverse transcription), 37°C 

for 120 minutes (reverse transcriptase enzyme converts RNA into cDNA), 85°C for 5 minutes 

(denaturing the reverse transcriptase enzyme for inactivation). The cDNA was stored at -20°C 

before further use. 
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3.10.3. Real-time PCR (qPCR) 

Quantitative polymerase chain reaction (qPCR), also known as real-time PCR, is a method that 

is used to amplify and quantify specific DNA sequences in real time. It uses fluorescent dyes 

(SYBR Green) or probe-based detection (TaqMan). SYBR Green is a sensitive fluorescent dye 

that binds double-stranded DNA molecules by intercalating between the DNA bases. During 

the PCR reaction, DNA polymerase amplifies the target DNA sequence, therefore doubling the 

amount of target sequence with each cycle . SYBR Green dye binds to each newly formed copy 

of dsDNA, resulting in increased fluorescent intensity, which is proportional to the amount of 

PCR products. Melting curve analysis confirms the specificity of the PCR product and ensures 

that the fluorescence detected during the reaction comes from a single amplicon. 

The PCR reactions were performed with SsoAdvanced Universal Sybr® Green Supermix (Bio-

Rad Laboratories, Hercules, California, USA) on a QuantStudio™ 3 Real-Time PCR System 

(Applied Biosystems, Foster City, California, USA). Primer (table 3.4) stock solutions were 

diluted 1:10 in qH2O to prepare working solutions. cDNA was diluted 1:3 to obtain a 0.1 µg ng 

RNA (25 µL of cDNA was diluted with 50 µL of qH2O). 10 μL of qPCR mix (9 µL of master 

mix and 1 µL of 0.1 µg cDNA sample) (Table 3.5) was added to the white 96-well plate (Hard-

Shell PCR White Plates 96-well, thin-wall) (Bio-Rad Laboratories, Hercules, California, USA) 

using a 96-Well Plate Cooling Block. Plates were sealed with PCR Plate Seals (Bio-Rad 

Laboratories, Hercules, CA, USA) and briefly centrifuged before being inserted into the 

QuantStudio 3 Real-Time PCR System. The amplification program was used: 95°C for 10 min 

(initial denaturation), 95°C for 30 s (denaturation), 62°C for 30 s and 60°C for 30 s (annealing 

and elongation), in total 44 cycles. The CT values were normalized to the 28S rRNA gene. The 

results were calculated according to a 2−ΔΔCt method for relative quantification, following 

verification that all primer sets amplified their respective target sequences with comparable 

efficiencies. 
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Table 3.4. Primer sequences 

Gene Nucleotide sequence Accession 

number 

Manufacturer 

28S rRNA 

F: 5’-CGCGACCTCAGAGATCAGAC-3’ NR_003287 
Sigma Aldrich, St. 

Louis, Missouri, USA 
R: 5’-GGCCTCGATCAGAAGGAC-3’  

OCT4 

F: 5’-GTGGAGGAAGCTGACAACAA-3’ NM_002701 
Sigma Aldrich, St. 

Louis, Missouri, USA 
R: 5’-ATTCTCCAGGTTGCCTCTCA-3’  

ABCG2 

F: 5′-TACCTGTATAGTGTACTTCAT-3’ NM_004827 Merck, Sigma Aldrich, 

St. Louis, Missouri, 

USA R: 5′-GGTCATGAGAAGTGTTGCTA-3  

 

 

Table 3.5. Mastermix for qPCR reaction 

Mastermix for qPCR Volume (μL) 

Sybr green 5.0 

F primer 0.3 

R primer 0.3 

qH2O 3.4 

Total mastermix volume per reaction 9.0 

0.1 µg cDNA 1.0 

Total volume 10.0 
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3.11. Proteomic analysis 

Proteomic analysis was performed within this HRZZ project to determine the changes in the 

proteome of tumor spheres after the stimulation of TLR3, in comparison to the adherent cells. 

This included Detroit 562 untreated adherent tumor cells, untreated tumor spheres, tumor 

spheres treated with poly(I:C), and tumor spheres treated with poly(A:U). The focus was on 

identifying the proteins that were altered after TLR3 activation in tumor spheres. 1.5x106 of 

Detroit 562 cells were seeded in 6 cm low-adherence plates. Tumor spheres were grown for 72 

hours and treated with 10 µg/mL poly(I:C) or poly(A:U) for 24 hours. Adherent cells, as the 

control cells, were seeded 24 hours before sample collection. Cell pellets were washed several 

times with PBS and transferred to Biocentar (Zagreb) for proteomic analysis. Samples were 

stored at -80°C before the analysis. Once the results of the proteomic analysis were obtained, 

validation of detected proteins was performed by western blot. The validated proteins included 

GRWD1, STARD10, Syntenin-1, TSG101, GSTT1, Gasdermin, UCH-L5, NUP62, UFSP2 and 

KYAT3 listed in Table 3.1. 

3.12. Microscope image capturing 

Images of adherent and tumor spheres were captured during treatments using a camera for a 

microscope called Dino-Eye (AnMo Electronics Corporation, Taipei, Taiwan) with image 

capturing software DinoCapture 2.0 (Dino-Lite Europe, Almere, The Netherlands). Images 

were captured using 2.5x and 10x magnification, which were multiplied by the optical zoom of 

the camera, which was 72.5x. 

3.13. Data analysis 

3.13.1. Statistics 

The statistical analysis was conducted using Excel. The Student two-tailed t-test was used to 

assess statistical significance. A p-value of less than or equal to 0.05 was considered statistically 

significant. 

3.13.2. Image analysis 

Images were analyzed and edited using ImageJ (1.53 Java 8) (National Institutes of Health, 

USA) (Schindelin et al., 2012). ImageJ was used for basic image processing and editing, but 

also for analyzing results. 
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4. RESULTS 

4.1. Determination of TLR3 role in tumor sphere formation and 

maintenance of stemness 

4.1.1. Stimulation of TLR3 enhances tumor sphere formation and growth in 

HNSCC cell lines 

Tumor spheres were grown in special conditions using serum-free medium with the addition of 

EGF, FGF, and B27. To determine whether TLR3 activation plays a role in the formation and 

maintenance of tumor spheres, Detroit 562 (Figure 4.1), FaDu (Figure 4.2), and SQ20B (Figure 

4.3) cell lines were used as experimental models. The cells were treated with 10 µg/mL 

poly(I:C) or poly(A:U). Tumor spheres were quantified based on number and size. Treatment 

with poly(A:U) has significantly affected tumor sphere size and shape in all cell lines, but 

especially in Detroit 562 (Figure 4.1). It is particularly notable when comparing larger tumor 

spheres, those over 300 μm in diameter, with the control group 7 days after the treatment.  

Detroit 562 cells were changed in morphology and size after the treatment. Control spheres 

(Figure 4.1D) on day 2 and day 4 had a more defined shape. They had spherical shapes and 

were similar in size. The control spheres, 7 days after the treatment, were bigger and had an 

irregular shape. They were also darker in the center compared to the outer layers. Detroit 562 

tumor spheres after the treatment with poly(I:C) (Figure 4.1E) begin to dissociate, which is 

especially visible on day 2 and day 4 after the treatment. At day 4, spheres were bigger, and 

some were even around 500 µm in diameter. Detroit 562 tumor spheres treated with poly(A:U) 

(Figure 4.1F), 2 days after the treatment, were already bigger than the control samples. On day 

4, they were exceeding 500 µm in diameter. On day 7 after the treatment, the number of spheres 

over 300 μm increased. On day 7 after the treatment, there was a total of 47 control tumor 

spheres, 60 tumor spheres treated with poly(I:C), and 82 tumor spheres treated with poly(A:U) 

bigger than 300 μm.  

FaDu tumor spheres were also changed in morphology and size after the treatment. Control 

spheres (Figure 4.2D) on day 2 were small and round. On day 4, they were bigger and had 

already developed a necrotic core. On day 7, they were exceeding 500 µm in size with a dark 

center. FaDu spheres after the treatment with poly(I:C) (Figure 4.2E) were still smaller in size, 

similar to the size of spheres without the treatment. However, they started to dissociate. On day 
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4 and day 7 after the poly(I:C) treatment, the spheres exceeded 500 µm in size and developed 

a dark necrotic center. FaDu spheres treated with poly(A:U) (Figure 4.2F) on day 2 after the 

treatment were similar size compared to poly(I:C) treatment, but they were not dissociated. On 

day 4 and day 7, they started to grow, exceeding 500 µm in diameter, and they began to scatter, 

which was especially visible on day 7. On day 7 after the treatment, there were 8 control tumor 

spheres, 4 tumor spheres treated with poly(I:C), and 3 tumor spheres treated with poly(A:U) 

bigger than 300 μm. 

On day 2, the SQ20B control tumor sphere size was similar to the size of treated spheres. The 

difference was noticed in spheres treated with poly(I:C), on day 7 after the treatment, where 

they were darker compared to the control and poly(A:U) treatment. On day 7, control spheres 

(Figure 4.3D), tumor spheres treated with poly(I:C) (Figure 4.3E), and tumor spheres treated 

with poly(A:U) (Figure 4.3F) developed a dark necrotic core. On day 7 after the treatment, there 

were 15 control tumor spheres, 13 tumor spheres treated with poly(I:C), and 28 tumor spheres 

treated with poly(A:U) bigger than 300 μm. 
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Figure 4.1. Detroit 562 tumor sphere growth and morphology. Changes in tumor sphere 

size and number over the timeline of 7 days. The sphere size on day 2 (A), day 4 (B), and day 

7 (C), following the poly(I:C)/poly(A:U) (pIC/pAU) treatment. (D, E, F) Figures represent 

microscopic analysis of tumor spheres morphology on days 2, 4, and 7 without the treatment 

(D) and with 10 µg/mL poly(I:C) (E) or poly(A:U) (F). CTRL are untreated tumor spheres 

grown in MEBM. Magnification is 2.5X times 72,5 for a digital camera objective. At least five 

separate microscopic fields were examined. 
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Figure 4.2. FaDu tumor sphere growth and morphology. Changes in tumor sphere size and 

number over the timeline of 7 days. The sphere size on day 2 (A), on day 4 (B), and day 7 (C), 

following the poly(I:C)/poly(A:U) (pIC/pAU) treatment. (D, E, F) Figures represent 

microscopic analysis of tumor spheres morphology on days 2, 4, and 7 without the treatment 

(D) and with 10 µg/mL poly(I:C) (E) or poly(A:U) (F). CTRL are untreated tumor spheres 

grown in MEBM. Magnification is 2.5X times 72,5 for a digital camera objective. At least five 

separate microscopic fields were examined. 
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Figure 4.3. SQ20B tumor sphere growth and morphology. Changes in tumor sphere size and 

number over the timeline of 7 days. The sphere size on day 2 (A), on day 4 (B), and day 7 (C), 

following the poly(I:C)/poly(A:U) (pIC/pAU) treatment. (D, E, F) Figures represent 

microscopic analysis of tumor spheres morphology on days 2, 4, and 7 without the treatment 

(D) and with 10 µg/mL poly(I:C) (E) or poly(A:U) (F). CTRL are untreated tumor spheres 

grown in MEBM. Magnification is 2.5X times 72,5 for a digital camera objective. At least five 

separate microscopic fields were examined. 
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4.1.2. The expression of stemness markers in Detroit 562 is enhanced through 

tumor sphere generations 

After confirming Detroit 562 tumor sphere formation, the expression of stemness markers 

through tumor sphere generations was evaluated by western blot analysis, focusing on the 

detection of ALDH1A1 and CD133 proteins. 

ALDH1A1 was expressed in all tumor spheres equally, regardless of TLR3 stimulation. 

However, it was not expressed in adherent cells (Figure 4.4A). During several tumor sphere 

generations, ALDH1A1 expression increased with every generation. The highest expression is 

observed in generations two and three. ALDH1A1 was again not expressed in adherent cells 

(Figure 4.4B). The expression of CD133 was observed in adherent cells in the 1st generation; 

however, it was absent in subsequent generations. CD133 was expressed in all generations of 

tumor spheres. The strongest expression was in the first generation, and it slightly decreased in 

the following two generations (Figure 4.4C). This confirms that stemness properties in Detroit 

562 tumor spheres were stable or even increased through generations. 

 

 

Figure 4.4. ALDH1A1 and CD133 expression after prolonged cultivation through 

generations (G1–G3) of Detroit 562 tumor spheres. ALDH1A1 expression in adherent cells 

and tumor spheres after the stimulation of TLR3 with pIC/pAU (10 μg/mL of poly(I:C) or 

poly(A:U)) (A). In tumor spheres (TS), ALDH1A1 expression is increased through generations 

(B). The CD133 expression was rather constant through tumor sphere generations (C). The 

loading controls were membranes stained with naphthol blue. 
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4.2. Release of endogenous ligands (DAMPs) into the 

microenvironment by CSC promotes the migration of surrounding 

tumor cells 

4.2.1 TLR3 stimulation induces the expression of DAMPs in Detroit 562 cells 

We have demonstrated that CSCs release endogenous ligands (DAMPs) into the 

microenvironment, thereby enhancing the migration and invasion of tumor cells. Significantly 

higher expression of DAMPs in tumor spheres and adherent cells was observed after TLR3 

activation with 10 µg/mL of poly(I:C)/poly(A:U). Among the DAMPs, S100A9 showed the 

highest upregulation following both treatments with poly(I:C) and poly(A:U) in tumor spheres 

and adherent cells compared to the control. HMGB1 was induced by poly(A:U) treatment in 

tumor spheres and by poly(I:C) in adherent cells, whereas RAGE, as a receptor for HMGB1, 

exhibited robustly expressed bands when treated with poly(A:U) in tumor spheres and with 

poly(I:C) in adherent cells. HSP70 displayed modest upregulation with poly(I:C) treatment in 

tumor spheres and no change in expression in adherent cells. TLR4 was slightly upregulated in 

tumor spheres compared to adherent cells (Figure 4.5). These results demonstrate that TLR3 

stimulation induces the expression of DAMPs in Detroit 562 tumor spheres. 

 

Figure 4.5. DAMP expression in Detroit 562 tumor spheres and adherent cells after the 

TLR3 activation with poly(I:C) or poly(A:U). The expression of S100A9 (14 kDa), HMGB1 

(30 kDa), RAGE (46 kDa), HSP70 (70 kDa), and TLR4 (100 kDa) was determined. Poly(I:C) 

and poly(A:U) (pIC/pAU) were used in a concentration of 10 µg/mL. The loading controls were 

membranes stained with naphthol blue.  



 

 

73 
 

4.2.2. The effect of DAMP inhibitors in combination with poly(I:C) on the 

survival of Detroit 562 cell line 

The impact of DAMPs in the TME could be repressed using specific DAMP inhibitors. An 

MTT assay was performed to determine whether the survival of tumor cells and tumor spheres 

can be reduced with pharmacological inhibitors of endogenous ligands, including ASA 

(acetylsalicylic acid, aspirin, inhibits HMGB1), kahweol (inhibits HSP70), paquinimod 

(inhibits S100A9), and metformin (inhibits RAGE), combined with 10 µg/mL poly(I:C).  

Aspirin is a widely used non-steroidal anti-inflammatory medication (NSAID) for treating pain, 

fever, and inflammation. In individuals at high risk, it also serves to prevent blood clotting, 

ischemic and heart attacks. It mainly inhibits the cyclooxygenase (COX) enzymes COX-1 and 

COX-2, resulting in reduced prostaglandins and inflammation (Vane & Botting, 2003). Yang 

et al. (2015) found that the anti-inflammatory effect of ASA is regulated via HMGB1-dependent 

pathways that are independent of COX-2. 

Kahweol is a diterpene that is found in coffee. It belongs to the group of bioactive molecules 

known as cafestol (kahweol), which are present in coffee beans. The health benefits of kahweol 

include antioxidant, anti-inflammatory, and anti-cancer properties. Choi et al. (2015) 

demonstrated that kahweol-induced HSP70 suppression has an increased cytotoxic effect by 

inducing apoptosis in colorectal cancer cells. Some studies indicate that kahweol inhibits the 

MAPK signaling pathway, which is involved in cell survival and proliferation (Kwon et al., 

2024). 

Paquinimod inhibits S100A8/A9 by binding to the S100A9 subunit, which prevents receptor 

binding to RAGE and TLR4. The inhibition reduces the inflammatory response, including the 

release of cytokines and chemokines. This effect is particularly recognized in different 

autoimmune diseases, including systemic lupus erythematosus (Bengtsson et al., 2012). 

Metformin is widely used for the treatment of diabetes mellitus. It has also been found that 

metformin inhibits RAGE receptors through the activation of the AMP-activated protein kinase 

(AMPK) pathway. When RAGE is inhibited, metformin helps in reducing inflammation and 

oxidative stress (Ishibashi et al., 2012).  

Poly(I:C) was used in these experiments because it can induce apoptosis (Salaun et al., 2006). 

Our results indicated that adherent cells treated with ASA and metformin alone can inhibit the 
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growth of tumor cells, which was further decreased in combination with poly(I:C). Cell survival 

after the treatment of ASA alone was 70%, but it decreased to only 7% when combined with 

poly(I:C). Cell survival with metformin treatment was 50% but decreased to 20% when 

combined with poly(I:C). Kahweol and paquinimod did not have strong effects when applied 

alone. Kahweol did not have an inhibitory effect on cell growth, while paquinimod decreased 

cell survival to 85%. On the other hand, the survival of tumor cells was 30-40% when 

paquinimod or kahweol were combined with poly(I:C). Overall, ASA and metformin, when 

combined with poly(I:C) showed the most effective results, with only 7% and 20% survival of 

tumor cells, respectively, and with demonstrated significance compared to the poly(I:C) 

treatment alone (Figure 4.6). 

 

Figure 4.6. The survival of Detroit 562 tumor cells after the treatment with DAMP 

inhibitors. Tumor cell survival after the treatment with DAMP inhibitors 100 µM 

acetylsalicylic acid (ASA), 10000 µM metformin (MF), 10 µM kahweol (KW), and 10 µM 

paquinimod (PAQ), either alone or in combination with pIC (10 µg/mL poly(I:C)). Statistical 

significance was determined using t-test: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 (compared to 

control (CTRL)); # p ≤ 0.05, ## p ≤ 0.01 (compared to DAMP inhibitor treatment alone); $ p ≤ 

0.05 (compared to poly(I:C)). CTRL are untreated adherent tumor cells grown in DMEM.  
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4.2.3. Combined treatment with DAMP inhibitors and poly(I:C) reduces the 

viability of tumor spheres and changes their morphology 

The treatment of tumor spheres with DAMP inhibitors, when combined with 10 µg/mL 

poly(I:C), resulted in reduced survival and changed morphology of tumor spheres. ASA and 

metformin alone or in combination with poly(I:C) altered the morphology of tumor spheres, 

which appeared smaller compared to the control and other treatments. Spheres treated with 

ASA+poly(I:C) showed disrupted outer margins, and tumor spheres appeared dispersed without 

a firm structure (Figure 4.7). The treatment with ASA, metformin, and kahweol alone reduced 

the viability of tumor spheres to 85-90%, and paquinimod reduced it to 70%. The strongest 

effect was observed in treatment with poly(I:C) combined with metformin or ASA, where the 

survival was only 20-25% when compared to the control. Kahweol and paquinimod in 

combination with poly(I:C) reduced the viability of tumor spheres to 35-40% (Figure 4.8). 

 

Figure 4.7. Photomicrographs of Detroit 562 tumor spheres. Tumor spheres were treated 

with 1000 µM acetylsalicylic acid (ASA), 10000 µM metformin (MF), 10 µM kahweol (KW), 

and 10 µM paquinimod (PAQ), either alone or in combination with pIC (10 µg/mL poly(I:C)). 

CTRL are untreated tumor spheres. Magnification is 2.5X times 72,5 for a digital camera 

objective. 
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Figure 4.8. The viability of Detroit 562 tumor spheres after the treatment with DAMP 

inhibitors and poly(I:C). DAMP inhibitors: 1000 µM acetylsalicylic acid (ASA, aspirin), 

10000 µM metformin (MF), 10 µM kahweol (KW), and 10 µM paquinimod (PAQ), either alone 

or in combination with pIC (10 µg/mL poly(I:C)). Statistical significance was determined using 

t-test: * p ≤ 0.05, ** p ≤ 0.01 (compared to control (CTRL)), # p ≤ 0.05, ## p ≤ 0.01 (compared 

to DAMP inhibitor treatment alone). $ p ≤ 0.05, $$ p ≤ 0.01 (compared to poly(I:C)). CTRL 

are untreated tumor spheres. 
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4.2.4. DAMPs released from cancer stem cells enhance head and neck cancer 

cell migration 

To determine whether CSCs release certain factors (DAMPs) into the environment that can 

induce migration and invasion of tumor cells, Detroit 562 adherent tumor cells were treated 

with supernatants (conditioned media) obtained from tumor sphere cultures and monitored for 

their migration capacity. DAMP inhibitors aspirin (ASA), metformin, kahweol, and 

paquinimod were investigated to determine if they can abolish this effect. Matijevic Glavan et 

al. (2017) showed previously that poly(I:C) induces migration of adherent Detroit 562 cells. 

Here, we have further explored whether Detroit 562 tumour spheres release factors into the 

medium and TME that can induce the migration of neighbouring tumour cells. 

The migration of tumor cells was followed under the microscope at two different time points: 

0 hours (the beginning of the experiment) and 11 hours after treatment (the end of the 

experiment). At time point 0, only the empty circular, uninvaded spot, surrounded by tumor 

cells, was visible. At 11 hours post-treatment, tumor cells have either migrated or their 

migration was inhibited (Figure 4.9). ADH represents the control, which is supernatant from 

adherent Detroit 562 cells, and all the results were normalized to this value. 
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Figure 4.9. Microscopic analysis of Detroit 562 tumor cell migration 11 hours post-

treatment. 0-hour time point represents tumor cells at the beginning of the treatment addition. 

It serves as the baseline reference showing the initial state of the gap closure. Variations in cell 

migration status are visible across different treatments. DAMP inhibitors: 1000 µM 

acetylsalicylic acid (ASA, aspirin), 10000 µM metformin (MF), 10 µM kahweol (KW), and 10 

µM paquinimod (PAQ) in combination with pIC/pAU (10 µg/mL poly(I:C)/poly(A:U)). ADH 

are untreated adherent cells grown in DMEM (control conditioned medium), and TS CTRL are 

untreated tumor spheres. Magnification is 2.5X times 72,5 for the digital camera objective.  
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The migration of Detroit 562 cells was assessed 11 hours following the treatment. Increased 

migration of tumor cells was observed for adherent cells treated with supernatants from 

untreated tumor spheres (TSctrl), but also in samples treated with conditioned media from 

tumor spheres treated with poly(I:C) and poly(A:U) compared to the adherent control (ADH). 

Supernatants from poly(I:C)-treated spheres induced higher migration even in comparison to 

TSctrl. 

Significant inhibition of migration was observed in cells treated with supernatants from tumor 

spheres treated with DAMP inhibitors metformin and aspirin in combination with poly(I:C) or 

poly(A:U), compared to poly(I:C) or poly(A:U) treatment alone. Cells treated with supernatants 

from tumor spheres treated with aspirin in combination with poly(I:C) or poly(A:U) showed 

more noticeable migration inhibition compared to poly(I:C) or poly(A:U) treatment alone, 

where the migration was reduced to ADH control levels. The treatment with paquinimod and 

kahweol did not inhibit the migration of the cells. These results indicate that DAMPs derived 

from CSCs may play a role in promoting tumor cell migration, suggesting their potential 

involvement in cancer progression, which can be suppressed by metformin and aspirin (Figure 

4.10). 
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Figure 4.10. Quantitative analysis of Detroit 562 tumor cell migration 11 hours post-

treatment with supernatants from tumor spheres. Supernatant from adherent cells (ADH) 

was used as a control and a baseline. The increased migration is represented by lower values of 

area. 1000 µM acetylsalicylic acid (aspirin, ASA), 10000 µM metformin (MF), 10 µM kahweol 

(KW), 10 µM paquinimod (PAQ), and pIC (10 µg/mL poly(I:C)). Statistical significance was 

determined using t-test: ** p ≤ 0.01, *** p ≤ 0.001 (compared to adherent control (ADH)); ### 

p ≤ 0.001 (compared to TSctrl); $ p ≤ 0.05, $$ p ≤ 0.01 (compared to poly(I:C)); + p ≤ 0.05, ++ 

p ≤ 0.01 (compared to poly(A:U)). ADH are untreated adherent tumor cells, and TSctrl are 

untreated tumor spheres. 
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4.2.5. Tumor cell invasion after the treatment of cells with supernatants from 

tumor spheres 

Detroit 562 tumor cell invasion was increased when cells were treated with supernatants from 

tumor spheres induced by 10 µg/mL poly(I:C)/poly(A:U) compared to the control, and the trend 

of decrease of the invasion after the treatment with aspirin, metformin, and kahweol in 

combination with poly(I:C) was observed but it was not statistically significant (Figure 4.11). 

Paquinimod in combination with poly(I:C) did not reduce cell invasion. Even though in some 

experiments it was effective, in other experiments it was not, as evidenced by large deviations 

in error bars, suggesting significant variability (Figure 4.12). The inhibition of DAMPs did not 

affect invasion in a statistically significant manner. This indicates that while DAMPs may be 

important for the migration of tumor cells, invasion may be induced by other mechanisms.  

 

 

Figure 4.11. Detroit 562 tumor cell invasion 24 hours post-treatment with different 

treatment conditions. Tumor cells were treated with supernatants from tumor spheres treated 

with 1000 µM acetylsalicylic acid (ASA), 10000 µM metformin (MF), 10 µM kahweol (KW), 

10 µM paquinimod (PAQ), and pIC/pAU (10 µg/mL poly(I:C)/poly(A:U)). ADH are untreated 

adherent cells, and TS CTRL are untreated tumor spheres. Magnification is 10X times 72,5 for 

a digital camera objective. 
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Figure 4.12. Invasion of Detroit 562 tumor cells 24 hours after the treatment. The graph 

represents the cell count of invasive cells across different treatment conditions. Tumor cells 

were treated with supernatants from tumor spheres treated with 1000 µM acetylsalicylic acid 

(ASA), 10000 µM metformin (MF), 10 µM kahweol (KW), 10 µM paquinimod (PAQ), and 

pIC/pAU (10 µg/mL poly(I:C)/poly(A:U)). ADH are untreated adherent cells, and TSctrl are 

untreated tumor spheres. 
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4.3. Combining DAMP inhibitors with irradiation and poly(I:C) to 

determine the effect on cancer stem cell survival and stemness 

properties 

4.3.1. Combining DAMP inhibitors with γ-irradiation and TLR3 activation to 

target head and neck cancer stem cells 

The therapeutic effect of DAMP inhibitors combined with γ-irradiation and TLR3 activation 

with a known apoptotic inducer poly(I:C), was assessed on Detroit 562 adherent tumor cells 

and tumor spheres. The impact of the combined treatment on adherent tumor cells was assessed 

using the MTT assay, and the effect of the combined treatment on tumor spheres was evaluated 

using the Vialight assay. For poly(I:C), it was previously shown that it has a radiosensitizing 

effect on HNSCC tumor cells alone (Mikulandra et al., 2019). 

Treatment with ASA 100 µM, kahweol, paquinimod, and metformin, in combination with 10 

µg/mL poly(I:C) and 5 Gy irradiation, demonstrated enhanced cytotoxicity, resulting in the 

elimination of tumor cells. Moreover, metformin combined with poly(I:C) decreased tumor cell 

growth down to 35% in non-irradiated cells and led to complete tumor cell proliferation block 

upon irradiation with both 2.5 Gy and 5 Gy. ASA 100 µM+poly(I:C) reduced the tumor cell 

survival to 50% even without irradiation and further to 20% when irradiated with 2.5 Gy and 

completely eliminated tumor cells when irradiated with 5 Gy. The treatment with 1000 µM 

aspirin was excessive for adherent cells, but we have included this concentration for easier 

comparison of adherent cells and tumor spheres, which were not that sensitive to aspirin 

treatment which was expected, since CSCs are resistant to radiotherapy. KW and PAQ alone 

demonstrated a protective effect against radiation. When they are combined with poly(I:C), the 

only effect comes from poly(I:C), except at the highest dose of radiation (5 Gy) where a 

complete proliferation block was observed. 

Treatments with DAMP inhibitors alone without poly(I:C) in all irradiation conditions didn’t 

have a significant effect on tumor cell survival, except for metformin, and ASA in the 

concetration of 1000 µM, which was included only for comparison to spheres (Figure 4.13). 
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Figure 4.13. The viability of adherent Detroit 562 cells following treatment with DAMP 

inhibitors, poly(I:C), and γ-irradiation was determined by MTT assay. (A) The survival of 

tumor cells treated with DAMP inhibitors alone or combined with poly(I:C) without irradiation. 

(B) The survival of tumor cells treated with DAMP inhibitors alone or combined with poly(I:C) 

irradiated with 2.5 Gy. (C) The survival of tumor cells treated with DAMP inhibitors alone or 

combined with poly(I:C) irradiated with 5 Gy. Statistical significance was determined using t-

test: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, *** p ≤ 0.0001 (compared to control (CTRL)); # p 

≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 (compared to DAMP inhibitor treatment alone); $ p ≤ 0.05 

(irradiated cells compared to the non-irradiated cells). MF=metformin, ASA=aspirin, 

KW=kahweol, PAQ=paquinimod, pIC (10 µg/mL poly(I:C)). CTRL are untreated tumor cells. 
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When tumor spheres were irradiated with γ-irradiation (5 Gy), the photomicrograph analysis 

showed changes in tumor sphere size and morphology after the treatment with ASA 1000 µM 

alone and ASA 1000 µM + poly(I:C), regardless of irradiation, demonstrating the cytotoxic 

effect of the treatment. Photomicrograph analysis showed that the treatment with ASA 1000 

µM reduced the tumor sphere size by 50%. The addition of poly(I:C) caused a disrupted margin 

of the tumor sphere. Also, metformin treatment reduced tumor sphere size. Other treatment 

combinations did not affect sphere morphology, but 5 Gy irradiation caused changes in sphere 

morphology, resulting in a more distressed margin in all conditions (Figure 4.14). 

The viability of tumor spheres after irradiation decreased by 30%. The treatment with 1000 µM 

ASA alone without the irradiation decreased the cell viability to 65%, which was further 

decreased to 60% with irradiation. The combination of ASA 1000 µM + poly(I:C) caused a 

decrease in viability to 50% regardless of the irradiation. Poly(I:C) alone, when combined with 

irradiation, reduced the cell survival to 60%. ASA 100 µM alone was not cytotoxic to tumor 

spheres, while the irradiation treatment reduced proliferation by 40%. Cell viability remained 

70% after the treatment with ASA 100 µM + poly(I:C), but was slightly reduced with 

irradiation. Metformin alone decreased the viability of tumor spheres down to 80%, and 

metformin + poly(I:C) only slightly reduced the viability. Irradiation in treatment with 

metformin and poly(I:C) reduced cell viability to 60%. Kahweol alone and after irradiation with 

5 Gy did not significantly reduce the viability. Also, the treatment with kahweol + poly(I:C) 

alone or in combination with irradiation did not affect the viability compared to pIC alone. 

Paquinimod treatment alone did not affect cell viability. Paquinimod + poly(I:C) alone or in 

combination with the irradiation did not cause a reduction in cell viability compared to poly(I:C) 

alone (Figure 4.15). 

Overall, the results indicate that the combined treatment, especially with ASA and metformin, 

enhances the radiosensitivity of adherent Detroit 562 tumor cells to γ-irradiation, leading to a 

significant reduction in cell viability. In contrast, tumor spheres exhibited relative 

radioresistance, with only a slight reduction in tumor sphere viability after the irradiation and 

limited morphology changes after the treatment with ASA 1000 + poly(I:C). These findings 

suggest that tumor spheres may have activated some intrinsic pathways to induce 

radioresistance. 
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Figure 4.14. Photomicrograph analysis: morphology of Detroit 562 tumor spheres 

following the treatment with DAMP inhibitors, poly(I:C), and γ-irradiation. Tumor 

spheres were treated with DAMP inhibitors alone or in combination with poly(I:C). The top 

row represents tumor spheres without irradiation (0 Gy), and the bottom row represents tumor 

spheres irradiated with 5 Gy. 1000 µM acetylsalicylic acid (ASA), 10000 µM metformin (MF), 

10 µM kahweol (KW), and 10 µM paquinimod (PAQ), 10 µg/mL poly(I:C) (pIC). CTRL are 

untreated tumor spheres. Magnification is 2.5X times 72,5 for a digital camera objective. 

 

 

Figure 4.15. The viability of Detroit 562 tumor spheres after the treatment with DAMP 

inhibitors, poly(I:C), and γ-irradiation was determined using the Vialight assay. Blue 

represents the survival of tumor spheres without irradiation (0 Gy), and pink represents the 

survival of tumor spheres irradiated with 5 Gy. Statistical significance was determined using t-

test: * p ≤ 0.05, ** p ≤ 0.01 (compared to the control (CTRL)); # p ≤ 0.05 (compared to DAMP 

inhibitor treatment alone); $ p ≤ 0.05 (irradiated TS compared to non-irradiated TS). 1000 µM 

acetylsalicylic acid (ASA), 10000 µM metformin (MF), 10 µM kahweol (KW), and 10 µM 

paquinimod (PAQ), 10 µg/mL poly(I:C) (pIC). CTRL are untreated tumor spheres.  
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4.3.1.1. Expression of CSC-related genes following combined treatment with poly(I:C), 

DAMP inhibitors, and γ-irradiation 

Next, we investigated if the combination of DAMP inhibitors with poly(I:C) and γ-irradiation 

has an inhibitory effect on gene expression. The expression of OCT4 (stemness marker) and 

ABCG2 (drug resistance marker) was determined following the combined treatment with 10 

µg/mL poly(I:C), DAMP inhibitors, and γ-irradiation.  

The qPCR results show a significant decrease in the expression of OCT4 and ABCG2 following 

ASA and ASA+poly(I:C) treatment. Without irradiation, treatment with ASA reduced the 

expression of OCT4 by 50%, and ASA+poly(I:C) reduced the expression of OCT4 to 30%. 

The expression of ABCG2 was reduced to 20% after the treatment with ASA or ASA+poly(I:C) 

without the irradiation, suggesting a reduction of CSC characteristics. Irradiation did not affect 

the expression (Figure 4.16).  

Also, no significant reduction in OCT4 expression was observed in cells treated with KW or 

KW+poly(I:C) with or without irradiation. Irradiation even increased the expression of OCT4 

in combination with KW and KW+pIC. KW+poly(I:C) treatment reduced ABCG2 expression 

by 50% regardless of irradiation, but this was not significant compared to poly(I:C) treatment 

alone.  

The 2 Gy radiation dose was used to compare the effect of γ-irradiation and proton beam 

irradiation. In the proton irradiation experiment (further in the results, Figure 4.20), a stronger 

effect was observed with the same dose. 
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Figure 4.16. Expression of CSC-related genes in Detroit 562 tumor spheres. (A) The 

expression of OCT4, the stemness marker, and (B) ABCG2, the multidrug resistance marker. 

Tumor spheres were treated with DAMP inhibitors alone or in combination with poly(I:C) and 

were either irradiated with 2 Gy or not irradiated (0 Gy). Statistical significance was determined 

using t-test: *p ≤ 0.05, **p ≤ 0.01 (compared to the control (CTRL)); # p ≤ 0.05 (compared to 

DAMP inhibitors treatment alone); $ p ≤ 0.05 (irradiated TS compared to non-irradiated TS). 

1000 µM acetylsalicylic acid (ASA), 10 µM kahweol (KW), and 10 µg/mL poly(I:C) (pIC). 

CTRL are untreated tumor spheres. 
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4.3.2. Combined proton therapy, DAMP inhibitors and TLR3 activation 

effectively targets head and neck cancer stem cells  

4.3.2.1. The effect of DAMP inhibitors with poly(I:C), and proton irradiation on Detroit 

562 cancer stem cells  

A difference in size and morphology of tumor spheres was observed after different treatments 

and proton irradiation. Non-irradiated control tumor spheres 24 hours after the treatment were 

bigger compared to the control (spheres before the treatment), and they started to develop a 

necrotic center. Tumor spheres treated with ASA and ASA+poly(I:C) were significantly 

smaller compared to the untreated spheres, and also smaller than spheres treated with KW and 

poly(I:C). Irradiated spheres had disrupted the tumor sphere margin, and their morphology 

significantly changed 24 hours after the treatment. The outer border of the spheres was 

beginning to dissociate, which was especially visible in the tumor spheres treated with ASA 

and ASA+poly(I:C). The two controls (CTRL) were similar in size, but the outer border of the 

irradiated spheres was beginning to dissociate, suggesting proton irradiation has a cytotoxic 

effect on tumor spheres. (Figure 4.17). 

 

 

Figure 4.17. Photomicrograph analysis: single Detroit 562 tumor sphere size and 

morphology. The effect of different treatments and proton irradiation on tumor sphere 

formation 24 hours following different treatment and irradiation conditions. The top row shows 

non-irradiated tumor spheres (0 Gy) while the bottom row shows tumor spheres irradiated with 

2 Gy. 1000 µM acetylsalicylic acid (ASA), 10 µM kahweol (KW), and pIC (10 µg/mL 

poly(I:C)). CTRL are untreated tumor spheres. Magnification is 2.5X times 72,5 for a digital 

camera objective.  
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Decreased viability of tumor spheres without and with proton irradiation was observed in 

spheres treated with ASA alone and with ASA+poly(I:C). The viability was reduced to 50% 

with ASA treatment and to 45% with ASA+poly(I:C) treatment without irradiation. Irradiation 

decreased the viability of tumor spheres to 45% with ASA treatment alone and 35% for 

ASA+poly(I:C) treatment. The proliferation of irradiated spheres treated with KW+poly(I:C) 

was also decreased. In tumor spheres without irradiation, KW treatment did not have an effect, 

while KW+poly(I:C) reduced tumor sphere viability to 80% (Figure 4.18). Overall, the 

ViaLight assay showed reduced tumor sphere viability after the treatment with ASA alone and 

with the combination of ASA+poly(I:C), and the viability was further reduced after proton 

irradiation. 

 

 

Figure 4.18. The viability of Detroit 562 tumor spheres following proton irradiation, 

treatment with DAMP inhibitors, and poly(I:C) was determined using the ViaLight assay. 

Tumor spheres were treated with DAMP inhibitors alone or in combination with poly(I:C) 

without irradiation (0 Gy) or irradiated with 2 Gy. Statistical significance was determined using 

t-test: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 (compared to the control (CTRL)); # p ≤ 0.05 

(compared to DAMP inhibitor treatment alone); $ p ≤ 0.05, $$ p ≤ 0.01 (irradiated TS compared 

to non-irradiated TS). 1000 µM acetylsalicylic acid (ASA), 10 µM kahweol (KW), and 10 

µg/mL poly(I:C) (pIC). CTRL are untreated tumor spheres. 
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4.3.2.2. Expression of CSC-related genes following combined treatment with poly(I:C), 

DAMP inhibitors, and proton irradiation 

Next, we investigated if the combination of DAMP inhibitors with poly(I:C) and proton 

irradiation has an inhibitory effect on stemness marker expression. Overall, the qPCR showed 

reduced expression of CSC-related markers ABCG2 and OCT4 after the ASA+poly(I:C) 

treatment, which was further downregulated after the irradiation.  

In non-irradiated spheres, OCT4 expression was reduced in response to ASA treatment to 40%, 

but it was also further reduced with ASA+poly(I:C) treatment to 35%. This was not significant 

to poly(I:C) treatment alone. Treatment with KW alone did not change OCT4 expression, and 

reduced expression with KW+poly(I:C) was not significant compared to poly(I:C) treatment 

alone. 

After irradiation with 2 Gy, OCT4 expression was further decreased in spheres treated with 

ASA+poly(I:C) to 25%. The treatment KW and KW+poly(I:C) did not have a significant effect 

on gene expression. 

The treatment with ASA reduced ABCG2 gene expression to 25%, and treatment with 

ASA+poly(I:C) reduced gene expression to 20%. KW+poly(I:C) reduced gene expression to 

30% when compared to the non-irradiated control, but it was not significant compared to 

poly(I:C) treatment alone.  

After irradiation (2 Gy), the reduction of gene expression became even more pronounced in 

cells treated with ASA+poly(I:C), where expression was decreased to 5%, while ABCG2 

expression in spheres treated with ASA alone was not affected by irradiation. The treatment 

with KW+poly(I:C) even leads to slightly increased expression of ABCG2 after the irradiation. 

(Figure 4.19).  
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Figure 4.19. Expression of CSC-related genes in Detroit 562 tumor spheres. Tumor spheres 

were treated with DAMP inhibitors alone or in combination with poly(I:C), and either irradiated 

with protons (2 Gy) or not irradiated (0 Gy). qPCR results of the expression of (A) OCT4 and 

(B) ABCG2. Statistical significance was determined using t-test: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001 (compared to the control (CTRL)). ## p ≤ 0.01 (compared to DAMP inhibitors treatment 

alone); $ p ≤ 0.05 (irradiated TS compared to non-irradiated TS). 1000 µM acetylsalicylic acid 

(ASA), 10 µM kahweol (KW), and 10 µg/mL poly(I:C) (pIC). CTRL are untreated tumor 

spheres. 
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4.3.2.3. Effects of different treatments and proton irradiation on tumor sphere apoptosis 

induction 

Using the western blot, we determined PARP cleavage (cleaved fragment, 89 kDa), which 

indicates apoptosis. No significant PARP cleavage was observed in untreated and non-

irradiated (CTRL) cells. On the contrary, poly(I:C), ASA, ASA+poly(I:C), and KW+poly(I:C) 

induced increased PARP cleavage compared to the control, with the strongest cleaved band in 

tumor spheres treated with ASA+poly(I:C). Proton irradiation induced PARP cleavage in all 

samples, including the control, which was only irradiated, indicating apoptosis induction. The 

strongest cleaved PARP band was present in the spheres treated with ASA+poly(I:C) (Figure 

4.20). These results demonstrated that combining proton therapy with poly(I:C) and ASA 

significantly enhances the treatment efficacy and may eliminate HNSCC CSCs. 

 

 

 

Figure 4.20. Western blot demonstrating PARP cleavage in Detroit 562 tumor spheres. 

Tumor spheres were treated with DAMP inhibitors (1000 µM acetylsalicylic acid (ASA), 10 

µM kahweol (KW)) alone or in combination with pIC (10 µg/mL poly(I:C)), and either 

irradiated with protons (2 Gy) or not irradiated (0 Gy). Full-length PARP protein is 116 kDa in 

size, while the cleaved PARP fragment is 89 kDa in size. CTRL are untreated tumor spheres. 

The loading controls were membranes stained with naphthol blue. 
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4.4. Exploration of potential novel CSC biomarkers  

4.4.1. Proteomic analysis validation  

To determine new potential biomarkers for HNSCC CSC, proteomic analysis was performed. 

Proteomic analysis included 4 different samples: adherent control, untreated tumor spheres, 

tumor spheres treated with poly(I:C), and tumor spheres treated with poly(A:U). Several 

proteins (Table 4.1) exhibited significant changes in tumor spheres compared to the adherent 

cells, but some changes were also noticeable in poly(I:C)- or poly(A:U)- treated spheres. Table 

4.1. shows the list of proteins changed after proteomic analysis, which we decided to further 

explore. A complete list of proteins with altered expressions can be found in our publication 

(Derfi et al., 2024). 
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Table 4.1. List of proteins chosen for further validation, including their principal role and 

their role in cancer. 

Protein Abbreviation Principal role Role in cancer 

Nucleoporin 62  NUP62 It is essential for preserving 

proper chromosomal stability 

(Chien et al., 2020). 

Plays a role in the growth and 

progression of squamous cell 

carcinomas (Hazawa et al., 2018). 

StAR-related lipid 

transfer domain 

containing 10  

StarD10 It is a phospholipid transfer 

protein that enables their 

movement across intracellular 

membranes (Olayioye et al., 

2005).  

Its expression is associated with 

increased malignancy in breast 

cancers related to alcohol 

consumption (Floris et al., 2019). 

Gasdermin GSDM It is known for its dual role; it is 

involved in pyroptosis  (Yuan et 

al., 2024) but also plays a role in 

chronic inflammation leading to 

tumor progression (Gao et al., 

2024).  

In HNSCC, expression is elevated 

and linked to poor prognosis 

(Yuan et al., 2024). 

Tumor 

susceptibility gene 

101 

TSG101 It is involved in the ESCRT 

pathway, which enables the 

formation of multivesicular 

bodies that deliver cargo to 

lysosomes for degradation 

(Henne et al., 2011).  

In HNSCC, its overexpression 

induces metastasis through cell 

cycle regulation (Yang et al., 

2025).  

Glutathione S-

transferase theta 1  

GSTT1 A GST family member that 

catalyzes the conjugation of 

reduced glutathione to diverse 

hydrophobic and electrophilic 

molecules (Mazari et al., 2023). 

Plays a role in tumor metastasis 

and dissemination but is not 

necessary for primary tumor 

development (Ferrer et al., 2024). 

Glutamate-rich 

WD repeat-

containing 1 

GRWD1 Plays a role in cellular regulation 

and growth control. It also has a 

role in ribosomal biosynthesis 

(Kayama et al., 2017).   

In HNSCC, it demonstrated 

altered expression compared to 

healthy tissues, indicating its 

potential role as a diagnostic 

biomarker (Gill et al., 2024). 
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Ubiquitin C-

terminal hydrolase 

L5 

UCHL5 Functions as a deubiquitinating 

enzyme and regulates the 

degradation of proteins (Deol et 

al., 2020).  

It regulates apoptosis and cell 

proliferation in cancer and plays a 

role in the proliferation and 

survival of HNSCC cells (Morgan 

et al., 2023). 

Syndecan-binding 

protein 

Syntenin Plays a role in cytoskeletal 

organization, cell-to-cell 

adhesion, intracellular protein 

transport, and transcription 

factor activation (Zimmermann 

et al., 2001).  

It is a membrane protein that 

facilitates the invasion and 

progression of HNSCC (Cui et al., 

2016). 

 

 

Proteomic results were validated by Western blot. NUP62 was overexpressed in TS in 

comparison to the adherent cells and was strongly expressed but slightly reduced compared to 

the untreated tumor spheres in poly(I:C)-treated TS, with almost complete absence in TS treated 

with poly(A:U). StarD10 was strongly expressed in tumor spheres treated with poly(I:C) and 

poly(A:U). Gasdermin had the strongest expression in adherent control cells, which was 

reduced in tumor spheres, independent of the treatment. TSG101 expression was the same in 

all samples. GSTT1 was detected only in tumor spheres and was slightly reduced in tumor 

spheres treated with poly(A:U). GRWD1 was highly expressed in adherent controls compared 

to tumor spheres, and its expression was not dependent on TLR3 activation. UCHL5 expression 

was increased in the tumor spheres compared to the adherent cells. It was also reduced after 

TLR3 activation, especially with poly(A:U). Syntenin was strongly expressed in adherent 

control, and its expression was reduced in tumor spheres, especially spheres treated with 

poly(A:U) (Figure 4.21). Using a proteomic approach, potential novel biomarkers that might 

play an important role in HNSCC CSCs were identified.  
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Figure 4.21. Validation of proteomic analysis by Western blot. Expression of proteins 

NUP62 (62 kDa), STARD10 (35 kDa), Gasdermin D (49 kDa), TSG101 (44 kDa), GSTT1 (54 

kDa), GRWD1 (49 kDa), UCHL5 (38 kDa) and Syntenin (32 kDa) in adherent cells (ADH), 

control tumor spheres (TSctrl), tumor spheres treated with poly(I:C) (TS pIC), and tumor 

spheres treated with poly(A:U) (TS pAU). Poly(I:C) and poly(A:U) were used in a 

concentration of 10 µg/mL. The loading controls were membranes stained with naphthol blue. 
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4.4.2. The expression of UFSP2 and KYAT3 in Detroit 562 tumor spheres 

The significant changes of UFM1 Specific Peptidase 2 (UFSP2) and Kynurenine 

Aminotransferase 3 (KYAT3, KAT3) were observed during the validation of proteomic 

analysis, which we decided to further explore. UFSP2 is a protease that is involved in the 

UFMylation process, a posttranslational modification in which ubiquitin-fold modifier-1 

(UFM1), a protein similar to ubiquitin, is covalently attached to target proteins (Jing et al., 

2022). KYAT3 is one of the key enzymes involved in the tryptophan metabolism from 

kynurenine to kynurenic acid, and in recent studies, tryptophan metabolism has been detected 

as a potential target for cancer treatment. Furthermore, kynurenine can promote tumor growth 

(León-Letelier et al., 2023). 

In tumor spheres, stimulation of the TLR3 receptor caused a decrease in expression of the 

UFSP2. The effect was most pronounced in cells treated with poly(A:U) when compared to 

untreated tumor spheres. Control tumor spheres showed upregulated UFSP2 compared to 

adherent cells, while in adherent cells, UFSP2 was expressed equally across the treatments. 

KYAT3 expression was decreased in adherent Detroit 562 cells treated with poly(I:C). On the 

other hand, in untreated tumor spheres, KYAT3 expression was increased compared to the 

adherent tumor cells, while it was reduced after the poly(A:U) treatment (Figure 4.22). 

 

 

Figure 4.22. Expression of UFSP2 and KYAT3 in Detroit 562 adherent cells and tumor 

spheres. Samples include adherent cells control (CTRL), adherent cells treated with poly(I:C) 

(pIC) adherent cells treated with poly(A:U) (pAU); and tumor spheres including control 

(CTRL), tumor spheres treated with poly(I:C) (pIC), and tumor spheres treated with poly(A:U) 

(pAU). Poly(I:C) and poly(A:U) were used in a concentration of 10 µg/mL. The loading 

controls were membranes stained with naphthol blue. 
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4.4.3. Optimization of the siRNA transfection in tumor spheres 

To determine whether the observed effects in UFSP2 and KYAT3 change in expression are 

TLR3-dependent, the silencing of TLR3 was performed using siRNA. 

The optimal transfection conditions for the Detroit 562 cell line were determined using Control 

siRNA labelled with fluorescein isothiocyanate (FITC-siRNA). The transfection protocol was 

optimized, and adherent cells and tumor spheres were examined under the fluorescence 

microscope. The highest efficiency was observed with 80 nM FITC-siRNA and 8 μL 

TransFectin reagent; therefore, we followed these conditions as most suitable for further 

transfections. The transfection was performed with adherent cells (Figure 4.23 & Figure 4.24). 

Once transfected, cells were seeded to form tumor spheres (Figure 4.25). We concluded that 

siRNA silencing can be performed in adherent cells and will remain effective in tumor spheres. 

 

 

 

Figure 4.23. Photomicrograph of Detroit 562 tumor cells 24 hours after transfection. 

Validation of transfection efficiency with different concentrations of control FITC-labelled 

siRNA (Fluorescein Conjugate)-A (10 nM, 20 nM, 50 nM, and 80 nM) and 6 µL of 

TransFectin™ Lipid Reagent. Fluorescein is a light-reactive dye visible using fluorescent 

microscopy, showing transfected tumor cells in green color. The light source (right) displays 

the general morphology and number of the cells. 
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Figure 4.24. Photomicrograph of Detroit 562 cells 24 hours after transfection. The highest 

concentration of 80 nM Control FITC-labelled siRNA (Fluorescein Conjugate)-A with different 

amounts of TransFectin™ Lipid Reagent (4 µL, 6 µL, and 8 µL). Fluorescein is a light-reactive 

dye visible using fluorescent microscopy, showing transfected tumor cells in green color (left). 

The light source (right) displays the general morphology and number of the cells. 

 

Figure 4.25. Photomicrograph of Detroit 562 tumor spheres 48 hours after transfection. 

The highest concentration of 80 nM Control FITC-labelled siRNA (Fluorescein Conjugate)-A 

with different amounts of TransFectin™ Lipid Reagent (4 µL, 6 µL, and 8 µL). 24 hours after 

transfection, cells were seeded in tumor sphere media to form tumor spheres. Fluorescein is a 

light-reactive dye visible using fluorescent microscopy, showing transfected tumor spheres in 

green color (left). Tumor spheres were visible with a white light source (right). 
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4.4.4. The role of TLR3 activation in the regulation of UFSP2 and KYAT3 

expression 

To obtain additional confirmation of the previous results, we performed a transient transfection 

using siRNA for TLR3.  

Western blot analysis of proteins from transfected cells revealed that UFSP2 expression was 

reduced after the treatment with poly(I:C) and poly(A:U) in tumor spheres transfected with 

scrambled sequence (SCR) compared to untreated control (CRTL SCR) spheres, with the most 

pronounced reduction observed after poly(I:C) treatment. In contrast, in spheres where TLR3 

was silenced, it was shown that the UFSP2 expression was unchanged across all conditions and 

its expression is lower in CTRL siTLR3 compared to the CTRL SCR.  

KYAT3 expression was reduced in poly(I:C)- and poly(A:U)-treated spheres transfected with 

SCR compared to the control spheres. In spheres where TLR3 was silenced, the expression of 

KYAT3 was similar in control and poly(I:C)-treated spheres, but it was reduced in poly(A:U)-

treated spheres. Its expression is lower in CTRL siTLR3 compared to CTRL SCR (Figure 4.26). 

We conclude that TLR3 silencing prevents the decrease of UFSP2 expression. As for KYAT3, 

its decreased expression is abolished in tumor spheres treated with poly(I:C), but this was not 

observed in spheres treated with poly(A:U). This suggests a different effect on expression that 

is dependent on the TLR3 agonist. 

 

Figure 4.26. The Western blot of UFSP2 and KYAT3 in Detroit 562 cells transfected with 

control siRNA (SCR) or TLR3 siRNA, treated with poly(I:C) or poly(A:U). ADH = 

adherent untreated cells, CTRL = untreated tumor spheres, and pIC/pAU = 

poly(I:C)/poly(A:U), which were used in a concentration of 10 µg/mL. The loading controls 

were membranes stained with naphthol blue. 
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4.4.5. The effect of TLR3 silencing on tumor sphere morphology and 

UFSP2/KYAT3 expression in FaDu and SQ20B cells 

Using another method to verify whether TLR3 is involved in the observed changes in UFSP2 

and KYAT3 protein expression, FaDu and SQ20B cell lines that are stably transfected with a 

plasmid pTRIPZ carrying shRNA targeting TLR3 in an inducible manner were used based on 

doxycycline-inducible silencing of TLR3 expression. 

FaDu shCTRL and FaDu shTLR3 tumor spheres had similar morphology (Figure 4.27). 

However, SQ20B shTLR3 tumor spheres showed changed morphology compared to the SQ20B 

(shCTRL). Tumor spheres were smaller in size, and spheres were more dissociated (Figure 

4.28). This indicates that TLR3 expression is necessary for the sphere formation in SQ20B 

cells, and that with the loss of TLR3, these cells lose their ability to form spheres and eventually 

die. Morphology was changed when TLR3 is silenced, and tumor spheres are dissociated in all 

three conditions (Figure 4.28). 

 

 

Figure 4.27. Photomicrographs of tumor spheres derived from FaDu cells. Tumor spheres 

were produced from FaDu cells stably transfected with plasmid pTRIPZ carrying shRNA 

targeting TLR3 (shTLR3) or FaDu cells stably transfected with the control plasmid (shCTRL), 

treated with 10 µg/mL poly(I:C) or poly(A:U), and doxycycline. CTRL = untreated tumor 

spheres. Magnification 2.5X times 72,5 for a digital camera objective. 
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Figure 4.28. Photomicrographs of tumor spheres derived from SQ20B cells. Tumor spheres 

were produced from FaDu cells stably transfected with plasmid pTRIPZ carrying shRNA 

targeting TLR3 (shTLR3) or FaDu cells stably transfected with the control plasmid (shCTRL), 

treated with 10 µg/mL poly(I:C) or poly(A:U), and doxycycline. CTRL = untreated tumor 

spheres. Magnification 2.5X times 72,5 for a digital camera objective. 
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The role of TLR3 was confirmed in FaDu cells by demonstrating UFSP2 expression similar to 

that in Detroit 562 cells. The expression of UFSP2 was reduced after the stimulation of TLR3 

with poly(A:U) in tumor spheres in cells transfected with the shCTRL plasmid. On the other 

hand, when TLR3 was silenced, there was no difference in UFSP2 expression between 

unstimulated and TLR3-induced cells, so the decrease in expression was abrogated. In SQ20B 

cells, UFSP2 expression remained the same across tumor spheres in cells transfected with the 

shCTRL plasmid. In spheres transfected with shTLR3 plasmid, UFSP2 expression was reduced 

after the treatment with poly(I:C) and poly(A:U) when compared to untreated tumor spheres 

(Figure 4.29). 

 

Figure 4.29. Expression of the UFSP2 protein in FaDu (shCTRL and shTLR3) and SQ20B 

(shCTRL and shTLR3) cells. shCTRL- cells transfected with a control plasmid, shTLR3- cells 

transfected with a plasmid containing shTLR3, leading to inducible silencing of TLR3 with the 

addition of doxycycline. ADH = adherent untreated cells, CTRL = untreated tumor spheres, 

pIC/pAU = poly(I:C)/poly(A:U), which were used in a concentration of 10 µg/mL. The loading 

controls were membranes stained with naphthol blue. 
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The role of TLR3 was also confirmed in FaDu cells by demonstrating KYAT3 expression 

similar to that in Detroit 562 cells. The expression of KYAT3 was reduced after the stimulation 

of TLR3 with poly(A:U) in tumor spheres in cells transfected with the shCTRL plasmid. On 

the other hand, when TLR3 is silenced, there is a minimal difference in KYAT3 expression 

between unstimulated and TLR3-induced cells, so the decrease in expression following 

poly(I:C)/poly(A:U) treatment is abrogated. In SQ20B cells, KYAT3 expression was reduced 

in shCTRL control tumor spheres and shCTRL tumor spheres treated with poly(I:C), but its 

expression increased in tumor spheres transfected with shCTRL plasmid treated with 

poly(A:U). In spheres transfected with the shTLR3 plasmid, KYAT3 expression remained the 

same in all samples (Figure 4.30). 

 

 

Figure 4.30. Expression of the KYAT3 protein in FaDu (shControl and shTLR3) and 

SQ20B (shCTRL and shTLR3) cells. shCTRL- cells transfected with a control plasmid, 

shTLR3- cells transfected with a plasmid containing shTLR3, leading to inducible silencing of 

TLR3 with the addition of doxycycline. ADH = adherent untreated cells, CTRL = untreated 

tumor spheres, pIC/pAU = poly(I:C)/poly(A:U), which were used in a concentration of 10 

µg/mL. The loading controls were membranes stained with naphthol blue. 
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5. DISCUSSION 

Here we investigated the role of TLR3 in promoting and maintaining CSC characteristics in 

HNSCC in vitro. Our initial aim was to determine whether TLR3 contributes to CSC 

maintenance, as previously demonstrated in breast cancer (Jia et al., 2015). Our results reveal 

that in HNSCC cell lines Detroit 562, FaDu, and SQ20B, TLR3 stimulation enhances tumor 

sphere formation and increases the size of tumor spheres. TLR3 activation affected their size, 

with particularly notable effects observed in the Detroit 562 cell line. The observed ability of 

HNSCC tumor cells to form tumor spheres is consistent with previous findings that indicate 

TLR3 activation promotes CSC formation in breast cancer. Specifically, Jia et al. (2015) 

demonstrated in breast cancer that the simultaneous activation of the NF-κB and β-catenin 

signaling pathways is necessary in acquiring the CSC phenotype. However, our study is the 

only study focusing on the role of TLR3 in HNSCC cancer stem cells, which indicates the 

novelty of this research. Our findings suggest that Detroit 562 cells under optimized culture 

conditions can robustly form tumor spheres even without the TLR3 activation, emphasizing 

their inherent CSC-like potential. The fact that TLR3 stimulation enhances the CSC phenotype 

supports the hypothesis on the role of TLR3 signaling in the promotion of head and neck 

cancers. This finding aligns with earlier research by Pries et al. (2008), who demonstrated that 

TLR3 activation contributes to the proliferation of HNSCC by activating the NF-κB and c-Myc 

proto-oncogene. The authors have also found that TLR3 is expressed only in cancer cells but 

not in the adjacent normal tissue. Our results demonstrated enhanced stemness properties, as 

evidenced by the increased number and size of tumor spheres, as well as the expression of 

HNSCC CSC stemness markers, including CD133 and ALDH1A1. These markers are 

associated with enhanced invasiveness, high tumorigenicity, and metastasis in HNSCC (Chiou 

et al., 2008; Chen et al., 2009). According to Rydberg et al. (2009), TLR3 activation with 

poly(I:C) in Detroit 562 leads to the activation of the NF-κB pathway, which can increase the 

expression of pro-inflammatory cytokines, such as Interleukins IL-1β, IL-6, IL-8, and 

Intercellular adhesion molecule 1 (ICAM-1). This enhances the ability of tumor cells to migrate 

while paradoxically reducing overall cell viability. Matijevic et al. (2009) further demonstrated 

that while TLR3 is expressed in several HNSCC primary and metastatic cell lines, it is only 

functional in Detroit 562, as IL-6 is secreted following treatment with poly(I:C). Salaun et al. 

(2006) showed that poly(I:C)-mediated TLR3 activation induces apoptosis in cancer cells. 

These data suggest a dual function of the TLR3 agonists in HNSCCs – acting as both, immune 
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stimulators and tumor promoters, but also as apoptosis inducers. We conclude here, based on 

the available literature and our first results, that the Detroit 562 cell line is a suitable model for 

investigating the role of TLR3 in HNSCC, with special emphasis on CSCs. For this reason, the 

Detroit 562 cell line was selected as the primary research model for investigating role of TLR3 

in HNSCC, and the validation of FaDu and SQ20B cell lines was done only to confirm results 

in certain experiments.  

We also hypothesized that tumor cells undergoing necrotic death due to hypoxia, chemotherapy, 

or irradiation therapy could release endogenous ligands (DAMPs) into the TME, which could 

activate TLR3. These DAMPs could support the formation and maintenance of CSCs or even 

boost their stemness properties. Previous studies have shown that TLR3 can be activated by 

DAMPs, such as variants of cellular mRNA originating from necrotic cells (Karikó et al., 2004). 

Once released, DAMPs could bind to various receptors and trigger signaling pathways that lead 

to cancer progression and metastasis. However, we also wanted to establish whether TLR3 

activation alone can also induce the formation of DAMPs. We have shown here that TLR3 

activation induced strong expression of DAMPs in tumor spheres and adherent cells. Among 

the DAMPs identified, S100 calcium-binding protein A9 (S100A9), high-mobility group box 1 

(HMGB1), heat shock protein 70 (HSP70), and their receptor for advanced glycation end 

products (RAGE) were upregulated following TLR3 activation in tumor spheres. S100A9 is 

frequently overexpressed in many cancers, including breast cancer, prostate cancer, colon 

cancer, and melanoma. Its elevated expression is associated with poor prognosis and is 

implicated in the promotion of immune evasion and metastasis (Bresnick et al., 2015). In the 

context of HNSCC, S100A9 inhibition suppresses the growth and invasive behavior of cancer 

cells by blocking the signaling of NF-κB (Wu et al., 2017). HMGB1 and RAGE are closely 

linked to tumorigenesis and metastasis. HMGB1 suppresses the anti-tumor immune response, 

promotes invasion, and plays a role in resistance to anti-cancer therapy (Zapletal et al., 2023). 

RAGE is a receptor for several endogenous ligands released from damaged tissues, including 

HMGB1, and its activation is associated with inflammation and cancer progression (Cross et 

al., 2024). HSP70, a stress-inducible chaperone, has various roles in cancer; it can promote 

angiogenesis, suppress apoptosis, and enhance metastasis (Albakova et al., 2020). Interestingly, 

a study by Tavassol et al. (2011) reported that the lower HSP70 expression in patients with oral 

cancer correlated with poorer survival rates. A study from 2016 by Liu et al. demonstrated that 

tumor exosomal RNAs originating from primary lung cancer support the creation of the pre-

metastatic microenvironment. These RNAs can activate TLR3 in lung epithelial cells and 

induce chemokine release and neutrophil activation, which predicts poor prognosis. Similarly, 
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our previous study (Vasiljevic et al., 2023) also reported that TLR3 can be activated without 

external stimuli such as viral RNA, but with only endogenous cellular RNAs, indicating that 

the TME is sufficient. TLR3 endogenous ligands were found in necrotic tumor fluids from both 

mice and patients, but also in HNSCC cell line supernatants after exposing cells to different 

stressors, including hypoxia, serum starvation, irradiation, and oxidative stress. Additionally, 

exosomes isolated from HNSCC supernatants of irradiated cells contained endogenous ligands 

for TLR3. Supernatants and necrotic fluids were used to treat HEKBlue-TLR3 reporter cells to 

determine TLR3 activation. This suggests that endogenous agonists of TLR3, composed of 

dsRNA fragments, may already be present in HNSCC necrotic fluids. These endogenous 

ligands may bind to TLR3 and potentially promote tumor progression.  

Since TLR activation causes DAMP release, we explore here the potential of DAMP inhibitors 

as therapeutic agents in cancer treatment. Regulating DAMP release can reduce inflammation 

and regulate tumor metastasis (Jang et al., 2020). Our extensive literature search revealed 

certain drugs that can act as DAMP inhibitors. They are already being used as pharmacological 

agents in treating other diseases or as dietary supplements. Our main premise was to use old 

drugs that could be repurposed to treat cancer, especially for the effective targeting of CSCs. 

The advantage of these pharmacological agents is that they have already gone through 

preclinical and clinical studies and are approved for use in patient treatment. Therapeutic use 

of DAMP inhibitors can potentially decrease cancer cell survival, stemness, and 

chemoresistance. DAMP inhibitors we have explored here include kahweol (HSP70 inhibitor) 

(Choi et al., 2015), metformin (RAGE inhibitor) (Ishibashi et al., 2012), paquinimod 

(S100A8/A9 inhibitor) (Miura et al., 2024), and aspirin (acetylsalicylic acid) as an HMGB1 

inhibitor (Huang et al., 2015). In our study, migration and viability of tumor spheres were 

inhibited when aspirin or metformin were combined with TLR3 ligand poly(I:C). The results 

on adherent cells indicate that treatment with aspirin and metformin alone can inhibit the growth 

of Detroit 562 tumor cells, which is further reduced with the addition of poly(I:C). Additionally, 

the survival of tumor cells was reduced by more than 50% when DAMP inhibitors were 

combined with poly(I:C). The strongest overall effect was observed in treatment with poly(I:C) 

combined with aspirin in both adherent cells and tumor spheres. In HNSCC, TLR3 activation 

may trigger cell death or contribute to tumor progression. Previous work by Matijevic & Pavelic 

(2011) showed that stimulation of TLR3 induces cell migration of the Detroit 562 cells. Based 

on that, we investigated whether CSC-derived DAMPs may increase tumor cell motility. Our 

data show that the stimulation of the TLR3 receptor with poly(I:C) in tumor spheres and 

subsequent treatment of adherent cells with this conditioned medium promotes tumor cell 
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migration, suggesting that poly(I:C) treatment of tumor spheres induces the secretion of factors 

that induce cell motility. Moreover, even untreated tumor spheres released some factors into 

the supernatant that increased cell migration. The migration of tumor cells was inhibited when 

aspirin or metformin was applied to tumor spheres. These findings imply that DAMPs released 

from CSCs play a role in promoting HNSCC tumor cell migration, suggesting their potential 

involvement in cancer progression. We propose that TLR3 stimulation in CSC induces DAMP 

release, such as S100A9, HMGB1, HSP70, or others, which have not been explored here. They 

further interact with receptors like TLR2, TLR4, or RAGE on neighboring cells, setting off 

paracrine signals that promote the migration of surrounding tumor cells. Therefore, targeting 

DAMPs may provide a strategy to suppress the migration of cancer cells in HNSCC. In the 

context of invasion, the inhibition of DAMPs did not significantly impact the invasive capacity 

of tumor cells. This indicates that while DAMPs may be important for the migration of tumor 

cells, invasion may be induced by other mechanisms. While migration requires cell movement, 

invasion also involves ECM degradation. It is usually managed by the matrix 

metalloproteinases (MMPs) and other proteases (Friedl & Alexander, 2011). Those pathways 

may not be influenced by DAMPs, and further research is necessary to elucidate this. Overall, 

the treatment with aspirin consistently demonstrated the most pronounced effects, not only in 

reducing the viability of tumor spheres, but also in inhibiting migration and downregulation of 

stemness and drug resistance markers (OCT4 and ABCG2). These results suggest that aspirin, 

especially in combination with poly(I:C), which activates TLR3 and is a known apoptosis 

inducer, holds promise as a potential cancer therapy targeting CSCs. Moreover, given its low 

cost and proven safety profile, it really could be a good strategy for targeting HNSCC CSCs. 

Future research should be conducted to investigate in vivo effects. 

One of the main characteristics of CSCs is resistance to therapy. It contributes to treatment 

failure and consequently tumor relapse. Radiation therapy, often coupled with surgery and/or 

chemotherapy, represents a primary approach in cancer treatment. Conventional treatments like 

γ-rays and X-rays lack precision, and tumor cells (including CSCs) may acquire radio 

resistance. In this study, we investigated a new potential anticancer therapy by combining TLR3 

activation with irradiation and treatment with DAMP inhibitors, aiming to exploit TLR3 pro-

apoptotic properties while inhibiting its tumor-promoting properties (DAMPs). For that reason, 

we explored the potential of novel HNSCC therapy using two types of radiation, γ-rays and 

proton beam, combined with pharmacological inhibitors of DAMPs and poly(I:C). Our data 

demonstrated that combined treatment with γ-irradiation targets adherent Detroit 562 tumor 

cells effectively. The most efficient results were obtained with the treatment including the lower 
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dose of aspirin (100 µM) or metformin, which completely abolished the survival of adherent 

tumor cells. These results suggest a radiosensitizing effect on adherent tumor cells and confirm 

the potential of this combined treatment as a prospective therapy for HNSCC. However, γ-

irradiation of tumor spheres was not effective, which was further confirmed by the lack of 

reduction in expression of OCT4 and ABCG2, where γ-radiation did not further diminish gene 

expression in comparison to aspirin and aspirin combined with poly(I:C). We have observed 

only a slight reduction in tumor sphere viability and limited morphology changes of tumor 

spheres treated with aspirin in combination with poly(I:C) with γ-irradiation. These findings 

suggest that tumor spheres may have activated intrinsic mechanisms to induce radioresistance 

through the activation of DNA repair (Schulz et al., 2019) or anti-apoptotic pathways induction. 

Overall, this combined treatment with γ-rays may be appropriate therapy for adherent tumor 

cells, but not tumor spheres, i.e., CSCs. Proton irradiation, however, in combination with 

poly(I:C) and aspirin, significantly reduced the survival of HNSCC CSCs. Not only was tumor 

sphere viability decreased, but also stemness and drug resistance genes were downregulated. 

Moreover, extensive PARP cleavage confirms apoptosis as the mechanism of cell death. The 

combination of aspirin and proton irradiation successfully eliminated cancer stem cells. 

Consequently, this irradiation method demonstrates a better potential treatment option 

compared to γ-irradiation, since a lower dose is necessary to obtain more effective treatment. 

Proton therapy generally offers more benefits due to the unique physical properties of the Bragg 

peak. This means protons can precisely target the tumor, depositing most of their energy directly 

within the cancerous tissue and sparing surrounding healthy tissue (Bragg & Kleeman, 1904). 

While research on proton therapy in HNSCC treatment is expanding, this is the first study where 

the combined treatment of TLR3 activation and DAMP inhibitors with proton irradiation was 

applied. 

The role of aspirin in cancer treatment has been investigated for a few decades now. Long-term 

research has demonstrated that consistent aspirin intake can lower the risk of cancer 

development, metastasis and can improve overall survival, particularly in colorectal cancer. 

Additionally, aspirin is being investigated for its potential to suppress tumor proliferation, 

inflammation, and metastasis in various cancer types. Its anti-tumorigenic properties are based 

on COX-2 inhibition, but it can also inhibit pro-survival pathways β-catenin/TCF, NF-κB, Wnt, 

and IL-6/STAT3 (Laila et al., 2025). Aspirin's anti-tumorigenic properties are highly supported 

by recent research. Besides colorectal cancer, aspirin has tumor suppressive effects in breast 

cancer, where aspirin intake was associated with better prognosis, decreased metastasis 

(Holmes et al., 2010), but also with inhibitory effects on tumor angiogenesis, invasion, and 
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migration through reverting of EMT (Rezania et al., 2022). In breast cancer, aspirin enhances 

TRAIL-induced cell death and reduces survivin (Lu et al., 2008). Meta-analysis shows that the 

use of aspirin may have a positive effect on hepatocellular carcinoma outcomes over the years 

(Memel et al., 2021). Zou et al. (2021) demonstrated in esophageal cancer that aspirin improves 

the therapeutic effects of chemotherapy through targeting CSCs. Zhang et al. (2024) suggested 

a potential role of aspirin in pancreatic cancer via CSC markers inhibition. In addition to that, 

Deng et al. (2013) showed that celecoxib, a selective COX-2 NSAID, inhibits CD133 

expression in CSCs through targeting and downregulating the Wnt signaling cascade in colon 

cancer. Aspirin inhibits HMGB1, which was shown to trigger epithelial-mesenchymal 

transition (Chen et al., 2016), a key process in CSC formation and maintenance. The inhibition 

of HMGB1 could abolish this process. Some research suggests that HMGB1 inhibition leads to 

elevated apoptosis of breast cancer (Ni et al., 2015), bladder urothelial carcinoma (Huang et al., 

2015), renal cell carcinoma (Wu et al., 2018), and multiple myeloma (Guo et al., 2018)(Guo et 

al., 2018) cells. Wen et al. (2023) showed that the inhibition of HMGB1 in HNSCC suppresses 

cancer cell proliferation, invasion, and migration. Another study showed that HMGB1 can 

promote radioresistance in breast (Jiao et al., 2007) and in esophageal cancer (Ma et al., 2019); 

therefore, its inhibition could increase irradiation response. This combined approach might 

improve HNSCC therapy by targeting CSCs more effectively, resulting in better patient 

outcomes by reducing tumor recurrence. This approach for targeting CSC directly addresses 

the main treatment difficulties: radioresistance, chemoresistance, and immune evasion. Future 

studies should investigate the exact mechanisms of this combined treatment to discover the 

exact pathways that are involved.  

In the last part of this thesis, we aimed to identify potential novel biomarkers for HNSCC by 

proteomic analysis of Detroit 562 tumor spheres. Proteomic analysis revealed different proteins 

that exhibited significantly altered expression in tumor spheres compared to adherent cells, but 

also in TLR3-activated tumor spheres compared to the untreated tumor spheres (Derfi et al., 

2024). Upon TLR3 activation, several potential novel biomarkers were uncovered that might 

play an important role in HNSCC CSCs. Among them was STARD10, whose elevated 

expression is associated with increased malignancy and poor prognosis in alcohol-induced 

breast cancer (Floris et al., 2019). Another protein was gasdermin, known for its dual role; it is 

involved in pyroptosis but also plays a role in chronic inflammation, leading to tumor 

progression (Gao et al., 2024). The upregulation of these proteins may play a role in pro-

tumorigenic properties in HNSCC. Downregulated after TLR3 stimulation were the following 

proteins: NUP62, which plays a role in the growth and progression of squamous cell carcinomas 
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(Hazawa et al., 2018), GSTT1, involved in tumor metastasis and dissemination, but is not 

necessary for primary tumor development (Ferrer et al., 2024). GRWD1, whose overexpression 

in some cancers is linked with poor prognosis (Zhou et al., 2021), and in HNSCC, it 

demonstrated altered expression compared to healthy tissues, indicating its potential role as a 

diagnostic biomarker (Gill et al., 2024). Next, UCHL5, which regulates apoptosis and cell 

proliferation in cancer, and it plays a role in the proliferation and survival of HNSCC (Morgan 

et al., 2023); and Syntenin, which facilitates the invasion and progression of HNSCC (Cui et 

al., 2016). The above-mentioned proteins need to be further evaluated in order to determine 

whether they have a role in CSCs. 

Among the detected proteins, UFSP2 and KYAT3 were overexpressed in tumor spheres 

compared to the adherent cells. The expression of UFSP2 and KYAT3 was reduced after TLR3 

activation in Detroit 562 spheres. The results were confirmed in HNSCC Detroit 562 cells 

following transient transfection with TLR3 siRNA and in FaDu cells containing a plasmid with 

inducible shTLR3, but not in SQ20B containing a plasmid with inducible shTLR3. However, 

for SQ20B cell line we observed that the TLR3 expression in necessary for tumor spheres 

formation, and that with the loss of TLR3, these cells lose their ability to form spheres and 

eventually die. We selected UFSP2 for further investigation due to its central role in the 

UFMylation process, a post-translational modification similar to ubiquitination. In the 

UFMylation process, UFSP2, together with UFSP1, plays a dual role. It is critical for the 

activation process of the UFM1 protein (by cleaving its precursor form), which performs a 

similar function to ubiquitin by binding to target proteins. It can also detach UFM1 from the 

target substrate. The UFMylation pathway remains poorly understood, despite it being 

discovered 20 years ago, and this is particularly true in tumors, where there are only a few 

studies. UFMylation remains largely unexplored in CSC, with our study being the only one 

published on this topic (Derfi et al., 2024). Therefore, our research focused on revealing the 

significance of these preliminary findings and exploring the role of UFSP2 in HNSCC CSC. 

This work was not included in this thesis, but will be discussed here as it was recently published 

by this group. 

In our recent publication (Derfi et al., 2024), we investigated the role of UFMylation in HNSCC 

CSCs. The results from proteomic analysis showed different expressions of DDRGK1 and 

UFSP2 proteins, involved in UFMylation. These results were confirmed with western blot 

analysis, which showed us that the expression of these proteins is increased in tumor spheres 

compared to the adherent cells. Bioinformatic analysis from GEPIA, an online platform that 

extracts data from The Cancer Genome Atlas and from the GTEx repository of normal tissue, 
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showed overexpression of UFM1 in head and neck cancer when compared to normal tissue, 

which was confirmed with immunocytochemistry. UFM1 overexpression was linked to poor 

disease prognosis. UFM1 silencing resulted in a lower number of tumor spheres and reduced 

stemness, indicating its possible role in maintaining CSC characteristics. Bioinformatic analysis 

also showed that increased UMF1 expression correlates with increased expression of EMT 

genes TWIST1, ZEB1, and FN1, which are associated with unfavorable prognosis in patients. 

Bioinformatic analysis also showed Sp1 as the main transcription factor that controls 

UFMylation pathway protein expression. The inhibition of CSC could be accomplished by 

introducing Mithramycin, which targets Sp1. The effect of Mithramycin was confirmed in 

Detroit 562, Cal27, and FaDu HNSCC cell lines, where it reduced the survival of tumor spheres. 

Besides the reduced expression of key UFMylation genes, it also reduced the expression of 

stemness genes ABCG2, OCT4, and CD133. Mithramycin also reduced the expression of 

RPL26, a known UFMylation substrate. PARP cleavage after mithramycin treatment indicated 

that the cells died of apoptosis. This inhibition can reduce stemness, the survival of tumor 

spheres, and trigger apoptosis, but also reduce the UFMylation process.  

Supporting this, Wang et al. (2023) have demonstrated that UFMylation is present in pancreatic 

adenocarcinoma, both in pancreatic cancer cell lines and patient’ tumor samples. Liu et al. 

(2020) showed that p53 is a UFMylation target and that its UFMylation stabilizes it by 

antagonizing its ubiquination and degradation. UFMylation proteins DDRGK1 and UFL1 are 

downregulated in renal cancer, which correlates with low stability of p53 and increased tumor 

progression and tumor formation. This demonstrates that the role of UFMylation in cancer 

depends on the context and type of cancer, and it needs to be further studied in order to be 

clarified. In pancreatic adenocarcinoma, the UFMylation effect is stronger in tumors compared 

to the surrounding tissue (Wang et al., 2023). This leads to upregulated proliferation of tumor 

cells. In the same study, they showed that UFSP2 overexpression disrupts the UFMylation of 

ribosomal protein L10 (RPL10), a substrate of UFMylation. This leads to suppressed cell 

proliferation and decreased clonogenic potential, but it also results in reduced size of tumor 

spheres and decreased expression of stemness-associated markers. While Lin et al. (2022) 

showed that reduced expression of UFM1 and CDK5RAP3 (CDK5 regulatory subunit-

associated protein 3) is linked with poor prognosis in patients with gastric cancer, Hu et al. 

(2021) showed that in gastric cancer, UFM1-binding protein 1 (UFBP1, also known as 

DDRGK1) enhances the responsiveness of tumor cells to cisplatin through the facilitation of 

the proteasomal degradation of Nrf2, a key transcription factor that is involved in the oxidative 

stress response. Kumari et al. (2022) showed that the overexpression of the UBA5 enzyme in 
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HeLa cells has the same effect as UBA5 deletion. The precise control of UFMylation is essential 

for healthy cells, as dysregulation can lead directly to disease. 

In our study, TLR3 activation enhanced the formation of tumor spheres with increased CSC 

properties, while UFSP2 expression was downregulated after TLR3 activation. Based on its 

role in UFMylation, the downregulation of UFSP2 can lead to reduced UFMylation due to its 

role in the maturation of UFM1, or it can cause a cellular buildup of the UFMylated proteins, 

potentially causing disrupted homeostasis due to protein dysfunction, cellular stress, and 

ultimately leading to various pathological conditions. 

Zhou et al. (2023) showed that programmed cell death ligand 1 (PD-L1) binds to UFM1 and 

interacts with UFSP2 and with other proteins within the UFMylation system. They also 

observed that UFSP2 can remove the UFM1 from PD-L1 and act as the de-UFMylating PD-L1 

enzyme. This further supports the importance of UFSP2 in the immunity regulation. 

In the same study, they found that compound-8, a covalent inhibitor of UFSP2, could play a 

role in UFMylation of the PD-L1, which destabilizes the protein and results in downregulated 

PD-L1 and tumor suppression. This indicates that UFSP2 inhibitors could be a promising option 

for cancer treatment. In our study, the activation of TLR3 did exactly that; we demonstrated 

reduced expression of UFSP2 in tumor spheres. To our knowledge, this is the first research 

demonstrating reduced UFSP2 in CSC following TLR3 activation in HNSCC. However, more 

research needs to be conducted to draw more specific conclusions. 

Another protein of interest that we studied in several HNSCC cell lines is KYAT3. In literature, 

KYAT3 can also be found as KAT3, glutamine transaminase L (GTL), or cysteine conjugate 

beta-lyase 2 (CCBL2) (Yang et al., 2016). We chose KYAT3 due to its involvement in the 

tryptophan metabolism from kynurenine to kynurenic acid, and in recent studies, tryptophan 

metabolism has been identified as a potential target for cancer treatment. There is no knowledge 

about the role of KYAT3 in CSCs. However, the role of KYAT3 in different cancers has been 

investigated, but they are limited. Its expression in breast cancer was found to be downregulated 

and indicating an overall poor prognosis (Meng et al., 2022). In HNSCC, a study from 2020 

(Riess et al.) showed that Dinaciclib, a cyclin-dependent kinase inhibitor, can downregulate the 

kynurenine pathway, but the effect on survival has not been studied. It has been shown in other 

studies that dinaciclib exhibits a cytotoxic effect in different cancers, including 

cholangiocarcinoma (Saqub et al., 2020; Ablinger et al., 2024) and oral squamous cell 

carcinoma (Oner et al., 2025). 

In recent studies, targeting tryptophan metabolism has been proposed as a potential new strategy 

for cancer treatment (Platten et al., 2019; Yan et al., 2024). A study from Tankiewicz et al. 
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(2006) showed an increase in tryptophan metabolites in oral squamous cell carcinoma. 

Alterations in the kynurenine pathway have been associated with poor outcomes in some 

cancers, which might contribute to immune system evasion (Hornigold et al., 2020). Increased 

indolamine 2,3-dioxygenase (IDO), which is activated through the transforming growth factor–

beta–Smad 3 (TGF-β-Smad-3) signaling pathway, is one of the key enzymes of the 

tryptophan/kynurenine pathway, causing a drop in tryptophan levels and a buildup of 

kynurenine within the tumor microenvironment. This leads to immunosuppressive settings 

where T cells are unresponsive, and their differentiation is inhibited; therefore, kynurenine 

could potentially promote tumor growth (León-Letelier et al., 2023; Schlichtner et al., 2023). 

Schlichtner et al. (2023) also demonstrated that L-kynurenine suppresses the function of T cells, 

thereby facilitating immune evasion. In primary breast cancer, L-Kynurenine level was normal, 

but in metastatic breast cancer, it was significantly elevated. One of the DAMPs that Schlichtner 

et al. (2023) studied was HMGB1. They demonstrated a positive correlation between HMGB1 

secretion and upregulation of L-Kynurenine levels and, consequently, suppression of cytotoxic 

T lymphocytes. Taken together, since aspirin inhibits HMGB1, the immunosuppressive role of 

L-Kynurenine in metastatic cancers may potentially be inhibited with aspirin, but this should 

be further verified. Recognizing promising new CSC biomarkers is essential; it not only 

advances our knowledge of cancer stem cells but also guides the quest for innovative therapies. 
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6. CONCLUSION 

Since in HNSCC the development of distant metastasis, therapy resistance, and late diagnosis 

is often observed, there is a high demand for the development of new treatments and new 

therapeutic approaches.  

• In this study, we demonstrated that TLR3 activation supports tumor sphere formation and 

maintenance. TLR3 activation induced the formation of increased number of larger tumor 

spheres. 

• TLR3 stimulation induced the expression of DAMPs (S100A9, HMBG1, and HSP70) in 

Detroit 562 tumor spheres. 

• Release of DAMPs into the microenvironment by CSC promotes the migration of 

surrounding tumor cells. This pro-tumorigenic effect can be mitigated using specific DAMP 

inhibitors, especially aspirin and metformin. 

• The combined treatment approach with irradiation, DAMP inhibitors, and poly(I:C) might 

improve HNSCC therapy. Adherent tumor cells were responsive to treatment with aspirin 

and potentially metformin combined with poly(I:C) and γ-irradiation. Tumor spheres were 

responsive to treatment with aspirin combined with poly(I:C), and proton irradiation. 

• Using proteomic analysis, we identified UFSP2 and KYAT3 as potential novel biomarkers 

for CSCs. The identification of potential novel CSC biomarkers contributes to a deeper 

understanding of CSC, with potential for the development of novel therapy targeting 

specifically CSCs and eradicating the CSC populations. 
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APPENDIX A 

List of abbreviations 

ABCG2 - ATP binding cassette subfamily G member 2 

ADAM – a disintegrin and metalloprotease 

ADH - adherent 

AFMID - arylformamidase 

AGEs - advanced glycation end products 

Ago2 – Argonaute 2  

ALDH - aldehyde dehydrogenase  

AML - acute myeloid leukemia  

AMPK - AMP-activated protein kinase pathway 

AP-1- activator protein-1 

APC - adenomatous polyposis coli 

ASA - acetylsalicylic acid, aspirin 

ATM- ataxia-telangiectasia mutated 

ATP - adenosine triphosphate  

BME - β-Mercaptoethanol 

Bmi - MI1 - B-cell specific Moloney murine leukemia virus integration site 1 

BSA - bovine serum albumin 

CCBL2 - cysteine conjugate beta-lyase 2 

CD283 - cluster of differentiation 283  

CDK5RAP3 - CDK5 regulatory subunit-associated protein 3  

cDNA - complementary DNA 

CHK1/CHK2 - checkpoint kinase 1 and 2 

CK1- casein kinase 1  

CLEC18A - human C-type lectin member 18A   

COX - cyclooxygenase enzymes COX-1 and COX-2 

COX-2 - cyclooxygenase-2 

CSCs - cancer stem cells 

CSL - CBF-1, Suppressor of hairless, Lag-1 

CTRL - control 

DAMPs - damage-associated molecular patterns  

DDRGK1- DDRGK domain-containing protein 1 

DLL1, DLL3, DLL4- delta-like canonical Notch ligand 1, 3, 4 

DMEM - Dulbecco's Modified Eagle Medium 

DMSO - dimethyl sulfoxide 

dsRNA - double-stranded RNA 

EBV - Epstein–Barr virus 

ECM – extracellular matrix 

EDTA - ethylenediaminetetraacetic acid 



 

 

136 
 

EGF - fibroblast growth factor  

EGFR - epidermal growth factor receptor  

EMT - epithelial-mesenchymal transition 

ER – endoplasmic reticulum  

ERK 1/ 2 – extracellular signal-regulated kinase 1 and 2 

ESCRT - endosomal sorting complexes required for transport 

FACS - fluorescence-activated cell sorting 

FC1 - ubiquitin-fold modifier conjugating enzyme 1 

FGF - fibroblast growth factor 

FGFR - fibroblast growth factor receptor  

FITC - fluorescein isothiocyanate  

FN1 - fibronectin 1 

GRWD1 - rich WD repeat-containing 1  

GSK3 - glycogen synthase kinase 3  

GSTT1 - glutathione S-transferase theta 1 

GSMD - Gasdermin 

GTL - glutamine transaminase L 

Gy - grey 

HAAO - 3-hydroxyanthranilate 3,4-dioxygenase 

HIF-1α - hypoxia inducible factor 1 subunit alpha 

HMGB1 - high mobility group box 1  

HNSCC - head and neck squamous cell carcinoma  

HPV - human papillomavirus 

HRP – horseradish peroxidase 

HSP70 - heat shock protein 70 

ICAM-1 - intercellular adhesion molecule 1 

IDO - indolamine 2,3-dioxygenase  

IFN - interferon   

IKK - IkappaB kinase  

IL - interleukin 

IRFs - interferon regulatory factors 

JAG1 and JAG2 - the jagged protein family 

JAK-STAT – Janus kinases – signal transducer and activator of transcription proteins  

JNK- c-Jun N-terminal kinase 

KMO - kynurenine 3-monooxygenase 

KW - kahweol 

KYAT3, KAT - kynurenine aminotransferase 3 

Kyn - kynurenine 

KYNU - kynureninase 

LATS1/2 - large tumor suppressor kinase ½ 

LLR - leucine-rich repeats  

LPS - lipopolysaccharides 

LRP - low-density lipoprotein receptor 

MAP4K - mitogen-activated protein 4 kinase  
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MAPK - mitogen-activated protein kinase  

MDA5 - melanoma differentiation-associated protein 5 

MEBM - Mammary Epithelium Basal Medium 

MF - metformin 

miRNA - microRNA 

MMP - matrix metalloproteinase 

MST1/2 - mammalian STE20-like kinase 

MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  

MyD88 - myeloid differentiation primary response 88 

NAD(P)+ - nicotinamide adenine dinucleotide phosphate  

NEMO - NF-kappa-B essential modulator  

NF-κB - nuclear factor-kappa B  

NICD - notch intracellular domain  

NLRs - NOD1-like receptors  

NO – nitric oxide 

NOTCH 1/4 - notch receptors in humans  

Nrf2 - Nuclear factor erythroid 2-related factor 

NSAID - non-steroidal anti-inflammatory drug 

NUP62 - nucleoporin 62  

OCT4 - octamer-binding transcription factor 4  

OSCC - oral squamous cell carcinoma 

PAMPs - pathogen-associated molecular patterns  

PAQ - paquinimod 

PARP - poly (ADP-ribose) polymerase 

PBS - phosphate-buffered saline 

PCR - polymerase chain reaction 

PD-L1 - programmed death ligand 1 

poly(A:U) - polyadenylic:polyuridylic acid  

poly(I:C) - polyinosinic:polycytidylic acid 

PPRs - pattern recognition receptors 

PTCH – patched 

qPCR - quantitative polymerase chain reaction 

QPRT - quinolinate phosphoribosyltransferase 

RAGE - receptor for advanced glycation end products 

RIG-I - retinoic acid-inducible gene I 

RIP1 - receptor-interacting protein kinase 1 

RISC – RNA-induced silencing complex 

RLR – RIG-I-like receptor 

RNAi – RNA interference 

ROS - reactive oxygen species 

RPL10 - ribosomal protein L10 

RT-PCR – real-time polymerase chain reaction 

rtTA3 – reverse tetracycline transactivator 3 

S100A9 – S100 calcium-binding protein A9 
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Sav1 - Salvador homolog 1 

SDS-PAGE - Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SH2 - src homology 2 

SHH - Sonic-Hedgehog  

shRNA – small hairpin RNA 

siRNA- small interfering RNA 

SMO - smoothened  

Sox2 - transcription factor belonging to the SRY-box (SOX) family 

StarD10- StAR-related lipid transfer domain containing 10 

STAT3 - signal transducer and activator of transcription 3 

Syntenin - syndecan-binding protein 

TAB2/3 - TAK1-binding protein 2 & 3 

TAK1- TGFβ-activated kinase  

TBK1- TANK-binding kinase 1 

TCF/LEF - T-cell factor/lymphoid enhancer-binding factor  

TD - transmembrane domain  

TDO - tryptophan 2,3-dioxygenase 

TEAD - TEA domain transcription factor 

TFs - transcription factors 

TGF-β-Smad-3 - transforming growth factor–beta–Smad 3  

TIR - toll/interleukin-1 receptor  

TLR - toll-like receptor 

TLR 3 - toll-like receptor 3 

TME - tumor microenvironment  

TNFα - tumor necrosis factor alpha 

TRAF3, TRAF6 -TNF receptor-associated factor 3, 6 

TRE – tetracycline response element 

TRIF - TIR-domain-containing adapter-inducing interferon-β  

Trp - tryptophan 

TS - tumor sphere 

TSG101 - tumor susceptibility gene 101  

UBA5 - ubiquitin-like modifier activating enzyme 5 

UCHL5 - ubiquitin C-terminal hydrolase L5 

UFBP1 - Ufm1 binding protein 

UFL1 – UFM1-specific ligase 1 

UFM1 – ubiquitin-fold modifier-1  

UFSP1/UFSP2 - UFM1 Specific Peptidase 1/2 

UNC93B1 - unc-93 homolog B1  

VEGF - vascular endothelial growth factor  

YAP/TAZ - yes-associated protein 1/tafazzin  

ZEB1 - zinc finger E-box-binding homeobox 1 
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