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„Erst wenn die Mutigen klug und die Klugen mutig geworden sind, wird das zu spüren 

sein, was irrtümlicherweise schon oft festgestellt wurde: ein Fortschritt der Menschheit.“ 

 

- Erich Kästner - 
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1. Zusammenfassung 

Rheumatoide Arthritis (RA) ist eine häufig auftretende, chronisch entzündliche 

Gelenkerkrankung, die zu Knorpel- und Knochenschäden sowie zu einer vollständigen 

Destruktion der Gelenke führen kann. Bis heute ist die komplexe Pathophysiologie der 

Krankheit nicht vollständig aufgeklärt. RA ist gekennzeichnet durch ein Anschwellen der 

Gelenke und die Infiltration einer Vielzahl von Immunzellen in die Gelenkkapseln. Die 

Entzündung wird hauptsächlich durch die Kommunikation der Zellen innerhalb der betroffenen 

Gelenke über Zytokine und andere proinflammatorische Mediatoren vermittelt. Die 

Entdeckung kleiner extrazellulärer Vesikel (sEVs) und ihrer interzellulären 

Kommunikationsfähigkeit, hat in den letzten zehn Jahren das Interesse vieler 

Forschungsgruppen geweckt. sEVs transportieren dabei ihren Inhalt von einer Absender- zu 

einer spezifischen Empfängerzelle und spielen nachweislich eine wichtige Rolle bei der 

Pathogenese verschiedener Krankheiten. Im Mittelpunkt der sEV-Forschung steht heute vor 

allem ihre Beteiligung an der Pathogenese von Entzündungskrankheiten wie RA sowie beim 

Tumorwachstum.  

Die fortschreitende Knochenzerstörung durch Osteoklasten in den von RA betroffenen 

Gelenken ist dabei möglicherweise die schwerwiegendste Veränderung, da sie irreversibel ist 

und zu einem vollständigen Funktionsverlust der Gelenke führen kann. Das Hauptziel dieser 

Doktorarbeit war es deshalb, neue Erkenntnisse über die Auswirkungen von sEV-vermittelten 

Mikro-RNAs (miRs) im Rahmen der Osteoklastendifferenzierung zu gewinnen.  MiRs sind 

kleine, nicht-kodierende RNAs, die hauptsächlich für ihre Rolle als post-transkriptionelle 

Repressoren bekannt sind. Jedoch wurden in jüngster Zeit alternative Funktionen von miRs 

nachgewiesen, die sie als Aktivatoren der Genexpression oder als Liganden für endosomale 

einzelsträngige RNA-Rezeptoren wie Toll-like receptor (TLR) 7 oder TLR8 beschreiben. TLRs 

sind Rezeptoren des angeborenen Immunsystems und erkennen üblicherweise virale 

einzelsträngige RNAs. Bei Aktivierung durch einen Liganden wird eine nachfolgende 

Signaltransduktion eingeleitet, was zur Translokation des Transkriptionsfaktors kappa-light-

chain-enhancer of activated B-cells (NF-κB) und zur erhöhten Transkription von verschiedenen 

proinflammatorischen Zielgenen führt.  

 

In dieser Arbeit wurde gezeigt, dass sEVs, die aus der Synovialflüssigkeit von RA-Patienten 

isoliert wurden, fähig sind, in vitro die Osteoklastendifferenzierung in zeit- und 

konzentrationsabhängiger Weise zu induzieren. Die Analyse der Zusammensetzung dieser 

sEVs ergab einen hohen Anteil an miR-574-5p im Vergleich zu anderen miRs, wie 

beispielsweise miR-146a-5p oder miR-155-5p. Synoviale Fibroblasten (SFs), die eine wichtige 
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Rolle bei der Progression der Erkrankung spielen, wurden dabei als eine der Hauptquellen 

dieser extrazellulären miR 574-5p in der Synovialflüssigkeit identifiziert.  

Um die Rolle von sEV-vermitteltem Transport von miR-574 5p bei der Osteoklastogenese zu  

untersuchen, wurde ein System zur Überexpression (oe) geschaffen, welches eine 

Anreicherung von miR-574-5p in sEVs ermöglicht. Die Stimulation monozytärer 

Osteoklastenvorläuferzellen zeigte, dass miR-574-5p oe sEVs die Differenzierung der 

Osteoklasten zeitabhängig induzierte. Dieser Effekt konnte auf eine Aktivierung von TLR7 und 

TLR8 zurückgeführt werden. Zum Nachweis der Bindung von miR-574-5p an TLR8 wurde ein 

microscale thermophoresis assay (MST) durchgeführt, der eine starke Bindung mit einem KD 

von 30,8 ± 5,2 nM ergab. Darüber hinaus konnte mit der Inhibierung von TLR7 und TLR8 der 

Einfluss von miR 574 5p auf die Osteoklastenbildung aufgehoben werden. Dies deutet darauf 

hin, dass dieser Effekt durch die Aktivierung von TLR7/8 vermittelt wird. Vergleichbare 

Ergebnisse wurden mit dem synthetischen TLR7/8-Liganden Resiqiumod (R848) erzielt. Auch 

hier wurde ein konzentrations- und zeitabhängiger Effekt auf die Osteoklastogenese 

beobachtet, was die allgemeine Hypothese unterstützt, dass die TLR7/8-Aktivierung dies 

vermittelt. Darüber hinaus konnte gezeigt werden, dass die mRNA-Level mehrerer TLR7/8-

Zielgene, wie Interleukin 23 (IL-23), Interferon alpha (IFNα) und microsomal prostaglandin E 

synthase-1 (mPGES-1), als Reaktion auf die Stimulierung mit miR-574-5p oe sEVs 

hochreguliert wurden. Diese Effekte konnten auch durch die Inhibierung von TLR7 und TLR8 

verhindert werden.   

      

Zusammenfassend wurde in dieser Arbeit gezeigt, dass durch eine Aktivierung von TLR7/8 

ein sEV-vermittelter Transport der miR-574-5p zu einer Erhöhung der Osteoklastogenese 

führt. Diese neuen Erkenntnisse bieten die Möglichkeit, in Zukunft neue Behandlungsansätze 

für RA bei Patienten zu entwickeln, die auf diesen Mechanismus abzielen.  
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Summary 

Rheumatoid arthritis (RA) is a common chronic inflammatory joint disease, which leads to 

cartilage and bone damage as well as disability. To date, the complex aetiology of the disease 

is not completely understood. RA is characterized by swelling of the joints and infiltration of a 

variety of immune cells. The inflammation is mainly mediated by the communication of the cells 

within the affected joints via cytokines and other proinflammatory mediators. The discovery of 

small extracellular vesicles (sEVs) and their ability to mediate cell-to-cell communication has 

gained the interest of many research groups in the last decade. sEVs transport their cargo 

from delivering to recipient cells which has been demonstrated to play major roles in the 

pathogenesis of several diseases. The focus of sEV research was thereby mainly their 

involvement in cancer progression and the pathogenesis of inflammatory diseases such as 

RA.  

Progressive bone destruction by osteoclasts in the joints affected by RA may be the most 

severe alteration, as it is irreversible and can lead to complete loss of joint function. Therefore, 

the main objective of this study was to reveal new insights on the impact of sEV-delivered 

micro RNAs (miRs) in the context of osteoclast differentiation. MiRs are small non-coding 

RNAs which are one of the most important post-transcriptional repressors. However, 

alternative functions of miRs as post-transcriptional activators of gene expression and as 

ligands for endosomal ssRNA receptors like Toll-like receptor (TLR) 7 or TLR8 have been 

demonstrated recently. TLRs are receptors of the innate immune system. Their signalling leads 

to the translocation of the transcription factor kappa-light-chain-enhancer of activated B-cells 

(NF-κB) and increased transcription of target genes. 

 

In this thesis it was revealed that sEVs isolated from the synovial fluid of RA patients induce 

osteoclast differentiation in vitro in a time- and concentration dependent manner. Analysis of 

miR content revealed a high abundance of miR-574-5p in these sEVs in comparison to other 

miRs, such as miR-146a-5p or miR-155-5p. Synovial fibroblasts (SFs), which represent cells 

in synovial joints that play a major role in the progression of the disease, were identified as 

one of the sources of extracellular miR-574-5p present in the synovial fluid.  

In order to study the role of sEV-delivered miR-574-5p on osteoclastogenesis an 

overexpression (oe) tool was created, which provides an enrichment of miR-574-5p in sEVs. 

Stimulation of monocytic osteoclast precursor cells revealed that miR-574-5p oe sEVs induced 

osteoclast differentiation in a time dependent manner. This effect could be addressed to an 

activation of TLR7 and TLR8. To proof the binding of miR-574-5p to TLR8 a microscale 

thermophoresis assay (MST) was performed, which revealed a strong binding with a KD of 
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30.8 ± 5.2 nM. Furthermore, the inhibition of TLR7 and TLR8 abrogated the impact of 

miR-574-5p on osteoclast formation, indicating that this effect is mediated by TLR7/8 

activation. Comparable results to those of the miR-574-5p oe sEVs were obtained with the 

synthetic TLR7/8 ligand Resiqiumod (R848). Here also a concentration- and time dependent 

effect on osteoclastogenesis was observed, supporting the general hypothesis that TLR7/8 

activation can lead to an enhanced osteoclastogenesis. In addition, it was shown that the 

mRNA levels of several TLR7/8 target genes, such as interleukin 23 (IL-23), interferon alpha 

(IFNα) and microsomal prostaglandin E synthase-1 (mPGES-1) were upregulated in response 

to miR-574-5p oe sEVs. These effects could also be prevented by the inhibition of TLR7 and 

TLR8.      

   

Overall, it was demonstrated in this thesis that sEV-delivered miR-574-5p enhances 

osteoclastogenesis by activating TLR7 and TLR8 in the context of RA. These findings provide 

the opportunity for novel treatment approaches for RA in patients in the future by targeting this 

mechanism.  
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2. Introduction 

2.1 Rheumatoid arthritis 

 

Rheumatoid arthritis (RA) is a severe chronic inflammatory autoimmune disorder of unknown 

aetiology that primarily affects the joints. It is characterized by swelling of the joints, joint 

tenderness and destruction of the underlying cartilage and bone, leading to severe pain and 

disability as well as premature mortality [1]. The inflamed joints are infiltrated by a variety of 

activated immune cells, such as B-cells, T-cells and monocytes [2] (Figure 1). Most affected 

joints are those of hands, wrists, feet, knees and hips [3]. Apart from the typical symptoms of 

RA, it also includes extra-articular manifestations like cardiovascular diseases, lung diseases 

or malignancies, leading to higher morbidity rates [4,5]. The prevalence is about 0.5 - 1% of 

adults in developed countries who are affected by the disease [6]. Women are three times 

more likely to develop RA than men [7].  

 

 

Figure 1: Schematic picture of a normal joint and its changes in rheumatoid arthritis. Healthy synovial joints 
(left side of the picture) are composed of two adjacent bone ends each enclosed by a layer of cartilage, parted by 
joint space and surrounded by the synovial membrane and joint capsule. The synovial membrane is < 100 µm thick 
and the synovial lining comprises of a thin layer of synoviocytes (1-3 cells). The RA joint (right side of the picture) 
is characterized by an inflammatory response of the synovial membrane, called synovitis, which involves an 
infiltration and activation of mononucleated cells and new blood vessel formation. The lining layer converts 
hyperplastic (thickness of > 20 cells) and the synovial membrane expands.  However, the hallmark of RA is bone 
destruction. The destructive part of the synovial membrane is termed ‘pannus’ and bone destruction is mediated by 
osteoclasts. Cartilage is degraded mostly by enzymes secreted from neutrophils, synoviocytes and 
chondrocytes [8]. 
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In 2010 new classification criteria for RA were established by the American Rheumatism 

Association (ACR) and the European League Against Rheumatism (EULAR). The new 

classification focuses on early features of RA including swelling of minimum two joints for more 

than 6 weeks, testing for autoimmune antibodies like rheuma factor (RF) and anti-citrullinated 

peptide antibodies (ACPAs) and it refocuses the attention to the urgent need for early 

diagnosis [1]. This is of high relevance, to install suppressing therapies in order to minimize 

the effects of the destructive disease that is RA.  

 

2.1.1 Pathogenesis of RA 

 

The pathogenesis of RA is a consequence of a complex interplay between genetic and 

environmental risk factors, causing an activation of the innate and adaptive immune response 

and a breakdown of immune tolerance [9]. A twin study from 2000 revealed, that risk factors 

for RA are ~60% genetic and ~ 40% environmental and chance [10]. Among others, two major 

genetic risk factors have been reported. In that context, mutations in the Human Leukocyte 

Antigen (HLA)/DRB1-alleles are one of the key genetic risk factor for patients positive for 

ACPAs (ACPA+) [11]. HLA/DRB1-alleles are encoding for an amino acid sequence, the so-

called shared epitope (SE). The immune response to citrullinated antigens may occur in the 

context of the SE, as the conversion of arginine to citrulline allows interaction with the SE,  

leading to the formation of antibodies against citrullinated peptides [12]. An additional genetic 

risk factor is a polymorphism in the protein tyrosine phosphatase non-receptor type 22 

(PTPN22) gene, which leads most likely to an enhanced B- and T-cell activation [11,13]. An 

additional mechanism was proposed suggesting changed interactions between PTPN22 with 

the enzyme peptidyl arginine deiminase (PAD), leading to increased citrullination of 

peptides [14–16].   

A major clue to mechanisms involved in breaking immune tolerance in RA and triggering anti-

citrulline immunity was given by several epidemiologic studies assessing environmental 

exposures associated with enhanced risks for RA [17–20]. In those, a series of noxious agents 

that are affecting the lung, like silica dust but most importantly smoking, were considered [21]. 

These studies revealed major connections between the exposure to environmental risk factors 

and the presence of HLA variants predisposing to RA. In this regard it has been shown that for 

example smoking can initiate post-translational modifications of antigens by activating 

PADs [22–24] or leads to the formation of lymphoid structures that enhance antigen 

presentation and B- and T-cell activation [25]. These events at mucosal sites in accordance 

with the fact that RA-associated antibodies can be detected in the blood long before joint 
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inflammation [26–28], indicates that RA-specific immune reactions most likely originate at 

extra-articular locations, in particular at mucosal sites, rather than at the affected joints 

themselves.  

Furthermore, the involvement of specific microbial infections contributing to the aetiology of 

RA has gained more interest in recent years. Clinical and animal model studies have 

suggested that infections by several microorganisms, such as Porphyromonas gingivalis [29], 

Proteus mirabilis [30,31], Epstein–Barr virus (EBV) [32,33] and mycoplasma [34] contribute to 

the pathogenesis of RA. Notably, P. gingivalis inherits a PAD enzyme, that is able to citrullinate 

human proteins, which might be an additional driving force in ACPA+ RA [35]. However, it 

remains unclear how a systemic inflammatory disease, which presumably originates at 

mucosal sites, manifests almost solely in distinct joints. Several theories have been developed 

to explain this phenomenon (Figure 2). One theory describes the existence of a yet unidentified 

“second hit”, like a minor trauma to the joints, which leads to an increased expression of 

citrullinated proteins [36]. A second explanation describes a change in PAD expression during 

osteoclast differentiation, allowing ACPA binding. This theory is supported by a recent finding, 

that osteoclast activity is altered in ACPA+ individuals not yet having arthritis [37].      

 

 

Figure 2: Theories how systemic inflammation, starting at mucosal sites, manifests in joint destruction in 
RA. The autoantibodies produced at mucosal sites of lungs, gum or gut are transferred via the bloodstream to the 
joints where they interact with their antigens, leading to inflammation in the joint. Thereby, different cell types, such 
as fibroblasts, macrophages, neutrophils, and osteoclasts (monocyte-derived), are activated and produce 
proinflammatory cytokines subsequently leading to bone destruction, chronic inflammation, and synovitis. 
Modified [9].    
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2.1.2 The role of autoimmune antibodies in RA 

 

One of the most striking challenges in the diagnosis and treatment of RA to date is the 

heterogeneity among the patients [38–40]. The biggest difference probably lies within the 

presence or absence of autoimmune antibodies [2,26]. In that regard, RA patients are 

categorized as seronegative or seropositive, depending on the diagnosis of RA specific 

autoimmune antibodies, such as RF [41], ACPA [42,43] as well as the more recently 

discovered anti-carbamylated protein antibodies [44] and anti-acetylated protein 

antibodies [45]. It is estimated that about 50 - 80% of RA patients harbour autoimmune 

antibodies [46]. In general, seropositive RA is associated with a more severe progression of 

the disease, manifesting in increased radiographic progression and joint damage [47]. The 

best described difference is between ACPA negative (ACPA-) and ACPA+ RA patients, which 

differ both in risk factors as well as in clinical outcome [46].  

 

 

Figure 3: Activation of the immune response by ACPAs. (A) Citrullination of Arginine residues by PAD enzymes. 
Peptidylcitrulline is produced by the deimination of peptidylarginine, which is catalysed by PADs. (B) Activation of 
the immune reaction mediated by ACPAs in synovial joints. The exposure to certain environmental factors leads to 
protein modifications, namely citrullination and/or carbamylation. A secondary event associated with inflammation 
in synovial joints results also in citrullination and/or carbamylation, followed by activation of the immune response 
and spreading of the autoantibody response to multiple modified epitopes. Certain immune complexes will boost 
the inflammation, which ultimately will result in arthritis [21]. 

 

ACPAs are directed against citrullinated proteins. Citrullination is a post-translational 

modification mediated by PAD enzymes, which convert the amino acid arginine into 

citrulline [48] (Figure 3A). A variety of antibody isotypes including IgG, IgA and IgM directed 

against citrullinated peptides can be detected in RA [49]. The presence of ACPA IgA for 
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example supports the hypothesis, that ACPA+ RA is connected to environmental risk factors, 

like smoking, as IgA is related to mucosal origin of immune response [50]. Moreover, 

citrullinated proteins, like citrullinated vimentin, can be detected in the synovial fluid of RA 

patients, indicating that ACPAs can bind to these antigens in the joint which leads to an 

increased local inflammation [51] (Figure 3B). Interestingly, autoantibodies in RA can be 

detected years before the actual onset of the disease [26,27,44]. About 50% of all RA patients 

are ACPA+ and of those, 50% have detectable levels of ACPAs about 4 years before the first 

diagnosis for RA. In accordance with ACPAs, the levels of citrullinated antigens as well as 

inflammatory cytokines expand extensively within these 4 years [52–54]. ACPA levels then 

remain stable over time during the disease. These findings give rise to the question, if RA can 

be predicted and prevented amongst those inheriting genetic predispositions and that are 

diagnosed with autoimmune antibodies. 

 

2.1.3 Synovial Fibroblasts in the development of RA  

 

Over the last decade it has become clear that not only immune cells play a pivotal role in the 

aetiology of RA but also stromal cells, in particular synovial fibroblasts (SFs) [55]. The 

rheumatoid synovium harbours a special cell type, unique for the disease, called activated 

rheumatoid arthritis synovial fibroblasts (RASFs, or short SFs) [56]. RASFs are the main 

stromal cells of the joint synovium [56]. They are located in the synovial sublining and lining 

layer, which is only one to two cell layers thick in a healthy joint  [57], whereas in arthritic joints 

they massively expand [58]. They are characterized by their ability to produce and secrete a 

variety of proinflammatory cytokines, chemokines and matrix degrading enzymes and thus 

contribute to local inflammation and progressive destruction of articular cartilage and 

bone [59–62]. In addition, they can recognize pathogens, as they have been shown to express 

immune receptors like toll-like receptors (TLRs) [63] and they are able to process and present 

antigens via major histocompatibility complex (MHC) II receptors [64,65]. RASFs can 

contribute indirectly to cartilage and bone destruction, through increased differentiation of 

macrophages into osteoclasts by enhanced release of receptor activator of nuclear factor 

kappa B ligand (RANKL) [66–68]. Direct mechanisms include for example the attachment of 

RASFs to the underlying cartilage by upregulation of cellular adhesion molecules (CAMs) and 

the destruction of articular cartilage by producing matrix-degrading enzymes [69].   
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2.1.4 The role of osteoclasts in bone loss in RA 

 

RA is characterized by persistent inflammation and progressive cartilage and bone 

destruction [70]. Under physiological conditions there is a homeostasis of constant bone 

remodelling resulting in a balance of formation and degradation of bone [71]. Thereby, 

formation of bone is mediated by osteoblasts [72] and bone resorption is regulated by 

osteoclasts [73]. An uncoordinated increase in osteoclast formation and activation leads to an 

imbalance in bone homeostasis in pathophysiological conditions such as RA or 

osteoporosis [74]. Strikingly, bone degradation emerges fast in RA and affects patients with 

early RA even after a few months of the disease. If not treated early, this will lead to the 

destruction of entire joints [75]. Inflammation seems to be a key risk factor for bone loss in RA. 

Markers for high inflammatory disease activity like C-reactive protein levels are in that regard 

predictive for local and systemic bone loss [76]. This link between enhanced inflammation and 

bone resorption indicates a strong interaction between the immune system and the 

skeleton [77].  

 

In general, osteoclasts are generated from precursor cells usually of the monocyte-

macrophage lineage. Thereby, osteoclastogenesis is mediated by the interaction between 

receptor activator of the nuclear factor kappa B (RANK) and its ligand RANKL [78,79]. RANKL 

is mainly produced by osteoblasts under physiological conditions, whereas in RA RASFs are 

the main source of RANKL [68]. Proinflammatory cytokines like interleukin (IL)-1, IL-6, IL-8, 

IL-11, IL-17 and tumour necrosis factor (TNF)-α have been reported to support 

osteoclastogenesis by promoting RANKL expression [2]. Other cytokines like IL-4, IL-10, IL-14 

and interferons (IFNs) have been reported to be anti-osteoclastogenic [80]. However, no 

general conclusions can be drawn from the current literature as some proinflammatory 

cytokines, like IL-7, IL-12 and IL-23, possess both osteoclastogenic and anti-osteoclastogenic 

properties. Their effects strongly depend on the pathophysiological environment in vivo as well 

as on the differentiation status during osteoclastogenesis [81–86].  

Furthermore, it has been shown that bone resorption may occur in RA despite the disease 

being active [87] and even in the absence of detectable inflammation in the joints of ACPA+ 

individuals at risk of developing RA [37]. A potential hypothesis explaining this observation has 

been provided by recent findings, that ACPAs directed against citrullinated vimentin can induce 

osteoclast differentiation in vitro and bone resorption in vivo [88,89].  

 

 



 
Introduction                                   
 

25 
 

The bone matrix consists of both inorganic and organic components [90]. The main inorganic 

component is crystalline hydroxyapatite-[Ca3(PO4)2]3Ca(OH)2, whereas the organic part 

contains roughly 20 proteins with type I collagen being the most abundant [91]. Bone resorption  

in general involves dissolution of crystalline hydroxyapatite followed by proteolytic cleavage of 

organic structures [92]. The osteoclast resorption machinery comprises of two major structural 

and functional features, namely, the bone-apposed ruffled border and an isolated resorption 

compartment [93] (Figure 4).  

 

 

 

Figure 4: Mechanism of bone resorption by osteoclasts. Osteoclast attach to the bone at sealing zones via 
integrin αvβ3, initiating signals that lead to insertion into the plasma membrane of lysosomal vesicles that contain 
cathepsin K. Subsequently, the osteoclasts form a ruffled border above the resorption pit, into which they secrete 
hydrochloric acid and acidic proteases such as cathepsin K. The acid is generated by the combined actions of a H+ 
ATPase, which is coupled to chloride channels, and a basolateral chloride-bicarbonate exchanger. Organic 
degradation products are transcytosed to the basolateral surface and released. 

 

The resorption compartment is shaped by the attachment of osteoclasts to bone matrix through 

a structure called sealing zone [93]. The ruffled border transports protons and proteolytic 

enzymes into the resorption compartment to dissolve minerals and degrade bone matrix 

proteins [94]. The actual bone resorption involves the dissolution of crystalline calcium 

phosphate or hydroxyapatite and degradation of fibrillar collagen [94]. These processes 

demand secretion of huge amounts of acid and proteolytic enzymes and endocytosis of 

degradation products [95]. This includes a large number of acidic vesicles, which are fused 

with the bone facing plasma membrane [96] and leads to the release of acids into the 

resorption space and the start of the dissolution of apatite crystals [97].  
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At the same time proton pumps of late endosomal compartments are inserted to the ruffled 

border in order to pump protons directly from the cytoplasm to the extracellular resorption 

area [97–99]. The secretion of protons is accompanied by movement of chloride anions via 

specific chloride channels [100]. The degradation of organic compounds of the bone matrix is 

mainly accomplished by the lysosomal proteolytic enzyme cathepsin K [101] and involves the 

removal of degraded products by transcytosis [102,103]. This includes endocytosis and the 

transport along transcytosic vesicular pathways towards the anti-resorptive site of the 

osteoclasts and the subsequent release in the extracellular space [102,103].  

 

2.1.5 Current treatment approaches of RA  

 

To date, the complexity in the pathogenesis of RA, including genetic predispositions and 

environmental risk factors, in accordance with the heterogeneity of RA patients, are the major 

pitfalls of an adequate treatment of RA [38–40]. The major aims of treatments today are 

achieving remission, low disease activity, circumvention of joint damage, disability and 

comorbidities. These aims are accomplished by the so-called treat-to-target approach, wherein 

the treatment depends on the goals of the patient and physician [104]. These outcome targets 

can vary in i.e. remission, low disease activity or joint damage [104].  

Currently, the treatment relies on non-steroidal anti-inflammatory drugs (NSAIDs), 

glucocorticoids and disease-modifying antirheumatic drugs (DMARDs) [105]. NSAIDs address 

pain and stiffness, to improve the physiological functions, however they do not inhibit further 

joint damage and are therefore classified as not disease-modifying. In contrast, DMARDs by 

definition must reduce structural damage progression [106]. There are two major classes of 

DMARDs defined by their origin as synthetical or biological. Synthetical DMARDs include 

methotrexate or janus kinase (JAK) – inhibitors, while TNF-inhibitors, IL-6 inhibitors as well as 

B-cell depleting drugs are examples for biological DMARDs. The mechanisms underlying the 

effects of conventional synthetic DMARDs remain still largely unknown and have evolved 

rather empirically [106]. Biological DMARDs in contrast were developed to target particular 

pathways involved in the generation of inflammation, like JAK inhibitors (i.e. tofacitinib or 

barticitinib). 

In order to establish treatment algorithms, the ACR and EULAR have set guidelines and 

recommendations [107,108]. According to these, initial therapy should start with synthetic 

DMARDs, usually methotrexate. If the patient does not respond to methotrexate within 3 – 6 

months, other biological DMARDs, such as TNF inhibitors in combination with methotrexate 

are recommended [108]. Overall, the goal of any treatment is to achieve disease remission. If 
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this is accomplished medication doses should be lowered, in order to reduce side-affects i.e. 

cytopenia, transaminase elevation, fatigue, and side effects to the central nervous 

system [109–111], with the burden to sustain remission. However, in general medication-free 

remission is not maintained. One study showed that two out of three patients who stopped all 

treatments, experienced a relapse within a year [112]. The number of available treatments has 

tremendously increased over the past 30 years, improving the prognosis for patients, however 

to date, there is no curative treatment for RA [113]. 

 

2.2 MicroRNAs 

 

MicroRNAs (miRs) represent a class of short single stranded non-coding RNAs with a length 

of 18-22 nucleotides (nt). They play an important regulatory role in gene expression mainly on 

post-transcriptional level [114]. Since their first discovery in 1993 in Caenorhabditis 

elegans [115,116], the role of miRs as regulators of various biological processes has been 

reported. This includes stem cell differentiation, cell cycle control, apoptosis as well as cardiac 

and skeletal muscle development [117–120]. The reference repository miRbase currently lists 

1917 precursor miRs (pre-miRs) and 2656 mature miRs for the human genome [121]. It is 

estimated that about 60% of human protein-coding genes harbour predicted miR target sites 

[122], which highlights the importance of miRs. Apart from their functions in healthy individuals, 

dysregulation in miRs is associated with various pathophysiological conditions including 

cancer [123,124] and chronic inflammatory diseases [125,126]. Additionally, miRs can be 

secreted into all kind of biofluids and therefore have been reported as signalling molecules to 

mediate cell-to-cell communication and as potential biomarkers for various diseases [127,128].   

 

2.2.1 Biogenesis of miRs 

 

About 50% of the currently identified miRs are intragenic and mainly processed from introns 

and just a few from exons of protein coding genes [129]. The remaining miRs are located 

intergenic and are transcribed independently of a host gene [129,130]. MiRs can be transcribed 

as long transcripts, so called clusters, which may even have similar seed regions and are 

considered as a family [131].  

The processing of miRs can occur via several pathways, whereas the dominant canonical 

pathway starts with transcription of miR genes into long primary transcripts (pri-miR) by RNA 

polymerase II/III [132,133]. Pri-miRs are then cleaved into premature miRs (pre-miRs) by the 

microprocessor complex, comprising of the RNA binding protein DiGeorge Syndrome Critical 
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Region 8 (DGCR8) and the ribonuclease III enzyme called Drosha [134]. Pre-miRs are 

recognized by DGCR8 at N6-methyladenylated GGAC motifs within the pri-miR [135]. The 

cleavage by Drosha results in the characteristic hairpin structure of pri-miRs, which also leads 

to the formation of a 2 nt long 3’-overhang on the pre-miR [136]. The pre-miR is then transferred 

into the cytoplasm by an exportin 5 (XPO5)/RanGTP complex and further processed by the 

RNase III endonuclease Dicer [134,137]. Dicer removes the terminal loop of the pre-miR, 

resulting in a miR duplex, which is usually 18-22 nt long [138]. The name of the mature miR is 

determined by the directionality of the pri-miR strand, whereas the 5p-strand originates from 

the 5’-end of the pre-miR hairpin and the 3p-strand from the 3’-end. The functional selection 

between the 5p or 3p strand is based either on the thermodynamic stability at the 5’-ends of 

the miR duplex or a 5’-U at nucleotide position 1 [139]. Usually the strand with lower 5’ stability 

is loaded into the RNA-induced silencing complex (RISC) and is called guide strand [140,141]. 

The RISC complex contains members of the Argonaute (AGO) protein family. The unloaded 

strand is termed passenger strand and subsequently cleaved by AGO2 and degraded by 

cellular mechanisms [132].  

 

In addition to the canonical miR biogenesis pathway, several non-canonical pathways have 

been reported. They can be divided in Drosha/DGCR8-independent and Dicer-independent 

pathways. An example for pre-miRs processed in the Drosha/DGCR8 independent pathway 

are the so called mirtrons, which originate from introns of mRNAs during splicing [142,143]. 

The refolded stem-loop pre-miR then can be further processed by Dicer into mature miRs. 

Another example is the 7-methylguanosine (m7G)-capped pre-miR. These are directly 

exported by exportin 1 into the cytoplasm without the initial cleavage by Drosha [144]. In 

contrast, Dicer-independent biogenesis involves processing of miRs by Drosha from 

endogenous short hairpin RNA (shRNA) transcripts. These pre-miRs require AGO2 for 

maturation because they are of insufficient length for Dicer [145]. MiR biogenesis pathways 

are depicted in Figure 5.      
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Figure 5: Biogenesis of miRs. MiRNAs are transcribed as pri-miRNAs by RNA-polymerase II. The primary 
transcript is then processed by Drosha and DGCR8 into the pre-miR. The pre-miR structure is recognized by 
Exportin 5 and transferred from the nucleus into the cytoplasm. There the pre-miR is further processed by Dicer 
into an imperfect double strand. The mature miR is incorporated into the RISC complex which is formed by AGO 
proteins. In non-canonical pathways, small hairpin RNA (shRNA) are cleaved by the microprocessor complex and 
exported to the cytoplasm via Exportin5/RanGTP and are there further processed via AGO2-dependent, but Dicer-
independent, cleavage. Mirtrons and 7-methylguanine capped (m7G)-pre-miRNA are dependent on Dicer in their 
biogenesis but they differ in their shuttling to the cytoplasm. Mirtrons are exported via Exportin5/RanGTP while 
m7G-pre-miRNA are exported via Exportin1. All pathways finally lead to a functional miRISC complex. 
Modified [119].  

 

2.2.2 Canonical miR functions as post-transcriptional repressors 

The best described canonical miR function is the role as post-transcriptional regulator of gene 

expression, mainly leading to translational repression. In general, miR target sites are within 

the 3’ untranslated region (UTR) of mRNAs which inherit a strong sequence complementarity 

to the seed region of the miR [146]. However, they can also occur within the 5’ UTR or the 
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coding sequence [146–149]. The strongest canonical target sites are those complementary to 

nucleotides 2 – 8 within the miR sequence (seed region) [150]. The degree of complementary  

either leads to mRNA degradation by AGO2 (complementary binding of the miR) or 

translational inhibition [151] (Figure 6). MiRs mediate mRNA repression by recruiting the 

miR-induced silencing complex (miRISC) to the target mRNA. The miRISC complex contains 

a miR-loaded AGO protein as well as a member of the glycine- tryptophan protein of 182 kDa 

(GW182) protein family [152–155]. GW182 interacts with the polyadenylate binding protein 

(PABPC), thus facilitating mRNA deadenylation by recruiting the poly(a)-nuclease 

deadenylation complex subunit 2 (PAN2), PAN3 and the carbon catabolite repressor protein 4 

(CCR4)-NOT complexes [156–160]. The deadenylation leads to decapping by mRNA-

decapping enzyme subunit (DCP1) and DCP2 complex [157] which makes the target mRNA 

susceptible to rapid degradation by the 5’ – 3’ exoribonuclease 1 (XRN1) [161]. Other potential 

silencing mechanisms, acting independent from GW182, are still controversially 

discussed [162–164].  

 

 

Figure 6: Canonical miR functions. MiRs can function either as translational repressors, by binding not-fully 

complementary to 3’UTRs of target mRNAs or lead to mRNA degradation, when they bind fully complementary. 

 

2.2.3 Non-canonical miR-functions  

 

Besides their well characterized functions as post-transcriptional repressors, it has also been 

reported that miRs can enhance protein translation by acting as a decoy to RNA binding 

proteins (Figure 7, left side). It was demonstrated that miR-328 inhibits the silencing functions 

of heterogeneous ribonuclear protein E2 (hnRNP E2) during myeloid cell differentiation [165]. 

miR-328, which is upregulated during monocyte differentiation, binds in a sequence specific 
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manner to hnRNP E2 and antagonizes its functions [166]. This leads to increased production 

of reactive oxygen species (ROS) and enhanced cell migration and adhesion [166]. In addition, 

it was recently shown that miR-574-5p acts as a decoy to CUG-RNA binding protein 1 

(CUGBP1), by inhibiting its silencing functions on the microsomal prostaglandin E synthase 1 

(mPGES-1) and thereby increasing prostaglandin E2 (PGE2) levels in human A549 lung cancer 

cells and a xenograft mouse model [167]. 

 

Furthermore, the traditional understanding of miR functions has been recently challenged by 

new discoveries, describing miRs as hormone-like, as they can be secreted by cells in 

extracellular fluids and taken up by other cells, where they can bind and activate protein 

receptors like TLRs [168] (Figure 7, right side). This will be further explained in chapter 2.4.2.   

 

 

Figure 7: Non-canonical miR functions. miRs can enhance translation by inhibiting RNA binding proteins (RBP) 
as decoys or activate transcription factors by acting as ligands to miRceptors like Toll-like receptors (TLRs). 

 

2.2.4 Role of miRs in the pathogenesis of RA 

 

MiRs repeatedly have been shown to play major roles in the regulation of both the innate and 

adaptive immune response [169]. Hence, it is no surprise that plenty studies demonstrate the 

dysregulation of different miRs, which contribute to the pathogenesis of the inflammatory 

disease RA [170–174]. Stanczyk et al. reported for the first time a deregulation in several miR 

expression profiles in RA in 2008.  They observed an increased expression of miR-155 and 

miR-146a in SFs from RA patients compared to those of osteoarthritis (OA) patients [172]. 

Since then, several miRs in various cell types within the arthritic joint and in the blood of RA 

patients have been reported as up- or downregulated [173]. For example, miR-146a, miR-155 
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and miR-203 have been shown to be upregulated in synovial tissue in RA. MiR-155 can be 

induced by TNFα in SF cells [175], emphasizing the response in miR-155 expression under 

inflammatory conditions. Furthermore, miR-155 induces proinflammatory cytokines and 

elevates the antibody production in B-cells of ACPA+ RA patients [176].  

MiR-146a has also been shown to be increased in synovial fluid, synovial tissue and cells like 

SFs, B-cells and monocytes [174,177,178]. Known targets for miR-146a amongst others are 

TNF receptor-associated factor 6 (TRAF6) and IL-1 receptor-associated kinase 1 (IRAK1). 

Thus, miR-146a has been proposed to contribute in a negative feedback loop in the regulation 

of TLR and cytokine signalling [179,180]. Thereby, miR-146a acts as an adapter molecule by 

suppressing NF-κB activity [180] and lipopolysaccharide (LPS)-induced inflammatory 

response [181,182]. However, the upregulation of miR-146a is not specific for RA as it has 

been shown to be elevated in other inflammatory diseases such as systemic lupus 

erythematosus (SLE) [183,184] or Sjörgens´s syndrome [185].  

Another miR that has been studied is miR-34a, which was analysed, concerning its connection 

to apoptosis in SF cells [186]. It was shown that the X-linked inhibitor of apoptosis protein 

(XIAP) is a direct target of miR-34a. Due to low levels of miR-34a a decreased apoptosis in 

SFs cells occurs as a result of high levels of XIAP [186]. This is in line with another study, 

which reported reduced basal expression of miR-34a in SF cells [187].  

Interestingly, a link between miR-218 to the trans-differentiation of SFs into osteoblasts was 

established [188]. In general, it was shown in in vitro studies that with the appropriate stimuli, 

SFs can differentiate into chondrocytes, adipocytes, muscle cells and osteoblasts [189–191].  

Iwamoto and their colleagues identified miR-218 to be altered during the osteogenic 

differentiation of SFs. Furthermore, they revealed that the Wnt/β-catenin signalling is involved 

in promoting osteogenesis of SFs by miR-218 [188]. They proposed miR-218 as a potential 

therapeutic target, as an enhanced osteoblast differentiation, could restore bone homeostasis 

in RA.    

 

2.3 Extracellular vesicles  

 

Extracellular vesicles (EVs) represent a heterogeneous group of various cell-derived 

membranous structures and are carriers for several biological molecules like proteins, lipids 

and nucleic acids [192,193] (Figure 8). The secretion of EVs is conserved throughout evolution 

from bacteria to plants and animals [194–196] and was originally described as a mechanism 

to eliminate unneeded components from cells [197]. However, with increasing evidence over 

the last decade it has become apparent that EVs function as key players in intercellular 
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communication as they represent signalling vehicles for their cargoes in homeostatic 

physiological conditions as well as pathophysiological processes [198,199].  

 

 

Figure 8: Typical molecular composition of sEVs. Schematic depiction of the composition (proteins, lipids, and 
nucleic acids) and membrane orientation of EVs. Abbreviations: ARF - ADP ribosylation factor; ESCRT - endosomal 
sorting complex required for transport; LAMP - lysosome-associated membrane protein; MHC - major 
histocompatibility complex; MFGE8 - milk fat globule-epidermal growth factor-factor VIII; RAB - Ras-related proteins 

in brain; TfR - transferrin receptor [198]. 

 

EV is a generic term for all known membranous vesicles secreted from cells, which either 

originated from the endosomal system or which are shed from the plasma membrane [192]. 

As EVs comprise a largely heterogenous group, including exosomes, microvesicles, 

microparticles and oncosomes, a distinct discrimination remains rather complicated [193]. No 

consensus about specific markers for EV subtypes, such as endosome origin for exosomes 

and plasma membrane-derived microparticles or microvesicles has yet been achieved in the 

field. Therefore, a current guideline urges researchers to characterize the EVs for instance by 

physical characteristics such as size [200]. In that regard, EVs with a size < 200 nm are termed 

small extracellular vesicles (sEVs) and vesicles > 200 nm are termed large or medium EVs. In 

addition, EVs could be described by their biochemical composition for specific EV markers 
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such as CD63 or CD81, as well as their cellular origin [200]. Former contradictious terms like 

exosomes or microvesicles that are not precise in their definition, should be avoided in that 

sense [200].  

There is now evidence that all cells are capable of releasing EVs with a distinct protein, lipid 

and nucleic acid content [198]. Thereby, the structure of EVs allows for a protected and direct 

transfer of their cargoes to recipient cells. Of special interest in that regard is the transport of 

non-coding RNAs such as miRs within sEVs which serve not only as potential biomarkers, but 

also as mediators of cell-to-cell communication in physiological and pathophysiological 

processes [192,199,201].   

 

2.3.1 Biogenesis and release of EVs 

 

Two major pathways are described for the biogenesis of EVs. They either originate from the 

endosomal system by inward budding or they are shed from the membranous system [202–

204]. sEVs derive from the endosomal system as they are formed as intraluminal vesicles 

(ILVs) in multivesicular bodies (MVBs) (Figure 9). These MVBs contain numerous ILVs and 

can be used by the cell for degradation, recycling or exocytosis of proteins, lipids as well as 

nucleic acids. The endosomes are divided into different sub-types termed early endosomes, 

late endosomes or recycling endosomes [205,206]. They are formed by invagination of the 

plasma membrane and the early endosomes can fuse with endocytic vesicles [205]. At this 

point the fate of the ILV content is destined either for degradation, recycling or secretion, 

thereby contents that are recycled are sorted into recycling endosomes [207]. The remaining 

early endosomes transform into late endosomes [208] and accumulate ILVs, formed by inward  

budding of the endosomal membrane, and allowing proteins, nucleic acids and lipids to be 

selectively sorted into the ILVs [209]. The late endosomes contain several MVBs, which can 

either fuse with the lysosome if the content should be degraded, or fuse with the cellular 

membrane, releasing the ILVs into the extracellular space [205].  

The biogenesis of ILVs requires the reorganisation of the membrane as it becomes highly 

enriched for tetraspanins, like CD63 and CD9 [210]. Furthermore, the endosomal sorting 

complexes required for transport (ESCRT) are recruited to the site of ILV formation [211,212]. 

So far, four ESCRTs have been described in the literature, ESCRT 0, I, II, and III [213], 

whereof, ESCRT 0 recognizes ubiquitinated proteins on the surface of the endosomal 

membrane [214]. ESCRT I and II have been described as the initiators and the driving force of 

the intraluminal membrane-budding, whereas ESCRT III finishes this procedure [215,216]. The 

biogenesis of EVs mediated by ESCRT complexes is generally considered to be the main 
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pathway [192]. However, it was shown that ILV formation was not completely inhibited with the 

knockdown or inactivation of several proteins of the ESCRT complexes [217]. Alternative 

mechanisms, independent from ESCRT, were described recently, involving the synthesis of 

ceramide as a mechanism to induce vesicle budding [218]. It has been demonstrated that 

several cargoes preferentially depend on ceramide synthesis for their packing in ILVs [218]. 

An alternative mechanism is mediated by tetraspanins and involves the organisation of specific 

proteins like amyloidogenic protein premelanosome protein (PMEL) [219,220]. 

 

 

 

Figure 9: Biogenesis of EVs. The biogenesis of sEVs and microvesicles involves regulation of multiple intracellular 
trafficking steps (blue arrows for sEVs, green arrows for microvesicles) that influence the targeting of cargoes to 
the site of EV biogenesis and for sEVs, the fate of the multivesicular endosome (MVE). Cargoes targeted to MVEs 
originate from endocytosis at the plasma membrane or are targeted to MVEs or to early endosomes via the 
biosynthetic pathway (from the trans‑Golgi network (TGN)). Retrograde transport towards the TGN or recycling 
back to the plasma membrane will divert cargoes from their targeting to the MVE (dashed arrows) and therefore 
their incorporation into intraluminal vesicles (ILVs). These sorting processes are regulated by various RAS‑related 
protein (RAB) GTPases. Once matured, MVEs are transported along microtubules to the plasma membrane where 
they dock and fuse and sEVs are released. In case of micro-vesicle biogenesis, endocytic uptake (dashed arrow) 
and recycling will decrease and increase the targeting of membrane cargoes to microvesicles. Abbreviations: ARF6 

- ADP‑ribosylation factor 6; RAL‑1 - RAL (Ras‑related GTPase) homolog; SNAP23 - synaptosomal‑associated 

protein 23; SYX‑5 - syntaxin 5; VAMP3 - vesicle‑associated membrane protein 3. Modified [232].  
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The biogenesis of EVs, directly formed by budding of the plasma membrane, like microvesicles 

(MVs), is even less described and several mechanisms have been proposed [193]. In general, 

a combination of factors, like the redistribution of phospholipids and contraction of the actin-

myosin machinery, lead to the formation of MVs [221]. One mechanism involves also the 

recruitment of ESCRT I subunit TSG101 to the plasma membrane through its binding to a 

tetrapeptide protein within the Arrestin 1 domain containing protein 1 (ARRDC1) [222]. Overall, 

some of the proposed mechanisms exert similarities to extracellular budding of virus particles, 

such as retroviruses, and are highly dependent on the content within the released 

MVs [221,223,224].  

 

As for the biogenesis, several mechanisms for the final release of EVs into the extracellular 

space have been described so far, mostly depending on the origin and the content of the 

EVs [192]. Generally, sEVs are released by fusion of the MVB membrane with the plasma 

membrane. The fusion is supported by a variety of Ras-related in brain (Rab) GTPases, such 

as RAB11, RAB35 as well as RAB 27A/B [225–228]. Besides, there are also reports about 

mechanisms of release that act independent from Rab GTPases [229–231]. 

 

2.3.2  EV content and packaging 

 

The nature and abundance of EVs largely differ, depending on their mode of biogenesis, cell 

type and physiological conditions [198]. Although, all EVs in general contain proteins, lipids 

and nucleic acids, the composition of their distinct cargo is specific for different cell types. 

Proteins which are usually found in EVs are those associated with the biogenesis, like 

components of the ESCRT complex i.e. ALIX or TSG101, or proteins for the release like Rab 

proteins [232]. In addition, EVs contain proteins involved in signal transduction (i.e. EGFR), 

antigen presentation (i.e. MHC I and MHC II) and tetraspanins [192]. How proteins are 

specifically loaded into EVs is not yet fully understood. Studies have shown that ubiquitinated 

proteins are enriched in EVs, indicating a potential sorting mechanism [233,234]. Moreover, 

lipids may also be important for sorting specific proteins into EVs. EVs have been shown to 

carry elevated levels of cholesterol, sphingomyelin and glycosphingolipids in comparison to 

their parental cell [235,236]. For example, sphingosine 1 phosphate (SP1) has been described 

to mediate cargo sorting of proteins like CD63 and CD81 via inhibitory G protein (Gi)-coupled 

S1P receptors located on MVB membranes [237].  
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Apart from proteins, also nucleic acids like mRNAs and non-coding RNAs can be secreted via 

EVs. Few studies also observed genomic and mitochondrial DNA in EVs [224,238,239]. In 

2006 for the first time a horizontal transfer of mRNAs between cells was demonstrated [240]. 

Following publications then proofed that EV-delivered mRNAs were actually translated into 

proteins by recipient cells [241,242]. Furthermore, EVs in general, have been found to be highly 

enriched in small non-coding RNAs like miRs. Surprisingly, the RNA content of EVs in most 

cases largely differs from that of the original cell they derived from [242–244], indicating 

selective and specific loading mechanisms. Specific sequence motifs especially located within 

the 3’ UTR of mRNAs were associated with loading into EVs. In particular, one specific motif 

that was proposed contains a 25 nt sequence, with a core domain of CTGCC, located on a 

stem loop structure and which in addition carries a miR-1289 binding site [245]. Moreover, a 

number of RNA binding proteins (RBPs) have been suggested to facilitate RNA sorting [246–

250]. However, it is still unclear how these proteins are connected to the endosomal system 

and the stoichiometry between a specific RBP and the RNA molecule [251].  

Various mechanisms have been proposed for sorting miRs into EVs. Villarroya-Beltri et al. 

found the RBP heterogeneous nuclear ribonucleoprotein (hnRNP) A2B1 [250], which must 

undergo a post-translational symoylation, prior to loading of miRs into EVs [252]. Furthermore, 

they identified a four-nucleotide motif (GGAG) to be enriched in miRs sorted into [250]. 

Interestingly, miR-1289, the miR proposed to be involved in mRNA loading, also contains this  

sequence motif [250]. An additional mechanism was demonstrated at which 3’-end uridylation, 

a post-transcriptional modification of miRs, appears to contribute to direct miR sorting, whereas 

3’-end adenylated miRs are relatively enriched within cells [253]. A third potential sorting 

machinery was implicated by the overexpression of neutral sphingomyelinase 2 (nSMase2), a 

protein involved in MVB biogenesis, which increased extracellular levels of miRs [254]. Several 

groups also showed that AGO2, a protein associated with the RISC complex is involved in the 

sorting of miRs. In that context, knockdown of AGO2 led to a decrease in miR levels in 

EVs [255,256]. However, the role of AGO2 in miR sorting is controversially discussed, as some 

studies report the absence of AGO2 in EVs and rather being located in close vicinity to MVBs 

and endosomes within cells [257]. The above described variations in sorting mechanisms of 

proteins and nucleic acids once more highlight the complexity of EV research and the 

differences among EV content regarding the cells they originated from.  
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2.3.3 EV uptake 

 

Intercellular communication, facilitated by EVs, requires that they reach recipient cells and 

deliver their contents in order to elicit functional response. This involves either docking on the 

plasma membrane, followed by activation of surface receptors and subsequent intracellular 

signalling, vesicle internalization (e.g. endocytosis) or fusion with target cells [232] (Figure 10). 

These processes are complex and highly depend on the cellular origin of the EVs as well as 

the identity of the recipient cells [258]. 

In general, target specificity is most likely determined by interactions of surface proteins located 

on the EVs and the targeted cells. A variety of factors mediating these interactions are known, 

including tetraspanins [259,260], integrins [261], lectins [262], lipids [207,263,264] and 

extracellular matrix [207]. For example, integrins have been shown to interact with intercellular 

adhesion molecules (ICAMs) at the surface of recipient cells [207] and extracellular matrix 

proteins such as fibronectin or laminins [265,266]. Besides, the ECM can act as a “zipper” 

between EVs and target cells [261]. For the stimulation of targeted cells, EVs may directly 

interact with receptors on the cell surface, which may also facilitate addressing EVs to specific 

target cells [261,267]. In this regard, it is noteworthy that EVs can either remain at the plasma 

membrane or can be internalized [226,268]. Examples for triggering signal transduction via 

surface receptors was shown for epidermal growth factor receptor (EGFR) III [269], Notch and 

Ras homolog enriched in brain (RHEB) [270] and IFN-γ/signal transducers and activators of 

transcription (STAT) [271].   

 

In case of the delivery of RNAs or cytoplasmic proteins, EVs must not only bind but rather fuse 

with the plasma membrane or endosomal membranes within the cell to release their content. 

Internalization of EVs can occur via clathrin-mediated, or clathrin-independent endocytosis (i.e. 

micropinocytosis or phagocytosis) [272–274] or through endocytosis via caveolae and lipid 

rafts [275–277]. Generally, the composition of EVs will most likely influence their fate. For 

instance, it was shown that the presence of amyloid-β (a4) protein on a subtype of 

neuroblastoma derived EVs specifically targets them to neurons, whereas CD63 enriched EVs 

bind both to neurons and glial cells [275]. Furthermore, it was shown that the presence of 

syncytin 1 at the surface of sEVs from trophoblasts promote their uptake, whereas in contrast 

CD47 enriched sEVs remain resistant to phagocytosis through monocytes [277]. After uptake, 

EVs mainly follow the endocytic pathway and reach MVEs, where they are most likely being 

targeted to degradation by the lysosome [278,279]. Internalized vesicles can also overcome 
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degradation, by fusing with the membrane of MVEs and thereby release their contents into the 

cytoplasm [280].   

Cargoes can also be released into the cytoplasm of target cells, by direct fusion of the EVs 

with the plasma membrane [242,281] in which case it also allows for the exchange of 

transmembrane proteins and lipids with the recipient cell [282].    

  

 

Figure 10: EV uptake. EVs can endure various fates upon binding or uptake to recipient cells. They can remain 
bound to the cell surface and can initiate intracellular signalling pathways. They can also be internalized by several 
pathways that will target them into the canonical endosomal pathway, therbey they reach multivesicular endosomes 
(MVEs). In that case they are likely to fuse with endogenous intraluminal vesicles (ILVs). Fusion of MVEs will lead 
to degradation of the vesicles and recycling of their content. EVs docked at the plasma membrane or at the limiting 
membrane of MVEs can release their contents into the cytoplasm. Abbreviations: ECM - extracellular matrix, ICAM 
- intercellular adhesion molecule, TIM4 – T-cell immunoglobulin mucin receptor 4 [232]. 

2.3.4 Role of sEVs in RA 

 

The content of EVs includes a variety of biologically active molecules, which can modulate for 

example gene expression and downstream functions in recipient cells. This can result in the 

progression of pathophysiological processes and has been intensively studied for a variety of 

diseases like cancer and autoimmune diseases including RA. Some of the pathogenic 

processes driven by EVs in RA include the formation of immune complexes, antigen 

presentation, delivery of proinflammatory cytokines, proteases and miRs as well as activation 

of SFs and degradation of extracellular matrix [245]. In general, EVs were identified in the 

synovial fluid of RA patients and appear at significantly higher levels compared to healthy 

controls [284].     
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SF-derived EVs have been shown to carry citrullinated proteins such as fibrinogen and 

vimentin in their membrane, which can be recognised by antibodies, such as ACPAs, 

subsequently leading to the formation of immune complexes [285–288]. It was also shown that 

EVs derived from platelets can induce the formation of immune complexes, resulting in an 

upregulation of leukotriene production in neutrophils [288]. In addition, EVs in RA increase 

antigen presentation in CD8+ lymphocytes and natural killer cells, which improves the 

activation of the immune system [289].   

Another immune modulating effect of EVs on SF cells was demonstrated, showing that isolated 

EVs from TNFα-treated T-cells and monocytes can stimulate cyclooxygenase 2 (COX-2) and 

mPGES-1 in SF cells [290]. COX-2 and mPGES-1 are key enzymes in the conversion of 

arachidonic acid into lipid inflammatory mediators called prostaglandins (PGs), like PGE2, 

which are known to cause inflammation and pain [291]. Interestingly, EVs also transport 

arachidonic acid to target cells thus enhancing the production of PGE2 [290]. This mechanism 

could significantly promote the increased sensation of pain in RA and may therefore be a good 

therapeutic target for pain reduction.  

  

The role of TLRs in the pathogenesis of RA has been briefly described above (see 

chapter 2.1.1). It was previously shown that EVs from plasma of RA patients can activate TLR4 

via similar mechanisms like LPS significantly more than those of healthy controls [292]. The 

activation was demonstrated to be mediated by oxidized phospholipids in the EV 

membranes [292]. Interestingly, the effect was attributed to a substantial increase in 

inflammation resolving cytokines like IL-4, which promotes repair and reduces inflammation, 

indicating that these EVs function as oxidative warning signals in order to resolve 

inflammation [292]. This finding stands in contrast to most other studies, which demonstrate 

an enhancing role of EVs on inflammation in RA. However, Headland et al. observed high 

levels of annexin A1 (ANXA1) in EVs from the synovial fluid of RA patients [293]. ANXA1 has 

been previously shown to have anti-inflammatory properties by reducing inflammatory 

mediators like IL-8 and PGE2 [293]. Apart from their immune modulating role, EVs can also 

lead to a destruction of extracellular matrix. EVs from TNFα-treated T-cells and monocytes 

have been reported to induce the production of matrix metalloproteinases (MMP) like MMP1, 

MMP3, MMP9 and MMP13 by SF cells [294–296]. MMPs lead to the destruction of 

proteoglycans, like aggrecan and collagen, in the extracellular matrix, which is thought to be a 

major mechanism of cartilage destruction in RA [294,296]. 

As previously described, miRs play an important role in the pathogenesis of RA. miR-155 and 

miR-146a were found in dendritic cell-derived EVs [125]. Whereas miR-146a was shown to 
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reduce inflammatory gene expression, miR-155 promotes production of proinflammatory 

cytokines like TNFα and IL-6 [297]. Moreover, miR-let-7b, which is primarily expressed in 

macrophages within the arthritic joint, was identified as an endogenous ligand for TLR7 [298]. 

Thereby, miR-let-7b in EVs from macrophages and SFs can stimulate TLR7 in myeloid cells 

and differentiate them into M1 macrophages [298]. Those M1 macrophages release 

proinflammatory mediators like TNFs, IL-1 and IL-6, which promote the inflammation. In 

addition, Li et al. demonstrated the influence of osteoclast-derived EV miR-214-3p in the 

crosstalk between osteoclasts and osteoblasts. They could show that, miR-214-3p inhibited 

the activity of osteoblasts, which substantially destroys the homeostasis between bone 

formation and bone resorption [299].  

 

2.4 Toll-like receptors in the innate immune response 

 

Organisms are constantly exposed to millions of potential pathogens, and therefore developed 

various defence mechanisms to prevent infections. The immune system depends on two major 

machineries [300]. On one hand, the adaptive immune system remembers previous 

encounters of specific pathogens, whereas the innate immune response is not specific for 

particular pathogens, but rather recognize conserved features of pathogens [301]. The innate 

immune system comprises of a variety of pattern recognition receptors (PRRs) activated by 

microbe-specific molecular signatures known as pathogen-associated molecular patterns 

(PAMPs) [302], or molecules derived from damaged cells called damage-associated molecule 

patterns (DAMPs) [303]. Once activated, PRRs initiate downstream signalling pathways which 

lead to the activation of the innate immune response by producing inflammatory 

cytokines [304]. Mammals developed several classes of PRRs including Toll-like receptors 

(TLRs), RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs), Nod-like receptors (NLRs) 

and intracellular DNA sensors [305,306]. Among these, TLRs are highly conserved through 

evolution [307–309]. The TLR family comprises of 10 members in humans (TLR1-TLR10) and 

12 in mice (TLR1-TLR9, TLR11-TLR13) [307]. TLRs are located either on the cell surface or 

intracellular compartments such as endosomes [310].  

The protein structure of TLRs is very conserved throughout the family [311]. TLRs are 

transmembrane proteins consisting of an ectodomain comprised of leucin-rich repeats (LRRs) 

responsible for PAMP recognition [312,313] and a cytoplasmic tail called Toll/IL-1-receptor 

(TIR) domain which facilitates downstream signalling [314]. The ectodomain displays a 

horseshoe-like structure and interacts with respective PAMPs or DAMPs as a homo- or 

heterodimer in concordance with a co-receptor or an accessory molecule [315]. Upon ligand 
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binding TLRs recruit TIR domain-containing adaptor proteins such as myeloid differentiation 

primary response 88 protein (MyD88) and TIR-domain-containing adapter-inducing interferon-

β (TRIF), which initiate signal transduction via the activation of NF-κB, interferon regulatory 

factors (IRFs) or mitogen-activated protein kinases (MAPK) [307] (Figure 11).  

 

 

Figure 11: Mammalian TLR signalling pathways. TLR4, TLR5, TLR11, and the heterodimers TLR2–TLR1 or 
TLR2–TLR6 are located at the cell surface, whereas TLR3, TLR7–TLR8, TLR9 and TLR13 are present in 
endosomes within cells. TLR stimulation leads to recruitment of myeloid differentiation primary response 88 
(MyD88) adaptor protein to. MyD88 interaction with a complex of the interleukin-1 receptor-associated kinases 
(IRAKs) and tumour necrosis factor receptor-associated factor (TRAF) 6 leads to an activation of transforming 
growth factor beta-activated kinase (TAK) 1, which then induces translocation of NF-κB and activator protein 1 (AP-
1) to the nucleus via degradation of inhibitor of kappa B (IκB) proteins and activation of mitogen-activated protein 
kinases (MAPKs), respectively. This leads to an induction of the expression of genes encoding for proinflammatory 
cytokines. To activate the MyD88-dependent pathway, Myelin and lymphocyte protein (Mal) is also recruited to 
TLR2/1, TLR2/6 or TLR4. TIR domain-containing adapter molecule (TRIF) protein is recruited to TLR3 and TLR4, 
which induces the interaction with a complex of TRAF3, serine/threonine-protein kinase (TBK) 1 and IKKi to activate 
phosphorylation of interferon regulatory factor (IRF) 3. Activated IRF3 is then dimerized and translocated into the 
nucleus, which induces transcription of type I IFNs. TRIF also interacts with a TRAF6-RIP1 complex to activate 
NF-κB. Activation of TLR7, TLR8 and TLR9 leads to the formation of a signalling complex consisting of MyD88, 
IRAK4, TRAF6, TRAF3, and IRAK1 [329]. 
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TLRs are predominantly expressed in tissues involved in immune response, such as spleen, 

peripheral blood leukocytes as well as those exposed to external environment such as the lung 

or the gastrointestinal tract [316]. There are two main subclasses of TLRs, based on their 

localization either on the cell surface (TLR1/2/4-6/10) or intracellularly in endosomes 

(TLR3/7-9) [317]. Cell surface TLRs mainly recognize microbial membrane components such 

as lipids, lipoproteins and proteins. For example, TLR4 recognizes bacterial LPS [318,319], 

TLR1, TLR2 and TLR6 responds to various PAMPs including lipoproteins, peptidoglycans, 

zymosan and mannan [320–322]. Intracellular TLRs in contrast are not only activated by 

nucleic acids derived from bacteria or viruses, but also human self-derived nucleic acids in 

pathophysiological conditions like autoimmune diseases [323]. Ligands for TLR3 are viral 

double-stranded RNAs (dsRNA), small interfering RNAs and RNAs from damaged cells 

[324,325]. TLR7 pre-dominantly recognizes single-stranded RNAs (ssRNA) from viruses [326], 

whereas TLR8 responds both to ssRNA from viruses and bacteria [327].  

 

2.4.1 TLR7 and TLR8 

 

Based on their phylogenetic, structural and functional similarities TLR7-9 form a subfamily of 

TLRs as they are mainly located in endosomal membranes [328,329]. Whereof TLR7 and 

TLR8 share the highest similarities as they are both receptors for viral ssRNAs initiating anti-

viral immune response [330–332]. Human TLR7 is mainly expressed in plasmacytoid dendritic 

cells and B cells, while TLR8 is mainly found in monocytes and myeloid dendritic 

cells [333,334]. Both TLR7 and TLR8 mediate signal transduction via MyD88, which activates 

NF-κB, IR-7 and p38 MAPK, resulting in the induction of proinflammatory cytokines like TNFα, 

IL-6, IL-1β, IL-12 and type I IFNs [335]. Natural ligands for TLR7 and TLR8 are 

ssRNAs [330,332], however sequence specific recognition motifs have not yet been fully 

established. Besides, some sequence preferences have been reported such as, ssRNAs 

containing GU-rich or poly-U regions were reported to be ligands for both TLR7 and 

TLR8 [330–332]. TLR7 and TLR8 can also be activated by small synthetical compounds. For 

example, the imidazoquinoline derivate imiquimod (R837) is a selective ligand for TLR7. In 

contrast, Resiquimod (R848) is an agonist for both TLR7 and TLR8 [336].  
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2.4.2 Human ssRNAs as ligands for TLR7 and TLR8 

 

Interestingly, recent studies revealed that TLR7 and TLR8 can be targeted by human RNAs 

and miRs. It was shown that secreted miRs can be transferred from donor to recipient cells 

and function as ligands for endosomal TLRs [168]. Heil et al. reported in 2004 that TLR8 can 

recognize GU-rich ssRNAs. They identified RNA33 as a potential ligand for TLR7/8 [330]. Later 

Fabbri et al. were the first to show that miR-21, miR-29a can bind TLR8 and contribute to the 

pathogenesis of NSCLC [168]. They reported that exosome-delivered miR-21 and miR-29a 

can be taken up by tumour associated macrophages and induce human TLR8 or its murine 

analogue TLR7 mediated production of TNFα and IL-6 [168]. These findings indicate a 

hormone-like function of miRs shuttled via EVs from donor to recipient cells, which is mediated 

by endosomal TLRs. In this regard the term “miRceptor” was implemented, which stands for a 

proteic receptor capable of a direct interaction between miRs and proteins [337].  

He et al. showed that miR-21 released by lung and pancreatic cancer cells via EVs binds to 

TLR7 in murine myoblasts, thereby promoting muscle cell apoptosis [338]. Furthermore, the 

role of miR-21/TLR8 interaction was investigated in the microenvironment of neuroblastoma 

[339]. Here, the release of miR-21 by neuroblastoma cells was reported, which could be 

absorbed by tumour-associated macrophages (TAMs). This lead to a TLR8 triggered activation 

of NF-κB and subsequently to the increase of miR-155 [339]. In addition, similar mechanisms 

in colorectal cancer were observed  [340]. It was reported EV-delivered miR-21 and miR-29 

can be taken up by immune cells within the tumour microenvironment, which lead to an 

increased IL-6 production [340]. Furthermore, studies focusing on the interaction of miRs and 

miRceptors revealed implications of this mechanism in other pathophysiological conditions 

such as sepsis [341], acute graft versus host disease (aGVHD) [342], as well as 

neurodegeneration [343,344].  

Salvi et al. recently showed that miR-574-5p promotes IFNα secretion in human plasmacytoid 

DCs via TLR7 activation [345]. All these publications investigating interactions with various 

miRs and miRceptors have a certain miR-sequence motif in common. Hence, a consecutive 

sequence of GU`s seems to be mandatory for the binding of miRs to TLRs (Figure 12).  

 

In conclusion, the discovery of the hormone-like behaviour of miRs in line with the identification 

of miRceptors opens up a new field of research. A better insight on the impacts of such miR - 

miRceptor interactions may lead to a broader understanding of different pathophysiological 

processes. This may therefore offer new opportunities for treatment approaches.     
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Figure 12: Comparison of sequence homologies of miR-574-5p, miR-let-7b, miR-21-5p and miR-16-5p to 
RNA33. Binding motifs are highlighted by grey boxes.  Accession numbers: miR-574-5p - MIMAT0004795; 
miR-let-7b - MIMAT0000063; miR-21-5p - MIMAT0000076; miR-16-5p – MIMAT0000069 (all from 
http://www.mirbase.org/).   
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3. Aim of this study 

 

Osteoclast-mediated bone loss in synovial joints is one of the decisive factors that is altered in 

RA, however the underlying mechanisms are still not fully elucidated. In recent years, 

cell-to-cell communication mediated by sEV-delivered miRs has attracted the interest of 

researchers, since their impact on the pathology of autoimmune diseases such as RA was 

unravelled. Nevertheless, up to now little is known about their role on bone remodelling. 

Therefore, the main objective of this study was to investigate the impact of sEVs and in 

particular sEV-delivered miR-574-5p on osteoclast differentiation with respect to RA.  

To address this issue, the influence of sEVs isolated from synovial fluid of RA patients should 

be tested in an osteoclast differentiation assay. Besides proteins and lipids, miRs exemplify 

one of the biologically active cargos delivered by sEVs. Therefore, they represent an 

interesting subject to study in that context. Thus, the miR content in sEVs isolated from synovial 

fluid should be determined, in order to elucidate distinctive features and their potential role on 

osteoclastogenesis. In addition, cells within inflamed synovial joints that secrete those sEVs 

should be identified.  

A huge variety of miRs have been reported to be involved in chronic inflammatory processes 

or diseases like cancer. Among others, miR-574-5p has been studied in that context. 

Therefore, the scope of this study was the design and implementation of a device, allowing for 

the overexpression of miR-574-5p in sEVs to enable functional analysis in osteoclast 

differentiation assays. Since, miR-574-5p was recently postulated as a TLR7 and TLR8 

ligand [168,345], the aim of this thesis was to investigate, if enhanced osteoclastogenesis is 

mediated by the activation of TLR7/8 by sEV-delivered miR-574-5p and to proof the binding of 

miR-574-5p to TLRs using microscale thermophoresis (MST).  
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4. Material and Methods 

4.1 Cell culture methods 

 

4.1.1 Cell types and culture conditions 

 

The human embryonal kidney cell line (HEK 293) (DMSZ, ACC 035) and HeLa cells (DMSZ, 

ACC57) were cultured in Dulbecco’s modified Eagle medium (DMEM, Life Technologies, 

Thermo Fisher Scientific, Waltham, USA) with 10% (v/v) heat-inactivated fetal bovine serum 

(FBS, Life Technologies, Thermo Fisher Scientific, Waltham, USA), 100 U/mL penicillin, 

100 µg/mL streptomycin and 1 mM sodium pyruvate (PAA the Cell Culture Company, Cölbe, 

GER). HEK 293 and HeLa cells were grown in T-75 cell culture flasks under standard growth 

conditions (humidified atmosphere of 5% CO2 at 37°C). At 70-90% confluency the medium 

was removed, and cells were washed with pre-warmed PBS. Cells were detached using pre-

warmed Trypsin-EDTA (Invitrogen, Thermo Fischer Scientific, Waltham, USA) at 37°C for 

5 min. The reaction was stopped by adding pre-warmed medium (1:1) to the cells and number 

of viable cells was examined by trypan blue staining (Bio-Rad, Hercules, USA) and counted 

using Bio-Rad TC10 automated cell counter (Bio-Rad, Hercules, USA). 0.5 - 1 x 106 cells were 

transferred into a new culture flask. 

 

Synovial fibroblasts of RA patients (kindly provided by Dr. Heidi Wähämaa, Karolinska 

Institutet, Stockholm, Rheumatology Department) were propagated from synovial tissues 

isolated from ACPA+ and ACPA- RA patients.  In brief, SFs were isolated from human synovial 

tissue obtained at arthroplasty at the Orthopedic Surgery Unit, Karolinska University Hospital. 

Fat and connective tissue were removed, and the synovial tissue was cut into small pieces and 

directed for enzymatic digestion using Collagenase A and DNase I (Roche, Mannheim, GER).  

The dissociated cells were centrifuged and cultured in DMEM complemented with heat-

inactivated FCS, 100 U/mL penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine (all from 

Sigma-Aldrich, Darmstadt, GER).  After overnight culture, non-adherent cells were removed, 

and fresh complete medium was added. The medium was thereafter replaced every 3 days 

and when reaching ca. 80% confluence the cells were split 1:2 using trypsin-EDTA (Gibco, 

Thermo Fisher Scientific, Waltham, USA). Cell cultures between passages 3-8 were used 

throughout the study. In every experimental set up the cell viability was 95–100%, assessed 

by using trypan blue (Merck, Darmstadt, GER).  
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4.1.2 Ethical approval 

 

This study was approved by the Institutional Ethical Committee (Solna, Stockholm, Sweden 

ethical number 2009/1262-31/3) and is in compliance with all ethical standards and patients′ 

consent according to the Declaration of Helsinki. 

 

4.1.3 Transfection of HEK 293 cells for the overexpression of miR-574-5p in sEVs 

 

For the overexpression of miR-574-5p in small extracellular vesicles (sEVs) the XMIRXpress 

Lenti system (System Biosciences, Palo Alto, USA) was used. Negative control plasmid, which 

inherits a scrambled control (ScrC) was purchased from System Biosciences (XMIRXP-NT, 

System Biosciences, Palo Alto, USA) and miR-574-5p overexpression (miR-574-5p oe) 

plasmid was cloned according to manufacturer´s instructions. 24 h prior to transfection, 

HEK 293 cells were seeded at a density of 7 x 105 in a 6-well plate. 2 µg of either ScrC or 

miR-574-5p oe plasmid were transiently transfected using Lipofectamine 2000® (Invitrogen, 

Thermo Fischer Scientific, Waltham USA) according to the manufacturer’s instructions. 

Supernatants were harvested for EVs isolation after 16 h. 

 

4.1.4 Isolation of CD14+ monocytes 

 

CD14+ monocytes were isolated from peripheral blood mononuclear cells (PBMCs) from buffy 

coats of healthy donors, as anonymously provided by the DRK-Blutspendedienst- 

Blutspendezentrum (Frankfurt a.M., GER), by Ficoll-Paque™ Plus (GE Healthcare, Chicago, 

USA) density gradient separation. Therefore, 13 mL of Ficoll was coated with 15 mL of blood 

mixed with 20 mL PBS and centrifuged at 240 x g for 20 min at RT. The PBMCs were then 

transferred to new tubes and washed twice with 50 mL PBS by centrifugation at 200 x g for 10 

min at RT. The cells were resuspended in 5 mL ice-cold MACS buffer (PBS supplemented with 

0.4% (v/v) EDTA (Sigma-Aldrich, Darmstadt, GER) and 0.4% (v/v) FCS) and applied to a 

MACS pre-separation filter (30 μm) (Miltenyi Biotec, Bergisch Gladbach, GER). The flow-

through was filled up to 50 mL with MACS buffer and the cells were centrifuged at 200 x g at 

RT for 10 min. The supernatant was removed, and the cell pellet was resuspended in 1 mL 

MACS buffer. Cells were labelled with 200 µL CD14+
 micro beads (Miltenyi Biotec, Bergisch 

Gladbach, GER) and incubated for 15 min at 4°C in the dark. Afterwards, the labelled cells 

were washed with 30 mL MACS buffer by centrifugation for 10 min at 200 x g at RT and the 

supernatant was discarded. Cells were then resuspended in 6 mL MACS buffer and applied 
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on a pre-equilibrated LS MACS Column that was attached to a MidiMACS™ Seperator (both 

Miltenyi Biotec, Bergisch Gladbach, GER). The column was washed 3 times with 3 mL MACS 

buffer each. For elution of CD14+ monocytes the column was removed from the magnetic rack 

and cells were eluted from the column with 6 mL MACS by pushing the plunger into the column. 

Cells were filled up to 20 mL with PBS and centrifuged for 5 min at 200 x g at RT. The 

supernatant was removed and the CD14+ monocytes were carefully resuspended in an 

appropriate amount of DMEM (Life Technologies, Thermo Fisher Scientific, Waltham, USA) 

with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Life Technologies, Thermo Fisher 

Scientific, Waltham, USA), 100 U/mL penicillin, 100 µg/mL streptomycin and 1 mM sodium 

pyruvate (PAA the Cell Culture Company, Cölbe, GER). 

 

4.1.5 Osteoclast differentiation assays  

 

For osteoclast differentiation assays 1 x 105 of CD14+ monocytes per well were seeded into a 

96-well culture dish in DMEM supplemented with 10% (v/v) heat-inactivated fetal bovine serum 

(FBS, Life Technologies, Thermo Fisher Scientific, Waltham, USA), 100 U/mL penicillin, 

100 µg/mL streptomycin and 1 mM sodium pyruvate (PAA the Cell Culture Company, Cölbe, 

GER) and differentiated into M2-like macrophages using 25 ng/mL Macrophage colony-

stimulating factor (M-CSF, Peprotech, Rocky Hill, USA) for 3 days. 50% of the culture medium 

was changed every three days and cells were further maturated into osteoclasts by 10 ng/mL 

M-CSF and 5 ng/mL receptor activator of NF-κB Ligand (RANKL, R&D Systems, Minneapolis, 

USA). The number of osteoclasts was assessed using tartrate-resistant acid phosphatase 

(TRAP) staining (leucocyte acid phosphatase kit 387A, Sigma-Aldrich, Darmstadt, GER) 

according to manufacturer`s instructions. The number of osteoclasts was counted under a light 

microscope. TRAP-positive cells with at least 3 nuclei were considered as osteoclasts. A 

timeline of osteoclast differentiation is depicted in Figure 13. 

 

 

Figure 13: Timeline of osteoclast differentiation. Primary CD14+ monocytes were stimulated with 25 ng/mL 
M-CSF for three days into M2-like macrophages. Cells were then further differentiated into pre-osteoclasts with 
10 ng/mL M-CSF and 5 ng/mL RANKL. 50% of the medium was changed every three days and cells were TRAP 
stained after 9-12 days. The number of osteoclasts was counted under a light microscope. TRAP-positive cells with 
at least 3 nuclei were considered as osteoclasts. 
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4.1.6 Stimulation of CD14+ monocytes for osteoclast differentiation experiments with 

sEVs  

 

CD14+ monocytes were isolated and seeded and 1 x 105  cells were seeded in a 96-well plate 

and stimulated with 1, 2 or 4 µg/mL purified sEVs from the synovial fluid of RA patients (kindly 

provided by Dr. Heidi Wähämaa, Karolinska Institutet, Stockholm, Rheumatology Department), 

1 µg/mL purified scramble control (ScrC), miR-574-5p oe sEVs or Resiquimod - R848 

(10 ng/mL, 100 ng/mL, 1 µg/mL, Invivogen, San Diego, USA) at different time points during 

osteoclastogenesis. Cells were additionally treated with 200 nM of the TLR7/8 inhibitor ODN 

2088 Control (2087) (Miltenyi Biotec, Bergisch-Gladbach, GER), or 200 ng/mL (final 

concentration) of the COX-2 inhibitor celecoxib (Sigma-Aldrich, Darmstadt, GER) 30 min prior 

to stimulation with sEVs or R848 at indicated experiments.  

Furthermore, cells were treated either with 5 nM or 50 nM (final concentration) of synthetic 

miR-574-5p (Sigma-Aldrich, Darmstadt, GER) together with 1 µg/mL Lipofectamine® 2000 

(Thermo Fisher Scientific, Waltham, USA) or alone.  

 

4.1.7 Stimulation of CD14+ monocytes for cytokine mRNA analysis 

 

CD14+ monocytes were isolated and seeded at a density of 1 x 106 cells per 12-well culture 

dish and stimulated either with 4 µg/mL purified sEVs from the synovial fluid of RA patients 

(kindly provided by Dr. Heidi Wähämaa, Karolinska Institutet, Stockholm, Rheumatology 

Department), 1 µg/mL purified ScrC or miR-574-5p oe EVs, or R848 (10 ng/mL, 100 ng/mL, 

1 µg/mL) for 4 h. For experiments with the TLR7/8 inhibitor ODN 2088 Control (2087) cells 

were treated with 200 nM of the inhibitor 30 min prior to stimulation with sEVs or R848 positive 

control. 

 

4.2 Methods with sEVs 

 

4.2.1 sEV purification 

 

For sEV purification 1 mL of cell culture supernatant, 1:2 diluted serum (with PBS) or synovial 

fluid from RA-patients (both kindly provided by Dr. Heidi Wähämaa and Dr. Marina Korotkova, 

Karolinska Institutet, Stockholm, Rheumatology Department) were centrifuged at 2000 x g at 

room temperature for 20 min. The synovial fluid was pre-treated with hyaluronidase 

(1500 U/mL; Sigma-Aldrich, Darmstadt, GER) for 15 min at 37°C, before EVs were isolated. 
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The supernatant was centrifuged at 21 000 x g in 1.5 mL polypropylene tubes (Beckman 

Coulter, Brea, USA) at 4°C for 60 min in a L7-65 ultracentrifuge using rotor 70.1.Ti (Beckman 

Coulter, Brea, USA) to remove large membrane vesicles. The supernatant was transferred to 

a new polypropylene tube and centrifuged at 100 000 x g at 4°C for 60 min and the supernatant 

was discarded and sEVs were resuspended in PBS. sEVs were used directly or stored at 4°C 

for not longer than 1 week. The sEV isolation protocol is summarized in Figure 14. 

 

 

 

         Figure 14: Schematic picture of sEV purification protocol. 

 

4.2.2 Spectrometric quantification of sEV concentration 

 

sEV concentration was determined using UV spectroscopic measurement using the NanoDrop 

ND-1000 spectrophotometer (Thermo Fischer Scientific, Waltham, USA) at absorbance at 

280 nm. 

4.2.3 Electron microscopy of sEVs 

 

For transmission electron microscopy (TEM) sEVs from human serum, HEK 293 cell-culture 

supernatant or synovial fluid were purified as described before (see chapter 4.2.1) and 

resuspended in PBS (Sigma-Aldrich, Darmstadt, GER). 15 µL of purified sEVs (concentration 

~ 0.1 mg/mL) was placed on parafilm and a formvar carbon coated nickel grid (Plano, Wetzlar, 

GER) was placed on top of the drop for 30-60 min. The samples were fixed with 2% 

paraformaldehyde (Carl Roth, Karlsruhe, GER) for 10 min and washed again three times with 

MQ. The sEVs were examined by Zeiss EM109 electron microscope. 
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4.2.4 DiO labelling of EVs  

 

Purified sEVs (see chapter 4.2.1) were labelled with lipophillic tracer 

3,3'-Dioctadecyloxacarbocy-anine perchlorate (Sigma-Aldrich, Darmstadt, GER) for 15 min at 

37°C and applied to CD14+ monocytes or HeLa cells that were stained with 5 µg/mL  Hoechst 

33258 (Sigma-Aldrich, Darmstadt, GER) for 30 min. Pictures were taken every 10 min. 

Confocal images were acquired using an UltraVIEW VoX spinning disk system (PerkinElmer, 

Waltham, USA) mounted on a Nikon TI microscope (Nikon, Minato, JPN) and equipped with a 

climate chamber (37°C, 5% CO2, 60% humidity). Images were taken at 1 µm Z increments 

and acquired with a cooled 14-bit EMCCD camera (1000 x 1000-pixel frame transfer EMCCD, 

30 fps at full frame 1 x 1 binning 35MHz readout, 8 µm x 8 µm pixel size) using Volocity 6.3 

(PerkinElmer, Waltham, USA). 

 

4.2.5 RNase and TritonX 100 treatment of sEVs 

 

In order to assess whether quantified miR-574-5p is secreted within the sEVs and not attached 

to the surface of the sEVs, isolated miR-574-5p oe sEVs were treated either with 0.05 mg/mL 

RNase A (Qiagen, Hilden, GER) for 20 min at 37°C or with 1% TritonX 100 (Carl Roth, 

Karlsruhe, GER) for 10 min at RT and 0.05 mg/mL RNase A for 20 min at 37°C in combination, 

prior to RNA isolation (see chapter 4.5.2). 

 

4.3 Bacteria culture conditions 

 

4.3.1 Escherichia coli culture conditions 

 

Strains of Escherichia coli (E. coli) were grown in sterile Luria broth medium (LB) supplemented 

with 100 μg/mL ampicillin for selection. Bacteria was grown under rotation of 150 rpm at 37°C. 

For agar plates 1.5% agar and 100 μg/mL ampicillin were added to the LB-medium. 

 

4.3.2 Preparation of chemically competent E. coli cells 

 

To produce chemically competent E. coli cells, 100 mL of sterile LB-medium was inoculated 

with 5 mL of an overnight culture and shaked at 150 rpm at 37°C until an OD600 of 0.4 – 0.6 

was reached. The bacteria were then transferred to centrifugation flasks and incubated for 

10 min on 4°C. Cells were harvested by centrifugation at 400 rpm for 15 min and resuspended 



 
Material and Methods                                   
 

53 
 

in sterile RF1 solution (50 mM RbCL2, 20 mM MnCl2 x 2 H2O, 15 mMKA, 5 mM CaCl2, 1.63 M 

glycerine pH 5.8, all purchased from Carl Roth, Karlsruhe, GER). Cells were subsequently 

incubated for 1 – 2  h at 4°C and cells were harvested by centrifugation for 15 min at 4000 rpm 

and 4°C. E.coli were then resuspended in 2 mL RF2 solution (0.7 mM MOPS, 2 mM RbCl2, 15 

mM CaCl2 x 2 H2O, 1.63 M glycerine, pH 6.8, all purchased from Carl Roth, Karlsruhe, GER). 

Cells were incubated for 15 min on ice and 100 µL of the cell suspension was shock-frozen at 

liquid nitrogen and stored at -80°C until usage. 

 

4.3.3 Transformation of E. coli 

 

The transformation of the E. coli strains was performed by heat-shock method. Therefore, 

chemically competent cells were thawed on ice. In the case of ligation 10 µL was transformed. 

For re-transformation 0.5 - 1 µL plasmid DNA was used. The DNA was added to 50 µL 

competent cells and incubated for 30 minutes on ice. This was followed by a heat-shock 

(30 – 45 sec at 42°C). The mixture was briefly cooled on ice, 0.5 mL of LB medium was added, 

and cells were incubated for 1 h at 37°C on a shaker and subsequently platted on LB plates 

supplemented with 100 µg/mL (final concentration) ampicillin (Carl Roth, Karlsruhe, GER) for 

selection of positive clones. 

4.4 Cloning of XMIR-574-5p oe expression plasmid 

 

The XMIR-574-5p oe expression plasmid was cloned according to manufacturer`s instructions 

(XMIRXpress Lenti system, System Biosciences, Palo Alto, USA). It includes the cloning of 

miR-574-5p pre-miR stem-loop sequence into the XMIR backbone for tagging it to the XMIR 

motif that allows for the specific overexpression of miRs into sEVs. DNA Oligos for the cloning 

were designed according to manufacturer`s instructions as follows. The pre-miR sequence of 

miR-574-5p was obtained from miRbase (http://www.mirbase.org/). As described in the 

manufacturer`s instructions the 3p- and 5p-strand of the stem loop were reversed (Table 1) so 

that they are placed on the 3p-site of the XMIR motif, allowing for optimal XMIR motif tagging 

and overexpression of 5p-strand of miRs.  
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Table 1: Oligonucleotide sequences for XMIR-574-5p oe plasmid cloning. 5p-strand sequence of the mature 
miR is highlighted in blue (5p), and orange (3p), respectively, the overhangs for cloning are highlighted in red.  

Name Sequence (5’- to 3’) 

Pre-miR-574 

(miRBase, U`s 

switched to T`s) 

GGGACCTGCGTGGGTGCGGGCGTGTGAGTGTGTGTGTGTGAGTGTGTGTCGCTCCGG
GTCCACGCTCATGCACACACCCACACGCCCACACTCAGG 

574_top 

 

gatccCACGCTCATGCACACACCCACACGCCCACACTCAGGGTCGCTCCGGGTCGGGACC
TGCGTGGGTGCGGGCGTGTGAGTGTGTGTGTGTGAGTGTGTc 

574_bot ctaggACACACTCACACACACACACTCACACGCCCGCACCCACGCAGGTCCCGACCCGGA
GCGACCCTGAGTGTGGGCGTGTGGGTGTGTGCATGAGCGTGg 

 

4.4.1 Phosphorylation of 5’-ends of DNA oligonucleotides 

 

The 5’-ends of DNA oligonucleotides 574_top and 574_bot were phosphorylated using T4 

polynucleotide kinase (PNK) (New England Biolabs (NEB), Ipswich, USA) for 60 min at 37°C, 

with the reaction mix shown in Table 2. T4 PNK was subsequently heat inactivated at 70°C for 

20 min.  

Table 2: Phosphorylation of 5’-ends 

Component  Volume [µL] 

Oligo [100 µM] 1 

T4 reaction buffer [10x] 5 

ATP (1mM final conc.) 5 

T4 PNK 1 

MQ 38 

4.4.2 Oligonucleotide annealing 

 

For the annealing of 574_top and 574_bot, 20 µL of each phosphorylated DNA 

oligonucleotides were used and incubated for 2 min at 95°C. The mixture was then slowly 

cooled down to RT. 
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4.4.3 Ligation of DNA fragments 

 

The ligation of the phosphorylated and annealed DNA oligos with the XMIR backbone was 

performed with T4 DNA ligase (NEB, Ipswich, USA) for 1 h at RT in the dark, with a reaction 

mix shown in Table 3. After ligation 10 µL of the ligation mix were transformed into E. coli as 

described in chapter 4.3.3. The transformed cells were plated on LB-agar plate supplemented 

with Ampicillin (100 µg/mL final concentration, Carl Roth, Karlsruhe, GER).  

Table 3: Ligation reaction mix 

Component Volume [µL] 

T4 Ligase Buffer [10x] 2 

XMIR backbone (linearized) [ng/µL] 5  

Annealed 574-oligos 1 

ATP (1 mM final concentration) 1 

T4 Ligase 2 

MQ ad 20  

 

4.4.4 Isolation of plasmid DNA 

 

Plasmid DNA was isolated using QIAprep Spin Miniprep Kit (Qiagen, Hilden, GER) according 

to manufacturer’s instructions 

 

4.4.5 Sequencing 

 

The sequences of plasmids were determined based on the method by Sanger reaction. The 

sequencing was performed by Seqlab (Göttingen, GER). 

 

4.4.6 Spectrometric quantification of nucleic acids 

 

The determination of the concentration and purity of nucleic acid aqueous solutions (dsDNA, 

ssDNA and RNA) was carried out by UV spectroscopic measurement using the NanoDrop ND-

1000 spectrophotometer (Thermo Fischer Scientific, Waltham, USA). 
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4.5 RNA methods  

 

4.5.1  Intracellular RNA extraction 

 

Total RNA was extracted with TRIzol Reagent (Ambion, Thermo Fischer Scientific, Waltham 

USA). Therefore, cells were resuspended with 1 mL TRIzol reagent and lysed for 5 min on 

room temperature. 200 µL trichlormethane/chloroform (Carl Roth, Karlsruhe, GER) were 

added to the samples, mixed thoroughly for 15 sec and incubated for 15 min on 4°C. Samples 

were transferred to MaXtract® High Density tubes (Qiagen, Hilden, GER) and centrifuged for 

15 min at 17 000 x g for 15 min at 4°C. Subsequently the upper aqueous phase, containing 

the RNA, was transferred to a fresh tube and 500 µL isopropanol (VWR, Radnor, USA), 5 µL 

3 M sodium acetate (pH 6.5) (Carl Roth, Karlsruhe, GER) and 1 µL GlycoBlue™ (Thermo Fisher 

Scientific, Waltham, USA) were added and mixed. Precipitation was carried out for 15 min on 

4°C. RNA was spinned down at 17 000 x g for 15 min at 4°C. The supernatant was carefully 

removed, and RNA was dissolved with 25 µL autoclaved Millipore water (MQ). In order to 

remove residual DNA, the samples were further treated with Turbo DNAse (Ambion, Thermo 

Fisher Scientific, Waltham, USA) according to manufacturer’s instructions. The DNase 

digested RNA was precipitated with 100 µL ethanol (VWR, Radnor, USA) and 2 µL 3 M sodium 

acetate (pH 6.5) and 1 µL Glyco blue™ for 30 min at -80°C. The precipitated RNA was 

sedimented at 17 000 x g for 30 min at 4°C and the supernatant was removed. The pellet was 

washed with 70% ice-cold ethanol by rinsing the pellet and a subsequent centrifugation for 

10 min at 17 000 x g at 4°C. The supernatant was removed, and the RNA pellet was air dried 

for 5 min at RT. The RNA was resuspended in 20 µL MQ.  

 

4.5.2 Extracellular RNA extraction 

 

Total RNA from purified sEVs (see chapter 4.2.1) was isolated using a phenol/guanidinium 

thiocyanate (GTC)-based extraction method of Chomczynski & Sacci (1987) [346], with slight 

modifications of the protocol. 200 µL of extraction buffer pH 4.8 (10 mM sodium acetate, 150 

mM sucrose, both purchased from Carl Roth, Karlsruhe, GER), 20 µL 20% sodium dodecyl 

sulfate (SDS, AppliChem GmbH, Darmstadt, GER), 200 µL 6 M guanidinium thiocyanate 

(GTC, Sigma-Aldrich, Darmstadt, GER) were added to the isolated sEVs. In addition, 5 µL of 

20 pM of a non-human synthetic cel-miR-39-3p (5’-UCACCGGGUGUAAAUCAGCUUG-3’, 

Sigma Aldrich, Darmstadt, GER) was added as internal standard to compensate technical and 

methodical variations. After extraction of RNA with phenol (Carl Roth, Karlsruhe, GER) and 
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chloroform:isoamylalcohol (1:24) (Carl Roth, Karlsruhe, GER) the RNA was separated from 

DNA and proteins by centrifugation for 5 min at 4°C and 17 000 x g with MaXtract™ High 

Density tubes (Qiagen, Hilden, GER). The aqueous phase containing total RNA was 

transferred and precipitated by 3 M sodium acetate (Carl Roth, Karlsruhe, GER) / ethanol 

method with the addition of GlycoBlue™ (Invitrogen, Thermo Fischer Scientific, Waltham USA) 

for 30 min at -80°C. RNA was sedimented by centrifugation for 30 min at 4°C at 17 000 x g. 

The supernatant was removed, and the RNA was resuspended in 20 µL MQ. Subsequently 

the RNA was precipitated again with 100 µL 100% (v/v) ethanol and 2 µL sodium acetate (3 M, 

pH 6.5) and 1 µL GlycoBlue™ for 30 min at -80°C. After precipitation the RNA was centrifuged 

as described above and the RNA pellet was washed with 70% (v/v) ice-cold ethanol, by rinsing 

the pellet and subsequent centrifugation for 10 min at 4°C at 17 000 x g. The supernatant was 

removed, and the RNA was resuspended in 15 µL MQ. 

 

4.5.3 miR quantification by RT-qPCR 

 

RT-qPCR based miR quantification was performed using miScript system (Qiagen, Hilden, 

GER). Either 1 µg DNase digested RNA for intracellular miR quantification, or 2 µL of sEV RNA 

was used for reverse transcription. Reverse transcription was performed according to 

manufacturer`s instructions. A standard mix for one reaction was 4 µL miScript HiSpec Buffer 

5x, 2 µL miScript Nucleic Acid Mix 10 x, 2 µL reverse transcriptase, 1 µg DNase digested RNA 

(intracellular) or 2 µL RNA (sEVs) and MQ ad 20 µL. The reverse transcription was performed 

in thermo cycler (Peqlab Biotechnologie GmbH, advanced primus 25, Erlangen, GER) for 1 h 

at 37°C and 5 min at 95°C.  

RT-qPCR was performed using specific primers for miR-16-5p (MS0031493, Qiagen, Hilden, 

GER), miR-146a-5p (MS00003535, Qiagen, Hilden, GER), miR-155-5p (MS00031486, 

Qiagen, Hilden, GER), miR-574-5p (MS00043617, Qiagen, Hilden, GER). The RT-qPCR 

reaction mix and the programme are shown in Table 4 and  

Table 5, respectively. RT-qPCR was performed in Applied Biosystems StepOne Plus™ Real-

Time PCR System (Applied Biosystem, Thermo Fisher Scientific, Waltham, USA). For 

intracellular quantification snRNA U6 was used as endogenous control primer (MS00033740, 

Qiagen, Hilden, GER) and as control for extracellular normalization cel-miR-39-3p 

(MS00019789, Qiagen, Hilden, GER) was used. RT-qPCR was performed according to the 

manufacturer’s instructions. Fold inductions were calculated using 2(-∆Ct) values. The miR 

concentration in isolated EVs was determined by calibration curve. Therefore, a serial dilution 

of four standards, ideally over four logarithmic units, with the synthetic miRs hsa-miR-16-5p, 



 
Material and Methods                                   
 

58 
 

hsa-miR-155-5p, hsa-miR-146a-5p, hsa-miR-574-5p and cel-miR-39-3p (all sequences are 

shown in Table 6, all were synthesized by Sigma-Aldrich, Darmstadt, GER) was prepared in 

RNase-free water and reverse transcribed as described above. The Ct-values of each 

standard sample were measured by RT-qPCR. The calibration curve was calculated using the 

linear range of the dilution series. 

For normalization of technical variations synthetic non-human miR cel-miR-39-3p (200 nM) 

was added to samples. The ratio ∆Ct= Ct (analyte) - Ct (internal standard) results in a 

normalized calibration curve. By calculating the ∆Ct values of serum and cell culture 

supernatants their miR concentration can be quantified via normalized calibration curve. 

 

Table 4: Reaction mix for miScript RT-qPCR 

Component Volume [µL] 

SYBR® Green  12.5 

Universal primer  2.5  

Forward primer  2.5  

cDNA (1:2) 1  

MQ 6.5  

Total volume  25  

 

Table 5: RT-qPCR programme for miScript  

Step Temperature Time 

Initial denaturation 95°C 15 s 

Denaturation 94°C 15 s 

Annealing  55°C 30 s 

Elongation 70°C 30 s 

 95°C 15 s 

Melt curve 60°C 1 min 

95°C 15 s 

 

 

 

 

 

40 cycles 

0.3°C 



 
Material and Methods                                   
 

59 
 

Table 6: Sequences of synthetic miRs. miR sequences were obtained from miRbase (http://www.mirbase.org/)  

miR  Sequence [5‘ – 3‘] Accession number  

hsa-miR-16-5p UGAGAACUGAAUUCCAUGGGUU MIMAT0000069 

hsa-miR-146a-5p UGAGAACUGAAUUCCAUGGGUU MIMAT0000449 

hsa-miR-155-5p UUAAUGCUAAUCGUGAUAGGGGUU MIMAT0000646 

hsa-miR-574-5p UGAGUGUGUGUGUGUGAGUGUGU MIMAT0004795 

cel-miR-39-3p UCACCGGGUGUAAAUCAGCUUG MIMAT0000010 

4.5.4 mRNA quantification by RT-qPCR 

 

For the reverse transcription of mRNA, High-Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific, Waltham, USA) was used. Volumes for the reaction are shown in 

Table 7. Samples reverse transcribed with High-Capacity cDNA Reverse Transcription Kit 

were incubated for 10 min at 25°C followed by incubation at 37°C for 2 h and termination at 

85°C for 5 min in a thermo cycler (Bio-Rad Laboratories, Hercules, USA). RT-qPCR was 

performed in Applied Biosystems StepOne Plus™ Real-Time PCR System (Applied 

Biosystem, Thermo Fisher Scientific, Waltham, USA) using Fast SYBR Green PCR Master 

Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, USA). 1 µL cDNA (1:2 diluted) 

was used per reaction. The primer pairs shown in Table 8 were used for detection of IL-23, 

IFNα, TNFα, IL-8, mPGES-1 and COX-2 (all oligos were purchased from Sigma-Aldrich, 

Darmstadt, GER). In all experiments β-Actin (primer sequences are shown in Table 8) was 

used as endogenous control to normalize variations in cDNA quantities in different samples. 

The used RT-qPCR reaction mix is shown in Table 9 and the programme is shown in Table 

10. 

 

Table 7: Reaction mix for reverse transcription for mRNA 

Component Volume [µL] 

Total RNA (250 ng) X 

dNTP Mix (100 nM) 0.8  

RT Buffer (10 x) 2  

RT Random Primers (10 x) 2  

MultiScribe® Reverse Transcriptase 1  

MQ ad 20  
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Table 8: Targets and respective forward and revers primers for RT-qPCR 

Target mRNA Primer name  Sequence [5’ – 3’] 

IL-23 
IL-23-fwd GTTCCCCATATCCAGTGTGG 

IL-23-rev AAAAATCAGACCCTGGTGGA 

IFNα 
IFNα-fwd GCAAGCCCAGAAGTATCTGC 

IFNα-rev CTTGACTTGCAGCTGAGCAC 

TNFα 
TNFα-fwd CCCAGGGACCTCTCTCTAATC 

TNFα-rev ATGGGCTACAGGCTTGTCACT 

IL-8 
IL-8-fwd AGCTCTGTGTGAAGGTGCAG 

IL-8-rev TGGGGTGGAAAGGTTTGGAG 

mPGES-1 
mPGES1-fwd TCCCGGGCTAAGAATGCA 

mPGES1-rev ATTGGCTGGGCCAGAATTTC 

COX-2 
COX-2-fwd CCGGGTACAATCGCACTTAT 

COX-2-rev GGCGCTCAGCCATACAG 

β-Actin 
β-Actin-fwd CGGGACCTGACTGACTAC 

β-Actin-rev CTTCTCCTTAATGTCACGCACG 

 

Table 9: Reaction mix for RT-qPCR for mRNA measurements  

Component Volume [µL] 

Fast SYBR® Green Master Mix 10  

Forward primer (2 µM) 3.75  

Reverse primer (2 µM) 3.75  

cDNA (1:2) 1  

MQ 1.5  

Total volume  20  
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Table 10: RT-qPCR programme for mRNA measurements 

Step Temperature Time 

Initial denaturation 95°C 20 s 

Denaturation 95°C 3 s 

Annealing & 

Elongation 

60°C 30 s 

 95°C 15 s 

Melt curve 60°C 1 min 

95°C 15 s 

 

4.6 Protein methods 

 

4.6.1 Cells Lysis 

 

Human cells were lysed in T-PER™ tissue protein extraction reagent (Thermo Fisher 

Scientific, Waltham, USA) supplemented with an EDTA-free protease inhibitor (Roche, Basel, 

CHE) for 30 min at 4°C. The protein concentration of the lysate was determined by Bradford 

assay (Bio-Rad Laboratories, Hercules, USA) described in chapter 4.6.3. 

 

4.6.2 sEV lysis 

 

For Western blot analysis 20 – 30 µg of purified sEVs were lysed in radioimmunoprecipitation 

assay buffer (RIPA), consisting of 50 mM Tris-Cl pH 7.4 (Sigma-Aldrich, Darmstadt, GER), 150 

mM NaCl (Sigma-Aldrich, Darmstadt, GER), 1% NP40 (Sigma-Aldrich, Darmstadt, GER), 

0.25% Na-deoxycholate (Sigma-Aldrich, Darmstadt, GER), 1 mM phenylmethylsulfonyl 

fluoride  (Sigma-Aldrich, Darmstadt, GER) and EDTA-free protease inhibitor (Roche, Basel, 

CHE).  

 

4.6.3 Bradford assay 

 

The protein concentration of cell lysates was determined by Bradford assay (Bio-Rad 

Laboratories, Hercules, USA) by comparison to a standard curve. The standard curve was 

determined with known concentrations of bovine serum albumin (BSA, AppliChem GmbH, 

Darmstadt, GER) ranging from 50 – 500 µg/mL. 10 µL of the different BSA concentrations as 

40 cycles 

0.3°C 
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well as 10 µL of cell extract (0.5 µL sample mixed with 9.5 µL MQ were mixed in a 96-well plate 

with 190 µL of 1:5 diluted Bradford reagent. Each sample and standards were measured in 

duplicates. The colour change of the Bradford reagent was determined by measuring the 

absorption at a wavelength at 595 nm with a Tecan Infinite M 2000 (Tecan Group, Männedorf, 

CHE). Protein concentrations were calculated according to the obtained standard curve.  

 

4.6.4 SDS-PAGE and Western blot 

 

60 µg protein cell lysate or 20 µL lysed sEVs were boiled with 5 µL of a protein loading buffer 

(50% glycerine, 1.5% bromphenol blue, 4% SDS, 15% β-mercaptoethanol, all purchased from 

Carl Roth, Karlsruhe, GER) for 5 min at 95°C in order to denature proteins. The proteins were 

then separated by SDS gel electrophoresis (SDS-PAGE) on a 12% acrylamide SDS gel 

(composition see Table 11). To determine the sizes of the proteins, Precision Plus Protein™ 

All Blue Standard (Bio-Rad Laboratories, Hercules, USA) was also separated on the gel. 

Afterwards, the proteins were transferred on a HyBond ECL nitrocellulose membrane 

(Amersham Bioscience, Piscataway, USA) for 80 min at RT. The membrane was then blocked 

in Odyssey® Blocking Buffer (Li-COR Biosciences, Lincoln, USA) for 1 h at RT under constant 

shaking. Membranes were then incubated over night with primary antibodies against target 

proteins (listed in Table 12) at 4°C under constant shaking. Afterwards the membrane was 

washed with PBS pH 7.4/Tween 20 0.1% (v/v) (Carl Roth, Karlsruhe, GER) in order to remove 

unbound antibodies from the membrane. Then the membrane was incubated with infrared dye 

conjugated secondary antibodies (IRDye®, LI-COR Biosciences, Lincoln, USA) for 45 min at 

RT. Visualization and quantitative analysis were performed with Odyssey Infrared Imaging 

System (LI-COR Biosciences, Lincoln, USA) and Image Studio Software.   

Table 11: SDS-PAGE gel composition 

Stacking gel (7.4 %) Separating gel (12%) 

MQ 2.4 mL MQ 3.3 mL 

Acrylamide 30% (w/v) 532 µL Acrylamide 30% (w/v) 4 mL 

Tris-HCl, 0.5 M, pH 

6.8 

1 mL Tris-HCl, 1.5 M, pH 8.8 2.5 mL 

SDS 10% (w/v) 40 µL SDS 10% (w/v) 100 µL 

APS 10% (w/v) 24 µL APS 10% (w/v) 100 µL 

TEMED 6 µL TEMED 4 µL 
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Table 12: Primary antibodies  

Target Protein Animal source Dilution Company  

COX-2 goat 1:200 Santa cruz (sc-1745) 

mPGES-1 rabbit 1:200 Cayman (160140) 

β-Actin goat 1:1000 Santa cruz (sc-1616) 

CD63 rabbit 1:1000 System Biosciences (EXOAB-CD63A-1) 

CD81 rabbit 1:1000 System Biosciences (EXOAB-CD81A-1) 

CD9 rabbit 1:1000 System Biosciences (EXOAB-CD9-A1) 

Hsp70 rabbit 1:1000 System Biosciences (EXOAB-Hsp70-A1) 

 

4.6.5 Microscale thermophoresis 

 

The Cyanine5-labeled hsa-miR-574-5p (5’-UGAGUGUGUGUGUGUGAGUGUGU 

[Cyanine5] -3’, Sigma-Aldrich, Darmstadt, GER) was adjusted to 100 nM with PBS (pH 7.4, 

Thermo Fisher Scientific, Waltham, USA) supplemented with 0.05% Tween 20 (NanoTemper 

Technologies, München, GER). A series of 16 1:2 dilutions was prepared with recombinant 

human TLR8 (H00051311_G01, Abnova, Taiwan) using the protein storage buffer (25 mM 

Tris-HCl pH 8.0, 2% glycerine, both purchased from Carl Roth, Karlsruhe, GER), reaching 

ligand concentrations ranging from 20.4 pM to 668 nM. For the measurement, each ligand 

dilution was mixed with one volume of labelled hsa-miR-574-5p, which lead to a final 

concentration of hsa-miR-574-5p of 50 nM and final ligand concentrations ranging from 

10.4 pM to 334 nM. After 5 min incubation, the samples were loaded into Monolith NT.115 

Standard Treated Capillaries (NanoTemper Technologies, München, GER). Instrument 

parameters were adjusted to 60% LED power and 40% MST power. A negative control was 

performed using Cy5-labeled hsa-miR-16 (5’-UAGCAGCACGUAAAUAUUGGCG[Cyanine5]-

3’, Sigma-Aldrich, Darmstadt, GER) with a final concentration of 50 nM and a final TLR 8 

concentration ranging from 6.36 pM to 209 nM. Instrument parameters were adjusted to 20% 

LED power and 60 MST power. Data of three independently measurements were analysed 

(MO.Affinity Analysis software version 2.1.3, NanoTemper Technologies, München, GER) 

using the signal from an MST-on time of 1.5 s. 
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4.6.6 Immunofluorescence staining 

 

For the staining of CD14+ monocytes, 0.5 x 106 isolated CD14+ monocytes (isolation protocol 

see chapter 4.1.4) were seeded on poly-L-lysine (Sigma-Aldrich, Darmstadt, GER) coated 

glass cover slides (12 mm, Neolab, Heidelberg, GER) in a 12-well plate.  For coating, cover 

slides were incubated with 0.1 mg/mL poly-L-lysin for 5 min, then washed with MQ and dried 

for 2 h at RT. CD14+ monocytes were allowed to settle for 1 h in a humidified atmosphere of 

5% CO2 at 37°C. Subsequently cells were spinned down in the plate for 5 min at 240 x g. For 

staining of M2-like macrophages and pre-osteoclasts, 0.5 x 106 isolated CD14+ monocytes 

were seeded on gelatine (Sigma-Aldrich, Darmstadt, GER) coated cover slides (12 mm, 

Neolab, Heidelberg, GER) in a 12-well plate and differentiated as described in chapter 4.1.5.  

For gelatine coating, cover slides were incubated with 0.1% (w/v) gelatine for 30 min and 

washed with PBS. 

In all cases, medium was removed, and cells were washed three times with PBS. Cells were 

then fixed with 4% formaldehyde (Carl Roth, Karlsruhe, GER) for 10 min. After washing 3 times 

for 3 min with PBS, cells were permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, 

Darmstadt, GER) in PBS for 10 min. Subsequently, cells were blocked with 4% BSA (Sigma-

Aldrich, Darmstadt, GER) in PBS for 20 min. The primary antibodies against TLR7 

(MA5-16247, Invitrogen, Thermo Fisher Scientific, Waltham, USA) or TLR8 (PA5-20056, 

Invitrogen, Thermo Fisher Scientific, Waltham, USA) were diluted 1:50 (TLR7) or 1:100 (TLR8) 

in blocking solution and incubated with the cells for 1 h at room temperature. Afterwards, cells 

were washed with PBS/0.01% Tween20 (v/v) (Carl Roth, Karlsruhe, GER) 3 times for 5 min 

and incubated either with secondary antibody goat anti-mouse IgG (Alexa Fluor® 594, 

ab150116, Abcam, Cambridge, UK) diluted 1:500 for TLR7 or goat anti rabbit IgG (Alexa 

Fluor®  488, 111-454-144, JacksonImmunoResearch, Ely, UK) in blocking solution for 45 min 

at RT. Finally, cells were washed with PBS/0.01% Tween20 (v/v) (Carl Roth, Karlsruhe, GER), 

counterstained with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI, Sigma-Aldrich, 

Darmstadt, GER) for 5 min and mounted in 1,4-Diazabicyclo[2.2.2]octane (DABCO, Sigma-

Aldrich, Darmstadt, GER).   

Fluorescence microscopy was carried out using a Zeiss Axiovert 200 microscope. Images 

were taken with Plan-Apochromat 100x / NA 1.4 (pixel size XY = 66nm) oil immersion objective 

and a Zeiss AxioCam mRM camera. 

 

 

 



 
Material and Methods                                   
 

65 
 

4.6.7 Enzyme-linked Immunosorbent Assay (ELISA) 

 

For PGE2 ELISAs, 1.0 x 105 CD14+ monocytes (isolation protocol see chapter 4.1.4) were 

seeded into 96-well plates and differentiated as described before (see chapter 4.1.5). CD14+ 

monocytes or M2-like macrophages were stimulated with 1 µg/mL ScrC or miR-574-5p oe 

sEVs. Supernatant was harvested 72 h after stimulation and PGE2 ELISA (514010, Cayman 

Chemicals, Ann Arbor, USA) was performed according to manufacturer`s instructions. PGE2 

amounts were assessed via a standard curve. Therefore, serial dilutions of 1000 pg/mL to 

7.8 pg/mL of PGE2 standard were measured. All samples were measured in duplicates. The 

absorbance was measured with Tecan Infinite M 2000 (Tecan Group, Männedorf, CHE). 

 

4.7 Patient samples 

 

All patients’ samples were kindly providedp by Dr. Heidi Wähämaa and Dr. Marina Korotkova, 

(Karolinska Institutet, Stockholm, Rheumatology Department). Patient numbers and 

characteristic of synovial fibroblast, serum and synovial fluid that were used in this study are 

shown in Table 13 and Table 14, respectively. 

Table 13: Patient labelling and characterization of synovial fibroblasts. (no details = n.d.) 

Patient number gender source  characterization 

(ccp- or ccp+) 

SF-RA-1 male knee ccp+ 

SF-RA-2 male knee ccp- 

SF-RA-3 male knee ccp+ 

SF-RA-4 male knee ccp+ 

SF-RA-5 female knee ccp+ 

SF-RA-6 male knee ccp- 

SF-RA-7 n.d. n.d. ccp- 

SF-RA-8 n.d. n.d. ccp- 

SF-RA-9 n.d. n.d. ccp- 
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Table 14: Patient labelling and characterization of serum and synovial fluid. The first three patients were used 
for sEV miR-analysis by RT-qPCR where both serum and synovial fluid was tested. The last two samples in this list 
were used for stimulations in osteoclast differentiation assays. (no details = n.d.) 
 

Patient number gender source of synovial 

fluid 

characterization  

RA-10 male knee ACPA+ 

RA-11 female knee ACPA+ 

RA-12 male knee ACPA+ 

RA-13 n.d. knee ACPA+ 

RA-14 n.d. knee ACPA+ 

 

4.8 Statistics 

 

Results are given as mean + SEM or ±SD. Statistical analysis was carried out by Student's 

unpaired t-test (two-tailed) or One-way ANOVA with turkey post test using GraphPad Prism 

6.0. Differences were considered as significant for p ≤ 0.05 (indicated as * for p ≤ 0.05, ** for 

p ≤ 0.01, *** for p ≤ 0.001 and **** for p ≤ 0.0001).  
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5. Results 

5.1 Role of sEVs isolated from the synovial fluid of ACPA+ RA patients on osteoclast 

differentiation 

 

5.1.1 Characterization of sEVs isolated from synovial fluid and serum of RA patients 

 

The role of sEVs in the development of chronic inflammatory disease like RA has gained the 

interest of many research groups [59,118,284,285,292]. This study focuses on the impact of 

sEVs from synovial fluid of ACPA+ RA patients on the pathogenesis of RA, in particular on 

osteoclast differentiation. Therefore, sEVs were isolated from synovial fluid and serum of RA 

patients and characterized by transmission electron microscopy (TEM) and Western blot 

analysis. The synovial fluid was pre-treated with hyaluronidase prior to isolation according to 

Boere et al. [347] in order to minimize the high viscosity of this body fluid, caused by the high 

abundance of hyaloruronic acid. sEVs were isolated by two consecutive ultra-centrifugation 

steps and investigated by TEM to determine their size and morphology. TEM revealed a typical 

vesicular morphology of the isolated population as well as typical size range < 200 nm (Figure 

15A). In addition, a high purity of the samples was shown, as no other contaminants from the 

isolation procedure, like larger vesicles, were observed in both serum and synovial fluid 

samples. Furthermore, the obtained vesicles were examined by Western blot analysis in order 

to identify several EV specific surface protein markers [200]. For both, sEVs isolated from 

serum as well as from synovial fluid, Hsp70, CD63, CD9 and CD81 could be detected by 

Western blot (Figure 15B). Together with the TEM results it can therefore be concluded that 

the EVs, obtained by the ultra-centrifugation procedure are pre-dominantly composed of sEVs.    

 

 

Figure 15: Characterization of sEVs. sEVs were isolated by differential ultra-centrifugation from serum and 
synovial fluid. (A) Transmission electron microscopy (TEM), scale bar 200 nm. (B) Western blot analysis of CD9, 
Hsp70, CD63 and CD81, n=3. TEM and Western blot pictures are shown from one representative experiment. 
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5.1.2 sEVs isolated from the synovial fluid of ACPA+ RA patients induce 

osteoclastogenesis  

 

One of the major driving forces in the progression of RA is the enhanced differentiation and 

activation of osteoclasts, leading to bone and cartilage destruction in the arthritic joints [8]. In 

order to elucidate the potential impact of sEVs isolated from the synovial fluid of ACPA+ RA 

patients on osteoclast differentiation, CD14+ monocytes were separated from peripheral blood 

mononuclear cells (PBMCs) of healthy individuals and differentiated into M2-like macrophages 

with 25 ng/mL M-CSF for three days and further maturated into osteoclasts with 10 ng/mL 

M-CSF and 5 ng/mL RANKL (scheme of osteoclast differentiation protocol see Figure 13). 

CD14+ monocytes as well as M2-like macrophages were stimulated with different 

concentrations (1 µg/mL – 4 µg/mL) of sEVs from the synovial fluid of RA patients, to assess 

whether the sEVs have a concentration- and time dependent influence on osteoclastogenesis. 

After 9 to 12 days of differentiation, the cells were fixed and stained for the osteoclast marker 

TRAP. Cells, which were stained positive for TRAP (purple colour) and had ≥ 3 nuclei were 

considered as osteoclasts and counted using a light microscope. These experiments were 

performed together with M.Sc. Sarah Ottinger during her master’s thesis, which was conducted 

under my supervision.  

No change was observed when 1 µg/mL or 2 µg/mL of isolated sEVs were applied on CD14+ 

monocytes, whereas 4 µg/mL lead to a significant increase of about ~1.3-fold in osteoclast 

numbers (Figure 16A). A similar concentration dependent increase was observed when M2-

like macrophages were stimulated with sEVs from the same synovial fluid (Figure 16B). Here, 

a tendency of about ~1.4-fold in osteoclast numbers was achieved, when 4 µg/mL were applied 

to the cells.  

In general, both CD14+ monocytes and M2-like macrophages showed comparable behaviour, 

when stimulated with sEVs isolated from synovial fluid of ACPA+ RA patients. These results 

suggest that these sEVs may contribute to an enhanced osteoclastogenesis in RA.  
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Figure 16: Influence of sEVs derived from the synovial fluid of ACPA+ RA patients. Tartrate-resistant acid 
phosphatase (TRAP) staining of mature osteoclasts (OCs) obtained from primary CD14+ monocytes cultured in 
presence of sEVs derived from synovial fluid of two ACPA+ RA patients (1 µg/mL, 2 µg/mL or 4 µg/mL). sEVs were 
added to (A) CD14+ monocytes and to (B) M2-like macrophages. Multinucleated cells with three or more nuclei that 
were stained with a purple colour were considered as osteoclasts (one example indicated with by a black arrow). 
The relative changes are given as mean + SEM, normalized to untreated control (w/o) cells, n=4, One-way ANOVA 
* p ≤ 0.05. One representative image of TRAP staining is shown for each condition, scale bar 50 µm. Modified from 

the master’s thesis of Sarah Ottinger.   

 

5.1.3 miR-574-5p is highly abundant in sEVs from synovial fluid or serum of ACPA+ RA 

patients 

 

In the last decade numerous studies have not only shown that miRs are selectively packed 

and secreted by various cells into all kinds of body fluids such as the synovial fluid [284], but 

that they are also biologically active in recipient cells [281,348]. Thereby, sEV-delivered miRs 

contribute to cell-to-cell communication and are able to mediate inflammatory responses and 

influence osteoclast formation in RA [349]. In order to characterize sEVs isolated from serum 

and synovial fluids of ACPA+ RA patients in regard to their miR content and their potential 

involvement on the observed increase in osteoclast differentiation, four miRs were selected 

(miR-146a-5p, miR-155-5p, miR-16-5p and miR-574-5p). The selected miRs have previously 

been reported to be involved in inflammatory processes or RA directly [126,167,297,350,351]. 
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RT-qPCR was performed to analyse the levels of miR-146a-5p, miR-155-5p, miR-16-5p and 

miR-574-5p in sEVs derived either from synovial fluid or serum of the same ACPA+ RA patient 

to compare for specific package patterns in the different body fluids.  

Serum derived sEVs showed high concentrations of miR-574-5p (~3.9 x 10-8 µM) compared to 

miR-16-5p and miR-146a-5p, with an average of ~1.8 x 10-8 µM and 1.3 x 10-8 µM, respectively 

(Figure 17A). miR-155-5p was not detectable in any of the samples. In accordance with these 

results, high amounts of miR-574-5p (~1.4 x 10-8 µM) were measured in the sEVs derived from 

synovial fluid, compared to the other measured miR levels (Figure 17B). MiR-16-5p 

(~1.1 x 10-10 µM) and miR-155-5p (~2.4 x 10-10) were only detectable in levels close to the 

detection limit and miR-146a-5p was only detected in one of the patient samples.  

 

 

Figure 17: sEV miR level of miR-574-5p, -16-5p, -155-5p and -146a-5p in sEVs from serum or synovial fluid 
of ACPA+ RA patients. sEVs isolated from serum (A) or synovial fluid (B) from three RA patients. Synovial fluid 
was pre-treated with hyaluronidase (1,500 U/mL) for 15 min at 37°C, before sEVs were isolated. MiR levels were 
determined by RT-qPCR and normalized to the spike-in control cel-miR-39-3p (200 nM). Data are shown as mean 
+ SEM, n=3. 

 

When comparing the miR levels in sEVs from serum to those isolated from the synovial fluid, 

generally higher amounts of miR-574-5p, miR-16-5p and miR-155-5p were detected in the 

serum-derived sEVs (Figure 17). In case of miR-574-5p, we detected ~2-fold higher amounts 

of the miR in the sEVs derived from serum. These differences could be explained by the 

different cellular environment contributing to the sEVs content and gives rise to the question, 

which cells are responsible for the secretion of sEV-miR-574-5p in the synovial fluid of RA 

patients. Moreover, it raises the question if high abundant miR-574-5p is plays a role in the 

induction of osteoclastogenesis by sEVs derived from synovial fluid.  
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5.2 Cellular sources of sEV-miR-574-5p in the synovial fluid of RA patients 

 

5.2.1 Synovial fibroblasts are one of the donor cells of sEV-miR-574-5p 

 

In order to determine which cells in the microenvironment of arthritic joints are responsible for 

the high secretion of miR-574-5p in the sEVs isolated from synovial fluid, miR levels in sEVs 

isolated from cell supernatants of cultivated SF cells were analysed. Among other cells, SFs 

mainly contribute to the pathogenesis of RA by for instance, producing a large number of 

proinflammatory cytokines and MMPs [55,58]. Therefore, intracellular and sEV levels of 

miR-574-5p from SFs isolated both from ACPA- and ACPA+ RA individuals were analysed and 

compared to the levels of miR-146a-5p, miR-155-5p and miR-16-5p. To mimic the 

inflammatory environment within the inflamed joints, SFs were stimulated separately or in 

combination with 10 ng/mL IL-1β and 10 ng/mL TNFα for 24 h.  

As shown in Figure 18A miR-155-5p was intracellularly slightly induced after incubation with 

IL-1β alone or in combination with TNFα. miR-574-5p expression was also slightly induced 

upon stimulation with IL-1β and TNFα alone. In contrast no changes in expression were 

observed for miR-16-5p upon stimulation of the SF cells. As already shown in previous 

publications, miR-146a-5p was significantly induced (~10-fold) with IL-1β alone or in 

combination with TNFα [172]. In general, TNFα alone had barely any effect on the SFs in 

regard to the measured miR levels.  

 

Moreover, the miR levels from sEVs isolated from 1 mL SF cell culture supernatants were 

determined by RT-qPCR (Figure 18B). Here, only low levels of miR-155-5p were measured in 

some of the samples, close to the detection limit. In most of the samples miR-155-5p was not 

detectable in the sEVs. Additionally, miR-146a-5p was also not determined in any of the 

samples. For both cases, stimulation with IL-1β or TNFα had no influence on the secretion of 

these miRs via sEVs. In contrast to the synovial fluid, where miR-16-5p was barely detectable, 

SF cells appeared to release high levels of miR-16-5p. However, regarding the influence of 

stimulation no general conclusion could be drawn from the miR-16-5p data, due to high 

standard variations.  

Interestingly, the analysis of miR-574-5p revealed relatively high levels in sEVs isolated from 

SF supernatants in comparison to miR-155-5p and miR-146a-5p. In addition, a slight reduction 

of miR-574-5p was observed in response to IL-1β, TNFα alone or in combination. Interestingly, 

the amounts of miR-574-5p in sEVs from SF supernatants largely reflect those from the sEVs 

isolated from the synovial fluid of ACPA+ RA patients (see chapter 5.1.3, Figure 17B).  
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Figure 18: Comparison of miR-574-5p, 16-5p, 155-5p and 146a-5p levels in synovial fibroblasts (SFs) of RA 
patients. SFs from RA patients were cultured in sEV-depleted cell culture medium for 24 h. Afterwards, the medium 
was replaced by sEV-depleted cell culture medium containing either 10 ng/mL IL-1β, 10 ng/mL TNFα or both for 
24 h. MiR levels were determined by RT-qPCR. (A) Intracellular miR levels were normalized to snRNA U6 
endogenous control. Data are shown as mean + SEM, n=10, One-way ANOVA * p ≤ 0.05. (B) MiR content in sEVs 
derived from 1 mL cell supernatant was determined by RT-qPCR normalized to the spike-in control cel-miR-39-3p 
(200 nM). Data is shown as the mean + SEM, n=9. 
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5.2.2 Analysis of miR profiles in SFs from ACPA+ and ACPA- RA patients  

 

The heterogeneity among RA patients with respect to the presence or absence of auto- 

immune antibodies like ACPAs is one the major challenges in adequate diagnosis and 

treatment [352]. In order to test for patient specific miR expression patterns the intracellular 

and sEV miR expression profiles from the SF cell data (chapter 5.2.1) were analysed more 

closely. It was analysed by comparison of SFs isolated from patients who were diagnosed 

either as negative or positive for cyclic citrullinated peptides (ccp-/ccp+), which represent the 

antigens for ACPAs (Figure 19). Therefore, the respective miR expression data of unstimulated 

and stimulated SF cells from ccp+, as well as stimulated SF of ccp- patients were normalized 

to unstimulated SF cells from ccp- patients.     

   

No significant differences were observed when comparing the intracellular expression patterns 

of miR-574-5p in unstimulated SFs derived from ccp- or ccp+ patients (Figure 19A). However, 

unstimulated SFs from ccp+ patients seemed to have slightly higher amounts of miR-574-5p 

(~1.5-fold). This was also the case, when the levels of SFs, which were stimulated in 

combination or separately with IL-1β and TNFα were compared. Overall, the stimulation with 

IL-1β or TNFα seems to slightly increase intracellular amounts of miR-574-5p for both ccp- and 

ccp+ derived SFs. When comparing extracellular levels significantly higher concentrations of 

miR-574-5p (~1.8-fold) were found in sEVs derived from unstimulated SFs of ccp+ RA-patients 

compared to ccp- patients (Figure 19B). In addition, a moderate reduction of miR-574-5p levels 

was observed for both ccp- and ccp+ SFs during stimulation. Although ccp+ derived SFs 

stimulated with either IL-1β or TNFα alone generally showed higher miR-574-5p levels than 

ccp- SFs. It is noteworthy that, when comparing intracellular and sEV tendencies, miR-574-5p 

was slightly upregulated intracellularly during stimulation. In contrast it appeared to be less 

secreted by the SF cells in response to a treatment with IL-1β or TNFα. These tendencies 

applied both for SFs isolated from ccp- or ccp+ RA patients (Figure 19A/B).  

For miR-16-5p, no intracellular changes were observed upon stimulation with either IL-1 β or 

TNFα both in the SFs from ccp- and ccp+ patients (Figure 19C). When comparing ccp+ to ccp- 

expression profiles, in general higher amounts of miR-16-5p were detected in the ccp+ SFs. 

However, these differences were not significant, due to high standard deviations. Considering 

the miR-16-5p levels in sEVs, opposite tendencies were observed (Figure 19D). SFs from ccp+ 

patients tended to secret lower levels of miR-16-5p compared to ccp-. In addition, miR-16-5p 

appeared to be elevated in SFs of ccp- patients when stimulated with IL-1β and TNFα or in 

combination, whereas it was lower in SF derived from ccp+ patients. Nonetheless, no final 
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conclusions can be gained from this data due to low patient numbers included in the study and 

high standard deviations. 

When comparing the intracellular expression patterns of miR-146a-5p in both SFs from ccp- 

and ccp+, it was increased in response to IL-1β alone, or in combination with TNFα (Figure 

19E). TNFα alone had no influence on the expression level of miR-146-5p. Further, the basal 

miR-146a-5p levels were similar in unstimulated SFs both from ccp- and ccp+ patients. Cells 

from ccp+ patients however, were more responsive to IL-1β treatment in combination with 

TNFα. Thus, miR-146a-5p was increased by ~4.9-fold in SFs from ccp- patients and ~16.3-fold 

in those isolated from ccp+ patients in response to IL-1β and TNFα in combination, compared 

to unstimulated ccp- control cells. Notably, miR-146a-5p could not be detected in sEVs in any 

of the cells or upon stimulation of the cells. miR-155-5p was also only detected in four of the 

sEV samples from the SF cells. This makes it impossible to draw any conclusions from this 

data set and therefore was not further analysed. Intracellularly, the expression of miR-155-5p 

was slightly higher in samples from cpp+ derived SF cells (~3.3-fold) (Figure 19F). In addition, 

SFs from ccp+ patients were more responsive to TNFα treatment than cpp-. Here, a significant 

increase of 7.8-fold was observed in response to TNFα treatment.  

 

To conclude, SF cells from either ccp- or ccp+ RA patients seem to exhibit patient specific 

expression profiles with respect to certain miRs both in their basal expression and in response 

to inflammatory stimuli. This is the case for intracellular expression as well as extracellular 

secretion. 

 

 



 
Results                                   
 

75 
 

 

Figure 19: Comparison of miR-574-5p, 16-5p, 155-5p and 146a-5p levels in SFs of RA patients. SFs from RA 
patients were cultured in sEV-depleted cell culture medium for 24 h. Afterwards, the medium was replaced by sEV-
depleted cell culture medium containing either 10 ng/mL IL-1β, 10 ng/mL TNFα or both for 24 h. MiR levels were 
determined by RT-qPCR. Intracellular miR levels were normalized to snRNA U6 endogenous control. MiR content 
in sEVs derived from 1 mL cell supernatant was determined by RT-qPCR normalized to the spike-in control 
cel-miR-39-3p (200 nM). The results of intracellular and extracellular miR levels were evaluated with respect to 
patient characteristics. Therefore, (A) intracellular miR-574-5p, (B) sEV miR-574-5p, (C) intracellular miR-16-5p, 
(D) sEV-miR-16-5p, (E) intracellular miR-146a-5p and (F) intracellular miR-155-5p levels of SFs cells derived from 
ccp- RA patients (n=5) or ccp+ RA patients (n=4) were normalized to the mean of w/o control of ccp- patients. The 
relative changes are shown as mean + SEM, n=5 for ccp- and n=4 for ccp+, (B) t-test *p ≤ 0.05, (E)/(F) One-way 

ANOVA *p ≤ 0.05, ** = p ≤ 0.01, **** p ≤ 0.0001. 
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5.2.3 MiR-574-5p levels during osteoclast differentiation 

 

To study changes in intracellular and sEV miR-574-5p levels during osteoclastogenesis, 

CD14+ monocytes were differentiated into osteoclasts as previously described (see 

chapter 5.1.2). The results of this experiment could provide insights into regulatory 

mechanisms regarding cell-to-cell communication via sEV-delivered miR-574-5p in the 

synovial tissue.  In this context, it is interesting to explore, whether the cells intracellularly alter 

miR-574-5p levels and their secretion behaviour. Therefore, cells and supernatants were 

harvested every third day during differentiation. RNA was isolated from both cells and isolated 

sEVs from the supernatants and analysed by RT-qPCR. This data was evaluated during the 

master’s thesis of M.Sc. Sarah Ottinger. 

Intracellularly, the miR-574-5p profile changed in a variable manner, but the high standard 

deviations of the biological replica do not allow a definitive statement (Figure 20A). It seems 

that miR-574-5p increased between day 3 and day 6 (~1.7-fold), representing cells between 

the stages of M2-like macrophages and pre-osteoclasts. The expression is then reduced by 

75% in regard to day 3 and slightly increased again until day 12.  

The sEV level of miR-574-5p drastically dropped from day 3 to day 6 by about 80% and then 

remained constant during the differentiation till day 12 (Figure 20B). These results suggest that 

there is no additional secretion of miR-574-5p within sEVs by pre-osteoclasts and osteoclasts.     

 

 

Figure 20: Intracellular and sEV miR-574-5p level during osteoclast differentiation. (A) Intracellular 
miR-574-5p level during osteoclast differentiation was determined by RT-qPCR. Cells were harvested every 3 days 
during osteoclast differentiation. MiR-574-5p levels were normalized to snRNA U6 endogenous control. Relative 
changes normalized to 3 d are given as mean ± SEM, n=4. (B) MiR-574-5p level in sEVs derived from 1 mL cell 
supernatant was determined by RT-qPCR normalized to the spike-in control cel-miR-39-3p (200 nM). Supernatants 
were harvested every three days during osteoclast differentiation. Data are shown as mean ± SEM, n=4. Modified 

from the master’s thesis of Sarah Ottinger. 
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5.3 The role of sEV-delivered miR-574-5p on osteoclast differentiation  

 

5.3.1 sEVs with engineered miR-574-5p level 

 

To assess, whether the elevated miR-574-5p level found in sEVs isolated from synovial fluid 

of RA patients has an impact on the observed increased osteoclastogenesis, functional studies 

were performed. Therefore, an overexpression (oe) system was implemented, using 

XMIRXpress constructs (System Biosciences, Palo Alto, USA) in HEK 293 cells. According to 

manufacturer’s instructions the pre-miR sequence of miR-574-5p was cloned in front of the so 

called XMIR-sequence motif, which allows for a specific sorting of miRs into sEVs. These sEVs 

overexpressing miR-574-5p are in the following referred to as miR-574-5p oe sEVs. As a 

control, a scrambled control miR, which is sorted into the control sEVs (ScrC sEVs) was used. 

This control vector was purchased from System Biosciences (XMIRXP-NT, System 

Biosciences, Palo Alto, USA). For oe of miR-574-5p in sEVs, HEK 293 cells were transfected 

either with ScrC vector or XMIR-574-5p oe vector with Lipofectamine® 2000. The supernatant 

was harvested 16 h after transfection (Figure 21).  

sEVs were isolated and characterized by TEM and Western blot analysis in order to determine 

whether the transfection influenced general sEV characteristics like size or surface marker 

composition (Figure 22A/B). TEM and Western blot analysis revealed characteristic sEV 

features of the obtained vesicles, with a typical size < 200 nm (Figure 22A) and the presence 

of representative sEV protein markers like CD63 and CD81 (Figure 22B). In addition, 

miR-574-5p was measured by RT-qPCR in both ScrC and miR-574-5p oe sEVs, which 

revealed an oe of ~ 15-fold (Figure 22C).  

 

 

Figure 21: Scheme of the experimental setup for functional analysis with sEVs overexpressing miR-574-5p. 
For overexpression in sEVs HEK 293 cells are transfected with ScrC or miR-574-5p XMIR vector. The supernatant 
was collected after 16 h and sEVs are isolated by ultra-centrifugation and can be used on target cells for functional 

analysis.     
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In order to determine whether the miR was actually packaged into the sEVs and not simply 

bound to their surface, a RNase protection experiment was performed [249]. Therefore, 

isolated sEVs were treated with RNase only or additionally with the detergent TritonX 100, to 

disrupt the vesicular membrane. These experiments demonstrated that miR-574-5p was 

mainly protected from RNase digestion by an intact membrane. When the sEVs were disrupted 

by TritonX 100, miR-574-5p was significantly reduced by about 60% (Figure 22D). This 

indicates that with the treatment of the detergent the membrane is destroyed and miR-574-5p 

is then susceptible to degradation by the RNase.  

 

 

 

Figure 22: Characterization of sEVs with engineered miR-574-5p level. sEVs were isolated by differential ultra-
centrifugation from 1 mL of HEK 293 cell supernatant, transfected with XMIR-574-5p oe plasmid. (A) Transmission 
electron microscopy (TEM), scale bar 200 nm. (B) Western blot analysis of CD9, Hsp70, CD63 and CD81, n=3. 
TEM and Western blot pictures are shown from one representative experiment. (C) sEV miR-574-5p level in HEK 
293 cells, which were transfected with XMIR- scrambled control (ScrC) or -miR-574-5p (miR-574-5p oe) plasmid, 
was analysed by RT-qPCR and normalized to the spike-in control cel-miR-39-3p (200 nM). Relative changes to 
ScrC control are shown as the mean + SEM, n=4, t-test *p ≤ 0.05. (D) MiR-574-5p level was determined by RT-
qPCR and normalized to the spike-in control cel-miR-39-3p (200 nM). sEVs were treated with 0.05 mg/mL RNase 
A or with 1% TritonX 100 in combination with 0.05 mg/mL RNase A. Relative changes to untreated sEVs (w/o) are 
shown as the mean + SEM, n=3, t-test ** = p ≤ 0.01. (E/F) Purified miR-574-5p oe sEVs were labelled with lipophillic 
tracer 3,3'-dioctadecyloxacarbocy-anine perchlorate (DiO) and applied to (E) CD14+ monocytes or (F) HeLa cells, 
which were stained with 5 µg/mL Hoechst 33258. Pictures were taken every 10 min, one representative picture is 
shown for indicated time points, scale bar 10 µm. 
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Furthermore, it was examined whether the sEVs with the manipulated miR-574-5p content can 

be taken up by other cells. Therefore, isolated miR-574-5p oe sEVs were labelled with a green 

fluorescent lipophilic tracer dye 3,3'-dioctadecyloxacarbocy-anine perchlorate (DiO). This dye 

once intercalating with a lipid bilayer, such as the sEV membrane, emits green fluorescence 

after excitation. The uptake was monitored for both CD14+ monocytes and HeLa cells with live 

cell imaging by confocal microscopy. For both cell types, the same uptake patterns were 

observed (Figure 22E/F). Approximately 20 min after the administration of the DiO-labelled 

sEVs, a first uptake was recorded. In the course of the experiment then, more sEVs were 

detected within the cytoplasm of the cells after 40 min or 60 min, respectively. 

      

To summarize, a miR-574-5p oe of ~15-fold in sEVs was obtained, using the XMIR-system 

and it was demonstrated that these sEVs can in fact be taken up by different cell types. In this 

way, a suitable tool for further functional analysis in cell-based assays could be established.     

 

5.3.2 sEVs with high miR-574-5p level induces osteoclastogenesis  

 

In order to investigate the potential role of sEV-delivered miR-574-5p on RA related bone loss, 

osteoclast differentiation assays were performed with the miR-574-5p oe sEVs. Therefore, 

CD14+ monocytes were isolated and differentiated into osteoclasts as described before (see 

chapter 5.1.2). Cells were treated either with 1 µg/mL ScrC- or miR-574-5p oe sEVs at different 

stages during the differentiation (Figure 23). After 9 to 12 days of differentiation, the cells were 

TRAP-stained, and the number of osteoclasts was counted. Osteoclast numbers were 

significantly increased, when miR-574-5p oe sEVs were added directly to CD14+ monocytes 

(Figure 23A). Compared to untreated controls, the number of osteoclasts was significantly 

induced by ~1.7-fold in response to miR-574-5p oe sEVs. In addition, osteoclast numbers of 

miR oe treated cells were also significantly enhanced in comparison to ScrC sEVs treated 

cells.  

To assess whether the induction of osteoclastogenesis depends on the differentiation status 

of the cells, CD14+ monocytes were differentiated into M2-like macrophages for 3 days with 

25 ng/mL M-CSF and then stimulated with miR-574-5p oe- or ScrC sEVs. In line with previous 

results, a significant increase in osteoclast numbers of ~1.7-fold (Figure 23B). ScrC sEVs had 

no influence on osteoclast numbers. When sEVs were added to pre-osteoclasts, no changes 

in osteoclast numbers, neither with the addition of control nor miR-574-5p oe sEVs were 

observed (Figure 23C). This indicates that the effects of sEV-delivered miR-574-5p on 
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osteoclastogenesis strongly depend on the time point of administration during the 

differentiation. 

 

 

Figure 23: sEVs with high miR-574-5p levels enhance osteoclastogenesis in a time dependent manner.  
TRAP staining of mature osteoclasts (OCs) obtained from CD14+ monocytes and cultured in presence of 1 µg/mL 
ScrC or miR-574-5p oe sEVs, which were added to (A) monocytes, (B) M2-like macrophages or (C) pre-osteoclasts. 
Multinucleated cells with three or more nuclei that were stained with a purple colour were considered as osteoclasts. 
The relative changes normalized to untreated control cells are given as mean + SEM, (A/B) n=6 and (C) n=3, One-
way ANOVA ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. One representative image of TRAP staining is shown for 
each condition, scale bar 50 µm. 

 

Since overexpressed sEV-delivered miR-574-5p induced osteoclast differentiation, the 

question was raised whether the sEV-mediated transfer is essential for the induction or 

whether similar effects can be obtained by synthetic liposomal vehicles like Lipofectamine® 

2000 (Thermo Fisher Scientific, Waltham, USA) or synthetic miR-574-5p alone. To address 

this issue, different concentrations of synthetic miR-574-5p, either mixed with 1 µg/mL 

Lipofectamine® 2000 or without were added to CD14+ monocytes. These experiments were 

performed together with M.Sc. Sarah Ottinger during her master’s thesis. 
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Both Lipofectamine® 2000-delivered miR-574-5p as well as the synthetic miR alone had no 

influence on osteoclastogenesis (Figure 24A/B), suggesting  that the sEVs are inevitable for 

the delivery of miR-574-5p and the subsequent induction of osteoclast differentiation.  

 

 

 

Figure 24: Impact of synthetic miR-574-5p on osteoclast differentiation. TRAP staining of mature osteoclasts 
(OCs) obtained from CD14+ monocytes and cultured in presence of (A) 1 µg/mL Lipofectamine® 2000 and synthetic 
miR-574-5p (5 nM or 50 nM) or (B) synthetic miR-574-5p alone (5 nM or 50 nM). Multinucleated cells with three or 
more nuclei that were stained with a purple colour were considered as osteoclasts. The relative changes normalized 
to (A) Lipofectamine® 2000 or (B) untreated control cells are given as mean + SEM, n=3. One representative image 
of TRAP staining is shown for each condition, scale bar 100 µm. Modified from the master’s thesis of Sarah Ottinger. 
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5.4 sEV-delivered miR-574-5p enhanced osteoclastogenesis is mediated by TLR7 and 

TLR8  

 

5.4.1  miR-574-5p binds to TLR8 with high affinity 

 

The next step was to investigate the mechanism of induction of osteoclastogenesis mediated  

by sEV-delivered miR-574-5p. Thereby, miRs have been shown to not only act within their 

canonical function as translational repressors [114,148], but can also act as ligands for 

endosomal ssRNA receptors like TLR7 and TLR8 and are thus capable of inducing the innate 

immune response [168,330,343]. Sequence homology to the known TLR8 ligand RNA33 [330] 

(Figure 25A), as well as a recent publication by Salvi et al. indicates that miR-574-5p is a 

potential agonist for TLR7 and/or TLR8 [345]. To validate a direct interaction of miR-574-5p 

and TLR8 a MST binding affinity assay was performed [353]. Therefore, MST was performed 

with fluorescently Cy5-labelled miR-574-5p and commercially available human TLR8. As a 

negative control Cy5-labelled miR-16-5p was used. These experiments were performed by 

M.Sc. Sarah Ottinger during her master’s thesis. 

Plotting the TLR8 concentrations against the normalized delta fluorescence values per mil 

revealed a sigmoidal course for the interaction of miR-574-5p and TLR8, whereas the negative 

control miR-16-5p showed no binding to TLR8 (Figure 25B). In fact, a strong binding was 

observed in the MST measurement between miR-574-5p and TLR8 and a dissociation 

constant (KD) of 30.8 ± 5.24 nM was determined. The binding was also confirmed by plotting 

the MST traces, in which the MST time is plotted against the relative fluorescence (Figure 

25C). For the interaction of miR-574-5p and TLR8 a reduction in the relative fluorescence 

during MST, dependent on the concentration of TLR8 protein, was observed. In contrast, no 

changes in the MST traces were observed with miR-16-5p.  

With this in vitro binding assay, a direct interaction of miR-574-5p with TLR8 could be 

confirmed. Unfortunately, the binding to TLR7 could not be performed because the protein is 

not commercially available in full length or domains of the protein, including the miR binding 

site.  
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Figure 25: MST binding affinity assay for miR-574-5p and TLR8. (A) Comparison of sequence homologies of 
miR-574-5p and miR-16-5p to RNA33. (B/C) Microscale thermophoresis (MST) affinity assay of miR-574-5p to 
human recombinant TLR8. 50 nM of Cy5-labeled miR-574-5p and varying concentrations of non-labelled TLR8 
between 334 nM – 10.2 pM were used in the MST experiment. As negative control, 50 nM of Cy5-labeled 
hsa-miR-16-5p with varying concentrations of TLR8 between 209 nM - 6.36 pM were used. After a short incubation, 
samples were loaded into Monolith NT.115 Standard Treated Capillaries and the MST measurement was performed 
using the Monolith NT.115. (B) Dose response curve revealed a KD of 30.8 ± 5.24 nM for the interaction of miR-
574-5p and TLR8. Data are shown as ± SD, n=3. (C) MST traces shown for miR-574-5p and miR-16-5p and TLR8. 

An MST-on time of 1.5 s was used for analysis. Modified from the master’s thesis of Sarah Ottinger. 

 

5.4.2 Effects on osteoclastogenesis by sEV-delivered miR-574-5p are abrogated by 

TLR7/8 inhibition 

 

The influence of miR-574-5p binding and activation of TLR7 and TLR8, on osteoclastogenesis 

was further characterized in cell-based osteoclast differentiation assays. Hence, the 

expression of TLR7 and TLR8 was determined for all important cell stages during osteoclast 

differentiation by immunofluorescence staining (Figure 26). Both, TLR7 and TLR8 were 

detected in the cytoplasm at all tested stages during the differentiation from CD14+ monocytes 

to pre-osteoclasts (Figure 26A/B). In addition, the receptors appear to be evenly distributed 

throughout the cytoplasm, accumulated in foci. When the cells were stained simultaneously 

with TLR7 and TLR8 antibody, a homogenous distribution throughout the cytoplasm was 

observed (Figure 26C). However, they did not co-localize completely, suggesting that they are 

not necessarily located within the same endosomes.   
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Figure 26: TLR7 and TLR8 expression during osteoclastogenesis. Immunhistofluorescence of (A) TLR7 and 
(B) TLR8 and (C) TLR7 and TLR8 in combination. CD14+ monocytes were isolated and differentiated into M2-like 
macrophages and pre-osteoclasts. Cells were fixed and stained at the indicated time points. Cells were additionally 
stained with DAPI to visualize the cell nuclei. One representative picture is shown for each staining and cell 
differentiation status, n=3, scale bar 10 µm.   

 

Osteoclast differentiation assays were performed to determine whether improved 

osteoclastogenesis is mediated by activation of TLR7/8 by miR-574-5p binding. Therefore, 

CD14+ monocytes or M2-like macrophages with miR-574-5p oe or ScrC sEVs and additionally 
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200 nM of the TLR7/8 inhibitor ODN 2087 (ODN 2088 Control (ODN2087), MiltenyiBiotec, 

Bergisch-Gladbach, GER) with the purpose to abolish the sEV miR-574-5p mediated effect on 

osteoclast differentiation. Indeed, the induction of osteoclasts by extracellular miR-574-5p was 

completely blocked by the addition of the TLR7/8 inhibitor (Figure 27). This effect was observed 

when either CD14+ monocytes (Figure 27A) or M2-like macrophages (Figure 27B) were 

stimulated with miR-574-5p oe sEVs in combination with ODN 2087. The inhibitor alone had 

no influence on osteoclastogenesis, compared to untreated cells in regard to 

osteoclastogenesis.  

  

 

Figure 27: Inhibition of TLR7 and 8 abrogates the effects of sEV-delivered miR-574-5p. TRAP staining of 
mature osteoclasts (OCs) obtained from CD14+ monocytes and cultured in presence of 1 µg/mL ScrC or miR-574-5p 
oe sEVs and 200 nM ODN 2087 TLR7/8 inhibitor. This was added either to (A) monocytes or (B) M2-like 
macrophages. Multinucleated cells with three or more nuclei that were stained with a purple colour were considered 
as osteoclasts. The relative changes normalized to untreated control cells are given as mean + SEM, n=4. One-
way ANOVA * p ≤ 0.05, ** p ≤ 0.01. One representative image of TRAP staining is shown for each condition, scale 
bar 50 µm. 
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5.4.3 TLR7/8 Ligand R848 induces osteoclastogenesis 

 

Resiquimod (R848), a well-characterized TLR7/8 ligand (Invivogen, San Diego, 

USA) [336,354] was used to evaluate whether other known TLR7/8 agonists could increase 

osteoclastogenesis in the same way as sEV-delivered miR-574-5p. R848 was applied at 

different concentrations (10 ng/mL, 100 ng/mL and 1000 ng/mL) to either CD14+ monocytes, 

M2-like macrophages or pre-osteoclasts. Similar to miR-574-5p oe sEVs, a slight ~1.3-fold 

induction of osteoclasts was observed when 10 ng/mL R848 were applied to CD14+ monocytes 

(Figure 28A). In addition, this effect could be abrogated by additional application of the TLR7/8 

inhibitor ODN 2087 to the cells. When 100 ng/mL of the R848 ligand was added to the cells a 

significant increase of ~2-fold was observed. Interestingly, with the addition of 1 µg/mL R848 

a reduction by ~60% in osteoclast numbers was determined.  

When similar experiments were performed with M2-like macrophages, a significant increase 

of ~1.6-fold in osteoclast numbers was detected upon stimulation with 10 ng/mL R848 (Figure 

28B). This effect could be completely inhibited by the addition of ODN 2087 to the cells. 

Furthermore, the treatment of M2-like macrophages with higher concentrations of R848 

(100 ng/mL – 1 µg/mL) completely blocked the differentiation of osteoclasts.  

Pre-osteoclasts which were stimulated with 10 ng/mL R848 displayed no significant changes 

in their behaviour regarding osteoclast differentiation (Figure 28C). In contrast, when 

100 ng/mL or 1 µg/mL of R848 was added to the cells, osteoclast differentiation was 

significantly reduced by 80% or almost completely blocked, respectively.  

Overall, the effects of TLR7 and TLR8 ligand R848 are highly time and concentration 

dependent. Low concentrations of the ligand appear to induce osteoclastogenesis, when 

applied to CD14+ monocytes or M2-like macrophages, such as sEV-delivered miR-574-5p, 

whereas higher concentrations seem to almost completely block osteoclast differentiation.  

  

 

 

 



 
Results                                   
 

87 
 

 

Figure 28: TLR7/8 agonist R848 induces osteoclastogenesis in a concentration dependent manner. TRAP 
staining of mature osteoclasts (OCs) obtained from CD14+ monocytes and cultured in presence of different 
concentrations of the TLR7/8 ligand R848 (10 – 1000 ng/mL) and 200 nM ODN 2087 TLR7/8 inhibitor. This was 
added either to (A) monocytes, (B) M2-like macrophages or (C) pre-osteoclasts. Multinucleated cells with three or 
more nuclei that were stained with a purple colour were considered as osteoclasts. The relative changes normalized 
to untreated control cells are given as mean + SEM, n=4, One-way ANOVA * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
One representative image of TRAP staining is shown for each condition, scale bar 50 µm. 
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5.4.4 sEVs from ACPA+ RA patients induce IFNα and mPGES-1 mRNA in CD14+ 

monocytes  

 

After demonstrating that extracellular miR-574-5p mediates osteoclast differentiation via 

TLR7/8 activation, the aim was to obtain first evidence which target genes are stimulated by 

sEVs with high miR-574-5p level. Therefore, CD14+ monocytes were stimulated either with 

4 µg/mL of sEVs isolated from the synovial fluid of ACPA+ RA patients alone or in combination 

with TLR7/8 inhibitor ODN 2087 for 4 h. The total RNA was isolated and the mRNA levels of 

different TLR7/8 target genes, such as IL-23, IL-8, INFα, COX-2 and TNFα [335] as well as the 

miR-574-5p/CUGBP1 decoy target mPGES-1 [167] were analysed by RT-qPCR. This group 

of targets was specifically selected, as they have been previously reported to have an influence 

on osteoclast differentiation [355].  

No changes in IL-23 mRNA levels, but an increase of about ~3-fold in IFNα mRNA was 

observed when CD14+ monocytes were stimulated with sEVs isolated from synovial fluid of RA 

patients (Figure 29A/B). In addition, also the treatment with ODN 2087 alone seemed to 

increase INFα mRNA levels (Figure 29B). However, due to high standard deviations no final 

conclusion can be drawn from this data set. When the cells were treated with sEVs from the 

synovial fluid in combination with ODN 2087, the increase of IFNα mRNA was less pronounced 

(~2-fold). Furthermore, no changes in TNFα or COX-2 mRNA levels were observed upon 

stimulation with the sEVs isolated from synovial fluid (Figure 29C/F). In contrast, IL-8 was 

slightly upregulated in response to the treatment (~1.5-fold) (Figure 29D). This effect was 

restored to control level by the addition of TLR7/8 inhibitor ODN 2087. The level of mPGES-1 

mRNA was also induced by ~2.8-fold, however this effect was not significant (Figure 29E). 

Interestingly, the administration of ODN 2087 seemed to have no influence on the induction of 

mPGES-1 mRNA by sEVs from the synovial fluid.  

 

In general, no significant changes could be observed in response to treatment with sEVs 

isolated from the synovial fluid of RA patients. Nonetheless, tendencies for the induction of 

TLR7/8 target genes, namely IFNα and IL-8, give a first indication to an activation of NF-κB 

mediated increase of certain cytokines by the sEVs. For both measured cytokines, the 

inhibition of TLR7/8 seemed to abrogate the effect of the sEVs. Furthermore, an induction of 

mPGES-1 mRNA levels was observed, which could not be restored by inhibition of TLR7 or 

TLR8.  
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Figure 29: Influence of sEVs from the synovial fluid on TLR7/8 target gene mRNA levels. CD14+ monocytes 
were stimulated with 4 µg/mL sEVs isolated from synovial fluid of ACPA+ RA patients alone or in combination with 
200 nM ODN 2087. Cells were harvested after 4 h of incubation and total RNA was extracted. Quantification of (A) 
IL-23, (B) IFNα, (C) TNFα, (D) IL-8, (E) mPGES-1 and (F) COX-2 mRNA levels using RT-qPCR. β-Actin was used 
as endogenous control. Relative changes normalized to untreated controls are given as + SEM, n=4. 
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5.4.5 sEV-delivered miR-574-5p induces IFNα, IL-23 and mPGES-1 mRNA in CD14+ 

monocytes  

 

In order to investigate whether sEV-delivered miR-574-5p can in induce TLR7/8 target gene 

mRNA transcription, CD14+ monocytes were stimulated with 1 µg/mL ScrC or miR-574-5p oe 

sEVs alone or in combination with 200 nM ODN 2087. The cells were harvested after 4 h the 

RNA was extracted, and RT-qPCR was performed for the same mRNAs a described before 

(see chapter 5.4.4). 

RT-qPCR analysis revealed a significant induction of IL-23 mRNA of 1.9-fold in response to 

miR-574-5p oe sEVs in comparison to untreated controls (Figure 30A). No changes were 

observed when cells were treated with ScrC sEVs. In addition, the impact of sEV-delivered 

miR-574-5p oe was abrogated by the TLR7/8 inhibitor ODN 2087. Similar effects were 

determined for IFNα mRNA levels (Figure 30B). In this case miR-574-5p oe sEVs led to an 

increase of ~4.8-fold, whereas ScrC sEVs had no influence on IFNα mRNA levels. In response 

to ODN treatment alone, an increase of ~2.1-fold in the mRNA values was also observed (see 

chapter 5.4.4, Figure 29). However, the simultaneous application of miR-574-5p oe sEVs and 

ODN increased IFNα mRNA only by ~2-fold, showing that the increase mediated by elevated 

miR-574-5p is less pronounced by inhibition of TLR7/8.  

Neither ScrC nor miR-574-5p oe sEVs had any influence on TNFα mRNA expression (Figure 

30C). In the case of IL-8, also no changes were observed when CD14+ monocytes were treated 

with either one of the sEVs (Figure 30D). Interestingly, when ScrC sEVs in combination with 

ODN 2087 were added to the cells, IL-8 mRNA was reduced by about 40% in comparison to 

untreated control cells. miR-574-5p oe sEVs in combination with ODN 2087 decreased IL-8 

mRNA levels also slightly. 

Like the sEVs isolated from the synovial fluid (see chapter 5.4.4), mPGES-1 mRNA was 

significantly upregulated in response to miR-574-5p oe sEVs (3.7-fold) compared to untreated 

controls or ScrC sEV stimulated controls (Figure 30E). This effect was inhibited by the TLR7/8 

antagonist ODN 2087. Furthermore, COX-2 mRNA levels are not significantly changed, when 

either ScrC or miR-574-5p oe sEVs were applied to the cells (Figure 30F). However, a 

tendency for an increase was observed in response to miR-574-5p oe sEVs. Interestingly, like 

IL-8 mRNA, COX-2 mRNA was downregulated after treatment with ScrC sEVs in combination 

with ODN 2087.      
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To summarize these findings, miR-574-5p oe sEVs induced IL-23, IFNα and mPGES-1 mRNA 

levels, which is most likely mediated by TLR7 or TLR8 activation as these effects were 

circumvented by inhibition of TLR7 and TLR8.   

 

 

Figure 30: Effect of sEV delivered miR-574-5p on TLR7/8 target gene mRNA levels. CD14+ monocytes were 
stimulated with 1 µg/mL of ScrC or miR-574-5p oe sEVs alone or in combination with 200 nM ODN 2087. Cells 
were harvested after 4 h of incubation and total RNA was extracted. Quantification of (A) IL-23, (B) IFNα, (C) TNFα, 
(D) IL-8, (E) mPGES-1 and (F) COX-2 mRNA levels using RT-qPCR. β-Actin was used as endogenous control. 
Relative changes normalized to untreated controls are given as + SEM, n=4, One-way ANOVA * p ≤ 0.05.  
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5.4.6 Influence of synthetic liposomal-delivered miR-574-5p and synthetic miR-574-5p 

on TLR7/8 target gene mRNA levels 

 

The next step was to test whether similar effects of sEV-delivered miR-574-5p on target 

mRNAs can be achieved with a transport of miR-574-5p via synthetic liposomal vehicles like 

Lipofectamine® 2000 (Thermo Fisher Scientific, Waltham, USA) or synthetic miR-574-5p 

alone. For this purpose, different concentrations of synthetic miR-574-5p (5 nM or 50 nM), 

either mixed with 1 µg/mL Lipofectamine® 2000 or without were administered to CD14+ 

monocytes. The cells were harvested after 4 h, RNA was extracted, and RT-qPCR was 

performed on the different targets. 

The results revealed that synthetic miR-574-5p alone had no influence on IL-23 mRNA 

expression (Figure 31A). In contrast, IL-23 mRNA was downregulated to ~0.45-fold when 5 nM 

miR-574-5p was transfected into the cells using Lipofectamine® (Figure 31B). Interestingly, 

higher concentrations of miR-574-5p together with Lipofectamine® had no influence on IL-23 

mRNA. Moreover, synthetic miR-574-5p had no influence on the mRNA levels of IFNα, TNFα, 

IL-8 or COX-2 (Figure 31C/E/G/K). Only high concentrations of synthetic miR-574-5p (50 nM) 

induced mPGES-1 mRNA levels by on average ~3-fold (Figure 31I). Although, this effect was 

not significant due to high standard deviations. In addition, miR-574-5p in combination with 

Lipofectamine® had no impact on TNFα and IL-8 mRNA levels (Figure 31F/H), which is 

consistent with the results obtained from sEV-delivered miR-574-5p (see chapter 5.4.5). When 

50 nM of miR-574-5p together with Lipofectamine® were applied to CD14+ monocytes, a 

tendency towards upregulation of IFNα was observed (Figure 31D), which was also observed 

for mPGES-1 mRNA (Figure 31J). Surprisingly, COX-2 mRNA was downregulated by the 

addition of both concentrations of synthetic miR-574-5p in combination with Lipofectamine® 

(Figure 31L).     

 

To conclude, synthetic miR-574-5p had no influence on CD14+ monocytes in respect to the 

investigated mRNA levels. Furthermore, miR-574-5p delivered by synthetic lipid vehicles 

appeared to slightly induce IFNα and mPGES-1 mRNAs similar to sEV-delivered miR-574-5p.  
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Figure 31: Influence of synthetic miR-574-5p on TLR7/8 target gene mRNA levels. CD14+ monocytes were 
stimulated with 5 nM or 50 nM synthetic miR-574-5p or 1 µg/mL Lipofectamine® 2000 and synthetic miR-574-5p 
(5 nM or 50 nM) as indicated in the picture. Cells were harvested after 4 h of incubation and total RNA was extracted. 
Quantification of (A/B) IL-23, (C/D) IFNα, (E/F) TNFα, (G/H) IL-8, (I/J) mPGES-1 and (K/L) COX-2 mRNA levels 
using RT-qPCR. β-Actin was used as endogenous control. Relative changes normalized to either (A/C/E/G/I/K) 
untreated controls or (B/D/F/H/J/L) Lipofectamine® 2000 treated controls are given as + SEM, n=4, t-test * p ≤ 0.05, 
*** p ≤ 0.001. 
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5.4.7 R848 induces TLR7/8 target mRNAs 

 

As proof of concept, it was tested whether TLR7 and TLR8 ligand R848 is capable to induce 

mRNA levels of several target genes as it was shown for sEV-delivered miR-574-5p. 

Therefore, CD14+ monocytes were cultured in the presence of different concentrations of R848 

(10 ng/mL – 1 µg/mL) alone or in combination with TLR7/8 antagonist ODN 2087 for 4 h. Then 

the RNA was extracted, and RT-qPCR was performed on the different targets. 

In response to stimulation with increasing concentrations of R848 IL-23 mRNA levels were 

upregulated in a concentration dependent manner (Figure 32A). Thereby, low amounts of 

R848 increased IL-23 mRNA slightly by ~1.45-fold. This effect was inhibited by TLR7/8 

antagonist ODN 2087. Furthermore, IL-23 was gradually upregulated by higher concentrations 

R848 to ~5-fold, with 100 ng/mL R848 and to ~400-fold by 1 µg/mL R848. Comparable 

concentration dependent changes were observed for the other analysed mRNAs (Figure 32). 

IFNα for instance, was increased by a factor of ~13-fold upon stimulation with 10 ng/mL of the 

ligand (Figure 32B). This upregulation was almost completely blocked by TLR7/8 inhibition 

with ODN 2087. Consistent to miR-574-5p oe sEVs (see chapter 5.4.5), low concentrations of 

R848 had no influence on TNFα mRNA (Figure 32C). Higher concentrations of R848 in 

contrast, led to an increase of TNFα mRNA to ~18-fold or ~500-fold, respectively. IL-8 mRNA 

levels showed also a tendency for upregulation upon stimulation with 10 ng/mL R848, which 

was not the case, when cells were additionally treated with ODN 2087 (Figure 32D). In addition, 

IL-8 was highly increased by higher concentrations of R848 by ~120-fold with 100 ng/mL R848 

and ~1500-fold with 1 µg/mL R848, respectively.   

Interestingly, mPGES-1 mRNA showed also a tendency to be upregulated by ~4-fold in 

response to 10 ng/mL R848 (Figure 32E), which is comparable to the results obtained with 

miR-574-5p oe sEVs (see chapter 5.4.5). The upregulation was less pronounced when the 

TLR7/8 inhibitor was applied in combination (Figure 32E). Furthermore, no changes in COX-2 

mRNA levels were observed in response to 10 ng/mL R4848, in contrast to higher 

concentrations, where it was highly upregulated (Figure 32F). 

 

Overall, low concentrated R848 showed similar effects on the measured mRNA levels as sEV-

delivered miR-574-5p, which provides further evidence that miR-574-5p is in fact a biological 

active TLR7/8 agonist. In contrast, higher concentrations of R848 induced the investigated 

mRNA levels to a higher extend than miR-574-5p sEVs.  
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Figure 32: Effect of TLR7/8 agonist R848 on target gene mRNA levels. CD14+ monocytes were stimulated with 
different concentrations of concentrations of the TLR7/8 ligand R848 (10 – 1000 ng/mL) and 200 nM ODN 2087 
TLR7/8 inhibitor. Cells were harvested after 4 h of incubation and total RNA was extracted. Quantification of (A) 
IL-23, (B) IFNα, (C) TNFα, (D) IL-8, (E) mPGES-1 and (F) COX-2 mRNA levels using RT-qPCR. β-Actin was used 
as endogenous control. Relative changes normalized to untreated controls are given as + SEM, n=4, One-way 
ANOVA * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.  
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5.4.8 COX-2 protein expression is induced by miR-574-5p oe sEVs in CD14+ monocytes 

 

PGs are lipid inflammatory mediators and are the product of enzymatic turnover of arachidonic 

acid by COX-2 [356]. The roles of PGs on bone metabolism are to this day not fully understood. 

Though PGE2 has been previously demonstrated to increase osteoclast differentiation [357]. 

In order to assess whether sEV-delivered miR-574-5p can influence COX-2 protein 

expression, primary CD14+ monocytes were stimulated either with ScrC or miR-574-5p oe 

sEVs. Cells were harvested after 24 h and Western blot analysis was performed. 

CD14+ monocytes increased COX-2 protein expression in response to miR-574-5p oe sEVs 

by ~ 2-fold in comparison to untreated controls and ScrC sEV controls (Figure 33A). COX-2 

expression has been previously reported to be regulated by NF-κB [358–360]. Therefore, it 

was tested whether enhanced COX-2 protein levels can be attributed to the activation of NF-κB 

by miR-574-5p mediated stimulation of TLR7 and TLR8. Hence, CD14+ monocytes were 

treated with sEVs in combination with the TLR7/8 antagonist ODN 2087 for 24 h. Western blot 

analysis revealed that the upregulation of COX-2 by miR-574-5p sEVs was completely 

abolished by ODN 2087 (Figure 33B). In addition, ODN 2087 in general had no influence on 

COX-2 protein levels.  

In order to test whether the observed increase in COX-2 protein expression has an influence 

on osteoclast formation, a differentiation assay was performed as described before (see 

chapter 4.1.5). CD14+ monocytes or M2-like macrophages were treated either with ScrC or 

miR-574-5p oe sEVs in combination with 200 ng/mL of the selective COX-2 inhibitor celecoxib 

[361]. The differentiation assays showed that celecoxib alone slightly reduced osteoclast 

numbers, when applied to CD14+ monocytes (Figure 33C) and had no influence when applied 

to M2-like macrophages (Figure 33D). In both cases addition of celecoxib reduced the effects 

of miR-574-5p oe sEVs almost to control levels (Figure 33C/D).   
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Figure 33: miR-574-5p oe sEV induce COX-2 protein expression in CD14+ monocytes. (A) CD14+ monocytes 
were stimulated with 1 µg/mL of ScrC or miR-574-5p oe sEVs alone or (B) in combination with 200 nM ODN 2087. 
Cells were harvested after 24 h, protein was extracted, and Western blot analysis for COX-2 was performed. β-Actin 
was used as endogenous control. Relative changes normalized to untreated controls are given as + SEM, n=4, 
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One-way ANOVA * p ≤ 0.05. (C/D) TRAP staining of mature osteoclasts (OCs) obtained from CD14+ monocytes 
and cultured in presence of 1 µg/mL ScrC or miR-574-5p oe sEVs alone or in combination with 200 ng/mL celecoxib, 
which was added to (C) monocytes, (D) M2-like macrophages or (C) pre-osteoclasts. Multinucleated cells with three 
or more nuclei that were stained with a purple colour were considered as osteoclasts. Relative changes normalized 
to untreated controls are given as + SEM, n=4, One-way ANOVA ** p ≤ 0.01. One representative image of TRAP 
staining is shown for each condition, scale bar 100 µm.   

 

Since PGE2 has been reported to be involved in bone remodelling [357,362,363], the next step 

was to investigate whether enhanced COX-2 expression due to sEV-delivered miR-574-5p 

leads to an increased secretion of COX-2- derived PGE2. Therefore, CD14+ monocytes and 

M2-like macrophages were treated as in the osteoclast differentiation assays (see 

chapter 4.1.5) and stimulated with ScrC or miR-574-5p oe sEVs. After 72 h the supernatant 

was harvested and an ELISA for PGE2 was performed. The basal PGE2 expression for CD14+ 

monocytes after 72 h in culture was ~ 22 ng/mL and did not change in response to either ScrC 

or miR-574-5p oe sEVs (Figure 34A). This was also the case for M2-like macrophages treated 

with the sEVs for 72 h (Figure 34B). Here, the basal expression was on average a little bit 

lower (~ 19 ng/mL), than in the untreated CD14+ controls. Overall, the secretion of PGE2 seems 

to be constant in these early stages of osteoclast differentiation.  

 

 

Figure 34: PGE2 ELISA. (A) CD14+ monocytes or (B) M2-like macrophages were stimulated with 1 µg/mL of ScrC 
or miR-574-5p oe sEVs for 72 h. Supernatants were collected and PGE2 ELISA was performed. PGE2 levels were 

assessed by comparison to a standard curve and are given as mean + SEM, n=3. 
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In order to investigate, why PGE2 is not changed in response to miR-574-5p oe sEVs, 

mPGES-1 protein levels were analysed. mPGES-1 is a synthase downstream of COX-2 in the 

synthesis of PGs and converts PGH2 into PGE2 [364]. CD14+ monocytes were stimulated either 

with ScrC or miR-574-5p oe sEVs and cells were harvested after 24 h. Western blot analysis 

for mPGES-1 revealed that, in contrast to mRNA levels (see Figure 30E), the protein 

expression was not changed in response to miR-574-5p oe sEVs (Figure 35). It is also 

noteworthy that with both ScrC and miR-574-5p sEVs high standard deviations of mPGES-1 

protein levels were observed. However, the inconsistent response of mPGES-1 protein 

expression upon sEV treatment could be an explanation for the absence of changes in PGE2 

secretion that were observed in the ELISA.  

 

In summary, it can be stated that COX-2 but not mPGES-1 protein levels change upon 

treatment with miR-574-5p sEVs and that this effect can be abrogated with ODN 2087. 

Furthermore, the selective COX-2 inhibitor celecoxib abolishes the effects of miR-574-5p oe 

sEVs on osteoclast differentiation. These impacts cannot be explained by an increased PGE2 

secretion.  

 

 

Figure 35: mPGEs-1 protein levels are not changed in response to miR-574-5p oe sEVs. CD14+ monocytes 
were stimulated with 1 µg/mL of ScrC or miR-574-5p oe sEVs. Cells were harvested after 24 h, protein was 
extracted, and Western blot analysis for mPGES-1 was performed. β-Actin was used as endogenous control. 
Relative changes normalized to untreated controls are given as mean + SEM, n=3. 
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6. Discussion 

6.1 Osteoclastogenesis is enhanced by sEVs derived from the synovial fluid of RA 

patients 

 

RA is one of the most prevalent chronic inflammatory joint diseases, which causes swelling, 

tenderness, cartilage and bone damage, disability as well as increased morbidity [8]. Even with 

great efforts in the last decades, including novel treatment approaches and diagnostics, to this 

day the complex pathological processes resulting in RA are still not fully understood and no 

curative treatment is currently available [365]. Thereby progressive bone destruction is 

possibly the most severe facet altered in RA, as it is irreversible and can lead to complete 

disability of the joints [67]. Lately, EVs were recognized to play important parts in cell-to-cell 

communication by delivering miRs, proteins and lipids and are likely to be involved in the 

development of RA [193,366].  

Interaction of sEVs with mature osteoclasts or their precursors is of particular interest, since 

bone destruction caused by extensive maturation and activation of osteoclasts is characteristic 

for RA [1,67]. In order to evaluate the influence of sEVs on osteoclast differentiation, CD14+ 

monocytes were differentiated into osteoclasts and treated at different time points with sEVs 

isolated from the synovial fluid of ACPA+ RA patients. These assays revealed an increase in 

osteoclast numbers, when the cells were stimulated with the sEVs. These findings stand in 

contrast to a recent study, showing that sEVs from RA patients inhibit osteoclastogenesis by 

70% [367].  However, this study was performed with blood-derived sEVs from RA patients and 

not with sEVs isolated from the synovial fluid [367]. This difference in the study setup, is most 

likely the explanation for these adverse effects, as it is now well-established that depending on 

the source, sEVs greatly differ in their composition and content, leading to contrary effects on 

target cells [198,232].  

It was previously reported that osteoclast precursor-derived sEVs stimulate the differentiation 

ability of osteoclasts into mature osteoclasts, whereas sEVs isolated from mature osteoclast 

cultures significantly inhibited osteoclast formation [368]. This was attributed to a differential 

RANK expression within the sEVs obtained either from the osteoclast precursor or mature 

cultures. It was shown that high abundance of RANK in the mature cultures inhibits osteoclast 

formation by competitively binding to RANKL, thus preventing stimulation of RANK-signalling 

pathway in osteoclasts [368]. This suggests, that osteoclast-derived sEVs are paracrine 

regulators of osteoclastogenesis and that a specific content of sEVs leads to different effects 

in target cells. Contributing to the regulatory interplay of sEVs with target cells, it was reported 
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by another study that osteoblast derived sEVs contain high levels of RANKL and are able to 

significantly increase osteoclast formation [369].  

Overall, these findings provide additional elements to the complexity of regulation of bone 

remodelling. In this context, it would be an interesting aspect for further investigations, to 

analyse sEVs from the synovial fluid in regard to their protein composition in general and in 

particular the RANK and RANKL abundance.  

 

Recent research also revealed that miRs, which are secreted within vesicles, are involved in 

the bone remodelling process [370]. Therefore, it was interesting to assess the profile of 

various miRs in sEVs from serum and synovial fluid of RA patients and their potential role in 

the observed increase in osteoclast differentiation. The level of different miRs 

(miR-16-5p, -146a-5p, -155-5p, -574-5p) were examined. This was conducted in order to 

compare the levels of specific miRs as well as specific package and secretion patterns in 

different body fluids of RA patients. The analysis revealed a high abundance of miR-574-5p in 

sEVs both in serum and synovial fluid. Interestingly, in serum-derived sEVs the level of 

miR-574-5p (~3.9 x 10-8 µM) was about twice as high, than in sEVs from synovial fluid 

(~1.4 x 10-8 µM). To date, there is no other study showing the levels of miR-574-5p in serum 

or synovial fluid of RA patients to compare with. Only one publication shows changes of 

miR-574-5p levels in an induced osteoarthritis mouse model [371]. 

In serum, miR-16-5p and miR-146a-5p were detected, but to a lower extend than miR-574-5p. 

In contrast to sEVs isolated from serum samples, low levels of miR-155-5p were observed in 

synovial fluid-obtained sEVs, suggesting that the different cellular environment in fact leads to 

a differential packaging of miRs in sEVs. In general, higher amounts of the miRs were 

measured in the serum-derived sEVs. This stands in line with a previous publication, showing 

that extracellular miR content in plasma is significantly higher than in the synovial fluid for most 

of the miRs they investigated [174]. In contrast to the data presented in this thesis, they 

detected miR-155-5p in the plasma of RA patients. However, this study was not specifically 

focussing on sEV content, but rather all extracellular miRs present in plasma [174]. In addition, 

our group and others showed in recent studies that blood collection and differently prepared 

plasma can lead to deviations in extracellular miR quantification known as matrix 

effect [372,373]. Those studies revealed that for instance, Lithium-heparin as an anti-coagulant 

can significantly influence miR quantification. Thereby, Lithium-heparin inhibits the enzymatic 

reactions during reverse transcription and RT-qPCR [372]. Hence, the difference in study 

designs regarding sample collection could lead to variations in the results and makes it difficult 

to compare. 



 
Discussion                                   
 

102 
 

Furthermore, in this thesis samples of only three RA patients were analysed. In order make a 

final statement about miR expression profiles in sEVs in the synovial joints or blood, it would 

be interesting to conduct an extended study in the future, including a larger group of RA 

patients, and taking into account disease activity and patients’ treatment. A study from 2014 

for example observed differential expression of circulating miR-16-5p, 146a-5p and -155-5p in 

early RA compared to established RA in serum samples and suggested miR-223 as marker 

for disease activity and miR-16-5p and miR-223 as possible predictors for disease outcome in 

early RA [374]. Nonetheless, further investigations need to be performed in order to elucidate 

reliable miR biomarkers for RA.  

 

6.2 Cellular sources of sEV miR-574-5p in synovial fluid of RA patients 

 

6.2.1 miR-574-5p is secreted by SFs from RA patients 

 

Since many different cells are described to infiltrate the RA joints, it was examined which cells 

are the main producer of sEV-miR-574-5p [2]. SF cells have gained the interest of researchers, 

as they mainly contribute to the pathogenesis of RA [55,58]. Therefore, intracellular and sEV 

levels of different miRs from SF cells were analysed. Additionally, the cells were stimulated 

with IL-1β or TNFα in order to mimic the inflammatory environment within the synovial joints. 

In line with previous literature, intracellular levels of miR-146a-5p and miR-155-5p were 

induced by IL-1β treatment [172,179]. In general IL-1β and TNFα are cytokines secreted during 

innate immune response and activate signal transduction that subsequently lead to the 

activation of transcription factors like NF-κB [375,376]. Also, it was previously shown that TNFα 

is not a suitable stimulus to induce miR-146a-5p expression, which was also confirmed by the 

data within this thesis [172]. Although, it was also stated that TNFα is the most potent stimulus 

of miR-155-5p expression which stands in contrast to the results obtained in this thesis [172]. 

In addition, a slight increase in miR-574-5p was observed in response to IL-1β or TNFα 

treatment. It has recently been shown that miR-574-5p is upregulated under inflammatory 

conditions in the context of lung cancer, which is in line with this data [167]. Furthermore, 

preliminary data from our lab suggest that for example fetal lung fibroblasts express 

significantly more intracellular miR-574-5p upon IL-1β stimulation.  
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In a next step, the extracellular miR expression profiles were analysed. miR-155-5p and 

miR-146a-5p were only detected in low levels or not detectable, respectively. This stand in 

contrast to recent publications, which observed both miRs in supernatants of SFs [174,377]. 

Furthermore, it was demonstrated that both miR levels were significantly increased in response 

to the treatment with TNFα in sEVs isolated from the supernatants [377]. Potential explanations 

for this discrepancies in results could be that MH7A cells, an immortalized human rheumatoid 

fibroblast-like synoviocytes cell line [378], were used in the described publication [377]. In 

contrast, in the present study only primary SFs from RA patients were used. Data obtained 

from primary cells usually show higher standard deviations, as they are potentially influenced 

by various factors of the donor, such as disease activity or treatment. In addition, they 

harvested supernatants after 48 h of stimulation with TNFα [377], whereas in this study cells 

were only treated for 24 h.  

 

Interestingly, like in the synovial fluid and the serum of RA patients, miR-574-5p was also highly 

abundant in the sEVs isolated from SF supernatants, which implies that the SFs are at least 

one of the producing cell types within the synovial joints. The differential sorting of miR-574-5p 

upon stimulation, raises the question of how the cells regulate expression of miR-574-5p itself, 

as well as the packaging into sEVs. MiR-574-5p, which is encoded within the FAM114A1 gene 

as a mirtron [379], is transcribed as an intron of the FAM114A1 mRNA and is generated during 

splicing [142]. Thus, at least the regulation of miR-574-5p transcription relies on FAM114A1 

gene regulation. Until know the regulation of FAM114A1 gene expression has not been the 

focus of any studies. Therefore, it would be an interesting aspect for future studies, exploring 

correlations between the expression of FAM114A1 and miR-574-5p in SFs. In this context, 

splicing events should also be taken into account, as the expression of different splicing factors 

under inflammatory conditions could contribute to an altered FAM114A1 splicing [380].  

Another interesting facet to study would be mechanisms of miR-574-5p sorting into sEVs. To 

date, little is known about the regulatory machineries in the cells leading to specific miR sorting. 

Villaroya-Beltri et al. showed that the RNA binding protein hnRNP A2B1 is enriched in sEVs 

and identified a four-nucleotide miR sequence motif (GGAG), potentially responsible for 

loading of miRs into sEVs [250]. miR-574-5p does not inherit this sequence motif, however two 

shorter ‘versions’ with GAG [121]. Another possible RNA binding protein, which could 

potentially sort miR-574-5p into sEVs is CUGBP1. It has recently been demonstrated that 

miR-574-5p binds in a sequence specific manner to CUGBP1 to act as a decoy and inhibits its 

translational repression on mPGES-1 mRNA [167]. Interestingly, CUGBP1 protein has been 

observed in sEVs in several studies in the context of different cancers [381,382] and 
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preliminary data from our group also found CUGBP1 to be expressed in sEVs derived from 

fetal lung fibroblasts. In order to further investigate this potential loading mechanism, knockout 

of CUGBP1 in the SFs could be performed to monitor possible changes in miR-574-5p levels 

within sEVs. Furthermore, labelling both miR-574-5p by in situ hybridisation as well as 

CUGBP1 with immunofluorescence staining could show whether they co-localize in sEVs.  

 

6.2.2 miR-574-5p is increased in sEVs derived from SFs of ACPA+ RA patients 

 

Patient heterogeneity in RA remains one of the key challenges in predicting progression of the 

disease as well as treatment outcomes [352]. The presence of autoimmune antibodies like 

ACPAs is thereby correlated with a more severe outcome of the disease [54]. Thus, it was 

interesting to analyse miR expression data from the cells in regard to characterizations of the 

patients the cells originated from. This analysis revealed that the intracellular miR-574-5p 

levels were slightly higher in ccp+ positive SFs than in ccp-. Interestingly, miR-574-5p 

expression was significantly higher in sEVs from ccp+ RA patients than in ccp-, indicating that 

there is a patient specific expression and secretion pattern that can be correlated with ACPA 

or ccp levels, respectively.  

 

Intracellularly, the amount of miR-146a-5p in unstimulated ccp- SFs was comparable with that 

in unstimulated cpp+, although SFs from ccp+ patients were more responsive to IL-1β and 

TNFα treatment than ccp-. TNF receptor-associated factor 6 (TRAF6) and  Interleukin-1 

receptor-associated kinase 1 (IRAK1), which are molecules in the signal transduction of the 

TLR pathway, have been reported to be canonical targets of miR-146a-5p [179,180]. Thus, an 

enhanced translational repression by increased miR-146a-5p of these two targets may 

represent a negative feedback loop regulation by an intervention in the signal transduction of 

TLRs, suppressing further NF-κB activation. If this is correlated to the observation that ccp+ 

SFs show a higher upregulation of miR-146a-5p in response to cytokine stimulation, this may 

be an indication for a possible coping mechanism of the cells, in order to reduce the 

inflammatory response.  

In contrast, miR-155-5p has been shown to promote inflammation by targeting several anti-

inflammatory pathways such as TGF-β signalling that is crucial for wound healing and 

homeostatic remodelling [383,384]. Interestingly, miR-155-5p was significantly higher 

expressed in SFs from ccp+ patients, than in ccp-. Further, ccp+ SFs seemed to be slightly 

more responsive to stimulation by IL-1β and TNFα, possibly promoting the inflammation. This 

could contribute to the fact that SFs in ccp+ arthritis patients are more aggressive than in ccp-.  
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Overall it can be concluded from this data that the intracellular and sEV expression of miRs 

seem to be patient specific and can to some extend be correlated to different manifestations 

of the disease like the presence of autoimmune antibodies. This data also suggests that the 

regulation of the immune response by miRs is a well-orchestrated process and that aberrations 

in miR expression can affect the pathogenesis of inflammatory diseases like RA.     

    

6.2.3 miR-574-5p sorting into sEVs is reduced during osteoclast differentiation  

 

Since osteoclast differentiation in the context of RA was the main scope of this thesis, 

intracellular and more importantly extracellular miR-574-5p expression was analysed during 

osteoclastogenesis. Findings of this experiment could reveal whether osteoclast differentiation 

is autoregulated via a positive feedback loop by increased miR-574-5p packaging in sEVs or 

whether osteoclast differentiation is potentially controlled by surrounding cells.  

Both intracellularly and extracellularly, miR-574-5p expression was reduced over the course of 

the differentiation. Only intracellularly in pre-osteoclasts a slight increase in miR-574-5p levels 

was observed in comparison to M2-like macrophages. However, this increase is not 

representative because of the high standard deviation in miR-574-5p levels which is most likely 

due to difficulties in the culturing of primary cells. The decrease of miR-574-5p secretion via 

sEVs during osteoclastogenesis indicates that there is no additional secretion of miR-574-5p 

and no potential positive feedback regulation.  

 

MiRs have previously been shown to regulate osteoclast differentiation [385,386]. Dou et al. 

for example performed a microarray analysis on the expression profile of miRs during 

osteoclastogenesis and reported 22 miRs that are upregulated and 15 miRs that are 

downregulated at all stages of osteoclast differentiation [386]. They did not detect miR-574-5p 

among the downregulated miRs. However, they used the monocytic mouse cell line 

RAW264.7, which could possibly explain this discrepancy [386].  

Taking potential direct miR-574-5p target genes into account, a possible explanation can be 

obtained of how down-regulation of miR-574-5p supports osteoclastogenesis. One predicted 

direct target mRNA of miR-574-5p is TRAF6 (http://www.targetscan.org/vert_72/). TRAF6 is a 

crucial adaptor molecule for RANKL signalling [387]. The downregulation of miR-574-5p during 

osteoclastogenesis could lead to the upregulation of TRAF6 thus subsequently to an increased 

osteoclast formation. Such a mechanism has recently been proposed for miR-125a [388]. 

However, for confirmation of this hypothesized mechanism further studies need to be 

performed.   
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Overall, it can be concluded from the presented data that SFs and M2-like macrophages are 

one of the producing cell types of miR-574-5p in sEVs in the synovial fluid of RA patients. 

However, the complex cellular structure within the microenvironment of synovial joints, 

contributing to sEV composition and content, makes it difficult to conclusively assess which 

cells are responsible for secretion. Larssen et al. proposed a technique for tracing the cellular 

origin of sEVs using a multiplex proximity extension assay (PEA) [389]. In this technique 

proteins from EVs are characterized by a combination of antibody-mediated detection and an 

integrated fluidic circuit real-time PCR [389]. The detected proteins are then compared to 

potential cell type origins and by analysing matching protein clusters of cells and EVs the 

cellular origin can be traced [389]. Thus, investigating sEVs isolated from synovial fluid in that 

regard could give an impression of which cells in fact are responsible for the high abundance 

of miR-574-5p observed in the sEVs.  

   

6.3 Osteoclast differentiation is enhanced by sEV-delivered miR-574-5p 

 

To investigate whether the elevated miR-574-5p level in sEVs isolated from synovial fluid of 

RA patients has an influence on osteoclastogenesis, in a next step an overexpression tool for 

miR-574-5p was implemented. For overexpression into sEVs, miR-574-5p pre-miR sequence 

was cloned in front of that motif in the XMIRXpress vector and by transient transfection in HEK 

293 cells an overexpression of 15-fold was achieved. Another method was proposed by Zhang 

et al. who incorporated miR mimics into isolated sEVs by transfection methods with CaCl2 or 

electroporation [390]. However, they reached only an upregulation of about 4-fold with their 

method [390], which is a significantly lower yield compared to what was obtained with the XMIR 

constructs presented in this thesis. 

 

In addition, an RNase protection experiment was performed, to evaluate whether miR-574-5p 

is incorporated into the sEVs and not bound to the surface of the sEVs. A small reduction in 

miR-574-5p levels was observed, when the sEVs were treated with RNase, proofing the miR 

is mainly protected by the membrane. This reduction is in line with other publications [254,391]. 

An incomplete inhibition of the activity of the RNase during the subsequent RNA isolation 

procedure is most likely the explanation for the observed small reduction in miR-574-5p levels. 

Furthermore, when the sEV membrane was disrupted by a detergent and subsequently treated 

with RNase, a reduction in miR-574-5p by 60% was observed. This indicates that with a 

destroyed membrane, the miR is prone to degradation by the RNase. The fact that the miR is 
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not completely digested by the RNase can be explained by an incomplete disruption of the 

sEV membranes with the detergent, or an incomplete digestion by the RNase.   

Next it was examined whether the miR-574-5p oe sEVs can be taken up by target cells. 

Therefore, the sEVs were labelled with the fluorescent dye DiO and applied to CD14+ 

monocytes or HeLa cells. The first uptake was observed approximately 20 min after 

administration of the sEVs. This rapid uptake is in line with previous publications [392,393]. In 

conclusion, it can be stated that with using the XMIR-system a suitable tool for functional 

analysis in regard to osteoclast differentiation of sEV-delivered miR-574-5p was established.  

 

To evaluate the potential involvement of miR-574-5p on osteoclast formation, in vitro studies 

with miR-574-5p oe sEVs were performed with primary cells. CD14+ monocytes as well as 

M2-like macrophages showed an increase in osteoclast numbers of ~1.7-fold in response to 

miR-574-5p oe sEVs. However, also a significant increase in osteoclast numbers was 

observed, when CD14+ monocytes were treated with ScrC sEVs. This can be addressed to 

the endogenous miR-574-5p level in the ScrC sEVs, although possible additional factors 

cannot be completely ruled out. For further confirmation, endogenous miR-574-5p should be 

depleted in ScrC sEVs or antagonized with an antagomir.  

Interestingly, when comparing the increase in osteoclast formation obtained by sEVs isolated 

from synovial fluid with that observed with miR-574-5p oe sEVs, it becomes clear that 

osteoclast formation is more pronounced with miR-574-5p oe sEVs. This could be due to a 

lower concentration of miR-574-5p in the sEVs from synovial fluid. Comparing the 

concentrations of miR-574-5p in synovial fluid-derived sEVs, it is significantly lower 

(1.5 x 10-8 μM) than in the manipulated overexpression sEVs (4.0 x 10-8 µM). This 2.6-fold 

difference in the sEV miR-574-5p quantity is likely accountable for the difference in 

osteoclastogenesis induction. In addition, sEVs from a body fluid like synovial fluid may contain 

a variety of additional mediators that could influence osteoclastogenesis. Thereby, miR-503 

and osteoprotegrin could be possible inhibitory mediators [394,395], whereas components 

such as miR-155-5p, TRAP or RANKL could positively influence the differentiation [176,396]. 

Therefore, a broader analysis of the sEVs from synovial fluid in terms of their protein and miR 

content could further clarify this.  

 Furthermore, no significant changes in osteoclast numbers were observed, when pre-

osteoclasts were treated with miR-574-5p oe sEVs, which indicates that only the progenitor 

cells are responsive to extracellular miR-574-5p in regard to osteoclast differentiation. These 

results suggest that the impact of sEV-delivered miR-574-5p on osteoclastogenesis strongly 

depends on the time point of administration of the sEVs.  
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In general, osteoclastogenesis is tightly and dynamically regulated and coordinated by multiple 

factors, including a variety of transcription factors, cytokines and PGs [86,397]. It has been 

shown that these factors can have differential impacts on osteoclast formation at different 

stages during osteoclast differentiation. For instance, it was revealed that the granulocyte-

macrophage colony-stimulating factor (GM-CSF) inhibits osteoclastogenesis at early stages of 

differentiation by cleaving the cell surface M-CSF receptor, which leads to the disruption of 

M-CSF signalling [398–400]. On the contrary it was reported that GM-CSF regulates the fusion 

of mononuclear pre-osteoclasts into multinucleated bone resorbing osteoclast by activating the 

Ras/ERK pathway [399]. This is an example for the well-orchestrated regulation of osteoclast 

differentiation and highlights the time point related impact of various factors. Thus, it comes as 

no surprise that miR-574-5p sEVs differentially affect the formation of osteoclast when applied 

at different stages.  

 

As overexpressed sEV-delivered miR-574-5p lead to an increase in the formation of 

osteoclasts, the next question raised was whether a sEV-mediated transfer is essential for the 

induction or if the same result can be obtained with miR-574-5p transport via synthetic 

liposomal vesicles or synthetic miR-574-5p alone. In both cases no changes in osteoclast 

numbers were observed. These findings are in line with the current understanding that vesicle-

associated miRs are responsible for cell-to-cell communication, while free miRs may represent 

only cell by-products without physiological impact [401].  

It can further be speculated that synthetic liposomal transport is insufficient for a directed 

transport of miR-574-5p within target cells due to the absence of surface proteins and 

glycoproteins that are usually present on the surface of sEVs. In contrast to this study, other 

groups demonstrated an activation of TLR7/8 by miRs that were delivered by other liposomal 

vehicles such as Dotap [168,345]. In the present study however, the XMIR system was chosen 

for functional analysis, since the sEVs here are produced by cells and are therefore less 

artificial as they inherit all features, such as surface proteins, of naturally occurring sEVs.  

Uptake and delivery mechanisms of sEVs and their cargoes remains largely unclear. Salvi et 

al. implied that the vesicles are taken up by phagocytosis, suggesting that their content is 

directly brought into contact with endosomal TLRs [345]. Furthermore, it has been proposed 

that EVs require common viral entry pathways to be incorporated into cells [402]. Though, 

despite major advances in EV research, EV cell entry mechanism and EV content delivery to 

specific cell compartments remain largely uncovered and need further investigations [402].  
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6.4 Increased osteoclastogenesis by sEV-delivered miR-574-5p is mediated by TLR7 

and TLR8  

 

In the last years it became evident that miRs can act as agonists for endosomal ssRNA 

receptors, such as TLR7 and TLR8 [168,330]. These findings are of particular interest, as the 

involvement of TLRs in osteoclastogenesis has been reported and controversially discussed 

in the literature [397,403–405]. In order to proof a direct interaction and binding of miR-574-5p 

to TLR8, an MST affinity assay was performed. MST was used to characterize the binding 

since this method is reliable, works with small sample amounts and low deviations between 

different measurements. Most importantly, this method is able to monitor interactions between 

biomolecules with high molecular weight differences, such as a miR and a protein [406].  

The MST measurement revealed a KD of 30.8 ± 5.25 nM between miR-574-5p and TLR8, 

which confirms a strong binding. Tanji et al. confirmed a KD of 55 µM for uridine 

mononucleosides to TLR8 by isothermal titration calorimetry (ITC) [407]. In comparison to the 

data obtained from the MST measurement this value is significantly higher, indicating a weaker 

binding affinity. They also reported a KD of 0.2 µM for the synthetic TLR8 ligand R848 [407], 

which is still a lower binding affinity than observed for miR-574-5p in this study. For better 

comparison it would therefore be interesting to test R848 and TLR8 binding affinity in an MST 

measurement. The binding affinity of miR-574-5p to TLR8 is however comparable to other 

TLRs and their ligands, e.g. TLR2, which are also in the nanomolar range [408]. Unfortunately, 

it was not possible to explore the binding affinity of miR-574-5p to TLR7, as human TLR7 full 

length protein is not commercially available.  

  

To further proof that increased osteoclast formation is mediated by the activation of TLR7 or 8 

by sEV-delivered miR-574-5p, CD14+ monocytes and M2-like macrophages were additionally 

treated with a TLR7/8 inhibitor in the osteoclast differentiation experiments. For this purpose 

ODN 2087 was used, which is a selective inhibitor for TLR7/8/9 [409–411]. Short unmethylated 

CpG-rich oligodeoxyribonucleosides (ODNs) have been shown to have an inhibitory effect on 

endosomal TLRs, however their mode of action is not completely understood [411]. Here, 

ODN 2087 was used in order to abrogate the enhanced osteoclast differentiation mediated by 

the binding and activation of TLR7 or 8 by miR-574-5p. 

These experiments revealed that in fact that the increase in osteoclast differentiation was 

abolished both when cells were treated with ODN 2087 and miR-574-5p oe sEVs. This 

indicates that sEV-delivered miR-574-5p can bind and activate TLR7 or 8 in cell based in vitro 

models, leading to an increased osteoclast formation. 
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TLR activation in osteoclast precursors has been described to inhibit their differentiation into 

multinucleated mature osteoclasts [403,404]. It was stated that TLR stimulation maintained the 

phagocytic activity of precursors rather than leading to the differentiation of non-inflammatory 

osteoclasts [403]. Hence, this process favours immune response and may be critical to prevent 

pathogenic effects of microbial infections on the skeleton. However, this is controversially 

discussed as a variety of pathogen-derived molecules have been shown to cause bone loss 

by enhancing osteoclast differentiation through activation of TLRs [397]. In addition, there are 

a variety of diseases caused by bacterial infections that severely affect the skeleton, such as 

caries, periodontitis, osteomyelitis and septic arthritis [412]. Previous studies investigated the 

dual role TLRs on osteoclast formation, demonstrating that osteoclast differentiation was 

inhibited in primitive precursors e.g. monocytes and increased in precursors pre-treated with 

RANKL, thus already committed to the osteoclast lineage, upon activation of TLRs [405,413]. 

This data stands in contrast to the observations of this study and might be explained by 

difference in the experimental setup. In their study they used primary macrophages from the 

bone marrow of mice, whereas in this study human primary monocytes were used [397].  

 

As proof of concept, a synthetic TLR7/8 ligand was used to explore whether TLR7/8 agonists 

in general can have the same effects on osteoclastogenesis as miR-574-5p. The effects 

determined in these experiments with low doses of the TLR7/8 ligand R848 were comparable 

to those achieved with miR-574-5p oe sEVs. In addition, the impact on osteoclast formation 

could be abolished by inhibition of TLR7 and 8 with ODN 2087. In a previous study it was 

demonstrated that a stimulation of TLR7/8 by R848 leads to a decrease in osteoclast formation, 

which stands partially in contrast to the results presented here [404]. However, this 

inconsistency could be due to the high concentrations of R848 added to the cells in that 

publication [404]. Of note, in the present study also a reduction on osteoclastogenesis was 

observed with high concentrations of R848, whereas low doses of R848 and sEV-delivered 

miR-574-5p induced osteoclastogenesis. This indicates that this mechanism is highly 

dependent on the concentration of stimuli activating TLR7 or 8.    
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6.5 IFNα, IL-23 and mPGES-1 mRNA are induced by sEV-delivered miR-574-5p due to 

TLR7/8 activation  

 

After demonstrating that extracellular miR-574-5p induces osteoclast differentiation via TLR7/8 

activation, it was the aim to determine which cytokines and inflammatory mediators are 

induced. In order to address this, CD14+ monocytes were stimulated with sEVs isolated from 

the synovial fluid of ACPA+ RA patients and changes in mRNA levels of several targets were 

determined. For comparison, cells were also treated either with miR-574-5p oe sEVs, synthetic 

miR-574-5p alone or transfected with Lipofectamine® 2000.  

When sEVs from synovial fluid were administered to CD14+ monocytes, IFNα, IL-8 and 

mPGES-1 were slightly upregulated. These effects were diminished by the additional treatment 

with the TLR7/8 inhibitor ODN 2087. Previously it was shown that IL-8 induces 

osteoclastogenesis RANK-mediated nuclear factor of activated T-cells cytoplasmic 1 

(NFATc1) activation [88,414]. Since miR-574-5p oe sEVs were not able to enhance IL-8 mRNA 

like sEVs from the synovial fluid, it is most likely that this induction is mediated by additional 

factors present in those sEVs. Krishnamurthy et al. reported that polyclonal ACPA IgG antibody 

preparations induce osteoclastogenesis and an increase in IL-8 production [89]. It would 

therefore be interesting to determine, if ACPAs are present in sEVs. However, in previous 

publications ACPAs were not detected in sEVs [285,415]. The increase in IL-8 mRNA by 

synovial fluid sEVs could also be due to LPS contaminations from the samples, as LPS has 

been shown to strongly activate IL-8 production [416].    

In contrast to IL-8, IL-23 mRNA was only upregulated by miR-574-5p oe sEVs. IL-23 is of 

particular interest as it has been shown to promote osteoclastogenesis by inducing RANK 

expression in myeloid precursor cells [417,418]. Interestingly, IFNα mRNA levels were induced 

by sEVs from synovial fluid, miR-574-5p oe sEVs and Lipofectamine®-delivered miR-574-5p. 

Although, excessive production of IFNα was reported to inhibit osteoclast formation [419,420]. 

These findings suggest that the cells try to maintain homeostasis by inducing cytokines with 

adverse effects on osteoclastogenesis. 

 

TNFα expression was not affected by any of the treatments. This is in contradiction to recent 

publications demonstrating an upregulation of TNFα expression by activation of TLR7/8 by 

miRs [168,343,345]. In contrast to this thesis they measured TNFα secretion and not mRNA 

levels [168,343,345], which could explain this discrepancy. TNFα in general is a 

proinflammatory cytokine involved in systemic inflammation and triggers acute phase 

reactions [376]. Thus, upon stimulation TNFα is rapidly produced and secreted by cells. In 
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macrophage cell supernatants TNFα was detected 1 h after stimulation with LPS [421]. The 

secretion peaked between 4 to 8 h in their study [421]. This rapid turnover of TNFα mRNA into 

protein and the subsequent secretion, might be an explanation why no increase in TNFα 

mRNA was observed in the experimental setup presented in this thesis.   

 

PGs are inflammatory lipid mediators and they can both sustain homeostasis or be involved in 

inflammatory pathogenic processes such as RA [422,423]. Therefore, changes in the mRNA 

expression of the catalytic enzymes COX-2 and mPGES-1, who are producing PGs, in 

response to sEVs were determined. An upregulation of mPGES-1 mRNA was observed upon 

stimulation with synovial fluid sEVs as well as miR-574-5p sEVs. This increase in mPGES-1 

mRNA can be addressed to an activation of NF-κB by TLR7/8 mediated signalling as 

previously reported [424,425]. This interpretation of the results is supported by the observation 

that by inhibition of TLR7/8 signalling by ODN 2087 the impact of miR-574-5p oe sEVs is 

completely abolished.  

Of note, mPGES-1 mRNA levels were also induced by synthetic miR-574-5p alone. This 

finding is surprising, as free RNAs are prone to degradation in the medium as well as in cells 

by RNases and they are not likely to pass the cell membrane as they are negatively charged. 

Nonetheless, free miR-let7b has been shown to be functionally active in microglia and 

macrophages [343]. It remains unclear how this free miRs pass the membranes of cells. It was  

suggested that miRs form complexes with proteins such as High mobility group box 1 (HMGB1) 

protein, which are released from apoptotic cells and serve as carrier molecules for miRs 

[343,426]. It remains also unclear, by which mechanism mPGES-1 mRNA is induced by free 

miR-574-5p. Since free miR-574-5p failed to induce other cytokines such as IL-23 and IFNα 

similar to sEV-delivered miR-574-5p. Therefore, it is rather unlikely that this induction of 

mPGES-1 is mediated by TLR7 or 8. This effect could be attributed to the non-canonical 

function of miR-574-5p as a decoy to CUGBP1 that enhances mPGES-1 mRNA stability [167].  

In addition, COX-2 mRNA levels were not affected by sEVs from the synovial fluid, 

Lipofectamine®-delivered miR-574-5p or free synthetic miR-574-5p. A tendency for an 

upregulation of COX-2 mRNA was observed for miR-574-5p distributed by sEVs. This was 

abolished, when cells were additionally treated with the TLR7/8 inhibitor, indicating that this 

induction in COX-2 mRNA can be addressed to an TLR7/8 mediated NF-κB activation. 

Regulation of COX-2 expression by NF-κB has been previously reported in several 

studies [427–429].  
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Again, as proof of concept it was tested whether similar impacts on cytokine mRNA levels can 

be obtained by stimulation of CD14+ monocytes with the synthetic TLR7/8 ligand R848. With 

low doses of R848 (10 ng/mL) a slight increase in IL-23, IFNα and mPGES-1 mRNA was 

observed comparable to the effects of extracellular miR-574-5p. The impact of R848 on those 

mRNA levels was also blocked by the addition of the TLR7/8 inhibitor ODN. In line with the 

observations made with sEV-miR-574-5p, TNFα mRNA was not changed in response to low 

dose R848.  

High doses of R848 (100 ng/mL and 1000 ng/mL) drastically increased the mRNA levels of all 

investigated mRNAs. These results explain why the high doses of R848 inhibit the formation 

of osteoclasts observed in the osteoclast differentiation assays. As already discussed before 

(see chapter 6.4), a strong activation of the monocytes by R848, indicated by the massive 

increase in the mRNA levels of proinflammatory mediators, most likely favours immune 

response properties of the cells and not their differentiation into non-inflammatory osteoclasts.  

 

In conclusion, this data confirm that sEV-delivered miR-574-5p can induce several 

proinflammatory mediators, such as IL-23, IFNα and mPGES-1, by acting as a ligand to 

TLR7/8.  

6.6 sEV-delivered miR-574-5p induces COX-2 protein expression 

 

Since mPGES-1 and COX-2 mRNA levels were influenced by sEV-delivered miR-574-5p in a 

next step is was investigated whether their protein levels are also affected. Western blot 

analysis revealed that COX-2 was upregulated in response to extracellular miR-574-5p in 

CD14+ monocytes. This increase could be circumvented by the addition of inhibitor ODN 2087 

indicating that it is mediated by TLR7/8. As described above (see chapter 6.5) COX-2 

expression has been previously shown to be activated by NF-κB activation [427–429].  

In addition, it was tested whether an upregulation in COX-2 upon sEV miR-574-5p oe treatment 

influences osteoclast formation. Therefore, CD14+ monocytes or M2-like macrophages were 

treated with miR-574-5p oe sEVs and the selective COX-2 inhibitor celecoxib. These 

osteoclast differentiation assays revealed that the effects of miR-574-5p oe sEVs were 

abrogated by COX-2 inhibition. COX-2 inhibition has already been shown to decrease 

osteoclast formation in several studies [430,431]. Furthermore, celecoxib as a non‑steroidal 

anti‑inflammatory drug (NSAID) has been approved since 1999 for treatment of osteoarthritis 

and RA (https://www.accessdata.fda.gov/drugsatfda_docs/nda/98/20998.cfm). It is acting by 

selectively inhibiting COX-2 and thereby preventing PG formation during inflammation. It is 
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10 – 20 times more selective for COX-2 than its constitutively expressed isoform COX-1 and 

has therefore been reported to have less side-effects than other unselective COX inhibitors 

[432,433].  Studies indicated that celecoxib has a similar efficacy like conventional NSAIDs in 

relieving pain and improving functional status, but is associated with a lower incidence of upper 

gastrointestinal ulceration and complications [433,434]. However, no direct effects on 

osteoclast activity and bone loss in clinical trials has been reported so far. As celecoxib has 

been shown to influence osteoclastogenesis in vitro it would be of particular interest to further 

explore these effects in vivo in induced arthritis mice models in the future.   

 

Furthermore, it was examined whether miR-574-5p oe sEVs can induce PGE2 in monocytes 

and M2-like macrophages. The ELISA in supernatants from sEV-treated cells showed no 

changes in PGE2. This could be due to the fact that also no changes in mPGES-1 protein levels 

were observed. The supernatants were harvested 72 h after treatment. This could be not the 

ideal time point for monitoring changes in PGE2 release. As an acute inflammation mediator 

PGE2 has been shown to be released early during inflammation [436]. Thus, it would be 

interesting in further studies to determine PGE2 levels at earlier stages after treatment of the 

cells with miR-574-5p oe sEVs and its potential involvement on osteoclast formation. In 

general, PGE2 has been demonstrated to influence osteoclast mediated bone resorption by 

two mechanisms. It indirectly is involved by inducing RANKL expression and 

secretion [437,438] as well as by directly enhancing RNAKL-induced differentiation of 

precursors into osteoclasts [357]. Considering these studies and the findings presented in this 

thesis it would be of great interest to further explore this in future studies. Findings in such a 

study could shed light on the mechanisms leading to an enhanced osteoclast formation 

induced by sEV-delivered miR-574-5p. 
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6.7 Conclusion and future perspectives 

 

RA is a systemic chronic inflammatory disease mostly affecting synovial joints and is 

characterized by progressive destruction of underlying cartilage and bone in the affected 

joints [8]. The mechanisms, involving complex cell-to-cell communication networks in the 

aetiology of the disease are to this day not completely understood. As a part of the intercellular 

communication, sEV-delivered miRs have gained the interest of many researchers as they 

have been proven to be involved in various pathogenic processes such as cancer development 

or inflammatory processes [283,439,440]. The scope of this thesis therefore was to gain new 

insights in the communication within arthritic joints via sEV-transmitted miRs and their 

contribution to bone destruction. Since bone destruction is mediated by osteoclasts this study 

mainly focussed on the role of sEV-delivered miRs on osteoclast differentiation.  

  

In this work it was demonstrated that sEVs isolated from ACPA+ RA patients induce 

osteoclastogenesis in vitro. It was shown that miR-574-5p is highly abundant in these sEVs in 

comparison to other miRs. In fact, it was confirmed by overexpression of miR-574-5p in sEVs, 

that it is responsible for increased osteoclast formation. This effect could be addressed to an 

activation of TLR7 or TLR8 as the inhibition of both abrogated the effects of extracellular 

miR-574-5p on osteoclastogenesis. Implications of TLR activation in RA have been previously 

demonstrated [441,442]. In addition, TLR3, 7 and 9 have been shown to be elevated in synovial 

cell populations in comparison to other arthritic diseases such as osteoarthritis [63,443,444]. 

Especially for endosomal TLRs and their activation, suitable ligands would need to be present 

within the joints. sEV-delivered miR-574-5p thereby represents an appropriate ligand, as it is 

protected from degradation in the joints by the vesicular membrane and inherits sequence 

homologies to known TLR7/8 ligands [168,330].  However, the exact pathway that leads to the 

increase in osteoclast formation could not be elucidated in this thesis and needs further 

evaluations. The proposed mechanism is depicted in Figure 36. Besides, this work focussed 

solely on the differentiation of osteoclasts and not their activation. Future experiments should 

therefore include bone resorption models that would reveal implications of sEV-delivered 

miR-574-5p on osteoclast activity.  
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Figure 36: Proposed mechanism for induction of osteoclastogenesis in RA. miR-574-5p is secreted within 
sEVs by SFs and taken up by osteoclast precursors such as monocytes or M2-like macrophages. Once internalized 
miR-574-5p loaded sEVs are transported to endosomal TLR7 or TLR8, which are then activated by miR-574-5p. 
Ligand binding to TLR7/8 then leads to an activation of TLR signalling pathways and subsequently to the 
translocation of transcription factors into the nucleus and the enhanced transcription of target genes.    

 

The fact that free miR-574-5p and synthetic liposomal-transmitted miR-574-5p were not able 

to induce osteoclastogenesis implies that sEVs inherit additional factors which are either 

responsible for the uptake or the sufficient trafficking of miR-574-5p loaded sEVs to endosomal 

TLR7/8 in the target cells. Uptake mechanisms and target cell specificity of sEVs are not 

completely understood. Several mechanisms have been proposed so far. These include either 

docking to the plasma membrane of target cells and activation of receptors on the target cells, 

which leads to the activation of surface receptors and subsequent intracellular signalling [232]. 

However, in this case it is more likely that the miR-574-5p oe sEVs are internalized by the 

target cells, which was confirmed by the live cell imaging of DiO labelled sEVs. Thereby 

internalization of sEVs can occur via clathrin-mediated, or clathrin-independent endocytosis 

(i.e. micropinocytosis or phagocytosis) [272–274] or through endocytosis via caveolae and lipid 

rafts [275–277]. In general, surface composition of sEVs seem to influence their fate. The 

precise features that lead to internalization of sEVs in effected joints in RA patients and target 
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cell specificity needs to be further investigated. Mass spectrometry analysis of sEVs isolated 

from the synovial fluid could thereby reveal their protein and lipid composition and factors that 

may be involved in uptake pathways.  

 

Furthermore, it was not possible to clarify which TLR is activated by miR-574-5p. MST 

experiments could only be performed on TLR8, since full length human TLR7 is not 

commercially available. In order to further investigate, which endosomal TLR is responsible for 

the signal transduction, knock out experiments could be performed or for example luciferase 

reporter gene assays with cells overexpressing either TLR7 or TLR8.    

 

In this work it was also shown that SFs isolated from synovial joints of RA patients were 

identified as at least one of the secreting cells types of sEV-miR-574-5p. This is of particular 

interest, since SFs in RA have been shown to force the progression of the disease by 

promoting the inflammation in RA [60,61,64,65]. Furthermore, they were also implicated in 

enhanced osteoclast formation by releasing RANKL [66]. The findings regarding miR-574-5p 

secretion behaviour of SFs provide a novel insight in the contribution of SFs in the pathology 

of RA. This is further supported by the fact that SFs isolated from ACPA+ RA patients secrete 

significantly higher amounts of miR-574-5p than those from ACPA-. Therefore, it would be of 

great relevance to further investigate mechanisms leading to the sorting of miR-574-5p into 

sEVs in SFs. It has previously been shown that RBPs like hnRNP A2B1 are responsible for 

the loading of miRs into sEVs [250]. It would be interesting to assess whether miR-574-5p is 

also sorted by hnRNP A2B1 or by other RBPs as already discussed above (see chapter 6.2.1).    

      

The work presented in this thesis was exclusively performed in in vitro cell-based models. 

Thus, the conclusions drawn from the data need to be further validated in in vivo models. One 

of the most commonly used methods of experimental arthritis in in vivo models is the murine 

collagen-induced arthritis model [445]. Involvement of miR-574-5p in vivo could be examined 

by the application of isolated miR-574-5p oe sEVs in this model and the subsequent monitoring 

of disease activity and bone resorption within the joints. In addition, it would be interesting to 

assess possible changes in pain behaviour in the treated mice, since it was demonstrated in 

this study that mPGES-1 mRNA and COX-2 protein levels are affected by sEV-transmitted 

miR-574-5p.  
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The possible impact on TLR7/8 mediated increased osteoclastogenesis by sEV-delivered 

miR-574-5p in the pathology of RA opens the opportunity for novel treatment approaches in 

RA. TLR inhibitors have already been used in clinical practice. In particular, a group of 

antimalarial drugs, including hydroxychloroquine sulfate and cloroquine have been used to 

treat RA and SLE since the 1950s [446,447]. However, neither of these compounds represent 

a useful therapy for RA, due to the effective dose exceeding clinically safety levels and 

therefore can only be used in combination with other treatments [441]. Unwanted side effects 

of TLR inhibitors might thereby represent the major pitfall in such a treatment approach, as 

they mediate the transcription activity of numerous targets. Therefore, approaches in inhibiting 

miR-574-5p itself by for example antagomirs or inhibition of miR-574-5p secretion would be 

more promising in a potential treatment approach.  

 

Overall, it can be stated that the impact of sEV-delivered miR-574 on osteoclastogenesis 

presented in this thesis provide novel insights into cell-to-cell communication and pathogenesis 

of RA. Moreover, these results offer the possibility for novel therapeutic approaches in RA.   
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