
 

Charles University 

Faculty of Science 

 

Study programme: Biology 

Branch of study: Anthropology and human genetics 

 

 

  
 

 

Bc. Ivana Jelínková 

 

 

The significance of ecDNA in osteoclastogenesis from peripheral blood precursors – an in 

vitro study 
Význam extracelulárnej DNA v procese vzniku osteoklastov z prekurzorov v periférnej krvi – štúdia in vitro 

 

 

 

Diploma thesis  

 

 

Supervisor: RNDr. Pavlína Daňková, Ph.D. 

 

 

Prague, 2020 

 



 

 

 

 

 

 

 

 

 

 

 

Declaration: 

I declare that this thesis presented for the master’s degree has been composed entirely by 

myself, using referenced sources. This thesis, in whole or in part, has not been submitted 

for any other previous degree or professional qualification. 

 

Prague, 10.08.2020 

Čestné vyhlásenie:  

Čestne vyhlasujem, že som záverečnú prácu spracovala samostatne a že som uviedla 

všetky použité informačné zdroje a literatúru. Táto práca ani jej časti neboli predložené na 

získanie iného alebo rovnakého akademického titulu.  

 

Praha, 10.08.2020 

 

Ivana Jelínková  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgements  

 

First and foremost, I would like to thank my thesis supervisor RNDr. Pavlína Daňková, 

Ph.D. her help and advice have been priceless. I would also like to thank Mgr. Patrik 

Škubica for his insightful advice and help. I am also very grateful to every member of 

Laboratory of molecular anthropology for creating a friendly working environment. My 

thanks also extends to blood donors, without whom this thesis would not be possible. 

Finally, I would also like to thank the rest of the staff of Department of Anthropology and 

human genetics and also, my family, friends and boyfriend who all supported me during 

my final year of my master’s studies.  



 

Abstract 

 

Introduction: Extracellular DNA (ecDNA) is a common component of blood plasma. 

Increased levels of ecDNA in plasma can be found in some autoimmune diseases like 

systemic lupus erythematosus (SLE), rheumatoid arthritis or celiac disease which are 

associated with inflammatory processes. These diseases are also associated with an 

increased risk of osteoporosis. Bone is a dynamic structure undergoing constant modelling 

caused by osteoblasts, osteocytes and osteoclasts. Shifting their equilibrium can lead to 

pathological conditions such as osteoporosis. In this thesis we focused on elucidating 

whether ecDNA, an inflammatory agent with proven immunoregulatory effects can alter 

differentiation potential of monocytes and alternatively lead to osteoclastogenesis via 

TLR9. 

  

Material and methods: We obtained monocytes from peripheral blood of healthy donors 

and cultivated them with four types of ODNs control (CO), stimulatory (ST), inhibitory 

(INH, telomeric (TLM) with phosphodiester (-pO) or phosphorothioate (-pS) backbone for 

two weeks to establish their effect on differentiation potential of monocytes into 

osteoclasts. Osteoclastogenesis was evaluated by number of yielded osteoclasts observed 

on a light microscope. To establish the effect of ODNs on osteoclast activity samples were 

analysed by qPCR for expression of ACP5, CTSK, TLR9 and NFATc1.  

 

Results: No significant differences were found in experiments that tested -pO ODNs when 

compared to their respective blanks. Out of three control ODNs tested, only CO-ODN-

2395 (10 nM) was proven neutral and appropriate as a control ODN for further 

experiments. ST-ODN-2006 (0.1 nM) proved to stimulate osteoclastogenesis. Both INH-

ODN-4347 and TLM-ODN (TTAGGG)4 did not inhibit osteoclastogenesis when tested 

alone. Combination of INH-ODN (100 nM) + ST-ODN (0.1 nM) exhibited significant 

difference when compared to ST-ODN (0.1 nM). Combined effect of TLM-ODN (10 nM) 

+ ST-ODN (0.1 nM) did not significantly differ from the effect of ST-ODN (0.1 nM). 

Changes in mRNA expression did not show significant differences in any gene when the 

cells were cultivated with various ODNs, their combinations or when the cells were 

harvested at different times of cultivation.  

 



 

Conclusion: Our results suggest that -pS ODNs are appropriate for long-term cultivations. 

The CO-ODN-2395 (10 nM) seems to be a suitable control in cultivations of monocytes. 

ST-ODN-2006 (0.1 nM) significantly stimulates osteoclastogenesis. Lone INH-ODN and 

TLM-ODN do not inhibit osteoclastogenesis when added into the culture. When ST-ODN-

2006 (0.1 nM) is combined with INH-ODN-4347 (100 nM) the osteoclastogenesis is 

significantly inhibited. TLM-ODN (10 nM) + ST-ODN (0.1 nM) do not significantly 

inhibit osteoclastogenesis, but more robust data is needed to verify this effect. Though ST-

ODN produces more osteoclasts, their activity was not increased; nevertheless, more 

experiments are needed to verify this effect. TLR9 might possibly not be involved in 

alternatively activating differentiation of monocytes into osteoclasts, but further tests are 

required to prove its role in osteoclastogenesis. 

 

Key words: oligodeoxynucleotide, ODN, extracellular DNA, ecDNA, inflammation, 

osteoclastogenesis, monocyte, osteoclast, TLR9, NF-κB  



 

Abstrakt 

 

Úvod: Extracelulárna DNA (ecDNA) je bežnou súčasťou krvnej plazmy. Zvýšená hladina 

ecDNA sa v krvi vyskytuje u pacientov s niektorými autoimunitnými ochoreniami 

spojenými so zápalom, ako sú napríklad systematický lupus erythematosus, reumatoidná 

artritída alebo celiakia. Tieto choroby sú tiež spojené s vyšším rizikom vzniku 

osteoporózy. Kosť je dynamická štruktúra, ktorá prechádza neustálymi remodeláciami, za 

ktoré sú zodpovedné osteoblasty, osteocyty a osteoklasty. Vychýlenie ich rovnováhy môže 

viesť k patológiám, ako je napríklad osteoporóza. V tejto diplomovej práci sme sa zamerali 

na skúmanie ecDNA (zápalový faktor s preukázanými imunoregulačnými účinkami) a jej 

schopnosť meniť diferenciačný potenciál monocytov na osteoklasty a alternatívne tak 

spúšťať osteoklastogenézu.  

 

Materiál and metódy: Monocyty sme izolovali z periférnej krvi zdravých darcov a 

kultivovali v prítomnosti štyroch typov ODN, kontrolné (CO), stimulačné (ST), inhibičné 

(INH), telomerické (TLM), s fosfodiesterovými (-pO) alebo fosforotioátovými (-pS) 

kostrami počas dvoch týždňov, aby sme overili ich efekt na ľudské monocyty. 

Osteoklastogenézu sme vyhodnotili počtom osteoklastov spočítaných na svetelnom 

mikroskope, a ich aktivitu pomocou qPCR analýzy, kde sme analyzovali gény ACP5, 

CTSK, TLR9 a NFATc1. 

 

Výsledky: Pri testovaní -pO ODN a ich porovnaní so vzorkou bez pridaných ODN sme 

nenašli žiadne významné rozdiely. Z troch kontrolných ODN sa ako neutrálne potvrdilo 

len CO-ODN-2395, ktoré je ako kontrola vhodné pre ďalšiu aplikáciu. ST-ODN-2006 (0.1 

nM) významne stimulovalo osteoklastogenézu. INH-ODN-4347 ani TLM-ODN 

(TTAGGG)4 neinhibovali osteoklastogenézu, keď boli k bunkám pridané samostatne. 

INH-ODN (100 nM) + ST-ODN (0.1 nM) signifikantne inhibovali vznik osteoklastov 

v porovnaní s ST-ODN (0,1 nM). TLM-ODN (10 nM) + ST-ODN (0.1 nM) vznik 

osteoklastov významne neihnibovali. Nepreukázali sme významné zmeny v expresii pri 

žiadnom z testovaných génov, ich kombinácií ani pri analýze, kde boli vzorky odobraté 

v rôznych časoch počas kultivácie.  

 



 

Záver: Naše výsledky naznačujú, že -pS ODN sú vhodné na použitie v dlhodobých 

kultiváciách. Taktiež naznačujú, že CO-ODN-2395 (10 nM) je vhodná kontrola pre 

kultivácie s monocytmi. ST-ODN-2006 (0,1 nM) významne stimuluje osteoklastogenézu. 

Samotné INH-ODN a TLM-ODN neinhibujú osteoclastogenézu. Signifikatná inhibícia 

osteoklastogenézy nastane až pri kombinácii ST-ODN (0,1 nM) a INH-ODN (100 nM). Pri 

spoločnej kultivácii TLM-ODN (10 nM) a ST-ODN (0,1 nM) nedochádza k signifikatnej 

inhibícii osteoklastogenézy. Na overenie tohto efektu je však potrebné vykonať ďalšie 

experimenty. Napriek tomu, že ST-ODN vedie k zvýšenej produkcii osteoklastov, ich 

aktivita sa nezvyšuje. Podľa našich doterajších výsledkov sa javí, že TLR9 nie je zapojené 

do aktivácie osteoklastogenézy pomocu ODN. Ďalšie experimenty sú ale potrebné na 

ozrejmenie výsledkov pochádzajúcich z qPCR. 

 

Kľúčové slová: oligodeoxynucleotidy, ODN, extracelulárna DNA, ecDNA, zápal, 

osteoklastogenéza, monocyt, osteoklast, TLR9, NF-κB 
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1. Introduction 

 

1.1 Extracellular DNA 
 

Deoxyribonucleic acid is a double-stranded molecule, which under normal circumstances 

is contained in the nucleus of a cell and carries genetic information. Mandel and Métais 

detected nucleic acid in plasma for the first time in 1948 (Mandel & Métais, 1948). 

Extracellular DNA (ecDNA) is common component of blood in healthy individuals with 

levels of less than 50 ng/ml (Klemp et al., 1981). Elevated levels of ecDNA are present in 

patients suffering from autoimmune diseases e.g. systemic lupus erythematosus (SLE) 

(Rumore & Steinman, 1990), rheumatoid arthritis (Rykova et al., 2017) or celiac disease 

(Brynychova et al., 2019), which are associated with inflammatory processes. Increased 

levels of ecDNA were also found in the plasma or serum of cancer patients (180 ng/ml) 

(Leon et al., 1977). A major part of this ecDNA was found to originate from tumor cells, 

therefore making it an important marker for early diagnosis or prognostic purposes (Stroun 

et al., 1989; Anker et al., 1999). 

  

1.1.1 The structure and cellular origin of ecDNA 
 

DNA can be released to circulation from various cell sources, predominantly after 

undergoing some type of cell death such as apoptosis, necrosis (Giacona et al., 1998), or 

NETosis (Brinkmann et al., 2004). Apart from undergoing cell death another source of 

ecDNA in human blood is its spontaneous release by lymphocytes in extracellular 

vesicles – exosomes. In vitro experiments following the release of ecDNA into the 

supernatant showed that the amount of DNA was at the same level after 2 hours as well as 

8 hours or 16 hours, which confirms that it is also released actively. This DNA is double-

stranded and shows typical characteristics such as UV absorption curve and sensitivity to 

DNase (Anker et al., 1975).  

 

The DNA molecule situated in the nucleus is wrapped up in a protein-DNA complex called 

the nucleosome. The nucleosome is made up of protein octamer consisting of two copies 
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of histones H2A, H2B, H3, H4 binding 147 base pairs (bp) of DNA (Fig. 1) and also H1 

organizing 10–90 bp of linker DNA (Richmond & Davey, 2003). The DNA released to the 

circulation thus has the specific nucleosome-like composition. 

  

Figure 1: nucleosome structure. Author 

 

Apoptosis is a highly coordinated process that involves the activation of cysteine proteases 

called caspases. It is also a highly energy-dependent task that starts a complex cascade of 

processes leading from the primary stimuli to the final eradication of the cell 

(Elmore, 2007). Apoptosis can occur under normal circumstances during development and 

ageing. It can also be triggered to eliminate disease damaged cells or cells damaged by 

external factors. Disease or external stimuli can damage DNA structure and endanger 

genomic integrity and proper cell function by proliferating without DNA repair. Apoptosis 

is also an integral part of the immune system, ensuring that immune cells possess 

functional receptors. Those with non-functional, non-rearranged or aberrantly rearranged 

receptors are eradicated. It is also important for the removal of autoreactive T cells and 

downregulation of excess immune response (Krammer et al., 1994). 

 

Apoptosis can be described by multiple morphological characteristics such as cell 

shrinkage, chromatin condensation, apoptotic body formation with intact plasmatic 

membrane and DNA degradation. DNA is broken down by Ca2+- and Mg2+-dependent 

endonucleases during apoptosis, resulting in 180 to 200 bp long fragments 

(Bortner et al., 1995).  
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Necrosis is a process characterized by cell swelling and chromatin condensation leading to 

cellular and nuclear lysis and inflammation (Wyllie et al., 1980). During necrosis, DNA is 

left intact in contrast with fragmented DNA released during apoptosis (Jahr et al., 2001). It 

can occur under pathological conditions, but also under normal physiological conditions or 

in development. Necrosis was believed to be a passive process but it is in fact an active 

choice of the cell that is usually overridden because of its potential dangerous impact on its 

immediate surroundings. Necrotic cells are able to induce immune response by releasing 

signals that can stimulate dendritic cells (Gallucci et al., 1999; Leist & Jäättelä, 2001). One 

of the proinflammatory signals, made available by the loss of membrane intergrity, is the 

release of DNA that acts as damage-associated molecular pattern (DAMP) and can mediate 

immunomodulatory effects (Kustanovich et al., 2019). 

 

Apoptosis and necrosis can appear independently, sequentially or simultaneously (Zeiss, 

2003). Whether a cell dies by apoptosis or necrosis depends on the type of the stimulus and 

its level. Stimuli such as heat, radiation or drug use can lead to apoptosis but in higher 

doses, they lead to necrosis (Elmore, 2007). Whether the cell underwent apoptosis or 

necrosis, its remains are phagocytosed by macrophages (Majno & Joris, 1995).  

 

Another cell death pathway leading to the release of DNA into circulation is NETosis. It 

requires the presence of innate immunity cells called polymorphonuclear leukocytes, 

namely neutrophils. These are in two distinct ways able to release histone bound DNA. 

The first method is a suicidal NETosis, in which chromatin decondenses, nucleus swells 

and its nucleoplasm is spilled into the cytoplasm. The final step is perforation of the 

plasmatic membrane (Yipp & Kubes, 2013). Web-like structures of DNA, called NETs, 

are released to the extracellular space (Kaplan & Radic, 2012). This process was observed 

after in vitro stimulation of the cell with either interleukin-8 (IL-8) or phorbol 12-myristate 

13-acetate (PMA) (Brinkmann et al., 2004). NETosis is described as nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase-dependent process (Fuchs et al., 2007) that 

serves as a form of host defence since it can bind gram-negative as well as gram-positive 

bacteria before the cell death (Steinberg & Grinstein, 2007). The second type of NETosis 

does not require cell suicide, allowing the cell to preserve its functions and therefore it is 
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called vital NETosis (Clark et al., 2007). One of the explanations for a different type of 

NETosis is that neutrophils consist of subsets and these subsets react distinctively, one of 

the subsets reacts primarily by suicide NETosis and the other subset reacts in a form of 

vital NETosis. Nevertheless, this explanation does not have enough evidence, to date, to be 

fully supported. It is still possible that neutrophils survive the suicidal NETosis and 

continue to perform their function (Yipp & Kubes, 2013).  

 

1.1.2 Intercellular communication 
 

Human lymphocytes are also able to release DNA actively without undergoing any type of 

cell death – in extracellular vesicles called exosomes. Exosomes are membrane vesicles 

that are commonly 40–100 nm in diameter (Simons & Raposo, 2009). They are formed by 

a process of inward budding into large multivesicular bodies. These multivesicular bodies 

are fused with the plasma membrane after budding and then they are released into the 

extracellular space (Record et al., 2011). Secreted vesicles, like exosomes, carry important 

genetic and proteomic information making them vital for intercellular communication, 

carrying various proteins, lipids, DNAs and RNAs that have regulatory effects on their 

recipient cells (Valadi et al., 2007; Hong et al., 2009; Kim & Kim, 2009). They can 

activate the target cells by presenting ligands on their surfaces (Théry et al., 2002) or by 

transporting surface receptors to different cells by budding, followed by fusion of plasma 

membrane (Clark et al., 2007). 

 

Interleukins (IL) are a group of cytokines expressed by a wide variety of immune and    

non-immune cells that exercise a great diversity of functions such as affecting 

proliferation, activation, differentiation, maturation, migration and adhesion. According to 

their function interleukins can be categorized into 8 subgroups: IL-1, common γ chain 

receptor cytokine, cytokines of type 2 immune responses, interleukins with chemokine 

activity, the IL-10, IL-12 and IL-17 families and others (Akdis et al., 2016). Interleukin 26 

(IL-26) is a member of the IL-10 family, the family of interleukins that is present during 

chronic inflammatory diseases serving as an inflammatory mediator (Knappe et al., 2000; 

Donnelly et al., 2010). One of IL-26’s most notable features is that it is capable of binding 
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to DNA released from damaged cells and acts as its carrier, which links DNA to 

inflammation. As a carrier, it is internalized by plasmacytoid dendritic cells and then 

proceeds to activate them via intercellular DNA receptor Toll-like receptor 9 (TLR9) 

(Meller et al., 2015). Human monocytes are activated by IL-26/DNA complexes using 

inflammasomes and cytosolic stimulators of interferon genes (STING) pathways (Poli et 

al., 2017).  

 

1.1.3 The role of ecDNA in inflecting the immune response  
 

Toll-like receptors (TLRs) are a set of phylogenetically conserved mediators of innate 

immunity. These receptors are called Toll-like receptors because of their similarity with 

Toll molecules in fruit flies. The fact that these receptors kept their structure between 

insects and humans, further proves their critical role in the innate immune response. 

Several TLR groups can be distinguished, each of them recognizing a different molecular 

pattern present in pathogens, that is either rare or lacking in humans. TLR9 recognizes 

unmethylated CpG pattern, which is much rarer in humans than in microbial DNA (Krieg 

et al., 1995). TLRs 3, 7, 8 and 9 recognize nucleic acid ligands (Takeda et al., 2003). 

Unlike other TLRs, the four ones mentioned above are expressed inside of the cell in the 

endoplasmic reticulum and use endosomes for signalling (Latz et al., 2004). Myeloid 

differentiation primary response 88 protein (MyD88) is a universal adapter protein that 

mediates the TLR-dependent activation of transcription factor NF-κB. MyD88 recruits the 

ubiquitin ligase TRAF6 and several kinase complexes such as interleukin-1 receptor 

associated kinases (IRAKs), transforming growth factor beta-activated kinase 1 (TAK1), 

inhibitory-kappa B kinase αβγ (IKKαβγ) and mitogen-activated protein kinases (MAPKs). 

This recruitment is subsequently followed by phosphorylation and ubiquitination 

promoting translocation of transcription factors, NF-κB and activator protein-1 (AP-1), 

which can induce production of messenger RNA (mRNA) for tumour necrosis factor 

(TNF), prointerleukin-1β (proIL-1β) and other inflammatory molecules such as Interferon 

α/β (IFN α/β) or IL-6 (Ashman & Lenert, 2007; Takagi, 2011). Depending on its primary 

sequence, ecDNA can pose as a stimulatory or inhibitory agent. In B cells the structural 

requirements for the stimulatory effect of DNA are as follows: unmethylated CpG 
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(Klinman et al., 1996), the occurrence of TCC at the 5′ end and the absence of Cs one or 

two bases 5′ to CG. Upon studying the properties of stimulatory effects of DNA, research 

showed that changing just two to three bases results in inactivating the stimulatory effect, 

posing them in contrast as inhibitory. The most effective inhibitory sequence proved to be 

‘xCC N D D NN GGG NNN’ where N is any base and its presence is mandatory, x is 

optional base but its presence is not required, and D is any base except C (Ashman & 

Lenert, 2007). When B cells are stimulated by sequences that possess the stimulatory 

structures, proliferation and expression of CD86 protein are upregulated, establishing this 

upregulation as a sensitive indicator of the stimulatory effect of the sequence. Upregulation 

of lytic activity and CD69 expression demonstrates the stimulatory effect of the sequence 

in natural killer (NK) cells (Hartmann et al., 2000). Inhibitory sequences block the 

response to stimulatory sequences in B cells (Stunz et al., 2002).  

 

1.2 Bone formation and remodelling 
 

Skeleton is a supporting framework of the body. It also provides many vital functions such 

as it allows movement, posing as a lever for muscles, it protects vital organs, serves as 

a reservoir of calcium, growth factors and cytokines, provides an environment for 

haematopoiesis and also plays a role in maintaining acid-base balance (Clarke, 2008). 

 

Bone is made up of extracellular and cellular components. The extracellular component 

can be divided into two main fractions – inorganic and organic. The main inorganic 

compounds are hydroxyapatite (Ca10(PO4)6(OH)2), which makes up 60%-70%, and water. 

Further, the inorganic component also includes inorganic salts. The organic fraction of the 

bone is made up of type I collagen (90% of the organic matter), non-collagenous proteins 

and lipids. Type I collagen is an abundant protein in the bone and it provides elasticity to 

the tissues, stabilizes the extracellular matrix, supports mineral deposition and binds other 

molecules. Non-collagenous proteins also possess important functions – organizing the 

bone matrix, cell signalling, metabolism and mineralization. Lipids’ function is inevitable 

because they provide the flow of the ions and signalling molecules in and out of the cell 

(Boskey, 2013). The cellular component of the bone is made up of three main types of 

https://www.zotero.org/google-docs/?KuqSvE
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cells - osteoblasts, osteocytes and osteoclasts that are vital for modeling and remodelling of 

the bone.  

 

In the process of bone modelling and remodelling an extracellular organic matrix is 

synthesized first, then the matrix mineralizes leading to bone formation. Osteoblasts are 

responsible for both. When osteoblasts become embedded in the bone matrix they are 

referred to as osteocytes. The last step is bone remodelling and reformations by bone 

resorption provided by osteoclasts (Clarke, 2008; Kini & Nandeesh, 2012).  

 

Despite the common misconception, bone is a highly dynamic structure, undergoing 

constant remodelling by cause of osteoblasts and osteoclasts. This allows the bone to 

repair, to adapt to the force placed on it (Datta et al., 2008) or change shape during growth 

(Turner, 1998). The process can be induced by mechanical forces, hormones (parathyroid 

hormone), growth factors, vitamin D and cytokines (Datta et al., 2008). The process of 

remodelling the bone can be divided into six stages: quiescent phase, activation phase, 

resorption phase, reversal phase, formation phase and mineralization phase (Fig. 2).  

 

Figure 2: Stages of bone remodelling. Adapted from Kini & Nendeesh (2012)  

1. quiescent phase – the bone is at rest 2. activation phase – the activation of bone resorption by osteoclasts 

3. resorption phase – osteoclasts are fully activated 4. reversal phase – osteoclasts are replaced by osteoblasts 

5. mineralization phase – mineralization of the osteoid matrix 6. formation phase – formation of bone 

structure progressing again to quiescent phase 
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1.2.1 Osteoclasts 
 

Osteoclasts are typically multinucleated cells that are formed by the fusion of mononuclear 

precursors. Osteoclasts are capable of resorbing the bone matrix by secreting acid and lytic 

enzymes during physiological and pathological bone turnover (Aubin & Bonnelye, 2000; 

Boyle et al., 2003). Their predominant morphological characteristic is a well-developed 

Golgi apparatus around the nucleus and also abundant lysosomal vesicles. Other 

distinctive features of the osteoclast are the finger-like protrusions called the ruffled 

border, which is formed by the cell membrane and cytoplasmic undulations (a lateral 

expansion of the plasma membrane). The sealing zone is made up of podosomes 

(specialized adhesion structures) that are in contact with the bone surface (Fig. 3) (Aubin, 

1992; Roodman, 1999). To identify mature osteoclast, molecular markers such as tartrate-

resistant acid phosphatase (TRAP), calcitonin receptor (CTR), vitronectin receptors, 

carbonic anhydrase II, cathepsin K (CTSK) and vacuolar-type H+-ATPase are used (Aubin 

& Bonnelye, 2000). The TRAP enzyme is produced by acid phosphatase 5 (ACP5) gene 

(Behrens & Graham, 2011). The CTSK gene encodes the cathepsin K enzyme responsible 

for degrading the bone matrix. CALCR gene product is a calcitonin receptor which is in 

charge of maintaining calcium homeostasis and in regulating osteoclast-mediated bone 

resorption (Boyle et al., 2003).  

 

Figure 3: Osteoclast morphology. Author 
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Monocyte-macrophage lineage cells are derived from hematopoietic stem cells (HSCs) and 

serve as precursors of osteoclasts (Fig. 4). Monocytes are blood circulating leukocytes that 

represent immune effector cells. By cause of their chemokine and adhesion receptors, they 

are capable of mediation of migration between blood and tissues during infection. One of 

the characteristics of monocytes is that they generate inflammatory cytokines and they 

pursue cells as well as toxic molecules. During inflammation, monocytes can differentiate 

into dendritic cells or macrophages (Nakagawa et al., 1998; Serbina et al., 2008).  

 

Figure 4: Development of multinucleated osteoclast from HSCs. Adapted from Miyamoto (2001)  

Precursors of osteoclasts, the monocyte-macrophage lineage cells are derived from HSCs. They first develop 

into mononuclear osteoclasts and by fusion form multinucleated osteoclasts with distinctive physiology and 

they produce osteoclastogenic factors, such as TRAP and CTR (Miyamoto, 2001). 

 

Bone resorption is made up of a series of consecutive regulatory steps: osteoclast 

development, migration of osteoclasts to the resorption site, attachment of osteoclasts to 

calcified tissues and the development of a ruffled border and a clear zone, followed by the 
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secretion of the acids and lysosomal enzymes into space beneath the ruffled border 

(Nakamura et al., 2003). 

 

1.2.1.1 Osteoclastogenesis 

 

Osteoclastogenesis is crucially dependent on two cytokines – receptor activator of nuclear 

factor κB ligand (RANKL) and macrophage-colony stimulating factor (M-CSF) (Datta et 

al., 2008). These cytokines are required to induce expression of genes that are specific for 

the osteoclast lineage producing tartrate-resistant acid phosphate and cathepsin K leading 

to mature osteoclasts (Boyle et al., 2003).  

 

M-CSF is a growth factor of cells of the mononuclear phagocyte system that possess the 

capacity of development into osteoclasts (Stanley & Heard, 1977). It is a tyrosine kinase 

encoded by the c-fms gene. By binding of M-CSF to its receptor CSF1R expressed on the 

monocyte-macrophage lineage cells, the tyrosine becomes phosphorylated, thereby M-CSF 

can exercise its role in regulating the development, proliferation and differentiation of 

osteoclasts (Yeung et al., 1987; Sengupta et al., 1988; Guo et al., 2019). 

 

RANKL is a type 2 transmembrane protein of the tumour necrosis factor α (TNFα) 

superfamily. It was identified during an in vitro study of osteoclastogenesis, where 

osteoclast precursors were co-cultured with stromal cells acquired from bone marrow or 

spleen cells in the presence of osteotropic factors such as 1.25-dihydroxy-vitamin D3, 

parathyroid hormone (PTH), dexamethasone, prostaglandin E2, IL-6, IL-11 and IL-1. In 

this study cell-to-cell contact proved to be of vital importance because of stromal cells that 

express RANKL when stimulated by osteotropic factors (Takahashi et al., 1988;    

Udagawa et al., 1989; Anderson et al., 1997). RANKL is responsible for osteoclast 

formation and differentiation and also increases mature osteoclast activity                    

(Lacey et al., 1998; Burgess et al., 1999). By binding to its receptor RANK that is 

expressed via M-CSF stimulation on the surface of osteoclast precursor cells, RANKL 

initiates a signal transduction cascade (discussed in more detail in section 1.2.1.2) and 

therefore exercises its biological effect in the process of osteclastogenesis (Nakagawa et 

al., 1998; Park et al., 2017).  
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Osteoclastogenesis occurs after stimulation of monocyte-macrophage lineage cells to form 

mononuclear cells called preosteoclasts (Fig.5). The family transcription factor PU.1 and 

M-CSF are crucial in this step (Yoshida et al., 1990; Tondravi et al., 1997). Both M-CSF 

and RANKL are then required in fusion of mononuclear preosteoclasts into polykaryon 

(immature osteoclast) near the resorption sites (Franzoso et al., 1997). Further survival and 

bone-resorbing function of the osteoclast is regulated by RANKL. Mature osteoclast exerts 

its function by attachment to the bone matrix by β3 integrin (McHugh et al., 2000). A 

compartment is enclosed by the ruffled border of the osteoclast and the bone surface. The 

mineral components of the bone are dissolved by the H+ ions pumped into the alcove by 

the osteoclast, followed by protease degradation of the organic matrix leaving behind a 

characteristic Howship’s lacuna (Väänänen et al., 2000).  

 
Figure 5: Development of preosteoclast to mature osteoclast. Adapted from Robling et al. (2006)  

Differentiation of the immature osteoclast arises only under specific circumstances such as the continual 

presence of RANKL as well as the expression of AP-1 member c-Fos by monocyte-macrophage lineage cells 

(Matsuo et al., 2004), microphthalmia-associated transcription factor (MITF) (Partington et al., 2004) and 

nuclear factor of activated T cells calcineurin-dependent 1 (NFATc1) (Matsuo et al., 2004). 

 

1.2.1.2 RANK/RANKL signalling pathway 

 

To form an osteoclast, RANKL uses NF-κB which is transported to the nucleus by tumour 

necrosis factor receptor-associated factor (TRAF) intermediates (Wong et al., 1998). 

Various TRAF proteins bind within the specific cytoplasmic domain of RANK              

(Hsu et al., 1999). TRAF2, TRAF5 and TRAF6 were all shown to bind to RANK, but only 

TRAF6 has been shown to have fatal effects on osteoclast activity because only by the 

deficiency of TRAF6 osteoclasts lose their function resulting in osteopetrosis           
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(Lomaga et al., 1999). TRAF6 assembles signalling proteins that lead to osteoclast-specific 

gene expression, differentiation and activation. The two most closely studied pathways are 

the activation of transcription factors NF-κB and AP-1 (Boyle et al., 2003) (Fig. 6). NF-κΒ 

activation is induced by signalling cascades mediated by IκB kinase (IKK)                   

(Karin et al., 2002); the AP-1 pathway is induced by jun N-terminal kinase 1 (JNK1) 

(David et al., 2002). As discussed in section 1.1.3 in more detail, NF-κΒ and AP-1 

pathways can also be activated in a TLR-dependent manner, after ecDNA motif is 

recognized by TLR. MyD88 protein then recruits TRAF6 and activates kinase complexes 

such as IKK that are important for osteoclast differentiation and activation. After activation 

of AP-1 and NF-κB, activation of nuclear factor NFATc1, important for osteoclast 

formation, may be induced (Fig. 6).  

 

Figure 6: RANK/RANKLsignalling pathway. Author 

RANKL binds to RANK and activates TRAF6. IKK is activated by TRAF6 via multiple proteins.              

The NF-κB pathway is activated after the IKK complex is phosphorylated (Ninomiya-Tsuji et al., 1999). Via 

the induction of AP-1 transcription factor, c-Fos, family members are also activated (Grigoriadis et al., 

1994). This signalling process induces the activation of NFATc1 by cause of activated AP-1 resulting in 

transcription of osteoclastogenic genes that regulate multi-nucleation and bone resorption (Takayanagi et al., 

2002; Park et al., 2017). 

 

NF-κB can be activated by the RANK/RANKL signalling pathway. However, since the 

NF-κB transcription factor can also be alternatively activated after ecDNA is recognized 

by TLR (Takagi, 2011), the question arises whether the stimulation of monocyte-
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macrophage cells by ecDNA with proven stimulatory effect (ST-ecDNA) will result in 

osteoclast formation (Fig. 7). Similarly, with ecDNA with proven inhibitory effect       

(INH-ecDNA) (Stunz et al., 2002) the question is raised whether such ecDNA will exercise 

its effect in blocking osteoclastogenesis (Fig. 8). 

 

  

Figure 7: ST-DNA’s supposed effect on monocytes, leading to fusion and differentiation into osteoclast. 

Author 
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Figure 8: INH-DNA’s supposed effect on monocytes, blocking osteoclastogenesis. 

Author 

 

1.2.2 Osteoblasts  
 

Osteoblasts are the cells found on the bone surface that are responsible for the bone 

formation. In contrast to osteoclasts derived from hematopoietic stem cells, the osteoblasts 

develop from mesenchymal stem cells. Osteoblasts are responsible for secreting non-

mineralized bone matrix (osteoid) before their incorporation into the bone matrix as 

osteocytes (Frost, 1960). Apart from their distinctive morphology and function, osteoblasts 

can be characterized by their PTH, 1.25-dihydroxyvitamin D3, oestrogen and 

glucocorticoid receptors, which are vastly involved in their differentiation (Sampath et al., 

1992).  

 

Bone formation and resorption are very closely related processes and their equilibrium 

defines both bone mass as well as its quality. Both osteoblasts’ and osteoclasts’ 

proliferation and differentiation are regulated via a number of hormones and transcription 

factors. Osteoblasts were found to be involved in osteoclastogenesis through a mechanism 

of cell-to-cell contact (Fig. 9). During osteoblast and osteoclast interaction gap junctions 

are created and small water-soluble molecules are able to pass between these two types of 
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cells (Everts et al., 2002). RANKL is expressed on the osteoblast surface and M-CSF is 

also a product of osteoblasts as well as osteoprotegerin (OPG) (Tan et al., 1997; Udagawa 

et al., 1999). OPG is a member of the TNF receptor family and it plays a vital role in 

regulating osteoclast proliferation and differentiation but in contrast with RANKL and     

M-CSF it influences osteoclastogenesis negatively (Tan et al., 1997) (Fig. 9).  

 

Figure 9: RANK/RANKL/OPG signalling pathway. Adapted from Škubica (2018) 

OPG is able to bind to RANK on the surface of osteoclast precursors and therefore obstructs the binding of 

RANKL and subsequently blocks osteoclastogenesis.  

 

1.2.3 Osteocytes 
 

After their incorporation into the mineralized bone matrix, osteoblasts stop producing 

osteoid and become osteocytes. Osteocytes are the most abundant cell types in adult bone 

(Wang et al., 2005). They are typically single-nucleated cells (Palumbo, 1986).  

 

RANKL expression makes osteocytes a major component of osteoclast formation. Two 

independent laboratories tested various cell types and their importance of producing 

RANKL in mice, using the Tnfsf11 gene that encodes RANKL and can be knocked-out. 
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Mice lacking RANKL in various stages of osteocyte differentiation from the osteoblast 

progenitors to mature osteocytes resulted in severe osteopetrosis, due to complete lack of 

osteoclasts. This experiment further proves that mesenchymal-derived cells such as 

osteocytes are crucial in osteoclastogenesis because they provide important cytokines in 

the system (Nakashima et al., 2011; Xiong et al., 2012).  

 

Osteoclasts and osteoblasts together with osteocytes are all important components in bone 

modelling and remodelling. Shifting their equilibrium to either side can result in 

pathological conditions. In this thesis we focused on elucidating whether ecDNA is able to 

influence monocyte differentiation potential into osteoclasts and therefore influence this 

shift.  
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2. Thesis objectives 

 

This thesis deals with a question of the role of ecDNA in affecting human monocyte 

differentiation into mature osteoclasts by activating in vitro the NF-κΒ signalling pathway, 

via TLR9. Since ecDNA is found in increased concentrations in patients with chronic 

inflammatory diseases, potential findings of this study may subsequently lead not only to 

better understanding of the cellular processes that take place in osteoclast formation, but 

also to better prevention and prognosis of osteoporosis caused by chronic inflammation. 

 

Our main thesis objective is: 

 to establish in vitro whether and how a chosen ecDNA sequence is able to influence 

the differentiation potential of monocytes into osteoclasts  

 

Partial thesis objective: 

 application of the experimental procedure to long-term cultivations 

 

Based on literature research we formulated these hypotheses: 

 sequence with proven stimulatory effects in innate immune response will exhibit 

stimulatory effects on monocyte differentiation into osteoclasts 

 sequence with proven inhibitory effects in innate immune response will exhibit 

inhibitory effect on monocyte differentiation into osteoclasts 
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3. Material and methods 

 

3.1 Blood donors 
 

Mononuclear cells for osteoclast differentiation and cultivation were obtained from healthy 

blood donors (Table 1), women ages 20–42 and men ages 21–51. Donors were only 

considered healthy if they met the following criteria: 

 they do not suffer any autoimmune disease  

 they have not suffered any infectious disease in the 14 days before the blood 

sampling at minimum  

 they are not obese (according to body mass index) 

 they are not diagnosed with or suspected for osteoporosis 

All donors were acquainted with the study before their blood was taken. They were asked 

to sign an informed consent according to GDPR standards prior to the study. They were 

also asked to fill out a questionnaire (Annex A) to map any possible source of subclinical 

inflammation in the prospective participant in order to eliminate the potential bias in data. 

 
Table 1: Number of donors included in the study 

Donors Number of donors Age mean (SD) BMI average (SD) 

Women 18 26.7 (5.2) 22.7 (2.4) 

Men 17 29.4 (7.6) 22.7 (2.3) 

SD ~ standard deviation 

 

3.2 Oligodeoxynucleotides (ODNs) 
 

All standard desalted oligonucleotides used in this thesis were synthesized by Integrated 

DNA Technologies. We used four main categories for the ODNs: stimulatory (ST), 

inhibitory (INH), telomeric (TLM) and control (CO) ODNs. At first we used ODNs with 

phosphodiester (-pO) backbones, which can also be found in vivo. Sequences are shown in 

Table 2.  
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Table 2: -pO ODN sequences 

ODN Sequence 

ST-ODN-2080 (CpG ODN) 

(Sackesen et al., 2013) 
5′TCGTCGTTCCCCCCCCCCCC 

IHN-ODN-4329 

(Ashman and Lenert, 2007) 
5′CCTGGAGGGGAAGT 

CO-ODN-2310 

(Ashman et al., 2011) 
5′TCCTGCAGGTTAAGT 

TLM-ODN (TTAGGG)3 

(Gursel et al., 2003) 
5′TTAGGGTTAGGGTTAGGG 

ODN ~ oligodeoxynucleotide 

 

Conventional -pO backbone as found in native-state DNA, is very prone to degradation by 

external and internal nucleases and therefore, poses a problem when used in in vitro 

studies. To extend the effective molecular lifetime of an ODN other phosphate backbones 

were developed with phosphorothioate (-pS) (Fig. 10) proving as the most effective. The 

activity of external and internal nucleases has been found to be reduced majorly by using 

an ODN with -pS internucleotide linkages (Putney et al., 1981). Consequently after testing 

the -pO ODNs and proving that they are not compatible with our experimental design, we 

decided to test -pS ODNs. Sequences are shown in Table 3.  

 

Figure 10: Phosphodiester and phosphorothioate backbones. Adapted from URL 1 
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Table 3: -pS ODN sequences 

ODN Sequence 

ST-ODN-2006_pS  

(CpG ODN) 

(Sackesen et al., 2013) 

5′T*C*G*TCGTTT*TGTCGT*TTTGTC*G*T*T 

IHN-ODN-4347_pS  

(Ashman et al., 2011) 
5′C*C*T*ATCCTG*GAGGGG*A*A*G 

TLM (TTAGGG)4-ODN_pS 

(Sackesen et al., 2013) 
5′T*T*A*GGGTTA*GGGTTA*GGGTTA*G*G*G 

CO-ODN-2310_pS 

(Ashman et al., 2011) 
5′T*C*CTGCA*G*GTTAA*G*T 

CO-ODN-2114R 

(Ashman et al., 2011) 
5′T*G*AAGG*GGAG*GTC*C*T 

CO-ODN-2395-RM 

(Goldfarb et al. 2017) 
5′T*G*CTGCTT*TTGGGG*GGCCCC*C*C 

* -pS bond; ODN ~ oligodeoxynucleotide 

 

CO-ODNs were used as controls to eliminate the effect of the ODN as a carrier of the 

biological effect on the monocytes, proving whether the distinct sequence is responsible 

for the effect.  

 

3.3 Monocyte isolation from full blood and osteoclast 

differentiation 
 

Blood (32 ml) was taken using 4 × 9 ml VACUETTE® CTAD Tubes (further referred to 

as sampling tube) with 3.2% anticlotting agent sodium citrate. Monocytes were separated 

from full blood following this protocol: 

1. Initially, 3 ml Ficoll-PaqueTM PLUS (GE Healthcare) were prepared in 15 ml tubes 

and left to heat to room temperature (RT). 

2. 50 ml Falcon tube was filled with blood from the sampling tube and the sampling tube 

was then washed two times with HBSS (EuroClone) which was then added to the 

50 ml Falcon tube. The final ratio of blood to HBSS was 1:1.  

3. The blood/HBSS suspension was then layered on top of 3 ml Ficoll.  
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4. Ficoll filled tubes with the diluted blood layered on top was centrifuged at 360 rcf for 

30 minutes at RT. Components of the sample were separated according to their 

density. 

5. Mononuclear cells were transferred to a new 50 ml Falcon tube filled with 5 ml HBSS, 

and then completed with HBSS to final volume of 25 ml.  

6. Peripheral blood mononuclear cells (PBMCs) were washed of Ficoll by centrifugation 

at 1 500 rpm, for 10 minutes at RT.  

7. After washing, supernatant was poured away and the pellet was resuspended by 

vortexing. Cell suspension of 10 μl was diluted 10 times with PBS and transferred to 

Bürker chamber for counting. The 50 ml Falcon tube with the rest of the cell 

suspension was filled to 25 ml with HBSS and PBMC were washed for the second 

time by centrifugation at 1 250 rpm for 10 minutes at RT.  

8. Supernatant was poured away, cells were resuspended and 25 ml HBSS was added 

and the suspension was washed for the third time by centrifugation at 800 rpm for 10 

minutes at RT with the intention of removing platelets. 

9. Supernatant was poured away and the cells were resuspended.  

10. Needed amount of complete DMEM medium (EuroClone: protocol can be found in 

section 3.3.1) was added to the cell suspension to seed 8 × 105 PBMC in 100 μl of 

DMEM into one well of the MicrowellTM 96-well Microplates (NuncTM). 

11. Cells were left to attach to the bottom of the plate for 2-3 hours in an incubator at 

37 °C and with 5% of CO2. We obtained adherent monocytes by removing the 

medium. 

12. Every well with adherent monocytes was filled with 100 μl of new complete DMEM 

medium with M-CSF (Peprotech) (25 ng/ml) and cultivated for 24 hours (Fig. 11). 

13. Medium was changed after 24 hours with the addition of M-CSF (25 ng/ml) and 

RANKL (0.5 ng/ml) and also the studied ODN (-pO: 0.033 μM; 1 μM; 10 μM. -pS: 

0.1 nM; 10 nM; 100 nM). One triplet in every experiment was left without ODN 

(blank) as a control sample. 

14. Medium was changed every 3 days and it contained M-CSF, RANKL and the studied 

ODN.  
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15. The cultivation took 14 days (Fig. 11) and resulted in matured multinuclear osteoclasts 

(Fig. 12), which were then visualized using TRAP staining (section 3.4) and 

microscopically evaluated. Two out of 43 experiments were analysed using 

quantitative polymerase chain reaction (qPCR).  

 

Figure 11: The course of the experiment, Author 

This diagram shows the course of the experiment from day 0, when the monocytes are obtained, seeded and 

left to attach to the well. After the two hours that the cells are left to attach, M-CSF is added and cells are 

cultivated for 24 hours. On day 1 medium is changed and M-CSF, RANKL and ODN are added and the cells 

are then left to cultivate for three days. Change of the medium with M-CSF, RANKL and ODN is done every 

three days until day 14 when the cells are fixated and stained. 
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Figure 12: Visualization of progression of osteoclast differentiation during 14-day cultivation. Author 

Monocyte fusion started at day 1 and continued through day 4 until initial cells with osteoclast morphology 

can be seen at day 7 (red arrow indicates an osteoclast). More cells with osteoclast morphology can be seen 

at day 10 and day 13. After day 13 cells were incubated for 24 hours and stained. Carl Zeiss Primovert, 

magnified 200×.  
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3.3.1 Preparation of full DMEM medium 
 

1. Foetal bovine serum (FBS) (5 ml aliquot) (ultra-low endotoxin; Biosera was kept at 

−20 °C and left to unfreeze at 4 °C. 

2. Penicillin-Streptomycin aliquot (PS; Sigma-Aldrich) and L-glutamine aliquot (LG; 

Sigma-Aldrich) were left to thaw at RT. 

3. DMEM (44 ml), FBS (5 ml), LG (1 ml of 200 mM) and PS (0.5 ml) were mixed in 

50 ml Falcon tube (the final volume of FBS in the medium is 10%). 

4. Medium was filtered through 0.22 μm filter (TPP) and kept at 4 °C. This medium was 

used for three weeks at maximum.  

 

3.4 TRAP staining  
 

To visualize osteoclasts after 14 days of cultivation we followed this protocol: 

1. Medium was pipetted away from the wells and the cells were washed using PBS at 

RT. 

2. Paraformaldehyde (PFA) (4%) in PBS was added for 10 minutes to fixate cells in their 

current state.  

3. PFA solution was pipetted away and the fixated cells were washed by PBS. 

4. The staining solution was prepared using the Leukocyte Acid Phosphate (TRAP) kit 

(Sigma-Aldrich). The solution was prepared in two separate tubes (in case of a greater 

number of sample wells the amount of solution volume was multiplied): 

1. tube: 40 μl Fast Garnet GBC Base Solution  

40 μl Sodium Nitrite Solution 

2. tube: 40 μl Naphthol AS-BI Phosphoric Acid Solution  

160 μl Acetate Solution 

160 μl Tartrate Solution 

3,560 μl Millipore water (Millipore Milli-Q Gradient Water 

Purification System; Millipore)  
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5. Solutions from both tubes were mixed together and immediately applied to well with 

fixated cells. Cells were incubated at 37 °C and 5% CO2 for 1 hour.  

6. The staining solution was pipetted away after incubation and the cells were washed 

with Millipore H2O.  

7. During the cultivation and for tentative cell inspection the cells were observed using 

Zeiss Primovert (Carl Zeiss) light microscope. IX71 (Olympus) inverted fluorescent 

microscope was used for definite cell counting, because of its precise x and y axis 

table shift. Every TRAP positive cell that possessed more than 3 nuclei was 

considered an osteoclast. 

8. To objectively evaluate the number of osteoclasts a relative number of osteoclasts was 

derived from each well. First we made a mark on the y axis of the well 3 mm away 

from the bottom most edge of the well. Then we moved the plate according to its x 

axis and counted every osteoclast in the field of vision along the diameter of the well, 

magnified 20 × 1.6. This way the same surface area was evaluated in each well 

yielding relative osteoclast number (Fig. 13). 

 

 

 

 

 

 

Figure 13: Examined surface area. Adapted from Škubica (2018) 

 

3.5 Gene expression evaluation  
 

3.5.1 RNA isolation 
 

GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) was used to isolate RNA.  

1. After 14 days of cultivation medium was pipetted away and cells were washed with 

PBS tempered at RT. 
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2. Lysis solution (200 μl) was added to each qPCR designated well and left to process for 

1 minute. Cell lysate was pipetted into 1.7 ml microtube and 4 μl of 2-mercaptoethanol 

was added, then it was vortexed. Lysate either underwent immediate further 

processing or was kept at −80 °C and later underwent the following steps.  

3. Lysate was pipetted into a filtration column (component of the kit) and centrifuged at 

14 000 rpm for 2 minutes. 

4. The filtration column was discarded and 500 μl of 70% ethanol (4 °C) was added to 

the filtrate and then it was vortexed.  

5. We added 500 μl of the solution into the RNA binding column placed in a clean 

collection tube, centrifuged at 14 000 rpm for 15 seconds and discarded the filtrate. 

This step was executed twice. 

6. 500 μl of wash solution 1 was added to the column and centrifuged at 14 000 rpm for 

15 seconds.  

7. Filtrate was discarded and 500 μl of wash solution 2 was added. Then it was 

centrifuged at 14 000 rpm for 15 seconds.  

8. Filtrate was discarded and 500 μl of wash solution 2 was added again. Then it was 

centrifuged at 14 000 for 2 minutes.  

9. After we discarded the filtrate for the last time the column was centrifuged at 14 000 

rpm for 1 minute to fully discard the solution.  

10. The column was transferred to a clean collection tube and 40 μl of Millipore water 

was added and left to incubate for 1 minute at RT.  

11. Then the tube was centrifuged at 14 000 rpm for 1 minute. The RNA was inherent in 

the filtrate. Its final concentration and purity was evaluated using NanoPhotometer 

Pearl (Implen) and then it was kept at 80 °C.  

 

3.5.2 Reverse transcription 
 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used. We 

followed this protocol: 

1. Each component of the kit, but the reverse transcriptase was left to unfreeze on ice.  
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2. The amount of reaction solution was mixed according to the number of reactions. The 

amount listed below is needed for one reaction: 

10× Reverse transcription buffer solution....... 2 μl 

25× dNTP mix................................................. 0.8 μl 

10× Reverse transcription random primers..... 2 μl 

Reverse transcriptase........................................ 1 μl 

Millipore H2O.................................................. 4.2 μl 

3. After the solution was mixed it was vortexed and kept on ice. 

4. 10 μl of the reaction solution were pipetted into 200 μl microtubes. 

5. We added water and RNA so that the final amount of the reaction solution was 20 μl 

and the amount of RNA was 20 ng.  

6. Microtubes were centrifuged and then transferred into C1000TM Thermal cycler 

(BioRad) and the setting were set accordingly: 

step 1 (hybridization)........................... 10 minutes at 25 °C 

step 2 (elongation)................................ 120 minutes at 37 °C 

step 3 (enzyme denaturation)............... 5 seconds at 85 °C 

7. cDNA samples were kept at 20 °C until analysis.  

 

3.5.3 qPCR 
 

qPCRBIO Probe Mix No ROX (PCR Biosystems) and probe/primer mix TaqMan® Gene 

Expression Assays (Applied Biosystems) were used during qPCR. The analysis was done 

using LightCycler® 480 Instrument II (Roche).  

1. To dilute cDNA, 60 μl of Millipore H2O was added to the cDNA yielded from reverse 

transcription, making the volume of the solution 80 μl. 

2. qPCRBIO Probe Mix No ROX and probe/primer mix were left to unfreeze at RT, 

under aluminum foil to obstruct them from light, which can compromise the 

fluorescent dye in the mix. 
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3. The amount of reaction solution was mixed according to the number of reactions. The 

amount listed below is needed for one reaction: 

qPCRBIO Probe Mix No ROX............ 7 μl  

probe with primers............................... 0.7 μl  

Millipore H2O...................................... 2.3 μl  

4. 10 μl of this solution was pipetted into wells of 384-well plate LightCycler® 480 

Multiwell Plate 384 transparent (Roche) and 4 μl of diluted cDNA were added.  

5. The plate was sealed with a sealing foil and centrifuged at 2 500 rpm for 2.5 minutes 

and then transferred into the plate holder of the LightCycler 480. Following protocol 

was used: 

 Step 1 (hot start)....................... 10 minutes at 95 °C 

 Step 2 (denaturation)................ 15 seconds at 95 °C 

 Step 3 (annealing, extension)... 1 minute at 60 °C 

 Step 4 (cooling)........................ 30 seconds at 40 °C 

Steps 2. and 3. were repeated 50 

 

 After the reaction we used the Abs Quant/2nd Derivative Maximum method to 

calculate Ct value (cycle threshold value). Every sample was evaluated using technical 

triplets. Mean Ct was calculated from Ct values of three wells. If the standard deviation 

(SD) of Ct values was greater than 0.3 the most outlined well Ct value was discarded and 

mean Ct was calculated from the remaining two Ct values.  

  

We evaluated the expression of ACP5, CTSK, TLR9 and NFATc1 genes and used B2M and 

HPRT1 as internal controls, which are one of the most stable internal controls used in 

osteoclast experiments (Stephens et al., 2011).  

 

3.6 Statistical analysis 
 

After evaluation of the number of osteoclasts in each well variation coefficient was 

established to identify outliers. Identifying outliers was based on removal of the value from 
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a triplet which exceeded variation coefficient of 0.55. This value was established based on 

histogram of all variation coefficients where most triplets’ variation coefficients were in 

the 0–0.55 range. If the variation coefficient did not meet the criteria even after removal of 

the outlying value, the triplet was not used in further analyses. GraphPad Prism 8 

(GraphPad Inc.) was used to analyse the data. Normality of the data was established using 

D’Agostino-Pearson test, Shapiro-Wilk test and Kolmogorov-Smirnov test. To determine 

the effect of the ODNs, they were compared to blank (sample without added ODNs). Data 

were analysed using ordinary one-way ANOVA to compare multiple groups. To compare 

two unpaired groups we used t-test with Welch’s correction for parametric data and Mann-

Whitney test for non-parametric data. P value was set to 0.05 in all analyses. Data will be 

presented as mean with SD.  

 

Material for qPCR was obtained from mix of cell lysates of two separate wells to average 

the gene expression. qPCR was done in technical triplets and SD for the triplet was set to 

0.3. If the analysed triplet did not meet the criteria, the outlier was removed. If the SD 

value did not meet the criteria after removal of the outlying value, the triplet was not used 

in further analyses. If a sample resulted as negative, it was deemed to have crossed the 

threshold in the last cycle (cycle 50). Mean Ct values were compared to geometric mean of 

endogenous controls B2M and HPRT1 or to mean Ct B2M. Fold change is presented as     

2-ΔCt. Paired data were analysed by Wilcoxon test and P value was set to 0.05. Levels of 

gene expression are presented in arbitrary values 
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4. Results 

 

4.1 The effect of -pO ODNs on osteoclast formation  
 

Four types of ODNs (CO, ST, INH, TLM) with -pO backbones were tested to determine 

their effects on differentiation of osteoclasts from healthy donor monocytes. All ODNs 

were tested in three concentrations 0.033 μM, 1 μM, 10 μM to establish which one would 

prove most effective and whether the effect is dose dependent (Table 4). All samples were 

compared using ordinary one-way ANOVA. No significant differences were found when 

the samples were compared to their respective blanks. Data for TLM-ODN and INH-ODN 

are not shown because these experiments did not yield any osteoclasts. 

 

Table 4: Average number and SD of osteoclasts yielded from experiments with -pO-ODN 

Concentration 0.033 μM 1 μM 1 μM blank 

ODN mean SD mean SD mean SD mean SD 

CO-ODN-2310 29.18 25.55 33.90 22.09 28.28 11.15 20.54 14.17 

ST-ODN-2080 37.4 11.29 38.33 21.08 42.5 17.18 24.85 15.91 

CO-ODN-2310: 0.033 μM (n=6); 1 μM (n=6); 10 μM (n=2); blank (n=5) 

ST-ODN-2080: 0.033 μM (n=4); 1 μM (n=5); 10 μM (n=2); blank (n=5) n ~ number of experiments 

ODN ~ oligodeoxynucleotide; SD ~ standard deviation 

 

4.2 The effect of -pS ODNs on osteoclast formation  
 

ST-ODN-2006, INH-ODN-4347, TLM-ODN (TTAGGG)4 and CO-ODNs -2310; -2114R; 

-2395 were tested in three concentrations 0.1 nM, 10 nM and 100 nM, with the exception 

of CO-ODN 2114R which was only tested in concentration of 10 nM, to determine their 

effect on osteoclast differentiation from healthy donor monocytes. 

  

4.2.1 The effect of -pS CO-ODN  
 

Three types of CO-ODN (2310, 2114R, 2395) were tested to determine their effect on 

monocytes and establish whether they can serve as a control for further experiments 

(Table 5). Both CO-ODN-2310 and CO-ODN-2395 were tested in three concentrations 
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and compared to blank using one-way ANOVA. CO-ODN-2114R was tested in one 

concentration and compared to blank using unpaired t test with Welch’s correction. No 

significant differences were found in these analyses. Since CO-ODN is used to remove the 

effect of the carrier of the effect, to establish that the effect is caused by the sequence its 

difference from the blank was not desirable.  

 

Table 5: Average number and SD of osteoclasts yielded from experiments with three types of CO-ODN 

with phosphorothioate backbone 

Concentration 0.1 nM 10 nM 100 nM blank 

ODN mean SD mean SD mean SD mean SD 

CO-ODN-2310 35.18 20.30 31.17 15.75 36.33 21.27 21.57 12.35 

CO-ODN-2114R ND ND 35.44 10.74 ND ND 42.44 11.40 

CO-ODN-2395 51.11 13.72 52.11 14.52 45.67 20.52 51.11 9.64 

CO-ODN-2310: 0.1 nM (n=8); 10 nM (n=4); 100 nM (n=8); blank (n=8) 

CO-ODN-2114R: 10 nM (n=3); blank (n=3) 

CO-ODN-2395: 0.1 nM (n=3); 10 nM (n=3); 100 nM (n=3); blank (n=3) 

ODN ~ oligodeoxynucleotide; ND ~ not done; SD ~ standard deviation 

 

4.2.2 The effect of -pS ST-ODN-2006 
 

Three concentrations of ST-ODN-2006 and blank were compared using one-way ANOVA 

to determine ST-ODN-2006’s effect on monocytes. Significant difference (p=0.0047, 

Fig. 14) was found between ST-ODN (0.1 nM) and blank.  
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Figure 14: Comparison of number of osteoclasts obtained from cultivation of monocytes with three 

concentrations of -pS ST-ODN and blank.  

The whiskers show the mean with SD for each data set. Column values: ST-ODN 0.1 nM (n=10): mean 

49.96, SD 22.65; ST-ODN 10 nM (n=4): mean 41.67, SD 24.94; ST-ODN 100 nM (n=7): mean 33.71, SD 

17.38; blank (n=10): mean 33.02, SD 16.97. ODN ~ oligodeoxynucleotide; SD ~ standard deviation 

 

ST-ODN-2006 (0.1 nM) was also compared to CO-ODN-2395 (10 nM) (Fig. 15) using 

unpaired t test with Welch’s correction and a significant difference (p=0.0227) was found. 

 

 

Figure 15: Comparison of number of osteoclasts obtained from cultivation of monocytes with ST-ODN and 

CO-ODN.  

The whiskers show the mean with SD for each data set. Column values: ST-ODN 0.1 nM (n=3): mean 

57.33, SD 20.07; CO-ODN 10 nM (n=3): mean 52.11, SD 14.52. ODN ~ oligodeoxynucleotide; SD ~ 

standard deviation 
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We also tested whether and how different time of the first administration of the ST-ODN 

to the cell culture affects osteoclastogenesis (Table 6). The tested times were day 0, day 1 

and day 4. Data were analysed by ordinary one-way ANOVA. No significant difference 

was found when compared to blank.  

 

Table 6: Average number and SD of osteoclasts yielded from experiments when ODN was added into 

the cell culture at different times for the first time 

Day of 

administration 
day 0 day 1 day 4 blank 

ODN mean SD mean SD mean SD mean SD 

ST-ODN-2006 97.44 18.04 78.22 16.84 88.56 23.96 77.22 27.46 

ST-ODN-2006: 0.1 nM; day 0 (n=3); day 1 (n=3); day 4 (n=3); blank (n=3) 

ODN ~ oligodeoxynucleotide; SD ~ standard deviation 

 

4.2.3 The effect of -pS INH-ODN-4347 
 

The effects of three concentrations of INH-ODN-4347 on the osteoclastogenesis were 

compared to blank culture using one-way ANOVA; no significant difference was found 

(Table 7). 

 

Table 7: Average number and SD of osteoclasts yielded from experiments with three concentrations of         

INH-ODN 

Concentration 0.1 nM 10 nM 100 nM blank 

ODN mean SD mean SD mean SD mean SD 

INH-ODN-4347 41.25 20.61 44.64 19.47 39.82 27.39 38.25 19.45 

INH-ODN-4347: 0.1 nM (n=3); 10 nM (n=3); 100 nM (n=3); blank (n=3) 

ODN ~ oligodeoxynucleotide; SD ~ standard deviation 

 

Further, we co-cultured ST-ODN with INH-ODN to assess their combined effect on 

osteoclastogenesis, under stimulatory conditions mediated by ST-ODN. We compared 

their effects using ordinary one-way ANOVA (Fig. 16). Significant difference (p=0.0037) 

was found between ST-ODN (0.1 nM) + INH-ODN (100 nM) and ST-ODN (0.1 nM) and 

also between ST-ODN (0.1 nM) + INH-ODN (100 nM) and ST-ODN (0.1 nM) + INH-

ODN (0.1 nM) (p=0.0251).  
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Figure 16: Comparison of number of osteoclasts obtained from cultivation of monocytes with five 

combinations of concentrations of -pS INH-ODN and ST-ODN.  

The whiskers show the mean with SD for each data set. Column values: INH-ODN 0.1 nM + ST-ODN 0.1 

nM (n=6): mean 50.33, SD 30.30 INH-ODN 10 nM + ST-ODN 10 nM (n=5): mean 43.00, SD 17.89 INH-

ODN 100 nM + ST-ODN 100 nM (n=5): mean 40.00, SD 15.48 INH-ODN 10 nM + ST-ODN 0.1 nM 

(n=3): mean 29.44, SD 14.05 INH-ODN 100 nM + ST-ODN 0.1 nM (n=6): mean 27.89, SD 12.24 ST-

ODN 0.1 nM (n=16): mean 49.96, SD 22.65. ODN ~ oligodeoxynucleotide; SD ~ standard deviation 

 

Results of analysing effect of lone IHN-ODN versus the co-culture of INH-ODN + ST-

ODN tested by Mann-Whitney test show no significant difference (Fig. 17).  

 

 

Figure 17: Comparison of number of osteoclasts obtained from cultivation of monocytes with INH-ODN 

4347 + ST-ODN and INH-ODN.  

The whiskers show the mean with SD for each data set. Column values: INH-ODN 100 nM + ST-ODN 0.1 

nM (n=3): mean 25.11, SD 10.33 INH-ODN 100 nM (n=4): mean 37.92, SD 26.93. ODN ~ 

oligodeoxynucleotide; SD ~ standard deviation 
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We also observed changes in osteoclast size when cultivated with INH-ODN, alone as well 

as in combination with ST-ODN (Fig. 18). 

  

Figure 18: Osteoclasts cultivated with ST-ODN 0.1 nM (left) and ST-ODN 0.1 + INH-ODN 100 nM (right) 

at 20 × 1.6 magnification. 

 

4.2.4 The effect of -pS TLM-ODN (TTAGGG)4 
 

Effect on osteoclastogenesis of three concentrations of TLM-ODN (TTAGGG)4 and blank 

were compared using one-way ANOVA (Table 8). No significant difference was found. 

 

Table 8: Average number and SD of osteoclasts yielded from experiments with three concentrations of       

TLM-ODN 

Concentration 0.1 nM 10 nM 100 nM blank 

ODN. mean SD mean SD mean SD mean SD 

TLM-ODN 

(TTAGGG)4 
38.67 7.51 40.67 4.04 55.00 4.58 50.33 8.39 

TLM-ODN (TTAGGG)4: 0.1 nM (n=1); 10 nM (n=1); 100 nM (n=1); blank (n=1) 

ODN ~ oligodeoxynucleotide; SD ~ standard deviation 

 

ST-ODN + TLM-ODN were co-cultured to assess the effect they have on osteoclast 

differentiation. Effect of this co-culture was compared to the effect of lone ST-ODN by 

ordinary one-way ANOVA and no significant difference was found in the analysis 

(Fig. 19).  



44 

 

Figure 19: Comparison of the number of osteoclasts obtained from cultivation of monocytes with five 

combinations of concentrations of -pS TLM-ODN and ST-ODN.  

The whiskers show the mean with SD for each data set. Column values: TLM-ODN 0.1 nM + ST-ODN 0.1 

nM (n=3): mean 51.78, SD 25.33 TLM-ODN 10 nM + ST-ODN 10 nM (n=3): mean 34.00, SD 18.93 

TLM-ODN 100 nM + ST-ODN 100 nM (n=3): mean 29.78, SD 19.65 TLM-ODN 10 nM + ST-ODN 0.1 

nM (n=6): mean 32.33, SD 11.30 ST-ODN 0.1 nM (n=16): mean 49.96, SD 22.65.  

ODN ~ oligodeoxynucleotide; SD ~ standard deviation 

 

Results of analysing the effect of lone TLM-ODN versus the combination of ST-ODN + 

TLM-ODN tested by Mann-Whitney test also show no significant difference (Fig. 20).  

 

Figure 20: Comparison of the number of osteoclasts obtained from cultivation of monocytes with TLM-

ODN + ST-ODN and TLM-ODN.  

The whiskers show the mean with SD for each data set. Column values: TLM-ODN 10 nM + ST-ODN 

0.1 nM (n=3): mean 27.78, SD 14.05 TLM-ODN 10 nM (n=1): mean 40.67, SD 4.04.  

ODN ~ oligodeoxynucleotide; SD ~ standard deviation 
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4.3 The effect of -pS ODNs on gene expression of osteoclastic 

markers 
 

In addition to testing monocyte differentiation potential and the final number of osteoclasts 

that they produced when cultivated in the presence of -pS ODNs, we also tested gene 

expression of osteoclastic markers. We assumed that the measure of expression of these 

markers might describe the cell activity. We compared the Ct values of reference genes 

(B2M, HPRT1) to Ct values of osteoclastic markers ACP5, CTSK and NFATc1 resulting in 

2-ΔCt values which show the fold-change in expression versus the reference genes. We then 

also tested gene expression of TLR9 to further demonstrate that ODNs activate 

osteoclastogenesis via this receptor. We tested all markers in the presence of ST-ODN-

2006 (0.1 nM), CO-ODN-2395 (10 nM), ST-ODN-2006 (0.1 nM) + INH-ODN-4347 (100 

nM), and ST-ODN-2006 (0.1 nM) + TLM-ODN (TTAGGG)4 (10 nM) to establish what 

their effect on them is. Since CO-ODN is used to remove the effect of the carrier we first 

calculated its difference from blank to assess its effect. After this calculation we subtracted 

this value from the remaining ODNs to determine their true effects on expression. We 

compared the 2-ΔCt of ST-ODN to blank. ST-ODN + INH-ODN and ST-ODN + TLM-

ODN were compared to ST-ODN. Gene expression was tested at three different times (day 

0, day 1, day 4) in order to monitor the process of monocyte-to-osteoclast differentiation 

and capture the kinetics of the osteoclastogenic process. We compared the levels of 

expression of every gene in blanks and also in stimulated samples versus their respective 

blank. The last set of experiments analysed at different times uses only B2M as reference. 

In order to present data with a better resolution, values in the TLR9 assay were multiplied 

by 102 and values in the NFATc1 assay by 103. 

  

4.3.1 Expression of ACP5 
 

We tested the expression of ACP5 gene in samples where the cells were cultivated with      

ST-ODN-2006 (0.1 nM), CO-ODN-2395 (10 nM), ST-ODN-2006 (0.1 nM) + INH-ODN-

4347 (100 nM), ST-ODN-2006 (0.1 nM) + TLM-ODN (TTAGGG)4 (10 nM) and blank. 

The geometric mean of B2M and HPRT1 genes served as a reference. As seen in the 

Fig. 21, 1.69 increase of the ACP5 expression was detected in osteoclasts cultured with 

ST-ODN (0.1 nM) compared to blank (p=ns, Wilcoxon test); this expression was           

non-significantly lowered 0.79 by ST-ODN (0.1 nM) + INH-ODN (100 nM) treatment 



46 

and same non-significant decrease was observed under the ST-ODN (0.1 nM) + TLM-

ODN (10 nM) influence.  

 

Figure 21: The effect of -pS ODNs on ACP5 gene expression.  

When sample was treated by ST-ODN the expression of ACP5 increased 1.69 when compared to blank. 

This expression was lowered 0.79 under ST-ODN + INH-ODN influence when compared to ST-ODN. It 

was also reduced 0.79 when influenced by ST-ODN + TLM-ODN in comparison to lone ST-ODN. (p=ns) 
(n=1) 

 

We also tested the expression of ACP5 in culture treated with ST-ODN in different times 

of the cultivation. We tested its expression on day 1 without ODNs, then on day 2 with ST-

ODN (0.1 nM) already present and at the end of cultivation with their blank counterparts. 

No significant difference was found among the blanks tested at different times or between 

treated samples and their blank counterparts when tested with Wilcoxon test (Fig. 22).  
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Figure 22: The effect of ST-ODN-2006 on ACP5 gene expression at various times of cultivation. 

On day 2 the expression of ACP5 by pre-osteoclasts increased 3.01 even without ODN treatment and 5.71 

on day 14 (p=ns). In contrast to that, the ACP5 expression influenced by the ST-ODN increased only 2.37 

on day 2 and 3.42 on day 14 compared to day 1. (p=ns) (n=1) 

 

4.3.2 Expression of CTSK 
 

Same as ACP5 we tested gene CTSK. Its expression was tested after cultivation with             

ST-ODN-2006 (0.1 nM), CO-ODN-2395 (10 nM), ST-ODN-2006 (0.1 nM) + INH-ODN-

4347 (100 nM), ST-ODN-2006 (0.1 nM) + TLM-ODN (TTAGGG)4 (10 nM) and blank. 

The geometric mean of B2M and HPRT1 genes served as reference. No significant 

difference was found when ST-ODN was compared to blank and ST-ODN + INH and ST-

ODN + TLM-ODN were compared to ST-ODN, when tested with Wilcoxon test (Fig. 23). 
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Figure 23: The effect of -pS ODNs on CTSK gene expression.  

The expression of CTSK gene is not influenced by ST-ODN when compared to blank nor by ST-ODN + 

INH-ODN treatment when compared to ST-ODN. Interestingly, the ST-ODN + TLM-ODN treatment seems 

to non-significantly increase the expression of CTSK 1.41 in comparison to lone ST-ODN. (p=ns) (n=1) 

 

CTSK gene expression was also tested at different times of the cultivation in cultures 

treated with ST-ODN. Same as with testing CTSK we tested on day 1 without ODNs, then 

on day 2 with ST-ODN (0.1 nM) already present and at the end of cultivation and their 

respective blank counterparts. No significant difference was found among the blanks tested 

at different times or between treated samples and their blank counterparts when tested with 

Wilcoxon test (Fig. 24).  



49 

 

 
Figure 24: The effect of ST-ODN-2006 on CTSK gene expression at various times of cultivation.  

The expression of CTSK by osteoclasts increased by 2.87 on day 2 without ODN treatment and 47.28 on 

day 14 (p=ns). CTSK expression influenced by the ST-ODN increased 2.29 on day 2 and 48.95 on day 14 

(p=ns) compared to day 1. (p=ns) (n=1) 

 

4.3.3 Expression of TLR9 
 

We cultivated monocytes with ST-ODN-2006 (0.1 nM), CO-ODN-2395 (10 nM), ST-

ODN-2006 (0.1 nM) + INH-ODN-4347 (100 nM), ST-ODN-2006 (0.1 nM) + TLM-ODN 

(TTAGGG)4 (10 nM) and blank. B2M and HPRT1 were used as reference genes in these 

experiments. No significant difference was found when ST-ODN was compared to blank 

and ST-ODN + INH and ST-ODN + TLM-ODN were compared to ST-ODN, when tested 

with Wilcoxon test (Fig. 25). 

 
Figure 25: The effect of -pS ODNs on TLR9 gene expression.  

ST-ODN did not influence the expression of TLR9 when compared to blank. The expression of TLR9 was 

increased 2.93 under ST-ODN + INH-ODN influence when compared to ST-ODN. It was also decreased 

0.23 under the influence of ST-ODN + TLM-ODN when compared to ST-ODN. (p=ns) (n=1) 
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To determine TLR9 gene expression we also tested it during different times throughout the 

cultivation in the presence of ST-ODN. We tested TLR9 expression on day 1 without 

ODNs, then on day 2 with ST-ODN (0.1 nM) already present and at the end of cultivation 

and their respective blank counterparts. Data for day 2 treated with ST-ODN are not shown 

because they were not detected by the qPCR. No significant difference was found among 

the blanks tested at different times or between treated samples and their blank counterparts 

when tested with Wilcoxon test (Fig. 26).  

 
Figure 26: The effect of ST-ODN-2006 on TLR9 gene expression at various times of cultivation.  

The expression of TLR9 by osteoclasts increased by 1.12 on day 2 without ODN treatment and decreased 

0.08 on day 14 without ODN treatment when compared to day 1 (p=ns). TLR9 expression influenced by the 

ST-ODN on day 2 was not detected by qPCR and its expression was decreased 0.12 on day 14 when 

compared to day 1. (p=ns) (n=1) 

 

4.3.4 Expression of NFATc1 
 

Same as the previous genes we tested NFATc1 gene expression first with ST-ODN-2006 

(0.1 nM), CO-ODN-2395 (10 nM), ST-ODN-2006 (0.1 nM) + INH-ODN-4347 (100 nM), 

ST-ODN-2006 (0.1 nM) + TLM-ODN (TTAGGG)4 (10 nM) and blank and used both 

B2M and HPRT1 as reference genes. No significant difference was found when ST-ODN 

was compared to blank and ST-ODN + INH and ST-ODN + TLM-ODN were compared to 

ST-ODN, when tested with Wilcoxon test (Fig. 27). 
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Figure 27: The effect of -pS ODNs on NFATc1 gene expression.  

When sample was treated by ST-ODN the expression of NFATc1 increased 1.15 when compared to blank. 

This expression was increased 1.25 under ST-ODN + INH-ODN influence when compared to ST-ODN. It 

was also increased 1.19 when influenced by ST-ODN + TLM-ODN in comparison to lone ST-ODN. (p=ns) 

(n=1)  

 

We also tested the mRNA expression of NFATc1 during different times of cultivation 

when it was influenced by ST-ODN. Same as for all the other described genes we tested on 

day 1 without ODNs, then on day 2 with ST-ODN (0.1 nM) already present and at the end 

of cultivation and their respective blank counterparts. No significant difference was found 

among the blanks tested at different times or between treated samples and their blank 

counterparts when tested with Wilcoxon test (Fig. 28).  

 
Figure 28: The effect of ST-ODN-2006 on NFATc1 gene expression at various times of cultivation.  

The expression of NFATc1 by pre-osteoclasts increased 2.08 on day 2 without ODN treatment when 

compared to day 1, but was not detected by qPCR on day 14 without ODN treatment. NFATc1 expression 

influenced by the ST-ODN on day 2 increased 1.84 and 1.58 on day 14 when compared to day 1. (p=ns) 

(n=1) 
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5. Discussion 

 

In this thesis we wanted to determine whether ecDNA of a certain sequence can affect the 

differentiation potential of monocytes into osteoclasts. Since ecDNA is known to bind to 

TLR9 and activate the NF-κB pathway, we propose the hypothesis that it can also activate 

the differentiation of osteoclasts in an alternative manner, overriding the common 

RANK/RANKL pathway. We tested this hypothesis using an in vitro model, applying 

ODNs serving as ecDNA to healthy monocytes.  

 

ecDNA exercises its function only if it meets structural criteria, since TLR9 binds and is 

subsequently activated by CpG active areas in ecDNA. Our ODNs were chosen according 

to these criteria. According to Ashman and Lenert (2007) the ecDNA with stimulatory 

effect should be unmethylated, sequence TCC should be present at the 5′ end and Cs 

should not occur one or two bases before the CG at 5′ end. Our -pO stimulatory ODN’s 

(ST-ODN-2080’s) primary sequence is 5′TCGTCGTTCCCCCCCCCCCC and it is 

unmethylated. ST-ODN-2080 was also used in experiments by Sackesen et al. (2013) 

where it showed to enhance proliferation of PBMC.  

 

Also, according to Ashman and Lenert (2007), for a sequence to act as an inhibitor it 

should follow these requirements for primary sequence: ‘xCC N D D NN GGG NNN’ 

where N is any base and its presence is mandatory, x is optional base but its presence is not 

required, and D is any base except C. The sequence for our -pO inhibitory sequence        

(INH-ODN-4329) is 5′CCTGGAGGGGAAGT which meets the proposed criteria.  

 

To eliminate the effect of ODN as a carrier of the effect and to prove that the primary 

sequence of the ODN is responsible, we also used control ODN (CO-ODN-2310).          

CO-ODN-2310 with the primary sequence 5′TCCTGCAGGTTAAGT was evaluated by 

Ashman et al. (2011) as neutral in human HEK cells.  

 

Telometric motif TTAGGG is responsible for down-regulation of CpG DNA activated 

response. According to Gursel et al. (2003) we used the -pO telomeric ODN TLM-ODN 

(TTAGGG)3 with three repeats of the TTAGGG motif. 

 



53 

Both -pO CO-ODN and ST-ODN did not show any significant difference when compared 

to their respective blanks (Table 4). -pO INH-ODN and TLM-ODN were not mentioned 

because we yielded no osteoclasts from the blank samples and therefore could not 

determine whether there was any effect. The fact that the comparison of -pO CO-ODN and 

ST-ODN with blank did not result in any significant difference might be caused by the 

structure of the ODNs and their -pO backbone. Though -pO backbone is present in 

organisms in vivo, its effective lifetime is minimized because it is prone to degradation by 

extra and intracellular nucleases (Eckstein, 2014). Therefore, -pS backbone was developed 

to overcome this challenge and extend the effective lifetime of the ODN for in vitro 

experiments (Putney et al., 1981). We decided to carry on with -pS backbone ODNs 

keeping the sequences of CO-ODN and ST-ODN the same. We switched the INH-ODN 

sequence according to Ashman et al. (2011) from INH-ODN-4329 to INH-ODN-4347 with 

a sequence 5′C*C*T*ATCCTG*GAGGGG*A*A*G where * stands for the -pS bond. This 

type of -pS INH-ODN proved to have strong inhibitory effects on human B cells (Ashman 

et al., 2011). We also decided to change the TLM-ODN from three repeats to four 

according to Sackesen et al. (2013).  

 

In experiments with -pS CO-ODN we first tested CO-ODN-2310 which did not show any 

significant difference when compared to blank, but it yields 63% more osteoclasts at 

0.1 nM, 44% more osteoclasts at 10 nM and 68% more osteoclasts at 100 nM proving that 

it is not neutral and therefore cannot be used as control for further experiments. This is in 

contrast with Ashman et al. (2011) where it was proven as neutral, this though was proven 

in human HEK cells and does not mean it remains neutral in monocytes. We then tested 

CO-ODN-2114R which was also verified as neutral in experiments with human HEK cells 

by Ashman et al. (2011). In our experiments no significant difference was found when 

compared to blank, but it yielded 16% less osteoclasts at 0.1 nM than blank, again in 

contrast with Ashman et al. (2011). This ODN seems not to be neutral in monocytes. We 

then used CO-ODN-2395 with reversed CpG areas to ST-ODN-2006 to dismantle its 

stimulatory activity. This ODN yielded 0% more osteoclasts at 0.1 nM, 2% more 

osteoclasts at 10 nM and 11% less osteoclasts at 100 nM. We decided to use CO-ODN in 

10 nM concentration for further experiments to rule out the possibility of the no effect 

being dose-dependent. 
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When testing -pS ST-ODN-2006, a significant difference was found at 0.1 nM when 

compared to both blank (p=0.0047) (Fig. 14) and CO-ODN-2395 (p=0.0227) (Fig. 15). At 

the concentration of 0.1 nM the experiments yielded 51% more osteoclasts than blank. 

Experiments with the concentration of 10 nM yielded 26% more osteoclasts than blank 

culture and experiments with the concentration of 100 nM of ODN yielded 2% more 

osteoclasts than blank. The stimulatory effect of CpG rich ST-ODN-2006 is in agreement 

with experiments published by Sackesen et al. (2013) where it showed to enhance the 

proliferation of PMBC. These experiments also show that higher concentration of ODN 

might be responsible for blocking its stimulatory effect. Zuo et al. (2002) suggest that 

when CpG ODN is added into the sample at day 0 it inhibits osteoclastogenesis by 

blocking M-CSF. By binding of ODN to M-CSF, RANK expression is obstructed and 

osteoclastogenesis cannot persist. They demonstrate that CpG ODNs exercise their 

stimulatory effect fully when administered to cell culture for the first time after 72 hours of 

stimulation carried out with only M-CSF and RANKL. In our experiments ST-ODN was 

added on day 1 (24 hours after the initial stimulation with M-CSF) but in different 

concentrations. If ST-ODN at the highest concentration was not able to increase osteoclast 

production by more than 2% of osteoclasts when compared to blank, it could be caused by 

M-CSF blockage. We decided to test whether the timing of the ODN administration to 

culture affected the outcome number of osteoclasts, because Zuo et al. (2002) proved the 

blockage of M-CSF only on murine bone marrow mononuclear cells. We added ST-ODN 

into the sample on day 0 after monocytes’ initial attachment to the well; these experiments 

yielded 26% more osteoclasts than blank (Table 6). When ODN was added into the sample 

on day 1 it yielded only 1% more osteoclasts than blank and when it was added at day 4 it 

yielded 15% more osteoclasts than blank. This is in contrast with Zuo et al. (2002) where 

CpG ODN possessed inhibitory activity when added on day 0 because of the M-CSF 

blockage in case of murine bone marrow mononuclear cells. In our case CpG ST-ODN 

administered along with M-CSF and RANKL on day 0 increased osteoclast production 

which would point to a theory that it does not (fully) block M-CSF and does not 

(completely) obstruct RANK expression. When ODN was added into the sample after pre-

stimulation with both M-CSF and RANKL on day 4, osteoclastogenesis already started and 

ST-ODN only supported this pathway yielding non-significantly more osteoclasts than the 

blank sample.  
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-pS INH-ODN was proved to block stimulating activity of ST-ODN when added into 

the murine B cell sample together (Stunz et al., 2002). We decided to test the effect of 

INH-ODN on osteoclast differentiation when it is added into the sample alone in three 

concentrations. No significant difference was found when compared to blank. INH-ODN at 

the concentration of 0.1 nM yielded 8% more osteoclasts than blank and at concentration 

of 10 nM it led to 17% more osteoclasts than observed in blank culture (Table 7). INH-

ODN at the concentration of 100 nM increased the number of osteoclasts only by 4% when 

compared to blank. This suggests that when used alone, INH-ODN is not effective in 

inhibiting the differentiation of monocytes into osteoclasts, probably since it blocks the 

receptor for DNA but alone has no effect on stimulation of monocytes. Other possibility 

for its effect might lie in the time of administration into the cell culture. This possibility 

shall be tested in the future. When co-cultured with ST-ODN we tested 5 combinations of 

concentrations to establish whether the inhibitory effect only occurs as a result of 

competition between the ODNs, because the stimulatory effect is pronounced and therefore 

INH-ODN has a counterpart to inhibit. Difference between ST-ODN (0.1 nM) + INH-

ODN (100 nM) and ST-ODN (0.1 nM) proved significant (p=0.0037) (Fig. 16). The 

experiments where ST-ODN and INH-ODN were both tested at the concentration of 

0.1 nM they yielded 1% more osteoclasts than when only ST-ODN (0.1 nM) was added 

into the culture, proving that concentration of 0.1 nM of INH-ODN is not an effective 

contender for ST-ODN at the same concentration level. Elevating the concentration levels 

of INH-ODN as well as ST-ODN resulted in decrease in osteoclast numbers. When they 

were both tested at the concentration of 10 nM there were 14% less osteoclasts than in the 

sample with lone ST-ODN (0.1 nM) and when they were added into the sample at the 

concertation of 100 nM these experiments yielded 20% less osteoclasts than experiments 

with lone ST-ODN (0.1 nM). When we combined INH-ODN (10 nM) with ST-ODN 

(0.1 nM), these experiments yielded 41% less osteoclasts than culture with ST-ODN 

(0.1 nM). INH-ODN (100 nM) combined with ST-ODN (0.1 nM) yielded significantly 

(44%) less osteoclasts than the sample with lone ST-ODN (0.1 nM) and 34% less 

osteoclasts than lone INH-ODN (Fig. 16). These results show that when INH-ODN is 

combined with an effective stimulatory ODN in a high enough concentration it is able to 

block osteoclast production in a dose-dependent manner. INH-ODN did not only block 

osteoclasts production, but influenced osteoclast morphology as well. Osteoclasts under 

the influence of INH-ODN looked smaller than osteoclasts derived from experiments 
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where they were stimulated by ST-ODN. Osteoclasts are recognized as large 

multinucleated cells; nevertheless, when cultivated with IHN-ODN, they remain 

multinucleated but shrink in size as visible in the Fig. 18.  

 

Similarly, we expected the -pS TLM-ODN to supress osteoclast production, because it was 

proven to lower B cell activation by Sackesen et al. (2013). In our case no significant 

difference was detected, but trend of lowering the osteoclast production by 23% by TLM-

ODN at the concentration of 0.1 nM and by 19% at the ODN concentration of 10 nM when 

compared to blank could be observed (Table 8). At the concentration of 100 nM osteoclast 

production was increased by 9%. Possible explanations to this trend are that either lone 

TLM-ODN seems not to exert its effect, or, that the time of administration we used in this 

experimental design was not suitable for this ODN to exert its function. Further 

experiments testing the time of administration of the ODN shall also be tested in the future. 

To clarify the first possibility, we combined TLM-ODN with ST-ODN at various 

concentrations (Fig. 19) and no significant difference in the number of yielded osteoclasts 

was found between ST-ODN + TLM-ODN and lone ST-ODN. By adding ST-ODN and 

TLM-ODN both at the concentration of 0.1 nM the number of osteoclasts increased by 4%, 

proving the concentration of TLM-ODN too low to block ST-ODN effect on osteoclasts 

fully. By using both ODNs in a concentration of 10 nM the number of osteoclasts yielded 

from the experiment was lowered by 32% and using both ODNs in concentration of 

100 nM lowered osteoclast production by 40% in comparison with lone ST-ODN (0.1 nM) 

stimulated cultures. We then also tested the most effective ST-ODN (0.1 nM) and the dose 

of TLM-ODN (10 nM) that seemed to be inhibiting the process of osteoclastogenesis 

(Table 8). This experiment yielded 35% less osteoclasts than lone ST-ODN (0.1 nM) 

influenced cultures. This suggests that TLM-ODN lowers the osteoclast production in 

competition with ST-ODN. Decrease in osteoclast production, however, was not 

significant. Presumably, low numbers of performed experiments (n=3 for every 

concentration/combination of concentrations) may play a role.  

 

In addition to osteoclast numbers we also wanted to determine their activity by assessing 

the expression of osteoclastogenic markers ACP5, CTSK and NFATc1. Since our 

hypotheses are based on ODNs activating osteoclastogenesis through TLR9 we also 

decided to analyse its expression. ACP5 gene is responsible for production of tartrate 
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resistant acid phosphatase 5 used by mature osteoclasts to resorb bone tissue. The ACP5 

gene expression and TRAP production are thus used for mature osteoclasts recognition. 

ACP5 gene mRNA expression was increased 1.69 in cells cultivated with ST-ODN 

(0.1 nM) when compared to blank. Since ST-ODN increases osteoclast production, higher 

levels of ACP5 expression are to be expected when compared to inhibitory ODNs or blank. 

Both cultivation with ST-ODN + INH-ODN and cultivation with ST-ODN + TLM-ODN 

decreased the ACP5 mRNA expression in differentiated osteoclasts  0.79 in comparison 

to the levels affected by lone ST-ODN (0.1 nM). Since these experiments yielded less 

osteoclasts than blank or ST-ODN sample (data not shown), lower levels of expression are 

expected. The observed increase of osteoclast ACP5 expression under the influence ST-

ODN and its decrease by INH-ODN and TLM-ODN do not reach statistical significance. 

The fact that ST-ODN activated osteoclasts expression of ACP5 to only 1.69 higher 

levels when compared to blank points to an idea that ST-ODN (0.1 nM) does not change 

osteoclast activity significantly even though it increases the yielded osteoclast number. 

When testing the mRNA expression of ACP5 at various times of cultivation, an increasing 

trend in expression on each day was observed (Fig. 22). The surprising observation is that 

mRNA gene expression levels were increased in blank samples when compared to ST-

ODN (0.1 nM) stimulated samples. According to Tseng et al. (2014), ACP5 is a marker of 

osteoclast maturity and the trend of higher mRNA expression levels in later days can be 

explained by osteoclasts being more mature by the end of cultivation. The observation of 

increased mRNA expression levels in blank could be explained by the aforementioned idea 

that ST-ODN does not increase mRNA expression levels of ACP5 even though it leads to 

more osteoclasts or that ST-ODN stunts osteoclast maturity.   

 

Cathepsin K, important for bone matrix degradation by mature osteoclasts, is produced by 

CTSK gene. CTSK expression in osteoclasts cultivated with ST-ODN (0.1 nM) does not 

change when compared to blank culture and similarly, INH-ODN (100 nM) in combination 

with ST-ODN (0.1 nM) does not affect the CTSK mRNA levels in osteoclasts (Fig. 23). 

Interestingly, cultivation of monocytes with ST-ODN (0.1 nM) + TLM-ODN (10 nM) 

leads to non-significant 1.41 increase in CTSK expression when compared to lone          

ST-ODN (0.1 nM). The possibility cannot be ruled out that although the TLM-ODN 

suppresses osteoclastogenesis in monocytes affected by ST-ODN, the differentiated 

osteoclasts present with non-significantly more activity. When tested at different times 
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during cultivation, lowest levels of expression were found on day 1, day 2 and day 2 blank. 

Since cultivation of human monocytes and their differentiation into mature osteoclasts 

takes 14 days, there might not be osteoclasts that express enough CTSK mRNA yet. 

 

Since our hypotheses suggest that ODNs activate the NF-κB pathway via TLR9 we 

decided to test its expression in the presence of ST-ODN-2006 (0.1 nM), CO-ODN-2395 

(10 nM), ST-ODN-2006 (0.1 nM) + INH-ODN-4347 (100 nM), ST-ODN-2006 (0.1 nM) + 

TLM-ODN (TTAGGG)4 (10 nM) and blank. We also tested for TLR9 mRNA expression 

at different times during the cultivation (day 1, day 2, day 14 and their respective blank 

counterparts). When osteoclasts were cultured with ST-ODN the mRNA gene expression 

did not change when compared to blank. A non-significant increase 2.87 was observed 

when cells were influenced by ST-ODN (0.1 nM) + INH-ODN (100 nM) in comparison to 

lone ST-ODN (0.1 nM). A non-significant decrease in mRNA expression was observed 

when cells were under the influence of ST-ODN (0.1 nM) + TLM-ODN (10 nM). If this 

effect is observed in more robust data sets it would suggest that INH-ODN in combination 

with ST-ODN decreases the number of osteoclasts via TLR9. TLR9 mRNA expression was 

increased in the first two days of cultivation and decreased (non-significantly) by the end 

of cultivation (day 14) when compared to day 1. If confirmed on a larger amount of 

samples it may suggest that the TLR9 expression may be important only at the early phases 

of the differentiation process. However, TLR9 expression was detected at least 10 cycles 

later than the reference genes or went undetected in both instances (influenced by various 

ODNs or analysed at different times of cultivation), meaning that the mRNA expression 

levels were very low. If mRNA expression levels would remain low, even when larger 

number of samples was analysed, it would rise a question whether ODNs could change the 

osteoclastogenic potential of monocytes via a different receptor than TLR9. One of the 

possibilities of how ODNs could change the osteoclastogenic potential of monocytes is the 

endoplasmatic reticulum-associated multiple-transmembrane protein, STING (stimulator 

of interferon genes). STING is a signalling molecule of innate immune system that induces 

gene expression as a response to stimulatory ligands such as dsDNA and subsequently 

triggers the NF-κB pathway (Abe and Barber, 2014). 

 

NFATc1 is a specific osteoclastogenic factor, responsible for initiation of transcription of 

other osteoclastogenic genes. We tested it in the presence of ST-ODN-2006 (0.1 nM), CO-
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ODN-2395 (10 nM), ST-ODN-2006 (0.1 nM) + INH-ODN-4347 (100 nM), ST-ODN-

2006 (0.1 nM) + TLM-ODN (TTAGGG)4 (10 nM) and blank and also at different times 

during the cultivation (day 1, day 2 day 14 and their respective blank counterparts). Its 

expression levels stayed very consistent when tested with various types of ODNs (Fig. 27), 

which could probably mean that its activity is not affected by administration of ODN. 

Similarly to TLR9 expression, NFATc1 crossed the threshold 10 or more cycles later than 

the reference genes or was not detected by the qPCR at all, meaning that its expression 

level was very low. This might mean that on day 14 of osteoclast differentiation, 

osteoclastogenesis is over, there are not enough precursor cells or pre-osteoclasts present in 

the culture anymore that could have the capacity to further differentiate into mature 

osteoclasts and thus to be able to produce higher levels of NFATc1. This theory is also 

supported by the time-experiment that reveals the highest NFATc1 mRNA levels during 

day 2 (both in blank culture (2.08) and ODN-treated culture (1.84) in comparison to day 

1) and drops 1.58 by day 14 (Fig. 28). Nevertheless, since only two experiments were 

analysed by qPCR for NFATc1 expression (one when monocytes were stimulated by 

various ODNs and their combinations and the other one when ST-ODN (0.1 nM) was 

administered at different times of the cultivation), these results need to be treated with 

caution and the number of data analysed enlarged.  
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6. Conclusion 

 

The main focus of this thesis was to elucidate whether ecDNA can change the 

differentiation potential of monocytes and alternatively induce osteoclastogenesis. We 

tested the effects of four types of ODNs (CO, ST, INH and TLM) both with their native 

phosphodiester backbones and their more stable phosphorothioate backbones. These ODNs 

were chosen because they proved to have either stimulatory or inhibitory effects on the 

proliferation or function in other types of cells and we wanted to study their effect on 

human monocytes, peripheral blood precursors of osteoclasts. All studied ODNs were 

tested in three concentrations (0.033 μM, 1 μM, 10 μM for -pO ODNs and 0.1 nM, 10 nM, 

100 nM for -pS ODNs) or combinations. We confronted our findings with current 

knowledge of ODNs and their effects. Based on presented results we came to these 

conclusions: 

 -pO ODNs did not exercise their effect in monocyte cultures and is therefore not 

suitable for our experimental design 

 CO-ODN-2310 and CO-ODN-2114R are not neutral in monocytes 

 CO-ODN-2395 (10 nM) is an appropriate control ODN to use in further 

experiments 

 ST-ODN-2006 (0.1 nM) stimulates monocytes to differentiate into osteoclasts 

 lone INH-ODN in either concentration does not inhibit osteoclastogenesis 

 INH-ODN (100 nM) + ST-ODN (0.1 nM) prove to inhibit osteoclastogenesis 

 lone TLM-ODN in all concentrations does not inhibit osteoclastogenesis 

 TLM-ODN (10 nM) + ST-ODN (0.1 nM) treatment of monocytes result in a trend 

of decreased number of osteoclasts but the observed trend is non-significant 

 because of a limited number of experiments, data for qPCR are inconclusive 

 

Further experiments needed to expand our knowledge about the effect ODNs have on 

osteoclastogenesis are: 

 to execute more experiments with TLM-ODN (10 nM) + ST-ODN (0.1 nM) to 

establish whether this combination inhibits osteoclastogenesis 
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 to execute experiments where ODNs are administered into the cell sample at 

various times during cultivation to establish how their initial administration 

influences their effect in osteoclastogenesis 

 to execute more analyses concerning the expression of ACP5, CTSK, TLR9 and 

NFATc1 in cells cultivated with various types of ODNs 

 if TLR9 proves not to be involved in inducing the NF-κB pathway, experiments 

testing for different possible routes such as STING are recommended 
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List of abbreviations 

 

A    Adenine 

ACP5    Gene coding acid phosphatase 5 

ANOVA   Analysis of variance 

AP-1    Activator protein-1 

ATPase Enzyme that catalyses the hydrolysis of a phosphate bond in 

adenosine triphosphate 

B2M    Gene coding beta-2-microglobulin 

BMI    Body mass index 

bp    Base pairs 

C    Cytosine 

CALCR   Gene coding calcitonin receptor  

CD (e.g. CD69)   Cluster of differentiation marker 

cDNA    Complementary DNA 

CO    Control 

CpG    Cytosine-phosphate-guanine 

CSF1R    Colony stimulating factor 1 receptor 

Ct    Cycle threshold 

CTR    Calcitonin receptor 

CTSK    Cathepsin K enzyme 

CTSK    Gene coding cathepsin K enzyme 

DAMP    Damage-associated molecular pattern 

DMEM   Dulbecco’s modified eagle medium 

DNA    Deoxyribonucleic acid 

dNTP    Deoxynucleotide triphosphate 
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dsDNA   Double-stranded DNA 

ecDNA   Extracellular deoxyribonucleic acid 

FBS    Foetal bovine serum  

G    Guanine 

GDPR    General data protection regulation 

HBSS    Hank’s balanced salt solution 

HEK    Human embryonic kidney 

HPRT1   Gene coding hypoxanthine phosphoribosyltransferase 1 

HSC    Hematopoietic stem cell 

IFN α/β   Interferon alpha/beta 

IKK (e.g. IKKαβγ)  Inhibitory-kappa B kinase 

IL (e.g. IL-8)   Interleukin 

INH    Inhibitory 

INH-ecDNA   ecDNA with proven inhibitory effect 

IRAK    Interleukin-1 receptor associated kinase 

JNK (e.g. JNK1)  Jun N-terminal kinase 

LG    L-glutamine 

MAPK    Mitogen-activated protein kinase 

M-CSF   Macrophage-colony stimulating factor 

MITF    Microphthalmia-associated transcription factor 

mRNA    Messenger ribonucleic acid 

MyD88   Myeloid differentiation primary response 88 protein 

NADPH   Nicotinamide adenine dinucleotide phosphate 

ND    Not done 

NET    Neutrophil extracellular trap 

NFATc1   Nuclear factor of activated T cells calcineurin-dependent 1 
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NFATc1 Gene coding nuclear factor of activated T cells calcineurin-

dependent 1 

NF-κB    Nuclear factor-kappa B 

NK    Natural killer 

ns    Not significant 

ODN    Oligodeoxynucleotide 

OPG    Osteoprotegerin 

PBMC    Peripheral blood mononuclear cell 

PBS    Phosphate-buffered saline 

PFA    Paraformaldehyde 

PMA    Phorbol 12-myristate 13-acetate 

-pO    Phosphodiester  

proIL-1β   Prointerleukin-1 beta 

PS    Penicillin-Streptomycin  

-pS    Phosphorothioate 

PTH    Parathyroid hormone 

qPCR    Quantitative polymerase chain reaction 

RANK    Receptor activator of nuclear factor kappa B  

RANKL   Receptor activator of nuclear factor kappa B ligand  

rcf    Relative centrifugal force 

RNA    Ribonucleic acid 

rpm    Revolutions per minute 

RT    Room temperature 

SD    Standard deviation 

SLE    Systemic lupus erythematosus 
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ST    Stimulatory 

ST-ecDNA   ecDNA with proven stimulatory effect 

STING    Stimulator of interferon genes 

T    Thymine 

TAK (e.g. TAK1)  Transforming growth factor beta-activated kinase 

TLM    Telomeric 

TLR (e.g. TLR9)  Toll-like receptor 

TLR9    Gene coding Toll-like receptor 9 

TNF (e.g. TNFα)  Tumour necrosis factor 

Tnfsf11   Gene coding RANKL  

TRAF (e.g. TRAF6)  Tumour necrosis factor receptor-associated factor 

TRAP    Tartrate-resistant acid phosphatase 

UV    Ultraviolet 

  



66 

References 

Abe, T., & Barber, G. N. (2014). Cytosolic-DNA-mediated, STING-dependent 

proinflammatory gene induction necessitates canonical NF-κB activation through 

TBK1. Journal of Virology, 88(10), 5328–5341. https://doi.org/10.1128/JVI.00037-

14 

Akdis, M., Aab, A., Altunbulakli, C., Azkur, K., Costa, R. A., Crameri, R., Duan, S., 

Eiwegger, T., Eljaszewicz, A., Ferstl, R., Frei, R., Garbani, M., Globinska, A., 

Hess, L., Huitema, C., Kubo, T., Komlosi, Z., Konieczna, P., Kovacs, N., 

Kucuksezer, U. C., Meyer, N., Morita, H., Olzhausen, J., O’Mahony, L., Pezer, M., 

Prati, M., Rebane, A., Rhyner, C., Rinaldi, A., Sokolowska, M., Stanic, B., Sugita, 

K., Treis, A., van de Veen, W., Wanke, K., Wawrzyniak, M., Wawrzyniak, P., 

Wirz, O. F., Zakzuk, J. S., & Akdis, C. A. (2016). Interleukins (from IL-1 to IL-

38), interferons, transforming growth factor β, and TNF-α: Receptors, functions, 

and roles in diseases. The Journal of Allergy and Clinical Immunology, 138(4), 

984–1010. https://doi.org/10.1016/j.jaci.2016.06.033 

Anderson, D. M., Maraskovsky, E., Billingsley, W. L., Dougall, W. C., Tometsko, M. E., 

Roux, E. R., Teepe, M. C., DuBose, R. F., Cosman, D., & Galibert, L. (1997). A 

homologue of the TNF receptor and its ligand enhance T-cell growth and dendritic-

cell function. Nature, 390(6656), 175–179. https://doi.org/10.1038/36593 

Anker, P., Mulcahy, H., Chen, X. Q., & Stroun, M. (1999). Detection of circulating tumour 

DNA in the blood (plasma/serum) of cancer patients. 9. Cancer Metastasis 

Reviews, 18(1), 65-73, https://doi.org/10.1023/a:1006260319913 

Anker, P., Stroun, M., & Maurice, P. A. (1975). Spontaneous release of DNA by human 

blood lymphocytes as shown in an in vitro system. Cancer Research, 35(9), 2375–

2382. 

Ashman, R. F., Goeken, J. A., Latz, E., & Lenert, P. (2011). Optimal oligonucleotide 

sequences for TLR9 inhibitory activity in human cells: Lack of correlation with 

TLR9 binding. International Immunology, 23(3), 203–214. 

https://doi.org/10.1093/intimm/dxq473 

Ashman, R. F., & Lenert, P. (2007). Structural requirements and applications of inhibitory 

oligodeoxyribonucleotides. Immunologic Research, 39(1–3), 4–14. 

https://doi.org/10.1007/s12026-007-0065-4 

Aubin, J. E. (1992). Perspectives: Osteoclast adhesion and resorption: The role of 

podosomes. Journal of Bone and Mineral Research, 7(4), 365–368. 

https://doi.org/10.1002/jbmr.5650070402 

Aubin, J. E., & Bonnelye, E. (2000). Osteoprotegerin and its ligand: A new paradigm for 

regulation of osteoclastogenesis and bone resorption. Osteoporosis International, 

11(11), 905–913. https://doi.org/10.1007/s001980070028 



67 

Behrens, T. W., & Graham, R. R. (2011). TRAPing a new gene for autoimmunity. Nature 

Genetics, 43(2), 90–91. https://doi.org/10.1038/ng0211-90 

Bortner, C. D., Oldenburg, N. B. E., & Cidlowski, J. A. (1995). The role of DNA 

fragmentation during apoptosis. Trends in Cell Biology, 5(1), 21–26. 

https://doi.org/10.1016/s0962-8924(00)88932-1 

Boskey, A. L. (2013). Bone composition: Relationship to bone fragility and 

antiosteoporotic drug effects. BoneKEy Reports, 2:447. 

https://doi.org/10.1038/bonekey.2013.181 

Boyle, W. J., Simonet, W. S., & Lacey, D. L. (2003). Osteoclast differentiation and 

activation. Nature, 423(6937), 337–342. https://doi.org/10.1038/nature01658 

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., 

Weinrauch, Y., & Zychlinsky, A. (2004). Neutrophil extracellular traps kill 

bacteria. Science, 303(5663), 1532–1535. https://doi.org/10.1126/science.1092385 

Brynychova, I., Zinkova, A., Hoffmanova, I., Korabecna, M., & Dankova, P. (2019). 

Immunoregulatory properties of cell-free DNA in plasma of celiac disease patients 

– A pilot study. Autoimmunity, 52(2), 88–94. 

https://doi.org/10.1080/08916934.2019.1608965 

Burgess, T. L., Qian, Y., Kaufman, S., Ring, B. D., Van, G., Capparelli, C., Kelley, M., 

Hsu, H., Boyle, W. J., Dunstan, C. R., Hu, S., & Lacey, D. L. (1999). The ligand 

for osteoprotegerin (OPGL) directly activates mature osteoclasts. Journal of Cell 

Biology, 145(3), 527–538. https://doi.org/10.1083/jcb.145.3.527 

Clark, S. R., Ma, A. C., Tavener, S. A., McDonald, B., Goodarzi, Z., Kelly, M. M., Patel, 

K. D., Chakrabarti, S., McAvoy, E., Sinclair, G. D., Keys, E. M., Allen-Vercoe, E., 

DeVinney, R., Doig, C. J., Green, F. H. Y., & Kubes, P. (2007). Platelet TLR4 

activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nature 

Medicine, 13(4), 463–469. https://doi.org/10.1038/nm1565 

Clarke, B. (2008). Normal bone anatomy and physiology. Clinical Journal of the American 

Society of Nephrology, 3(Supplement 3), S131–S139. 

https://doi.org/10.2215/CJN.04151206 

Datta, H. K., Ng, W. F., Walker, J. A., Tuck, S. P., & Varanasi, S. S. (2008). The cell 

biology of bone metabolism. Journal of Clinical Pathology, 61(5), 577–587. 

https://doi.org/10.1136/jcp.2007.048868 

David, J.-P., Sabapathy, K., Hoffmann, O., Idarraga, M. H., & Wagner, E. F. (2002). JNK1 

modulates osteoclastogenesis through both c-Jun phosphorylation-dependent and -

independent mechanisms. Journal of Cell Science, 115(22), 4317–4325. 

https://doi.org/10.1242/jcs.00082 

Donnelly, R. P., Sheikh, F., Dickensheets, H., Savan, R., Young, H. A., & Walter, M. R. 

(2010). Interleukin-26: An IL-10-related cytokine produced by Th17 cells. 

Cytokine & Growth Factor Reviews, 21(5), 393–401. 

https://doi.org/10.1016/j.cytogfr.2010.09.001 



68 

Elmore, S. (2007). Apoptosis: A review of programmed cell death. Toxicologic Pathology, 

35(4), 495–516. https://doi.org/10.1080/01926230701320337 

Everts, V., Delaissé, J. M., Korper, W., Jansen, D. C., Tigchelaar-Gutter, W., Saftig, P., & 

Beertsen, W. (2002). The bone lining cell: Its role in cleaning Howship’s lacunae 

and initiating bone formation. Journal of Bone and Mineral Research, 17(1), 77–

90. https://doi.org/10.1359/jbmr.2002.17.1.77 

Franzoso, G., Carlson, L., Xing, L., Poljak, L., Shores, E. W., Brown, K. D., Leonardi, A., 

Tran, T., Boyce, B. F., & Siebenlist, U. (1997). Requirement for NF-κB in 

osteoclast and B-cell development. Genes & development, 11(24), 3482–

3496. https://doi.org/10.1101/gad.11.24.3482 

Frost, H. M. (1960). In vivo osteocyte death. The Journal of Bone and Joint Surgery. 

American Volume, 42-A, 138–143. 

Fuchs, T. A., Abed, U., Goosmann, C., Hurwitz, R., Schulze, I., Wahn, V., Weinrauch, Y., 

Brinkmann, V., & Zychlinsky, A. (2007). Novel cell death program leads to 

neutrophil extracellular traps. Journal of Cell Biology, 176(2), 231–241. 

https://doi.org/10.1083/jcb.200606027 

Gallucci, S., Lolkema, M., & Matzinger, P. (1999). Natural adjuvants: Endogenous 

activators of dendritic cells. Nature Medicine, 5(11), 1249–1255. 

https://doi.org/10.1038/15200 

Giacona, M. B., Ruben G. C., Iczkowski, K. A., Roos, T. B., Porter, D. M., & Sorenson, G. 

D. (1998). Cell-free DNA in human blood plasma: Length measurements in 

patients with pancreatic cancer and healthy controls. Pancreas, 17(1), 89–97. 

https://doi.org/10.1097/00006676-199807000-00012 

Goldfarb, I. T., Adeli, S., Berk, T., & Phillippe, M. (2018). Fetal and placental DNA 

stimulation of TLR9: A mechanism possibly contributing to the pro-inflammatory 

events during parturition. Reproductive Sciences, 25(5), 788–796. 

https://doi.org/10.1177/1933719117728798 

Grigoriadis, A., Wang, Z., Cecchini, M., Hofstetter, W., Felix, R., Fleisch, H., & Wagner, 

E. (1994). c-Fos: A key regulator of osteoclast-macrophage lineage determination 

and bone remodeling. Science, 266(5184), 443–448. 

https://doi.org/10.1126/science.7939685 

Guo, L., Bertola, D. R., Takanohashi, A., Saito, A., Segawa, Y., Yokota, T., Ishibashi, S., 

Nishida, Y., Yamamoto, G. L., Franco, J. F. da S., Honjo, R. S., Kim, C. A., 

Musso, C. M., Timmons, M., Pizzino, A., Taft, R. J., Lajoie, B., Knight, M. A., 

Fischbeck, K. H., Singleton, A. B., Ferreira, C. R., Wang, Z., Yan, L., Garbern, J. 

Y., Simsek-Kiper, P. O., Ohashi, H., Robey, P. G., Boyde, A., Matsumoto, N., 

Miyake, N., Spranger, J., Schiffmann, R., Vanderver, A., Nishimura, G., Passos-

Bueno, M. R. D. S., Simons, C.https://pubmed.ncbi.nlm.nih.gov/30982609/ - 

affiliation-25, Ishikawa, K., Ikegawa, S., & Ikegawa, S. (2019). Bi-allelic CSF1R 

mutations cause skeletal dysplasia of dysosteosclerosis-pyle disease spectrum and 



69 

degenerative encephalopathy with brain malformation. The American Journal of 

Human Genetics, 104(5), 925–935. https://doi.org/10.1016/j.ajhg.2019.03.004 

Gursel, I., Gursel, M., Yamada, H., Ishii, K. J., Takeshita, F., & Klinman, D. M. (2003). 

Repetitive elements in mammalian telomeres suppress bacterial DNA-induced 

immune activation. The Journal of Immunology, 171(3), 1393–1400. 

https://doi.org/10.4049/jimmunol.171.3.1393 

Hartmann, G., & Krieg, A. M. (2000). Mechanism and function of a newly identified CpG 

DNA motif in human primary B cells. The Journal of Immunology, 164(2), 944–

953. https://doi.org/10.4049/jimmunol.164.2.944 

Hornung, V., Rothenfusser, S., Britsch, S., Krug, A., Jahrsdörfer, B., Giese, T., Endres, S., 

& Hartmann, G. (2002). Quantitative expression of toll-like receptor 1–10 mRNA 

in cellular subsets of human peripheral blood mononuclear cells and sensitivity to 

CpG oligodeoxynucleotides. The Journal of Immunology, 168(9), 4531–4537. 

https://doi.org/10.4049/jimmunol.168.9.4531 

Hsu, H., Lacey, D. L., Dunstan, C. R., Solovyev, I., Colombero, A., Timms, E., Tan, H.-L., 

Elliott, G., Kelley, M. J., Sarosi, I., Wang, L., Xia, X.-Z., Elliott, R., Chiu, L., 

Black, T., Scully, S., Capparelli, C., Morony, S., Shimamoto, G., Bass, M. B., & 

Boyle, W. J. (1999). Tumor necrosis factor receptor family member RANK 

mediates osteoclast differentiation and activation induced by osteoprotegerin 

ligand. Proceedings of the National Academy of Sciences of the United States of 

America, 96(7), 3540–3545. https://doi.org/10.1073/pnas.96.7.3540 

Jahr, S., Hentze, H., Englisch, S., Hardt, D., Fackelmayer, F. O., Hesch, R.-D., & 

Knippers, R. (2001). DNA fragments in the blood plasma of cancer patients: 

Quantitations and evidence for their origin from apoptotic and necrotic cells. 

Cancer Research, 61(4), 1659–1665. 

Kaplan, M. J., & Radic, M. (2012). Neutrophil extracellular traps: Double-edged swords of 

innate immunity. The Journal of Immunology, 189(6), 2689–2695. 

https://doi.org/10.4049/jimmunol.1201719 

Karin, M., Cao, Y., Greten, F. R., & Li, Z.-W. (2002). NF-κB in cancer: From innocent 

bystander to major culprit. Nature Reviews. Cancer, 2(4), 301–310. 

https://doi.org/10.1038/nrc780 

Kim, W. J., & Kim, S. W. (2009). Efficient siRNA delivery with non-viral polymeric 

vehicles. Pharmaceutical Research, 26(3), 657–666. 

https://doi.org/10.1007/s11095-008-9774-1 

Kini, U., & Nandeesh, B. N. (2012). Physiology of bone formation, remodeling, and 

metabolism. In I. Fogelman, G. Gnanasegaran, & H. van der Wall (Eds.), 

Radionuclide and hybrid bone imaging (pp. 29–57). Springer Berlin Heidelberg. 

https://doi.org/10.1007/978-3-642-02400-9_2 

Klemp, P., Meyers, L., & Harley, E. H. (1981). Measurement of plasma DNA by a 

physicochemical method: Relevance in SLE. Annals of the Rheumatic Diseases, 

40(6), 593–599. https://doi.org/10.1136/ard.40.6.593 



70 

Klinman, D. M., Yi, A. K., Beaucage, S. L., Conover, J., & Krieg, A. M. (1996). CpG 

motifs present in bacterial DNA rapidly induce lymphocytes to secrete interleukin 

6, interleukin 12, and interferon γ. Proceedings of the National Academy of 

Sciences of the United States of America, 93(7), 2879–2883. 

https://doi.org/10.1073/pnas.93.7.2879 

Knappe, A., Hor, S., Wittmann, S., & Fickenscher, H. (2000). Induction of a novel cellular 

homolog of interleukin-10, AK155, by transformation of T lymphocytes with 

herpesvirus saimiri. Journal of Virology, 74(8), 3881–3887. 

https://doi.org/10.1128/JVI.74.8.3881-3887.2000 

Krammer, P. H., Behrmann, I., Daniel, P., Dhein, J., & Debatin, K.-M. (1994). Regulation 

of apoptosis in the immune system. Current Opinion in Immunology, 6(2), 279–

289. https://doi.org/10.1016/0952-7915(94)90102-3 

Krieg, A. M., Yi, A.-K., Matson, S., Waldschmidt, T. J., Bishop, G. A., Teasdale, R., 

Koretzky, G. A., & Klinman, D. M. (1995). CpG motifs in bacterial DNA trigger 

direct B-cell activation. Nature, 374(6522), 546–549. 

https://doi.org/10.1038/374546a0 

Kustanovich, A., Schwartz, R., Peretz, T., & Grinshpun, A. (2019). Life and death of 

circulating cell-free DNA. Cancer Biology & Therapy, 20(8), 1057–1067. 

https://doi.org/10.1080/15384047.2019.1598759 

Lacey, D. L., Timms, E., Tan, H.-L., Kelley, M. J., Dunstan, C. R., Burgess, T., Elliott, R., 

Colombero, A., Elliott, G., Scully, S., Hsu, H., Sullivan, J., Hawkins, N., Davy, E., 

Capparelli, C., Eli, A., Qian, Y.-X., Kaufman, S., Sarosi, I., Shalhoub, V., Senaldi, 

G., Guo, J., Delaney, J., & Boyle, W. J. (1998). Osteoprotegerin ligand is a 

cytokine that regulates osteoclast differentiation and activation. Cell, 93(2), 165–

176. https://doi.org/10.1016/S0092-8674(00)81569-X 

Latz, E., Schoenemeyer, A., Visintin, A., Fitzgerald, K. A., Monks, B. G., Knetter, C. F., 

Lien, E., Nilsen, N. J., Espevik, T., & Golenbock, D. T. (2004). TLR9 signals after 

translocating from the ER to CpG DNA in the lysosome. Nature Immunology, 5(2), 

190–198. https://doi.org/10.1038/ni1028 

Leist, M., & Jäättelä, M. (2001). Four deaths and a funeral: From caspases to alternative 

mechanisms. Nature Reviews Molecular Cell Biology, 2(8), 589–598. 

https://doi.org/10.1038/35085008 

Leon, S. A., Shapiro, B., Sklaroff, D. M., & Yaros, M. J. (1977). Free DNA in the serum of 

cancer patients and the effect of therapy. Cancer Research, 37(3), 646–650. 

Lomaga, M. A., Yeh, W.-C., Sarosi, I., Duncan, G. S., Furlonger, C., Ho, A., Morony, S., 

Capparelli, C., Van, G., Kaufman, S., van der Heiden, A., Itie, A., Wakeham, A., 

Khoo, W., Sasaki, T., Cao, Z., Penninger, J. M., Paige, C. J., Lacey, D. L., Dunstan, 

C. R., Boyle, W. J., Goeddel, D. V., & Mak, T. W. (1999). TRAF6 deficiency 

results in osteopetrosis and defective interleukin-1, CD40, and LPS signaling. 

Genes & Development, 13(8), 1015–1024. https://doi.org/10.1101/gad.13.8.1015 



71 

Majno, G., & Joris, I. (1995). Apoptosis, oncosis, and necrosis: An overview of cell death. 

The American Journal of Pathology, 146(1), 3–15. 

Mandel, P., & Métais, P. (1948). Les acides nucléiques du plasma sanguin chez l’homme. 

Comptes rendus des seances de la Societe de biologie et de ses filiales, 142(3–4), 

241–243. 

Matsuo, K., Galson, D. L., Zhao, C., Peng, L., Laplace, C., Wang, K. Z. Q., Bachler, M. 

A., Amano, H., Aburatani, H., Ishikawa, H., & Wagner, E. F. (2004). Nuclear 

factor of activated T-cells (NFAT) rescues osteoclastogenesis in precursors lacking 

c-Fos. Journal of Biological Chemistry, 279(25), 26475–26480. 

https://doi.org/10.1074/jbc.M313973200 

McHugh, K. P., Hodivala-Dilke, K., Zheng, M.-H., Namba, N., Lam, J., Novack, D., Feng, 

X., Ross, F. P., Hynes, R. O., & Teitelbaum, S. L. (2000). Mice lacking β3 

integrins are osteosclerotic because of dysfunctional osteoclasts. The Journal of 

Clinical Investigation, 105(4), 433–440. https://doi.org/10.1172/JCI8905 

Meller, S., Di Domizio, J., Voo, K. S., Friedrich, H. C., Chamilos, G., Ganguly, D., 

Conrad, C., Gregorio, J., Le Roy, D., Roger, T., Ladbury, J. E., Homey, B., 

Watowich, S., Modlin, R. L., Kontoyiannis, D. P., Liu, Y.-J., Arold, S. T., & 

Gilliet, M. (2015). Th17 cells promote microbial killing and innate immune sensing 

of DNA via interleukin 26. Nature Immunology, 16(9), 970–979. 

https://doi.org/10.1038/ni.3211 

Miyamoto, T. (2001). Bifurcation of osteoclasts and dendritic cells from common 

progenitors. Blood, 98(8), 2544–2554. https://doi.org/10.1182/blood.V98.8.2544 

Nakagawa, N., Kinosaki, M., Yamaguchi, K., Shima, N., Yasuda, H., Yano, K., Morinaga, 

T., & Higashio, K. (1998). RANK is the essential signaling receptor for osteoclast 

differentiation factor in osteoclastogenesis. Biochemical and Biophysical Research 

Communications, 253(2), 395–400. https://doi.org/10.1006/bbrc.1998.9788 

Nakamura, I., Rodan, G. A., & Duong, L. T. (2003). Regulatory mechanism of osteoclast 

activation. Journal of Electron Microscopy, 52(6), 527–533. 

https://doi.org/10.1093/jmicro/52.6.527 

Nakashima, T., Hayashi, M., Fukunaga, T., Kurata, K., Oh-hora, M., Feng, J. Q., 

Bonewald, L. F., Kodama, T., Wutz, A., Wagner, E. F., Penninger, J. M., & 

Takayanagi, H. (2011). Evidence for osteocyte regulation of bone homeostasis 

through RANKL expression. Nature Medicine, 17(10), 1231–1234. 

https://doi.org/10.1038/nm.2452 

Ninomiya-Tsuji, J., Kishimoto, K., Hiyama, A., Inoue, J., Cao, Z., & Matsumoto, K. 

(1999). The kinase TAK1 can activate the NIK-IκB as well as the MAP kinase 

cascade in the IL-1 signalling pathway. Nature, 398(6724), 252–256. 

https://doi.org/10.1038/18465 

Palumbo, C. (1986). A three-dimensional ultrastructural study of osteoid-osteocytes in the 

tibia of chick embryos. Cell and Tissue Research, 246(1), 125–131. 

https://doi.org/10.1007/bf00219008 



72 

Park, J. H., Lee, N. K., & Lee, S. Y. (2017). Current understanding of RANK signaling in 

osteoclast differentiation and maturation. Molecules and Cells, 40(10), 706–713. 

https://doi.org/10.14348/MOLCELLS.2017.0225 

Partington, G. A., Fuller, K., Chambers, T. J., & Pondel, M. (2004). Mitf–PU.1 

interactions with the tartrate-resistant acid phosphatase gene promoter during 

osteoclast differentiation. Bone, 34(2), 237–245. 

https://doi.org/10.1016/j.bone.2003.11.010 

Poli, C., Augusto, J. F., Dauvé, J., Adam, C., Preisser, L., Larochette, V., Pignon, P., 

Savina, A., Blanchard, S., Subra, J. F., Chevailler, A., Procaccio, V., Croué, A., 

Créminon, C., Morel, A., Delneste, Y., Fickenscher, H., & Jeannin, P. (2017). IL-

26 confers proinflammatory properties to extracellular DNA. The Journal of 

Immunology, 198(9), 3650–3661. https://doi.org/10.4049/jimmunol.1600594 

Putney, S. D., Benkovic, S. J., & Schimmel, P. R. (1981). A DNA fragment with an α-

phosphorothioate nucleotide at one end is asymmetrically blocked from digestion 

by exonuclease III and can be replicated in vivo. Proceedings of the National 

Academy of Sciences of the United States of America, 78(12), 7350–7354. 

https://doi.org/10.1073/pnas.78.12.7350 

Record, M., Subra, C., Silvente-Poirot, S., & Poirot, M. (2011). Exosomes as intercellular 

signalosomes and pharmacological effectors. Biochemical Pharmacology, 81(10), 

1171–1182. https://doi.org/10.1016/j.bcp.2011.02.011 

Richmond, T. J., & Davey, C. A. (2003). The structure of DNA in the nucleosome core. 

Nature, 423(6936), 145–150. https://doi.org/10.1038/nature01595 

Robling, A. G., Castillo, A. B., & Turner, C. H. (2006). Biomechanical and molecular 

regulation of bone remodeling. Annual Review of Biomedical Engineering, 8(1), 

455–498. https://doi.org/10.1146/annurev.bioeng.8.061505.095721 

Roodman, G. D. (1999). Cell biology of the osteoclast. Experimental Hematology, 27(8), 

1229–1241. https://doi.org/10.1016/S0301-472X(99)00061-2 

Rumore, P. M., & Steinman, C. R. (1990). Endogenous circulating DNA in systemic lupus 

erythematosus: Occurrence as multimeric complexes bound to histone. The Journal 

of Clinical Investigation, 86(1), 69–74. https://doi.org/10.1172/JCI114716 

Rykova, E., Sizikov, A., Roggenbuck, D., Antonenko, O., Bryzgalov, L., Morozkin, E., 

Skvortsova, K., Vlassov, V., Laktionov, P., & Kozlov, V. (2017). Circulating DNA 

in rheumatoid arthritis: Pathological changes and association with clinically used 

serological markers. Arthritis Research & Therapy, 19(1), 85. 

https://doi.org/10.1186/s13075-017-1295-z 

Sackesen, C., van de Veen, W., Akdis, M., Soyer, O., Zumkehr, J., Ruckert, B., Stanic, B., 

Kalaycı, O., Alkan, S. S., Gursel, I., & Akdis, C. A. (2013). Suppression of B-cell 

activation and IgE, IgA, IgG1 and IgG4 production by mammalian telomeric 

oligonucleotides. Allergy, 68(5), 593–603. https://doi.org/10.1111/all.12133 



73 

Sampath, T. K., Maliakal, J. C., Hauschka, P. V., Jones, W. K., Sasak, H., Tucker, R. F., 

White, K., Coughlin, J. E., Tucker, M. M., Pang R. H. L, Corbett, C., Özkaynak, E., 

Oppermann, H., & Rueger, D. C. (1992). Recombinant human osteogenic protein-1 

(hOP-1) induces new bone formation in vivo with a specific activity comparable 

with natural bovine osteogenic protein and stimulates osteoblast proliferation and 

differentiation in vitro. Journal of Biological Chemistry, 267(28), 20352–20362.  

Sengupta, A., Liu, W. K., Yeung, Y. G., Yeung, D. C., Frackelton, A. R., & Stanley, E. R. 

(1988). Identification and subcellular localization of proteins that are rapidly 

phosphorylated in tyrosine in response to colony-stimulating factor 1. Proceedings 

of the National Academy of Sciences of the United States of America, 85(21), 8062–

8066. https://doi.org/10.1073/pnas.85.21.8062 

Serbina, N. V., Jia, T., Hohl, T. M., & Pamer, E. G. (2008). Monocyte-mediated defense 

against microbial pathogens. Annual Review of Immunology, 26(1), 421–452. 

https://doi.org/10.1146/annurev.immunol.26.021607.090326 

Simons, M., & Raposo, G. (2009). Exosomes – vesicular carriers for intercellular 

communication. Current Opinion in Cell Biology, 21(4), 575–581. 

https://doi.org/10.1016/j.ceb.2009.03.007 

Stanley, E. R., & Heard, P. M. (1977). Factors regulating macrophage production and 

growth: Purification and some properties of the colony stimulating factor from 

medium conditioned by mouse L cells. Journal of Biological Chemistry, 252(12), 

4305–4312.  

Steinberg, B. E., & Grinstein, S. (2007). Unconventional roles of the NADPH oxidase: 

Signaling, ion homeostasis, and cell death. Science’s STKE, 2007(379), pe11. 

https://doi.org/10.1126/stke.3792007pe11 

Stroun, M., Anker, P., Maurice, P., Lyautey, J., Lederrey, C., & Beljanski, M. (1989). 

Neoplastic characteristics of the DNA found in the plasma of cancer patients. 

Oncology, 46(5), 318–322. https://doi.org/10.1159/000226740 

Stunz, L. L., Lenert, P., Peckham, D., Yi, A.-K., Haxhinasto, S., Chang, M., Krieg, A. M., 

& Ashman, R. F. (2002). Inhibitory oligonucleotides specifically block effects of 

stimulatory CpG oligonucleotides in B cells. European Journal of Immunology, 

32(5), 1212–1222. https://doi.org/10.1002/1521-4141(200205)32:5<1212::AID-

IMMU1212>3.0.CO;2-D 

Škubica, P. (2018). Vliv vybraných zánětlivých agens na proces osteoklastogeneze 

(Diploma thesis). https://is.cuni.cz/webapps/zzp/detail/183524 

Takagi, M. (2011). Toll-like receptor – a potent driving force behind rheumatoid arthritis. 

Journal of Clinical and Experimental Hematopathology, 51(2), 77–92. 

https://doi.org/10.3960/jslrt.51.77 

Takahashi, N., Akatsu, T., Udagawa, N., Sasaki, T., Yamaguchi, A., Moseley, J. M., 

Martin, T. J., & Suda, T. (1988). Osteoblastic cells are involved in osteoclast 

formation. Endocrinology, 123(5), 2600–2602. https://doi.org/10.1210/endo-123-5-

2600 



74 

Takayanagi, H., Kim, S., Koga, T., Nishina, H., Isshiki, M., Yoshida, H., Saiura, A., Isobe, 

M., Yokochi, T., Inoue, J., Wagner, E. F., Mak, T. W., Kodama, T., & Taniguchi, 

T. (2002). Induction and activation of the transcription factor NFATc1 (NFAT2) 

integrate RANKL signaling in terminal differentiation of osteoclasts. 

Developmental Cell, 3(6), 889–901. https://doi.org/10.1016/S1534-5807(02)00369-

6 

Takeda, K., Kaisho, T., & Akira, S. (2003). Toll-like receptors. Annual Review of 

Immunology, 21(1), 335–376. https://doi.org/10.1146/annurev.immunol.21.120601. 

141126 

Tan, K. B., Harrop, J., Reddy, M., Young, P., Terrett, J., Emery, J., Moore, G., & Truneh, 

A. (1997). Characterization of a novel TNF-like ligand and recently described TNF 

ligand and TNF receptor superfamily genes and their constitutive and inducible 

expression in hematopoietic and non-hematopoietic cells. Gene, 204(1–2), 35–46. 

https://doi.org/10.1016/S0378-1119(97)00509-X 

Théry, C., Duban, L., Segura, E., Véron, P., Lantz, O., & Amigorena, S. (2002). Indirect 

activation of naïve CD4+ T cells by dendritic cell-derived exosomes. Nature 

Immunology, 3(12), 1156–1162. https://doi.org/10.1038/ni854 

Tondravi, M. M., McKercher, S. R., Anderson, K., Erdmann, J. M., Quiroz, M., Maki, R., 

& Teitelbaum, S. L. (1997). Osteopetrosis in mice lacking haematopoietic 

transcription factor PU.1. Nature, 386(6620), 81–84. 

https://doi.org/10.1038/386081a0 

Tseng, F.-J., Chia, W.-T., Shyu, J.-F., Gou, G.-H., Sytwu, H.-K., Hsia, C.-W., Tseng, M.-

J., & Pan, R.-Y. (2014). Interactomics profiling of the negative regulatory function 

of carbon monoxide on RANKL-treated RAW 264.7 cells during 

osteoclastogenesis. BMC Systems Biology, 8(1), 57. https://doi.org/10.1186/1752-

0509-8-57 

Turner, C. H. (1998). Three rules for bone adaptation to mechanical stimuli. Bone, 23(5), 

399–407. https://doi.org/10.1016/S8756-3282(98)00118-5 

Udagawa, N., Takahashi, N., Akatsu, T., Sasaki, T., Yamaguchi, A., Kodama, H., Martin, 

T. J., & Suda, T. (1989). The bone marrow-derived stromal cell lines MC3T3-

G2/PA6 and ST2 support osteoclast-like cell differentiation in cocultures with 

mouse spleen cells. Endocrinology, 125(4), 1805–1813. 

https://doi.org/10.1210/endo-125-4-1805 

Väänänen, K., Zhao, H., Mulari, M., & Halleen, J. (2000). The cell biology of osteoclast 

function. Journal of Cell Science, 113 ( Pt 3), 377–381. 

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., & Lötvall, J. O. (2007). 

Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of 

genetic exchange between cells. Nature Cell Biology, 9(6), 654–659. 

https://doi.org/10.1038/ncb1596 

Wang, L., Wang, Y., Han, Y., Henderson, S. C., Majeska, R. J., Weinbaum, S., & 

Schaffler, M. B. (2005). In situ measurement of solute transport in the bone 



75 

lacunar-canalicular system. Proceedings of the National Academy of Sciences of the 

United States of America, 102(33), 11911–11916. 

https://doi.org/10.1073/pnas.0505193102 

Wong, B. R., Josien, R., Lee, S. Y., Vologodskaia, M., Steinman, R. M., & Choi, Y. 

(1998). The TRAF family of signal transducers mediates NF-κB activation by the 

TRANCE receptor. Journal of Biological Chemistry, 273(43), 28355–28359. 

https://doi.org/10.1074/jbc.273.43.28355 

Wyllie, A. H., Kerr, J. F., & Currie, A. R. (1980). Cell death: The significance of 

apoptosis. International Review of Cytology, 68, 251–306. 

https://doi.org/10.1016/s0074-7696(08)62312-8 

Xiong, J., Onal, M., Jilka, R. L., Weinstein, R. S., Manolagas, S. C., & O’Brien, C. A. 

(2012). Matrix-embedded cells control osteoclast formation. Nature Medicine, 17 

(10), 1235–1241. https://doi.org/10.1038/nm.2448 

Yeung, Y. G., Jubinsky, P. T., Sengupta, A., Yeung, D. C., & Stanley, E. R. (1987). 

Purification of the colony-stimulating factor 1 receptor and demonstration of its 

tyrosine kinase activity. Proceedings of the National Academy of Sciences of the 

United States of America, 84(5), 1268–1271. 

https://doi.org/10.1073/pnas.84.5.1268 

Yipp, B. G., & Kubes, P. (2013). NETosis: How vital is it? Blood, 122(16), 2784–2794. 

https://doi.org/10.1182/blood-2013-04-457671 

Yoshida, H., Hayashi, S.-I., Kunisada, T., Ogawa, M., Nishikawa, S., Okamura, H., Sudo, 

T., Shultz, L. D., & Nishikawa, S.-I. (1990). The murine mutation osteopetrosis is 

in the coding region of the macrophage colony stimulating factor gene. Nature, 

345(6274), 442–444. https://doi.org/10.1038/345442a0 

Zeiss, C. J. (2003). The apoptosis-necrosis continuum: Insights from genetically altered 

mice. Veterinary Pathology, 40(5), 481–495. https://doi.org/10.1354/vp.40-5-481 

Zou, W., Schwartz, H., Endres, S., Hartmann, G., & Bar-Shavit, Z. (2002). CpG 

oligonucleotides: Novel regulators of osteoclast differentiation. The FASEB 

Journal, 16(3), 274–282. https://doi.org/10.1096/fj.01-0586com 

 

Internet sources 
 

URL1 https://www.sigmaaldrich.com/technical-

documents/articles/biology/phosphorothioates.html [cit. 2020-07-31] 



I 

Annex A: Questionnaire for healthy blood donors 

 

Dotazníkové šetření  

 

Název studie: Úloha monocytů v patogenezi autoimunitních chorob 

 

Cílová skupina: Zdraví dárci 

 

Kód (vyplní odborné pracoviště): …………………..………………... 

Rok narození: ……………………………………………..………….. 

Pohlaví: ………………………………………………………..……… 

Výška:…………………………………………………………………. 

Váha:…………………………………………………………………..  

 

Cítíte se zdráv(a)? 

ANO 

NE 

Užíváte pravidelně nějaké léky? (včetně acylpyrinu a hormonální antikoncepce) 

ANO  Jaké?...............................................................................................................  

NE 

Užil(a) jste v posledních 4 týdnech nějaké léky (pravidelně užívané léky již neuvádějte)?  

ANO  Jaké?...............................................................................................................  

NE 

Léčíte se, nebo jste sledován(a) pro nějaké onemocnění (včetně infekčního)?  

ANO  Jaké?...............................................................................................................  

NE 

Trpí někdo ve Vaší blízké rodině osteoporózou nebo jiným onemocněním kostí?  

ANO 

NE 

Prodělal(a) jste v posledních 4 týdnech nějaké onemocnění (nachlazení, průjmové 

onemocnění apod.)? 

ANO  Jaké?...............................................................................................................  

NE 

 



II 

Podstoupil(a) jste v posledních 7 dnech trhání zubů nebo malý chirurgický výkon? 

ANO  Jaký?...............................................................................................................  

NE 

Byl(a) jste v posledních 6 měsících očkován(a)? 

ANO  Proti čemu?.....................................................................................................  

NE 

Pro ženy: Byla jste v posledním roce těhotná, nebo jste těhotná? 

ANO 

NE 

Máte či měl(a) jste poruchy imunity, alergie, kožní onemocnění? 

ANO Jaké?................................................................................................................  

NE 

Máte zaměstnání nebo koníčka se zvýšenou tělesnou zátěží (např. práce ve výškách, 

horolezectví, potápění)? 

ANO Jaké/ý?.............................................................................................................  

NE 

Dodržujete nějaký speciální způsob stravování (např. vegetariánství, veganství, 

frutariánství,…)?  

ANO  Jaký a jak dlouho?..........................................................................................  

NE 

3 dny před odběrem jste kouřil(a) (cigarety, marihuanu, vodní dýmku, tabák)? 

ANO 

NE 

 

3 dny před odběrem jste měl(a) větší fyzickou zátěž? (náročnou práci, či sportovní 

vytížení) 

ANO 

NE 

3 dny před odběrem jste spal(a) 6 a více hodin každou noc? 

ANO 

NE 

 

 



III 

3 dny před odběrem jste konzumoval(a) alkohol (či jiné návykové látky)? 

ANO Jaký a kolik?....................................................................................................  

NE 

V posledních 14 dnech jste se staral(a) o nemocnou či nesamostatnou osobu (malé dítě, 

starý člověk)? 

ANO 

NE 

Den před odběrem jste jedl(a) (zaměřte se především na tučná a sladká jídla): 

Snídaně:…………………………………………………………………………….  

Oběd:……………………………………………………………………………….  

Večeře:……………………………………………………………………………..  

Svačiny:…………………………………………………………………………….  

 

Čerstvé ovoce a zeleninu: 

Nejím 

Konzumuji výjimečně 

Konzumuji sezónně (spíše v létě, při nemoci,…) 

Konzumuji minimálně 1 × měsíčně 

Konzumuji minimálně 1 × týdně 

Konzumuji minimálně 1 × denně  

Ryby: 

Nejím 

Konzumuji výjimečně 

Konzumuji minimálně 1 × měsíčně 

Konzumuji minimálně 1 × týdně 


