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ABSTRACT 

Currently, our understanding of membrane-bound IL-6R (mIL-6R) mediated IL-6 signaling in 

Th17 cells as well as the interaction between Treg and Th17 cells during the course of 

rheumatoid arthritis (RA) is limited. Th17 cells are a highly inflammation-inducing cell 

population in the pathogenesis of RA. The induced inflammation is thought to be closely 

associated with the activation and the recruitment of many different types of cells, including 

monocytes, neutrophils, macrophages, and osteoclasts. In addition, reduced regulatory T 

(Treg) cells frequencies with impaired suppressive properties were also found in RA. In this 

study, we assessed dynamic changes in membrane-bound IL-6 receptor (IL-6R) expression 

levels on Th17 cells by means of flow cytometry during the development of collagen-induced 

arthritis (CIA) in mouse. Subsequently, bioinformatics analysis based on proteomics was 

performed to evaluate potential pathways affected by altered IL-6R signaling in autoimmune 

arthritis. Our analysis shows that membrane-bound IL-6R is upregulated on Th17 cells and is 

inversely correlated with IL-6 serum levels in experimental autoimmune arthritis. Moreover, 

IL-6R expression is significantly increased on Th17 cells from untreated patients with RA. 

Interestingly, CD4+ T cells from CIA mice and from RA patients show reduced phosphorylation 

of vasodilator-stimulated phosphoprotein (VASP). Bioinformatics analysis based on 

proteomics of CD4+ T cells with low or high phosphorylation levels of VASP revealed that 

integrin signaling and the related pathways are significantly enriched in cells with low 

phosphorylation of VASP. Specific inhibition of p-VASP reduces the migratory function of Treg 

cells but has no influence on effector CD4+ T cells. Importantly, IL-6R blockade restores the 

phosphorylation level of VASP, thereby improving the migratory function of Treg cells from RA 

patients. Thus, our results establish a link between IL-6R signaling and phosphorylation of 

VASP, which controls Treg cell migration in autoimmune arthritis. 

 

 

 

 

 

 

 



 

ZUSAMMENFASSUNG  

Derzeit wissen wir nur wenig über die Rolle der mIL-6R-vermittelten IL-6-Signalübertragung 

auf Th17 Zellen im Verlauf der rheumatoiden Arthritis (RA) und die Interaktion zwischen Treg-

Zellen und Th17-Zellen. Th17-Zellen sind eine stark entzündungsauslösende CD4+ T-Zell-

Population in der Pathogenese der RA, von der man annimmt, dass sie eng mit der 

Aktivierung und Rekrutierung vieler Zelltypen wie Monozyten, Neutrophilen, Makrophagen, 

Osteoklasten u.a. verbunden ist. Gleichzeitig wurde bei RA eine Beeinträchtigung der 

Häufigkeit von Treg-Zellen und ihrer suppressiven Eigenschaften festgestellt. In dieser Studie 

untersuchten wir die dynamischen Veränderungen des membrangebundenen IL-6-Rezeptors 

(IL-6R) auf Th17-Zellen mittels Durchflusszytometrie während der Entwicklung der 

kollageninduzierten Arthritis (CIA). In einem nächsten Schritt wurde eine bioinformatische 

Analyse auf der Grundlage der Proteomik durchgeführt, um potenzielle Signalwege zu 

bewerten, die von der veränderten IL-6R-Signalgebung bei Autoimmunarthritis betroffen sind. 

Unsere Analyse zeigt, dass membrangebundenes IL-6R auf Th17-Zellen hochreguliert wird 

und negativ mit den IL-6-Serumspiegeln bei experimenteller Autoimmunarthritis korreliert. 

Außerdem ist die Expression von IL-6R auf Th17-Zellen von unbehandelten RA-Patienten 

deutlich erhöht. Interessanterweise zeigen CD4+ T-Zellen von CIA-Mäusen und RA-Patienten 

eine verminderte Phosphorylierung von vasodilator-stimuliertem Phosphoprotein (VASP). 

Eine bioinformatische Analyse auf der Grundlage der Proteomik von CD4+ T-Zellen mit 

niedriger oder hoher Phosphorylierung von VASP ergab, dass die Integrin-Signalisierung und 

verwandte Signalwege in Zellen mit niedriger Phosphorylierung von VASP deutlich 

angereichert sind. Die spezifische Hemmung von p-VASP reduziert die Migrationsfunktion 

von Treg-Zellen, hat aber keinen Einfluss auf die CD4+ T-Effektorzellen. Wichtig ist, dass eine 

IL-6R-Blockade das Phosphorylierungsniveau von VASP wiederherstellt und dadurch die 

Migrationsfunktion der Treg-Zellen von RA-Patienten verbessert. Unsere Ergebnisse belegen 

somit einen Zusammenhang zwischen der IL-6R-Signalübertragung und der 

Phosphorylierung von VASP, die die Migration von Treg-Zellen bei Autoimmunarthritis steuert. 
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1 INTRODUCTION 

1.1 Rheumatoid arthritis 

1.1.1 Etiology 

Rheumatoid arthritis (RA) is the most common form of autoinflammatory arthritis 

characterized by chronic inflammation in multiple joints, leading to synovitis, cartilage 

destruction, as well as bone erosion (Smolen, Aletaha, and McInnes 2016; Chang and 

Nigrovic 2019). Joint destruction can lead to disability, a reduction in quality of life as well as 

life expectancy, and an increased burden for the healthcare system. RA affects about 1% of 

the global population, can occur at any age and affects women two to three times more often 

than men (Almutairi et al. 2021; Cross et al. 2014; Helmick et al. 2008). So far, intensive 

research has been done and important progress has been made to define the cause of RA, 

leading to an improved understanding of the involved pathogenic mechanisms (Su et al. 2019; 

Noack and Miossec 2014; Wang et al. 2015). However, the etiology of RA remains in part 

unclear. At present, it is believed that the disruption of self-tolerance is essential for the 

initiation and development of RA, the immune system cannot distinguish bewteen microbial- 

and self-antigens, resulting in the targeting of healthy tissue.  

The risk of developing RA is thought to be related to a combination of hereditary, 

environmental and other factors (Scherer, Häupl, and Burmester 2020), which are shown in 

Table 1. Genome sequencing has been used for RA research during the past 10 years and 

more than 300 genes have been identified as genetic risk variants for RA (Okada et al. 2014). 

These genes include human leukocyte antigen (HLA), non-receptor type 22 (PTPN22), 

chemokine receptor 6 (CCR6), peptidy1 arginine deiminase 4 (PADI4), protein tyrosine 

phosphatase, signal transducer and activator of transcription 4 (STAT4), and CTLA4 (Stastny 

1978; Verpoort et al. 2005; Huizinga et al. 2005; Hammer et al. 1995). In addition, the analysis 

of RA-associated genes revealed the top three pathways involved in the pathogenesis of RA: 

JAK-STAT singnaling, NF-κB signaling, and T-cell receptor signaling pathways. Interestingly, 

most of these genes are not specific to the development of RA. They are reported to also be 

associated with other autoimmune diseases, such as systemic lupus erythematosus (SLE), 

type 1 diabetes and Graves’ disease. Targeting risk genes is a promising approach for the 

treatment of RA, as shown by the success of JAK inhibitors.  

Environmental factors are thought to be important contributors to the break of immune 

tolerance and have been associated with the development of RA-associated autoantibodies. 
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These environmental factors include cigarette smoking (Terao et al. 2014; Ospelt et al. 2017; 

van Wesemael et al. 2016). Moreover, meta-analysis revealed an association between 

obesity and RA, particularly among women with a high body weight index (BMI) (Zhou and 

Sun 2018), but the underlying mechanism remains unknown (Dar et al. 2018). Furthermore, 

children whose mothers smoked have a two-fold increased risk of developing RA due to early 

cigarette smoke exposure. Evidence also shows that Epstein-Barr virus (EBV) and 

Mycobacterium avium paratuberculosis (MAP) may be involved in the pathogenesis of RA, 

which is thought to have a cross-talking relationship with autoantibodies (Bo et al. 2018). 

The incidence of RA reaches its peak in the sixth decade of life, even though the onset it can 

occur at any age. It has been reported that ACPA in healthy, first-degree relatives of RA 

patients was elevated with age, especially in postmenopausal women (Alpizar-Rodriguez et 

al. 2017). Interestingly, a significant gender difference was observed, with a higher incidence 

of RA for females as compared to males. The underlying mechanism for this sex-discrepancy 

remains unknown, but reproductive load may play a role in altering susceptibility to 

autoimmunity in females. To sum up, these factors are thought to disrupt the interactions 

between components of both the adaptive and the innate immune system in the occurrence 

of RA (Scherer, Häupl, and Burmester 2020). 

Table 1 The factors involved in the etiology of RA 

Gene factors Environmental factors Others factors 
HLA-DR Infections Age 
PTPN 22 Smoking Gender 
CTLA4 Obesity Reproductive load 
PADI4 Dust exposure  
CCR6 Early life exposure to cigarette smoke  
STAT4   

1.1.2 Clinical manifestation 

The classical clinical manifestation of RA include early morning stiffness and pain in small 

joints such as the wrists as well as metacarpophalangeal and proximal interphalangeal joints 

of the hands,however, large joints including knees and hips can also be affected. This morning 

stiffness and pain can last for more than one hour in the morning. An important indicator of 

disease progression is the number of tender or swollen joints (DAS28 score). Plain X-rays 

can provide radiological evidence of bone erosion caused by RA, although it may be absent 

in the early stage of the disease. However, the combination of C-reactive protein (CRP) serum 

concentration, rheumatoid factor and ACPA provides more sensitivity and specificity for RA 
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diagnosis. Therefore, the clinical features, serological examination and radiological scan 

should be considered for RA diagnose. The detailed  diagnostic criteria for RA diagnosis are 

listed in Table 2, as published  by the American College of Rheumatology and the European 

League Against Rheumatism (EULAR). Patients that have a total score of more than 6 in four 

categories including joint involvement, acute-phase reactants, serology, and symptoms 

duration will be diagnosed with RA. 

Table 2 The 2010 American College of Rheumatology/European League Against Rheumatism 
classification criteria for rheumatoid arthritis 

 Score  Score 
A. joint involvement  C. Acute-phase reactants 
1 large joint 0 Normal CRP& ESR 0 
2-10 large joints 1 Abnormal CRP & ESR 1 
1-3 small joints 2 D. Duration of symptoms 
4-10 small joints 3 ＜6 weeks 0 
＞10 joints (at least 1 small joint) 5 ＞6 weeks 1 
B. Serology  

Add score of categories A-D 
≥6/10=definite RA 

Negative RF & ACPA 0 
Low positive RF/ACPA 2 
High positive RF/ACPA 3 

This table was modified from Aletaha et al, 2010. 

1.1.3 Current options for treatment 

Currently, conventional synthetic disease modifying antirheumatic drugs (DMARDs), targeted 
synthetic DMARDs and biological DMARDs are widely used in clinical practice. If no signs 
and symptoms of inflammatory activity are found, the patient is considered to be in remission 
(Smolen et al. 2010). Even though the current treatment strategies for RA based on 
suppression of autoimmune inflammation, have significantly improved clinical symptoms and 
postponed destructive progress (Maini et al. 1998; Feldmann and Maini 2003), approximately 
30% of RA patients still don’t show an adequate response to the currently available treatments 
well (Feldmann and Maini 2003). Table 3 shows the current treatment options available for 
RA. 

Conventional synthetic DMARDs (csDMARDs) are recommended as the first line treatment 
approach for RA by the European League Against Rheumatism (EULAR) as they provide a 
significant improvement of disease activity or are able to induce remission (Emery, Breedveld, 
et al. 2008; Nandi, Kingsley, and Scott 2008; Plosker and Croom 2005; Dougados et al. 2003). 
There are several choices available in this category, such as MTX, Leflunomide, Sulfasalazine 
(SSZ), and others. Certain enzymes involved in DNA formation, repair, as well as 
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development can be blocked by csDMARDs. Additionally, csDMARDs combined with GCs 
show better clinical results (Goekoop-Ruiterman et al. 2007; Möttönen et al. 1999), this has 
to be weighed against side effects caused by long-term GC use (Hoes et al. 2009). Following 
the EULAR guidelines, any delay in starting the treatment of RA patients could lead to a worse 
outcome as compared to an early intervention which is started as soon as the diagnosis is 
established (Gaffo, Saag, and Curtis 2006; Lard et al. 2001). 

Table 3 Main available medication for RA treatment 

Category Mechanism Generic name 
Conventional synthetic 
DMARDs (csDMARDs) 

Inhibit DNA formation, repair 
and development 

Methotrexate, Leflunomide, 
Sulfasalazine, Hydroxychloroquine 

Targeted synthetic 
DMARDs (tsDMARDs) 

JAK inhibitor Baricitinib, Tofacitinib, Upadacitinib, 
Filgotinib 

 
 
 
Biological originator 
DMARDs 

TNF inhibitor Adalimumab, Certolizumab, 
Etanercept, Golimumab, Infliximab 

IL-6R inhibitor Tocilizumab, Sarilumab 
IL-6 inhibitor Sirukumab, Olokizumab, Situximab, 

Clazakizumab, 
IL-1R inhibitor Anakinra 
Co-stimulation (CTLA-4) 
inhibitor 

Abatacept 

Anti-CD20 Rituximab 

JAK inhibitors are considered to be targeted synthetic DMARDs (tsDMARDs) and have been 

used for the treatment of RA in the EU over the last five years. Their safety and efficacy has 

been studied in long-term clinical trials as well as through the analysis of real-world data 

(Wollenhaupt et al. 2019; Keystone et al. 2018; Taylor et al. 2019). Therefore, tsDMARD have 

been included in the EULAR/ACR recommendations for patients with a limited or no response 

to csDMARDs treatment.  

TNF-α leads to the production of a series of pro-inflammatory cytokines and is thought to be 

able to activate osteoblasts and effector cells. Therefore, it is involved in the cartilage damage 

and bone erosion in RA. Considering the role of TNF-α in RA pathogenesis, TNF-α inhibitors 

were tested in clinical trials and showed promising outcomes. The clinical application proved 

successful for the treatment of RA, especially in combination with MTX (Klareskog et al. 2004; 

Breedveld et al. 2006).  

The inhibitors targeting IL-6 signaling consist of IL-6 inhibitors including sirukumab, 

olokizumab, situximab, and IL-6 receptor inhibitors including tocilizumab and sarilumab. 

Tocilizumab is shown to be more effective when compared to a DMARD monotherapy (Jones 
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et al. 2010). Combined with MTX, IL-6 receptor inhibitors show superior efficacy in reducing 

disease activity after 4 months as compared to MTX monotherapy. Importantly, Tocilizumab 

is particularly effective for patients who respond poorly to TNF-α inhibitors (Emery, Keystone, 

et al. 2008).  

Even though the number of clinical trials with IL-1R inhibitor anakinra is limited (Cohen et al. 

2002; Gartlehner et al. 2006), the anakinra shows a significant improvement in persistent 

active RA patients when compared to MTX alone. Abatacept binds to CD80/CD86 on the 

surface of antigen-presenting cells, which inhibit the activation of T lymphocytes. Rituximab 

can lead to the depletion of B cells by specifically binding to the antigen CD20.  

Apart from the above mentioned treatments, nonsteroidal anti-inflammatory drugs (NSAIDs) 

are also widely used as an additional treatment of RA. Nevertheless, about 30% of patients 

who respond poorly to all current management approaches and it is necessary to develop 

new treatments for RA (Smolen et al. 2020).  

1.2 T cells and their roles in rheumatoid arthritis 

1.2.1 T cells development and CD4+ T cell differentiation 

1.2.1.1 Intrathymic T cell development  

T lymphocytes are generated from bone marrow progenitors cells which then migrate to the 

thymus. The developing progenitors in the thymus are also known as thymocytes. They 

interact with stromal cells in the thymus, which is necessary for their maturation and selection, 

finally the matured T cells will be transferred to the periphery (Kumar, Connors, and Farber 

2018). The thymus consists of the cortex (outer region) and medulla region (inner region). In 

the earliest stage of developing thymocytes, neither CD4 nor CD8 is not expressed and T 

cells are classified as double-negative (DN) cells. There are four subpopulations of DNs, 

classified by the expression of CD44 and CD25 as follows: CD44+CD25- cells, CD44+CD25+ 

cells, CD44-CD25+ cells, and CD44-CD25- cells. A process called β-selection occurs in the 

CD44-CD25+ subset of cells, selecting for the successful rearrangement of the TCR-β chain 

locus. Cells that failed to undergo β-selection die by apoptosis. TCR-β chain contributes to 

the pre-TCR complex which binds to CD3 and results in the survival and differentiation by 

upregulating CD4 and CD8. In the cortex, CD4+CD8+ cells (DPs) rearrange and produce αβ-

TCR, therefore further undergoing positive selection. These cells then migrate to the medulla 

for future negative selection. After maturation and a series of selections, only naive CD4+ or 
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CD8+ cells that have a proper affinity to antigens or APCs finally survive, exit the thymus and 

circulate to the periphery (Zúñiga-Pflücker 2004).  

1.2.1.2 CD4+ T cell differentiation in the periphery 

Human CD4+ T cell development, differentiation and maintenance are variable throughout the 

course of a lifetime. Naïve CD4+ T cells in the peripheral blood can respond to new antigens 

and memory T cells subsequently differentiating into different subsets (Kumar, Connors, and 

Farber 2018). Moreover, CD4+ T cells have the potential to develop into different T helper (Th) 

subpopulations dependent on environmental factors the cells are exposed to. Normally, naive 

CD4+ T cells are relatively quiescent cells and their TCR is inactive due to a lack of stimulation. 

With the cytokines IL-6 and TGF-β, antigen-presenting cells can stimulate high expression of 

the transcription factor retinoic acid receptor-related orphan receptor gamma (RORγt), 

promoting the differentiation of naïve CD4+ T cells into Th17 cells (Park et al. 2005). However, 

TGF-β alone induces the differentiation of Treg cells by upregulating the expression of 

transcription factor Forkhead box protein3 (Foxp3) (Chen et al. 2003). In the presence of IL-

12, naive CD4+ T cells differentiate into Th1 cells, driven by activated STAT4 (Hsieh et al. 

1993). Th22 cell differentiation is poorly understood. It is suspected that IL-6 and tumor 

necrosis factor (TNF) are important in this process (Raphael et al. 2015). The activation of 

STAT6 by IL-4 is reported to be important for the differentiation of Th2 cells (Sokol et al. 2008). 

Furthermore, naïve CD4+ T cells differentiate into Th9 cells in the presence of IL-4 and TGF-

β (Tripathi and Lahesmaa 2014).  

1.2.2 Th17 cell subset in physiology and pathology 

In healthy individuals, the frequency of Th17 cells is limited in the peripheral blood as they 

mainly locate on the mucosal surface of the intestine and lung in a microbiota-dependent 

manner (Stockinger and Omenetti 2017). Th17 cells are reported to participate in the defense 

against pathogenic microbes and maintain tissue homeostasis by producing IL-17. The 

differentiation of Th17 cells is initiated from naive CD4+ cells by APCs and certain cytokines 

(Park et al. 2005). Importantly, excessive activation of Th17 cells can lead to inflammation 

and autoimmune disease. 

In RA, Th17 cells are significantly increased both in peripheral and inflamed synovial fluid, 

and they are thought to be correlated with disease activity in RA (Leipe et al. 2010; Penatti et 

al. 2017; van Hamburg et al. 2011; Zizzo et al. 2011). In addition, they are involved in the 

development of fibroblast-like tissue, which contributes to synovitis, cartilage damage and 
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bone erosion (van Hamburg and Tas 2018). Th17 cells were shown to recruit many different 

types of cells at inflammatory sites including neutrophils and activate B cells, furthermore 

Th17 cells also promote osteoclastogenesis (Azizi, Jadidi-Niaragh, and Mirshafiey 2013; 

Kaplan 2013). Th17 cells secret the pro-inflammatory cytokine IL-17, which has a strong effect 

in recruiting leukocytes, activating many types of cells which are involved in the pathogenesis 

of RA as well as inducing pro-inflammatory cytokines production in stromal cells. Moreover, 

Th17 cells also produce other pro-inflammatory cytokines including IL-22, TNF-α, GM-CSF, 

and IFN-γ. These molecules can further induce the production of IL-6, IL-8, IL-1β, PGE2, and 

MMPs, which contributes to the pathology of RA (van Hamburg and Tas 2018).  

  

Figure 1 The role of Th17 cells in the pathology of RA 
Schematic view of the inflammatory roles of Th17 cells in the pathogenesis of RA. Th17 cells secret a series of 

pro-inflammatory cytokines: IL-17, IL-22, TNF-α, GM-CSF, and co-express IFN-γ, which contribute to synovitis, 

cartilage damage and bone erosion by interacting with macrophages, fibroblasts, neutrophils, osteoclasts, and 

chondrocytes in the inflamed synovial tissue.  

1.2.3 The regulatory T cell subset in physiology and pathology 

Treg cells are most abundant in the early stages of life, after which they decrease in frequency 

throughout childhood then reach a stable low level of frequency in adults (Thome et al. 2016). 

Treg cells only account for approximately 5-10% of CD4+ T cells (Okeke and Uzonna 2019) 
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and are classically comprised of three different subsets: natural Treg cells (nTregs) derived 

from the thymus, peripheral Treg cells (pTregs) generated in vivo in peripheral lymphoid 

organs, and induced Treg cells (iTregs) that are differentiated ex vivo (Campbell and Koch 

2011). Each of the subgroups has protective properties and prevents autoimmunity by 

inhibiting immune cell overactivation and proliferation (Okeke and Uzonna 2019).  

Treg cells are characterized by the transcriptional factor Foxp3 and by cell surface expression 

of CD25 (IL-2 receptor) as well as a low expression level of the cell surface marker CD127. 

FoxP3 is the major transcription factor maintaining Treg cell stability and function (Zheng et 

al. 2010). It is reported that deficiency of Tregs or mutations in FoxP3 can lead to autoimmune 

disorders both in mice and in humans (Huter et al. 2008). The suppressive activity of Treg 

cells is mediated through different mechanisms, including cytokine production, direct cell-cell 

contact suppression and the regulation of antigen presenting cells (APCs) which induces 

effector T cell apoptosis and immunosuppression (Wing and Sakaguchi 2012; Shevach 2009; 

Putnam et al. 2009; Okeke and Uzonna 2019; Thornton and Shevach 1998). High levels of 

IL-10 and TGF-β are expressed by Treg cells once they are stimulated, and these cytokines 

are reported to exert important functions in suppressing the proliferation and activation of 

effector T cells in both human and murine models (Nakamura, Kitani, and Strober 2001; 

Vignali, Collison, and Workman 2008). In addition, TGF-β is thought to contribute to Treg cell 

development and maintenance of function (Marie et al. 2005). Cytotoxic T-lymphocyte-

associated antigen 4 (CTLA-4) is highly expressed on Treg cells (Wing et al. 2008) and can 

decrease the co-stimulation level of CD80 as well as CD86 on APCs, thereby reducing the 

activation level as well as proliferation of naive T cells both in vivo and in vitro (Onishi et al. 

2008). Like CTLA-4, the transmembrane protein lymphocyte activation gene-3 (LAG-3) binds 

major histocompatibility complex class II (MHC II) on antigen presenting cells and inhibits 

dendritic cells (DCs) activation through an immunoreceptor tyrosine-based activation motif 

(ITAM) mediated inhibitory signaling pathway (Liang et al. 2008). Moreover, Treg cells also 

disrupt the metabolism of target cells through a strong expression of CD25. As a ligand of 

CD25, IL-2 is important for the activation and proliferation of effector T cells. Therefore, the 

competitive consumption of IL-2 by Treg cells has been thought to suppress the effector T 

cells’ function and mediate disruption of effector T cells’ metabolism, leading to 

immunosuppression and effector T cells death (de la Rosa et al. 2004; Thornton and Shevach 

1998). Treg cells also mediate immunosuppression by the ectonucleotidases CD39 and CD73. 

CD39 is constitutively expressed on Treg cells and can hydrolyze ATP and ADP (Bours et al. 

2006). It also acts together with CD73 to produce adenosine (Borsellino et al. 2007). Once 
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bound to the adenosine receptor A2A on activated T cells (Ohta and Sitkovsky 2001), 

adenosine can induce metabolic disruption through the following mechanism: cyclic 

adenosine monophosphate (cAMP) in Treg cells drives the inhibition of T cell proliferation and 

promotes the synthesis of IL-2 by gap junction formation, which prevents the production of 

proinflammatory cytokines in effector T cells (Bopp et al. 2007). Furthermore, the CD28 

superfamily member PD-1 binds to its ligands, thereby preventing the proliferation and IFN-γ 

production in T cells (Fife and Pauken 2011). Importantly, granzyme B expressing Treg cells 

have cytotoxic effects on effector T cells (Grossman et al. 2004), in addition the apoptosis of 

effector T cells can be induced by Treg cells in a cell-cell contact dependent manner (Gondek 

et al. 2005). These suppressive pathways work together to mediate the cell contact-

dependent suppressive function of Treg cells (Figure 2). 

 

Figure 2 The mechanisms of immunosuppressive function mediated by Treg cells 

Treg cells secrete the cytokines TGF-β, IL-10 and IL-35 to directly inhibit the activation and proliferation of effector 

T cells. CTLA-4, LAG-3 and PD1 on Treg cells mediate the downregulation of APC cell functions, which prevents 

the activation of naïve T cells and effector T cells. CD25 expressed on Treg cells sequesters IL-2 that is necessary 

for T cell in the periphery, thereby preventing their activation and proliferation. Adenosine produced by the 

hydrolyzation of CD39 and CD73 from ATP or ADP binds to the A2A receptor on effector T cells, thereby inhibiting 

proliferation and the production of inflammatory cytokines. Treg cells also mediate the cytolysis of effector T cells 

through granzymes and perforin. This diagram was modified from Yan et al. (manuscript under revision). 
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In RA, Treg cell frequencies in the periphery and in the synovial fluid remain controversial 

(van Amelsfort et al. 2004; Jiao et al. 2007; Möttönen et al. 2005). This might be caused by 

different approaches used in identifying Treg cells. In the early stages of RA onset, Treg cells 

seem to be significantly decreased in the peripheral blood (Lawson et al. 2006). Treg cells are 

reported to accumulate in the synovial fluid and synovial membrane of inflamed joints (Moradi 

et al. 2014). The altered distribution of Treg cells in the synovium and synovial tissue, as well 

as in the periphery might affect the cell contact mediated immunosuppressive properties of 

Treg cells in RA (Behrens et al. 2007). In addition, Treg cells are shown to have limited 

suppressive function at inflammatory sites due to IL-6 overexpression (Flores-Borja et al. 

2008). These FoxP3+ cells lose their inhibitory activity in the synovial fluid (Li et al. 2017). 

Therefore, the decrease of Treg cells in the peripheral blood and the dysregulation of Treg 

cell function is thought to be important for the disruption of immune tolerance, leading to 

autoimmunity.  

1.2.4 Interplay between Th17 and Treg cells in rheumatoid arthritis 

The balance between Th17 cells and Treg cells is important in maintaining immune tolerance 

under physiologic conditions. A Th17 superiority, disrupted Treg cell frequency or disrupted 

Treg cell function is linked to autoimmune disorders, for example, multiple sclerosis (Viglietta 

et al. 2004), psoriasis (Martin et al. 2013), RA (Kaneko et al. 2018), inflammatory bowel 

disease (IBD) (Skroza et al. 2013) and SLE (Martin, Baeten, and Josien 2014). Normally, 

Th17 cells are important in maintaining tissue homeostasis as well as combatting foreign 

substances, however, overactivation of this subset leads to autoimmunity. Similarly, a lack of 

Treg cells can induce a disruption of self-tolerance and lethal autoimmunity in humans.  

TGF-β is essential for the induction of the transcription factors RORγt and FoxP3 and is 

therefore important in the differentiation of Th17 cells and Treg cells, respectively. TGF-β itself 

drives naive CD4+ T cells to differentiate into Treg cells in the presence of IL-2, while it 

promotes the differentiation of Th17 cells in the presence of IL-6 (Bettelli et al. 2006; Veldhoen 

et al. 2006; Zhou et al. 2007). Therefore, TGF-β, IL-2 as well as IL-6 can influence the balance 

between Th17 cells and Treg cells in the immune system (Knochelmann et al. 2018). In 

addition, both subsets show dynamic plasticity following the influences of the external 

environmental factors, which makes the interplay between both subsets complex 

(Knochelmann et al. 2018). It is reported that with exposure to IL-6, with or without IL-1β and 

IL-23 present, FoxP3+ Treg cells can downregulate their expression of FoxP3 and express 

more Th17 genes including but not limited to IL-17, IL-23 receptor and RORγt. These Treg 
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cells are characterized by an impaired ability to suppress Th17 cells and cytotoxic T cells in 

autoimmune arthritis. Of note is that infiltrating T cells in ovarian tumor which express IL-17 

show the ability to transdifferentiate into FoxP3+ T cells, and this phenomenon is thought to 

be independent of prostaglandin E2 (PGE2) and TGF-β (Downs-Canner et al. 2017). Therefore, 

modulating the immunological balance between both subsets may represent a promising 

option in restoring self-tolerance. However, it still remains unclear how both cell populations 

interact with one another in RA. In addition, the underlying mechanisms of IL-6 signaling 

inhibitors provided improvement in RA patients, as well as the role of IL-6 signaling. However, 

mIL-6R mediated IL-6 signaling in T cell specific subsets in the pathogenesis of RA remains 

unclear. More investigations are required to better understand these mechanisms. Figure 3 

shows the relationship between Th17 and Treg cells. 

 

Figure 3 The balance between Treg cells and Th17 cells. 
Th17 cells and Treg cells can differentiate from naïve CD4+ T cells under different cytokines conditions. Both 

subsets have the potential to transdifferentiate to the other CD4+ T subsets. Shown here are the conditions and 

interactions involved in Th17 and Treg differentiation. Given the importance of both subsets in autoimmunity,  

further research on the interactions of both subpopulations is warranted. 

1.3 Interleukin-6 signaling 

1.3.1 Interleukin-6 and its pleiotropic effects 

IL-6 is a 26 kDa secreted cytokine with pleiotropic effects in many biological and pathological 

processes (Arnold et al. 2020). It is secreted by various types of cells including monocytes, B 

cells, fibroblasts, and other types of cells. IL-6 is synthesized for tissue repair during the innate 

immune response, and it plays an important role in naïve CD4+ T cell differentiation, 

proliferation as well as antibody production by plasma cells in the adaptive immune response 
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(Bettelli et al. 2006). IL-6 is crucial for maintaining of the balance between osteoblasts and 

osteoclasts (De Benedetti et al. 2006). IL-6 has also been found to play a protective role in 

liver injury and intestinal epithelial-cell proliferation (Gewiese-Rabsch et al. 2010; Taniguchi 

et al. 2015). Emerging data also suggests that IL-6 is involved in the regulation of metabolism, 

for example though anti-obesity effects in lipid metabolism and insulin resistance (Timper et 

al. 2017; Kraakman et al. 2015). In the early stage of infection and tissue injury, IL-6 is rapidly 

produced to maintain immune defense. However, over-production and dysregulation of IL-6 

receptor signaling can be involved in disease pathogenesis. 

1.3.2 Interleukin-6 receptors 

As the ligand of IL-6, IL-6 receptor has two forms, the 80 kDa transmembrane protein and the 

50-55 kDa soluble form (sIL-6R) (Hibi et al. 1990). Membrane-bound IL-6 receptor is mainly 

found on lymphocytes as well as hepatocytes, whereas sIL-6R can travel anywhere by 

circulating in the peripheral blood. Furthermore, the sIL-6R can bind to cells that do not 

express the mIL-6 receptor. sIL-6R is shed from membrane-bound IL-6R by adamalysin 

proteases ADAM metalloproteinase 17 (ADAM17) and ADAM metalloproteinase 10 (ADAM10) 

(Nishimoto et al. 2007). The plasma level of sIL-6R is increased in a multitude of inflammatory 

states. However, the sIL-6R form enables the cells which lack mIL-6R on the cell surface to 

respond to the IL-6, subsequently activating associated downstream signals in targeted cells. 

The sIL-6R is thought to be important to contribute to the broad biological functions of IL-6.  

Currently, three different modes of IL-6 signaling have been revealed: the classic signaling 

mode, trans-signaling mode and trans-presentation signaling mode (Nowell et al. 2009). The 

combination of IL-6 and IL-6 receptor requires gp130, a transmembrane protein which serves 

as a signal transducer to initiate IL-6 signaling (Kishimoto, Akira, and Taga 1992). As the 

subunit of the complex of IL-6 and IL-6 receptor, gp130 is expressed ubiquitously in the human 

body. Classic signaling is mediated by mIL-6R and gp130, therefore it only occurs in cells 

expressing the mIL-6 receptor. Trans-signaling is mediated by the binding of sIL-6R, the 

complex of sIL-6R and IL-6 can then activate the cells that do not express IL-6 receptor on 

the cell surface. The third IL-6 signaling model which is termed as IL-6 trans-presentation is 

observed in the interplay between Th17 cells and DCs (Heink et al. 2017). It is reported that 

the complex of IL-6 and mIL-6r on DCs can be functioned as a ligand for gp130 on 

pathological Th17 cells. It was reported that Th17 cell-driven inflammation by means of IL-17 

production can be enhanced by increased IL-6 receptor levels on CD4+ T cells in autoimmune 

diseases (Saini et al. 2020). Recently, another IL-6 signaling model has been reported, which 
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is mediated by mIL-6R on extracellular vehicles (EVs). These mIL-6R can be transported and 

fused with cells that do not express IL-6R, therefore initiating the downstream signaling 

(Arnold et al. 2020). Figure 4 shows the three different modes of IL-6 signaling. 

 

Figure 4 Three modes of IL-6 signaling 
Three modes of IL-6 signaling: Classic signaling, Trans-signaling, and Trans-presentation. Classical signaling 

occurs in a limited number of cells that express membrane-bound IL-6R. Trans-signaling makes it possible for 

those cells that only express gp130 to activate IL-6 signaling pathways through soluble IL-6R. Trans-presentation 

signaling provides an alternative approach to activate IL-6 signaling by presenting the complex of IL-6 and mIL-

6R to cells. All of the three different modes of IL-6 signaling can activate the downstream signal pathways in the 

cells. This diagram was modified from Hodes et al, 2016. 

1.3.3 The downstream pathways of Interleukin-6 signaling 

Once activated, IL-6 signaling leads to the phosphorylation of tyrosine kinases of the Janus 

kinase (JAK) family, and signal transducer and activator transcription 3 (STAT3) with 

subsequent recruitment and activation (Kimura and Kishimoto 2010). The JAK-SH2 domain 

tyrosine phosphatases (SHP2) mitogen-activated protein kinase (MAPK) pathway is also 

activated, making them the two main IL-6 mediated signaling pathways. 

1.3.4 Interleukin-6 signaling in RA 

IL-6 and sIL-6R are elevated in both the serum and synovial fluid of affected joints in RA and 

correlate with disease activity and joint destruction (Madhok et al. 1993; Sack et al. 1993). IL-

6 is rapidly elevated in human serum in response to TNF, IL-1β, prostaglandins, and stress 

mediators (Hunter and Jones 2015). In RA-like disease models including antigen-induced 

arthritis (AIA) mouse model and collagen II-induced arthritis (CIA) mouse model, IL-6 is crucial 

for arthritis development (Ohshima et al. 1998). IL-6 plays a crucial role in RA, involves the 
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JAK/STAT3 signaling pathway and drives the differentiation of pathologic Th17 cell from naïve 

CD4+ T cells together with other cytokines including IL-1β, TGF-β and IL-23 (Weaver et al. 

2007; O'Shea and Paul 2010). IL-6 deficient mice are resistant to arthritis and blockade of IL-

6 improves joint swelling as well as inhibiting the infiltration of inflammatory cells into inflamed 

joints (Fujimoto et al. 2008). IL-6 increases synoviocyte proliferation thereby promoting 

osteoclastogenesis in the presence of sIL-6R by inducing receptor activator of nuclear factor 

kappa-B lignad (RANKL) expression (Hashizume, Hayakawa, and Mihara 2008). It also 

increases the production of matrix metalloproteinases (MMPs), which contributes to cartilage 

damage in RA (Suzuki et al. 2010).  

The elevated level of IL-6 and its dysregulation in RA makes IL-6 an interesting therapeutic 

target. Two approaches make blocking IL-6 feasible, either by directly blocking the cytokine 

IL-6 itself or by targeting its receptor. Blocking IL-6 leads to the accumulation of the complex 

of IL-6 and antagonist in the serum, which causes fever and fatigue in patients. The IL-6 

receptor inhibitors also block IL-1 (a cytokine belonging to IL-6 family), which also finds 

importance in the pathology of RA (Avci, Feist, and Burmester 2018). Interestingly, IL-6 

blockade is very effective and improves the overall response especially in RA patients who 

respond poorly to anti-TNF-α antibodies. Blockade of IL-6 signaling for the treatment of RA 

has proven successful in clinical practice. Taking the numerous pleiotropic functions of IL-6 

into consideration there are concerns for adverse effects, especially infections in response to 

IL-6 signaling blockade (Hennigan and Kavanaugh 2008; Maini et al. 2006). The prevalence 

of severe infections was reported to be as high as 6.98/100 patient-years in RA patients who 

received treatment with tocilizumab (one of the IL-6R inhibitors). It is observed that treatment 

with tocilizumab leads to neutropenia in RA (Nishimoto et al. 2004), in contrast to the treatment 

with TNF-α inhibitors. Recently, Harbour et al. reported the importance of continued classical 

IL-6 signaling for both Th17 cells development and the transcriptional and functional identity 

in different mouse models of colitis (Harbour et al. 2020). Although the role of IL-6 signaling 

in Th17 cell induction has been clarified (Harrington et al. 2005; Bettelli et al. 2006), it remains 

poorly understood how mIL-6R-mediated signaling in Th17 cells affects Treg cells in RA.  
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1.4 Vasodilator-stimulated phosphoprotein (VASP) 

1.4.1 Introduction of VASP 

Vasodilator-stimulated phosphoprotein (VASP) belongs to Ena/VASP family, consisting of N-

terminal homology domain 1 (EVH1), C-terminal homology domain 2 (EVH2), and a central 

proline-rich region (PRR) (Blume et al. 2007) (Figure 5). It was first detected in platelets and 

endothelial cells (Halbrügge and Walter 1989), after which high expression were found in the 

spleen, stomach, intestine, and other organs (Gambaryan et al. 2001). The phosphorylation 

of VASP is an important post-translational modification, shown to control all aspects of VASP 

functioning (Döppler and Storz 2013). For example, it reduces its association with actin 

thereby inhibiting actin polymerization, and finally results in reduced motility of cells. It is also 

found to have a regulatory role in fibroblasts and cancer cells migration (Krause and Gautreau 

2014; Sechi and Wehland 2004; Trichet, Sykes, and Plastino 2008). Five phosphorylation 

sites have been reported: Tyr 39, Ser157, Ser239, Thr278, and Ser322 (Döppler and Storz 

2013). VASP serves as a substrate for several serine/threonine kinases including PKA, PKG, 

AMPK, PKD1, and Abl.  

 

Figure 5 VASP structure 

VASP consists of three main domains, the EVH1 domain, EVH2 domain and PRR region. VASP can be 

phosphorylated at 5 different sites by different kinases.  Briefly, Abl leads to the phosphorylation at Tyr39; PKA, 

PKG and PKD1 can lead to VASP phosphorylation at Ser157; PKA, PKG, AMPK can phosphorylate Ser239; PKA, 

PKG AMPK and RSK1 result in the phosphorylation at Thr278; VASP phosphorylated at Ser322 is mediated by 

PKD1 and AMPK. This diagram was modified from Döppler et al, 2013. 

1.4.2 The role of VASP in disease 

Henes et al. showed that the expression level of VASP was decreased in vitro by IL-6 in 

endothelial HMEC-1 cells (Henes et al. 2009). This observation links cell migration with IL-6 

signaling because VASP has been identified as a major regulator of cell mobility in fibroblasts 

and cancer cell lines (Krause and Gautreau 2014; Sechi and Wehland 2004; Trichet, Sykes, 

and Plastino 2008; Laban, Weigert, Zink, Elgheznawy, Schurmann, et al. 2018). Hebatullah 
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et al. reported that VASP is an important regulator of leukocyte recruitment in post-ischemic 

revascularization (Laban, Weigert, Zink, Elgheznawy, Schürmann, et al. 2018). However, 

there is a gap of knowledge regarding its role in RA. A full understanding of the function of 

VASP phosphorylation will be beneficial for our comprehension of how phosphorylation of 

VASP affects cell motility and how it may contribute to the pathology, as well as the treatment 

of RA. 

1.5 Mouse models of rheumatoid arthritis-like disease 

Due to ethical limitations, the pathogenesis of RA as well as the safety and efficiency of certain 

drugs can not be studied in humans. Therefore, it is difficult to directly study certain topics in 

RA, such as the dynamic characteristics of RA in the early stage of disease. This makes it 

important to develop mouse models of RA which can accurately mimic the disease. To tackle 

this issue, the first mouse models of RA were developed more than 40 years ago in order to 

gain insights into the pathogenesis of RA and to perform tests on the efficiency of different 

drugs (Hegen et al. 2008). These animal models share important clinical manifestations with 

RA patients, such as the swelling of joints, synovitis, cartilage damage, and bone erosion 

(McNamee, Williams, and Seed 2015). Currently, several RA-like disease mouse models exist 

that mimic different characteristics of RA (Vincent et al. 2012). Importantly, even though it has 

been reported that the murine immune system is different from humans both in the 

components and organization of immune responses, a lot of important conclusions have been 

drawn from these mouse models. One prominent example, is the conception that CD4+ T cells 

as well as B cells play a necessary role in RA development (Kadowaki et al. 1994). The 

discovery of anti-self-antigen antibodies (Rosloniec et al. 1997) and the role of pro-

inflammatory cytokines have been identified using arthritis mouse models (Horai et al. 2004). 

These RA-like disease models can be categorized into induced moue models and 

spontaneous mouse models according to the distinct mechanisms used to induce arthritis in 

mice joints.  

1.5.1 Induced mouse models of arthritis 

The collagen type II induced arthritis (CIA) mouse model is widely used for RA research and 

was first reported more than forty years ago (Trentham, Townes, and Kang 1977). In 2007, 

Brand reported the standard method to induce arthritis by the method of immunization of 

emulsion including collagen II in the presence of complete Freund’s adjuvant (CFA), which is 

characterized by a high concentration of anti-collagen auto-antibodies thereby causing severe 
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joint inflammation (Brand, Latham, and Rosloniec 2007). DBA1/J is the “gold standard” line 

of this induction method for RA-like disease research because of its high susceptibility 

resulting from the level of MHC class II (Holmdahl 2006). Moreover, Th17 cells plays an 

essential role in CIA joint inflammation (Murphy et al. 2003).  

Adjuvant arthritis (AA), characterized by multiple joint arthritis and rapid onset of 

manifestations, is triggered by an injection of CFA in the tail of rats or repetitive intra-articular 

CFA injection in mice (Gauldie et al. 2004; McNamee, Williams, and Seed 2015). Like in CIA, 

CD4+ T cells play a crucial role in the initiation of murine arthritis and AA is also susceptible 

on the level of MHC and non-MHC genes (Holmdahl et al. 1992; Kim and Moudgil 2009). The 

interesting point of this model is that bone erosion occurs at an early disease stage with limited 

damage to cartilage, making it different to RA in human patients (van den Berg 2009).  

Proteoglycan-induced arthritis (PGIA) can be induced in susceptible strains by injecting 

human cartilage proteoglycan aggrecan. The subsequent inflammation in the joints is 

progressive and characterized by a high concentration of autoantibodies (Glant et al. 1987). 

It was shown that PGIA is dependent on B cells that produce autoantibodies as well as CD4+ 

T cells. The successful induction of arthritis is also characterized by the presence of Th17 

cells (Glant et al. 1987).  

Antigen-induced arthritis (AIA) is induced through the intra-articular injection of the antigen of 

methylated bovine serum albumin (mBSA). This method is distinct from other induced arthritis 

mouse model because it gets remove the need for susceptibility genes, which means it can 

induce destructive arthritis regardless of the genetic background of the mouse (van den Berg 

2009). T cells have been shown to be involved in the local inflammation of this mouse model 

as well as immune complexes.   

1.5.2 Spontaneous mouse models of arthritis 

Spontaneous arthritis mouse models are different from induced mouse models regarding the 

mechanisms to induce arthritis, disease onset, chronicity, and specific autoimmunity. 

Spontaneous RA-like disease mouse models were found in several transgenic mouse lines, 

for example, SKG, K/BxN, human TNF, and IL-1 receptor knockout mouse. SKG mouse was 

found to carry a missense mutation in ZAP70, a TCR signaling adaptor molecule, which 

contributes to a disrupted selection and release of autoreactive cells in the thymus and 

subsequent onset of spontaneous arthritis (Sakaguchi et al. 2003). TNF transgenic mouse 

develops spontaneous destructive arthritis which is similar to RA and which is prevented by 
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specifically blocking of TNF by anti-TNF monoclonal antibody (Butler et al. 1997). Both the IL-

1 receptor knockout and IL-1 overexpression can induce polyarthritis in mice. What is very 

interesting is that it seems the mechanisms are different, because T cells are the main driver 

of arthritis in IL-1 receptor knockout mouse whereas arthritis is mainly mediated by 

macrophages and neutrophiles in the IL-1 overexpression mouse line (Niki et al. 2001; Horai 

et al. 2000). K/BxN mice are found to develop spontaneous arthritis coincidently when 

crossing KRN mice and non-obese diabetic (NOD) mice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  INTRODUCTION 

 19 

1.6 Aim of the study 

Currently, our understanding of mIL-6R mediated IL-6 signaling on Th17 cells in the course 

of RA and the interaction between Treg cells and Th17 cells is limited. Th17 cells are an 

important inflammation-inducing population in the pathogenesis of RA, which is thought to be 

closely associated with the activation of many distinct cell types including monocytes, 

neutrophils, macrophages, and osteoclasts. Meanwhile, impaired Treg cell frequencies and 

impaired suppressive properties were found in RA. Here, we wanted to decipher the dynamic 

characteristics of membrane-bound IL-6R on Th17 cells, dynamic regulations of Treg cells 

and possible interactions in the development of autoimmune arthritis in vivo.  

To achieve this goal, we addressed the following questions: 

l What are the in vivo dynamic characteristics of mIL-6R expression on Th17 cells 

during the course of CIA? 

l How do in vivo Treg cell frequency and related cytokines vary during the course of 

CIA? 

mIL-6R is increased on Th17 cells and downregulates the expression in p-VASP (Ser157) in 

the CIA mouse model. To verify these findings in humans, we performed flow cytometry and 

western blot in human samples. Furthermore, we identified the role of excessive IL-6 signaling 

in the downregulation of p-VASP (Ser157) using a transgenic mouse (IL-6 overexpression 

mouse) strain. 

Next, we addressed the following questions: 

l How is membrane-bound IL-6R expressed on Th17 subset in RA patients and healthy 

individuals? 

l Is the excessive IL-6 signaling specifically responsible for the downregulation of p-

VASP (Ser157) in humans, CIA mice or transgenic mice? 

mIL-6R mediated IL-6 signaling specifically regulates the expression level of p-VASP (Ser157) 

in CIA and RA. VASP is a protein that is involved in cell motility in many types of cells. Whether 

p-VASP (Ser157) is involved in the migration of autoimmune suppression subset Treg cells 

remains unknown. To identify the role of p-VASP (Ser157) in the pathology of RA, we 

performed proteomics analysis based on the expression level of p-VASP (Ser157) and 

transwell migration assay to evaluate the effects of specifically blocking p-VASP (Ser157) in 

Treg cells migration ability.  
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In this part, we addressed the following questions: 

l What pathways are specifically involved in the decreased p-VASP (Ser157) 

expression level in RA patients?  

l Is the migration ability of Treg cells modified by a specific inhibition of p-VASP 

(Ser157)? 

In the thesis, I show for the first time that the mIL-6 receptor is upregulated dynamically on 

Th17 cells in vivo during the development of CIA and inhibits Treg cell migration by 

downregulation of post-translation modification of VASP. These findings may help to improve 

our understanding of how mIL-6R participates in the pathogenesis of RA and identify VASP 

as a promising potential target for the treatment of RA. 
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2 MATERIALS  

2.1 Chemicals 

Table 4 List of chemicals used in this study 

Chemicals Company 
Agarose Basic AppliChem GmbH, Darmstadt, Germany 
Albumin (BSA) AppliChem GmbH, Darmstadt, Germany 
Ampuwa sterile water Fresenius Kabi Deutschland GmbH 
Ammoniumpersulfat (APS) Invitrogen, ThermoFisher Scientific, Carlsbad, USA 
Bromophenol Blue AppliChem GmbH, Darmstadt, Germany 
EDTA (Ethylenediaminetetraacetic acid 
disodium salt dihydrate) 

Sigma-Aldrich, Saint Louis, USA 

Ethanol  Carl Roth GmbH, Karlsruhe, Germany 
Ethanol Absolute for Molecular Biology AppliChem GmbH, Darmstadt, Germany 
Formaldehyde solution, 10% Carl Roth GmbH, Karlsruhe, Germany 
Glycin Carl Roth GmbH, Karlsruhe, Germany 
HCl 37% VWR chemicals, Langenfeld, Germany 
10% neutral buffered formalin Carl Roth GmbH, Karlsruhe, Germany 
Ionomycin, Calcium Salt Cell Signaling Technology, Massachusetts, USA  
Isofluran-Piramal Piramal Citical Care, Hellbergmoos, Germany 
Methanol  AppliChem GmbH, Darmstadt, Germany 
Milk poder, blotting grade Carl Roth GmbH, Karlsruhe, Germany 
NaCl Carl Roth GmbH, Karlsruhe, Germany 
PMA, PKC activator Abcam, Cambridge, UK 
SDS Applichem GmbH, Darmstadt, Germany  
Sodium Hydroxide Sigma-Aldrich, Saint Louis, USA 
TEMED Applichem GmbH, Darmstadt, Germany 
Tris Carl Roth GmbH, Karlsruhe, Germany 
Tween 20 Bio-rad, Hercules, USA 
Xylene  Carl Roth GmbH, Karlsruhe, Germany 
2-Propanol Carl Roth GmbH, Karlsruhe, Germany 

2.2 Kits 

Table 5 List of kits used in this study 

Kit Cat. Nr. Company 
BD Cytofix/Cytoperm Kit 554714 BD Bioscience, Heidelberg, Germany 
CD4+ T Cell Isolation Kit, human 130-096-533 Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany 
CD4+ T Cell Isolation Kit, mouse 130-104-454 Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany 
Cyto-Fast TM Fix/Perm Buffer Set 426803 BioLegend, San Diego, USA 
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Kit Cat. Nr. Company 
DAB Substrate Kit AB64238 Abcam, Cambridge, UK 
DoubleStain IHC Kit: R&Rt on 
human/mouse tissue (Green/HRP & 
AP/Red) 

Ab183285 Abcam, Cambridge, UK 

FoxP3 Fix/Perm Buffer Set 421403 BioLegend, San Diego, USA 
KAPA2G Fast HotStart PCR Kit with 
dNTPs & Mg-free buffers 

KK5512079610
14001 

KAPA Biosystems, Massachusetts, USA 

Quantikine ELISA mouse IFNr 
(MIF00) 

P265983 R&D System, Minneapolis, MN, USA 

Quantikine ELISA mouse IL-17 
(M1700) 

P284984 R&D System, Minneapolis, MN, USA 

Quantikine ELISA mouse IL-6 
(MR6000B) 

P275725 R&D System, Minneapolis, MN, USA 

Quantikine ELISA mouse IL-6Ra 
(MR600) 

P283888 R&D System, Minneapolis, MN, USA 

Quantikine ELISA mouse TGF-β1 
(DB100B) 

P300320 R&D System, Minneapolis, MN, USA 

Quantitect Reverse 205313 Qiagen, Hilden, Germany 
Rneasy Mini Kit 74104 Qiagen, Hilden, Germany 
T Cell Activation/Expansion Kit 130-091-441 Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany 
True NuclearTM Transcription Factor 
Buffer Set 

424401 BioLegend, San Diego, USA 

2.3 Buffers and gels 

Table 6 List of buffers and gels used in this study 

Buffers and gels Composition/Company 
1.5M Tris-HCl 90.75g Tric, adjust PH8.8 with HCl to final volume 500ml 

with H2Odd 
10% APS solution 1g APS in 10ml H2Odd 
10% SDS 10g SDS in 100ml H2Odd 
1M Tris-HCl 60g Tric, adjust PH6.8 with HCl to final volume 500ml with 

H2Odd 
Agarose gel for genotyping 1.5g Agarose, 100ml 1×TAE buffer, 8ul INTAS HD Green 

Plus DNA Stain 
Alkaline lysis buffer 25nM NaOH, 0.2mM EDTA, H2Odd, PH12 
AutoMACS Running Buffer Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Complete C stock 1 tablet in 1ml H2Odd, use 1:50 
EDTA Decalcifying buffer 200g EDTA disodium salt, 50ml 10N NaOH, H2Odd, PH8.0 
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Buffers and gels Composition/Company 
Laemmli buffer 5× (10ml) 0.875ml 1 M Tris-HCl, 0.35M SDS, 4.5ml 30% Glycerol, 

0.5ml 0.25% Brompphenol Blue, 1.25ml 5% β-
Mercaptoethanol 

Mini-PROTEAN TGX Gels, 4-15% Bio-Rad Laboratories GmbH, Feldkirchen, Germany 
Mini-PROTEAN TGX Gels, 4-20% Bio-Rad Laboratories GmbH, Feldkirchen, Germany 
Neutralization buffer 40mM Tris-HCl, adjust PH4.0 with HCl to final volume 

500ml with H2Odd 
PhophoStop stock 1 tablet in 1ml H2Odd, use 1:50 
Polyacrylamid-Gel (Mini-Gel) 1.5M Tris-HCl PH8.8, 10% SDS (w/v), 30% Acrylamid, 

10% APS, TEMED, H2Odd  
Running buffer 10× 250Mm Tris, 1.92 M Glycine, 35Mm SDS, H2Odd, PH8.3  
TAE buffer 50× 2M Tris, 1M acetic acid, 50ml 0.5M EDTA, H2Odd, PH7.6-

7.8 
TBS 10× 137Mm NaCl, 20Mm Tris, PH7.6 
TBST  1ml Tween-20 (20%), 1L 1×TBS 
Transfer buffer 100ml 10× transfer buffer, 200ml Methanol, 700ml H2Odd 

2.4 Reagents 

Table 7 List of reagents used in this study 

Reagent company 
Aquatex (aqueous mounting agent) for 
microscopy 

Merck, Darmstadt, Germany 

AutoMACS Washing Buffer Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany 

Bovine type II collagen, 5ml×2mg/ml Chondrex, Redmond, USA 
Cell lysis buffer10× Cell Signaling Technology, Massachusetts, 

USA 
Cell Staining Buffer Biolegend, San Diego, USA 
Chicken type II collagen, 5ml×2mg/ml Chondrex, Redmond, USA 
Citrate Buffer, PH6.0, 10× Sigma-Aldrich, Saint Louis, USA 
Complete Freund’s Adjuvant, 5ml×1mg/ml Chondrex, Redmond, USA 
DNA ladder Gene RulerTM 1kb Fermentas, St. Leon-Rot, Germany 
DNA loading dye 6× Fermentas, St. Leon-Rot, Germany 
Dulbeccos Phosphate Buffered Saline 1× Gibco Lifetechnologies, Bleiswijk 
FlowCheck Pro Fluoropheres Beckman Counter, Krefeld, Germany 
Hematoxylin Solution (Mayer’s, Modified) Abcam, Cambridge, UK 
Human Serum Sigma-Aldrich, Saint Louis, USA 
Goat serum (Normal), control 
unconjugated, whole serum 

Dako, Hamburg, Germany 

Fast enzyme Zytomed Systems, Berlin, Germany 
Fluorescence mounting medium Dako, Hamburg, Germany 
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Reagent company 
Super PAP Pen liquid blocker mini new Science Services, München, Germany 
Target retrieval solution, PH 9 (10 ×) Dako, Hamburg, Germany 
Incomplete Freund’s Adjuvant, 5ml Sigma-Aldrich, Saint Louis, USA 
Hydrogen peroxide, 30% Carl Roth GmbH, Karlsruhe, Germany 
Brefeldin A Invitrogen, ThermoFisher Scientific, Carlsbad, 

USA 
IsoFlow Sheath Fluid Beckman Counter, Krefeld, Germany 
Pancoll Pan biotech GmbH, Aidenbach, Germany 
Phosphate Buffered Saline (PBS-20×) Cell Signaling Technology, Massachusetts, USA 
RBC Lysis Buffer (10 ×) Biolegend, San Diego, USA 
RPMI Medium 1640 (1×) + GlutaMAXTM-1 Gibco, Life Technologies Europe, Bleiswijk, 

Netherlands 
TaqMan Fast Adcanced Master Mix Applied Biosystems, ThemoFisher Scientific, 

Carlsbad, USA 
Trypan Blue stain 0.4% Life Technologies Corporation, Oregon 
X-Vivo 15, medium Lonza, Verviers, Belgium 

Table 8 List of cytokines used for in vitro assay 

Reagent Cat. Nr. Company 
Recombinant Human CCL20 
(MIP-3a) (carrier free) 

583802 BioLegecarrier-freeo, USA 

Recombinant Human IL-1β  130-093-895 Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany 

Recombinant Human IL-23 20-23 PeproTech, Rocky Hill, USA 
Recombinant Human IL-6 130-095-365 Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany 
Recombinant Human TGF-β1 100-21C PeproTech, Rocky Hill, USA 

2.5 Consumables 

Table 9 List of consumables used in this study 

Consumables company 
8 microtubes PCR, 0.2ml BRAND, Werthelm, Germany 
Cell counting chamber slide Invitrogen, Thermo Fisher Scientific,  
Corning Cell Strainer 70um Nylon Corning, Durham, USA 
LS Column Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Micro tube 1.5 protein LB SARSTEDT, Nuembrecht, Germany 
MicroAmpTM Optical Adhesive Film Applied Biosystems, ThermoFisher Scientific, Carlsbad, 

USA 
Microtest plate 96 well SARSTEDT, Nuembrecht, Germany 
Microvette 100LH Sarstedt, Nuembrecht, Germany 
PVDF blotting membrane, 0.2μm GE Healthcare Life Scieces, Germany 
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Consumables company 
SafeSeal micro tube 0.5ml SARSTEDT, Nuembrecht, Germany 
SafeSeal micro tube 1.5ml SARSTEDT, Nuembrecht, Germany 
SafeSeal micro tube 2ml SARSTEDT, Nuembrecht, Germany 
Serological pipette 10ml SARSTEDT, Nuembrecht, Germany 
Serological pipette 25ml SARSTEDT, Nuembrecht, Germany 
Serological pipette 5ml SARSTEDT, Nuembrecht, Germany 
Tanswell 5μm Corning, Durham, USA 
TC Plate 24 well SARSTEDT, Nuembrecht, Germany 
TC Plate 48 well SARSTEDT, Nuembrecht, Germany 
TC Plate 96 well SARSTEDT, Nuembrecht, Germany 

2.6 Antibodies 

Table 10 List of antibodies used in the study 

Antibody Clone Species/isotype Cat. Nr. Company 
APC αnti-Human 
IFN gamma 

4S.B3 Mouse IgG1, k 17-7319-
82 

Affymetrix eBioscience 

PerCP-Cyanine5.5 
αnti-Human IL-17A  

eBio64DEC
17 

Mouse IgG1, k 457179-42 Affymetrix eBioscience 

APC anti-human IL-
17A Antibody 

BL168 Mouse IgG1, k 512334 Biolegend, San Diego, 
USA 

APC/Cy7 anti-
mouse IL-17A 
Antibody 

TC11-
18H10.1 

Rat IgG1, k 506940 Biolegend, San Diego, 
USA 

β-Actin Antibody AC-15 IgG1 NB600-
501H 

Novus Biologicals, 
Centennial, USA 

Brilliant Violet 421 
anti-human CD127 
(IL-7Rα) Antibody 

A019D5 Mouse IgG1, k 351310 Biolegend, San Diego, 
USA 

Brilliant Violet 421 
anti-human IL-17A 
Antibody 

BL168 Mouse IgG1, k 512322 Biolegend, San Diego, 
USA 

DyLight 405 IL-6R 
Antibody (B-6R)  

B-6R Mouse IgG1 NB 100-
64770V 

Novus Biologicals USA, 
Littleton, USA 

FITC anti-human 
CD127 (IL-7Ra) 
Antibody 

A019D5 Mouse IgG1, k 351312 Biolegend, San Diego, 
USA 

FITC anti-human 
FoxP3 Antibody 

206D Mouse IgG1, k 320105 Biolegend, San Diego, 
USA 

FITC anti-human 
IL-17A Antibody 

BL168 Mouse IgG1, k 512304 Biolegend, San Diego, 
USA 
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Antibody Clone Species/isotype Cat. Nr. Company 
GAPDH XP Rabbit 
mAb (HRP 
Conjugate) 

D16H11 Rabbit IgG 8884 Cell Signaling 
Technology, 
Massachusetts, USA 

LIVE/DEAD Fixable 
Dead Cell Stain 
Kits 

Not 
applicable 

Not applicable L23101 Invitrogen, 
ThermoFisher Scientific, 
Carlsbad, USA 

Pacific Blue anti-
human CD4 
Antibody 

OKT4 Mouse IgG2b, k 317424 Biolegend, San Diego, 
USA 

Pacific Blue mouse 
IgG2b, k Isotype 
Control 

MPC-11 Mouse IgG2b, k 400627 Biolegend, San Diego, 
USA 

Pacific Blue TM 
anti-mouse CD4 
Antibody 

GK1.5 Rat IgG2b, k 100428 Biolegend, San Diego, 
USA 

PE anti-human 
CD25 Antibody 

M-A251 Mouse IgG1, k 356103 Biolegend, San Diego, 
USA 

PE anti-human 
CD4 Antibody 

A161A1 Rat IgG2b, k 357404 Biolegend, San Diego, 
USA 

PE anti-mouse IL-
17A Antibody 

TC11-
18H10.1 

Rat IgG1, k 506903 Biolegend, San Diego, 
USA 

PE Mouse Anti-
human IFNr 

4S.B3 Mouse IgG1, k 554552 BD Bioscience, 
Heidelberg, Germany 

PE Mouse IgG1, k 
Isotype Control 

MOPC-21 Mouse IgG1, k 550617 BD Bioscience, 
Heidelberg, Germany 

PE/Cy7 anti-mouse 
IFNr Antibody 

XMG1.2 Rat IgG1, k 505825 Biolegend, San Diego, 
USA 

Phospho-VASP 
(Ser157) Antibody 

/ Rabbit IgG 3111 Cell Signaling 
Technology, 
Massachusetts, USA 

PE mouse anti-
STAT3 

/ Mouse IgG1,  560391 BD Bioscience, 
Heidelberg, Germany 

Alexa Fluor 647 
mouse anti-STAT3 
(pY705) 

/ Mouse IgG2a, k 557815 BD Bioscience, 
Heidelberg, Germany 

VASP Antibody / Rabbit IgG 3112 Cell Signaling 
Technology, 
Massachusetts, USA 

VASP Antibody OTI4D6 Mouse IgG NBP2-
00555 

Novus Biologicals, 
Centennial, USA 

VASP Antibody 
Blocking Peptide 

LS-E48840  197287 LSBio, Eching, Germany 
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Antibody Clone Species/isotype Cat. Nr. Company 
FITC FoxP3 mAb   FJK-16s Rabbit IgG2a, 

Kappa 
11-5773-
82 

Invitrogen, 
ThermoFisher Scientific, 
Carlsbad, USA 

TGF-β1 mAb TB21 Mouse IgG1 MA1-
21595 

Invitrogen, 
ThermoFisher Scientific, 
Carlsbad, USA 

Goat Anti-mouse 
IgG H&L (Alexa 
Fluor 594) 

/ Goat polyclonal 
secondary 
antibody 

Ab150116 Abcam, Cambridge, UK 

 
2.7 ELISA Kits 

Table 11 R & D QuantikineTM Elisa for mouse IL-6 

Part Part # Storage  Company  
Mouse IL-6 Microplate 892369 4oC  

 
 

 
R & D Systems, 

Minneapolis, 
USA 

Mouse IL-6 Standard 892371 ≤20 oC 
Mouse IL-6 Control 892372 ≤20 oC 
Mouse IL-6 Conjugate 892665 4oC 
Assay Diluent RA1-14 895180 4oC 
Calibrator Diluent RD5T 895175 4oC 
Wash Buffer Concentrate 895003 4oC 
Color Reagent A 895000 4oC 
Color Reagent B 895001 4oC 
Stop Solution 895174 4oC 
Plate Sealers N/A 4oC 

Table 12 R & D QuantikineTM Elisa for mouse IL-17 

Part Part # Storage  Company  
Mouse IL-17 Microplate 890669 4oC  

 
 
 

R & D Systems, 
Minneapolis, 

USA 

Mouse IL-17 Standard 890670 ≤20 oC 
Mouse IL-17 Control 890672 ≤20 oC 
Mouse IL-17 Conjugate 890671 4oC 
Assay Diluent RD1-38 895301 4oC 
Calibrator Diluent RD5T 895175 4oC 
Wash Buffer Concentrate 895003 4oC 
Color Reagent A 895000 4oC 
Color Reagent B 895001 4oC 
Stop Solution 895174 4oC 
Plate Sealers N/A 4oC 
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Table 13 R & D QuantikineTM Elisa for mouse TGF-β1 

Part Part # Storage  Company  
TGF-β1 Microplate 891124 4oC  

 
 
 

 R & D 
Systems, 

Minneapolis, 
USA 

TGF-β1 Standard 891126 ≤20 oC 
TGF-β1 Conjugate 890671 4oC 
Assay Diluent RD1-21 895215 4oC 
Assay Diluent RD1-73 895541 4oC 
Calibrator Diluent RD53 Concentrate 895175 4oC 
Wash Buffer Concentrate 895003 4oC 
Color Reagent A 895000 4oC 
Color Reagent B 895001 4oC 
Stop Solution 895174 4oC 
Plate Sealers N/A 4oC 

2.8 PCR primer 

Table 14 List of primers used in this study 

Target Sequence Company 
B2M FW: TGTCCACCTTCCAGCAGATGT;  

RV: AGCTCAGTA ACAGTCCGCCTAG. 
Applied Biosystems, 
ThermoFisher Scientific, 
Carlsbad, USA IL-6R FW: CGTCAGCTCCACATCTGATAGTG;  

RV: CCTTTGGAGCCCCTTTCTG 
Internal Positive 
Control 

FW: AGAGAGCTCCCCTCA ATTATGT  
The Jackson Laboratory, 
Bar Harbor, ME USA 
 
 

Internal Positive 
Control 

RV: AGCCACTTCTAGCACAAAGAACT 

IL-6 Transgene FW: ACCTCTTCAGAACGAATTGACAAA 
IL-6 Transgene RV:AGCTGCGCAGAATGAGATGAGTTGT 

2.9 Software 

Table 15 List of software in this study 

Software Company 
GraphPad Prism GraphPad Software, Inc, San Diego, USA 
GSEA Broad institute, Inc, Massachusetts, USA 
Inkscape The Inkscape Project, / 
Kaluza Analysis Beckman Coulter, Carifornia, USA 
Microsoft Excel Microsoft, Redmond, USA 
Microsoft Word Microsoft, Redmond, USA 
PCR machine Applied Biosystems, ThermoFisher Scientific, 

Carlsbad, USA 
Powerpoint Microsoft, Redmond, USA 
Tbtools /(Written by CJ-Chen) 
Olympus BX53 microscope Olympus Corp, Tokyo, Japan 
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3 METHODS 

3.1 Mouse experiments 

3.1.1 Mouse lines in the study 

The DBA1/J mouse strain is the “gold standard” for the establishment of a rheumatoid arthritis-

like mouse model. Immunization with type II collagen of bovine origin or from chickens results 

in the inflammation of multiple joints ultimately leading to arthritis similar to autoimmune 

rheumatoid arthritis as seen in humans. The CIA mice develop arthritis with characteristics 

similar to those of arthritis in humans, including inflammation in synovial tissue, cartilage 

damage and bone erosion in multiple joints. Furthermore, the use of this mouse line is 

advantageous in establishing an arthritis mouse model as the DBA1/J line is highly 

susceptible to the established disease induction method. It is reported that the arthritis 

incidence is as high as 80-100% when using this mouse strain with the aforementioned 

induction method (Brand, Latham, and Rosloniec 2007). Immune-mediated 

glomerulonephritis, nephritis and tubulointerstitial disease may also occur due to the collagen 

induction (Xie et al., 2004). 

In the C57BL/6-Tg (H2-L-IL-6) Kish/J mouse line, human IL-6 protein is highly expressed in 

different organs as confirmed by ELISA as well as a high expression of IL-6 mRNA by PCR. 

The human IL-6 gene, which is located on chromosome 9, is inserted under the direction of 

the mouse histocompatibility 2, D region (H-2LD) promoter. There are homozygous and 

heterozygous phenotypes of this transgenic mouse line. Although it is feasible for the 

homozygotic phenotype to survive and retain its fertility, the heterozygous phenotype is kept 

for subsequent experiments to avoid the early occurrence of plasma cell tumor (The details 

of this mouse line are available at the website of The Jackson Laboratory). Shown below is 

the genotyping information of this mouse line: DNA is isolated from ear tags by alkaline lysis 

buffer for 60 minutes at room temperature. The same volume of neutralization buffer was 

added to the lysis buffer and stored at -20OC for further use. Then PCR and electrophoresis 

were performed. The protocol and reagents for standard PCR were provided by The Jackson 

Laboratory. The primer sequences for the genotyping primers were listed as follows: Internal 

Positive Control Forward for genotyping: AGAGAGCTCCCCTCA ATTATGT; Internal Positive 

Control for genotyping: AGCCACTTCTAGCACAAAGAACT; IL-6 Transgene Forward for 

genotyping: ACCTCTTCAGAACGAATTGACAAA; IL-6 Transgene Reverse for genotyping: 

AGCTGCGCAGAATGAGATGAGTTGT. The reagents used for the genotyping PCR are listed 

in Table 16. 
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Table 16 The list of reagents used for for Genotyping 

Reagents Stock Final Volume  
H2Odd / Up to final volume (25μl) 6.35μl 
Kapa 2G HotStart buffer / 1.3× 6.5μl 
MgCl2 / 2.6 2.6μl 
dNTP Kapa / 0.26 0.65μl 
Primer internal control IL-6 forward 10μM 0.5μM 1.25μl 
Primer internal control IL-6 reverse 10μM 0.5μM 1.25μl 
Transgene IL-6 forward 10μM 0.5μM 1.25μl 
Transgene IL-6 reverse 10μM 0.5μM 1.25μl 
Kapa 2G HotStart taq 
polymerase 

5U/μl 0.03U/μl 0.15μl 

DNA / 50-200ng 5.00μl 

We used the following PCR cycler program as shown in Table 17 for transgenic mouse 

genotyping. 

Table 17 The PCR reaction conditions used for genotyping 

Steps Temperature Time Cycles 
Denaturation 94oC 120 sec 1 
Denaturation  94oC 20 sec 10 
Annealing 65 oC 15 sec 10 
Elongation  68 oC 10 sec 10 
Denaturation 94 oC 15 sec 28 
Annealing 60 oC 15 sec 28 
Elongation 72 oC 10 sec 28 
Final elongation 72 oC 120 sec 1 
Final hold 10 oC Hold N/A 

Figure 6 shows the representative genotyping of mice. The samples with two bands 

(transgene=451bp and internal positive control=253bp) are identified as mice that carry the  

human IL-6 target gene. This assay does not distinguish hemizygous phenotype from 

homozygous transgenic animals, which is why we always crossed the male mouse which 

carries the human IL-6 gene with a wild-type female mouse to achieve the heterozygous 

phenotype for further experimentation. 



  METHODS 

 32 

 

Figure 6 Example of identification of transgenic representative mouse 
The samples with two bands (transgene=451bp and internal positive control=253bp) are identified as mice that 

carry the target gene. Therefore, in this representative figure, mice 110,111, 112, 113, 115, 117, and 118 are 

heterozygous phenotypes whereas mice 109, 114, and 116 are wild-type mice. 

3.1.2 Collagen-induced mouse model establishment 

3.1.2.1 General description 

Mice of the DBA/1J strain were used for the induction of CIA. Experiments for establishing 

CIA were conducted as previously decribed elsewhere (Brand, Latham, and Rosloniec 2007). 

Briefly, all mice were kept under specific pathogen-free conditions, 8-12 weeks old mice were 

age and gender matched for the control and CIA group. Immunization of bovine type II 

collagen (Chondrex Inc, Woodinville, USA) with complete Freund’s adjuvant (CFA, Chondrex, 

Redmond, USA) containing a final concentration of 0.5 mg/ml of inactivated Mycobacterium 

tuberculosis (Chondrex Inc, Woodinville, USA) was prepared by the Ika T8 Ultra Turrax 

homogenizer (IKA-Werke GmbH & Co, Baden-Württemberg, Germany), next the stability of 

the emulsion was tested by adding one drop of the emulsion into a bottle of water (Yan, 

Golumba-Nagy, et al. 2021). Only the highly stable emulsions were used for subsequent 

experiments. The emulsion was kept on ice and quickly transferred to the animal facility for 

the immunization injection (Yan, Golumba-Nagy, et al. 2021).  

The mice were injected subcutaneously at the base of the tail with a total emulsion volume of 

100μl at the beginning of the induction and a second injection of 100μl of CII mixed with 

incomplete Freund’s adjuvant (IFA, Chondrex, Redmond, USA) was done in the CIA group at 

day 21 while the mice in the control group were injected with same volume Dulbecco’s 

phosphate-buffered saline, all animal procedures included in this study were approved by the 

local authorities and animal protection committee (LANUV NRW, approval no. 81-02.04.2018 
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A161) and were performed according to the recommendations of the Federation of European 

Laboratory Animal Science Association (FELASA) (Yan, Golumba-Nagy, et al. 2021). The 

workflow for the induction of CIA is shown below (Figure 7).  

 

Figure 7 Workflow of establishing CIA mouse model in DBA1/J strain 
Displayer here is the process of establishing the CIA mouse model. It takes 8 weeks for the establishment in total. 

The time points shown are for the first immunization (Day 0), booster immunization (Day 21), and the end time 

point (Day 56) in the establishment of the CIA mouse model. This diagram was adapted from the publication of 

Yan et al, 2021. 

3.1.2.2 Measurement of paw thickness 

The mouse paw thickness was monitored regularly. It was measured once a week with a 

digital caliper for the first three weeks after which it was measured every three days for the 

next five weeks (Yan, Golumba-Nagy, et al. 2021).  

3.1.2.3 Clinical score collection 

The frequency of mouse paw clinical score collection was the same as paw thickness 

measurement. The clinical score of arthritis was graded as shown in Table 18 (Howe 2004). 

Each limb was scored independently.  

Table 18 Clinical scores of mouse joints inflammation 

Score Clinical manifestations 
0 No evidence of erythema and swelling 
1 Erythema and mild swelling confined to the tarsals or ankle joint 
2 Erythema and mild swelling extending from the ankle to the tarsals 
3 Erythema and moderate swelling extending from the ankle to metatarsal joints 
4 Erythema and severe swelling encompass the ankle, foot and digits, or ankylosis 

of the limb 
The table is taken from the publication of Brand et al, 2007. 
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Figure 8 shows the visual representation of different clinical scores. As the onset of arthritis 

varies in different mice, a clinical score was necessary to supplement the evaluation of mouse 

arthritis. 

 

Figure 8 Mouse arthritis clinical score evaluation example 

This figure shows the representative images of mouse arthritis clinical score collection for a clinical score (CS) of 

1-4. The details of the score criteria are shown in Table 18.  

3.1.3 Mouse serum collection 

At day 56 of CIA induction, mice were anesthetized using 4% isoflurane (Piramal Critical Care, 

Hellbergmoos, Germany) in the air for blood collection. Blood was collected in serum 

separator tubes by cheek punch as recommended by the animal health carer. The samples 

were left to clot for 30 minutes at room temperature. Centrifugation was then performed for 

20 minutes at 1000Xg centrifugation. The serum was removed immediately, aliquoted in EP 

tubes, and stored at -80oC. Repeated freeze-thaw cycles were prevented prior to performing 

assays. 

3.1.4 Mouse organs harvest 

The mice were sacrificed by cervical dislocation in order to harvest organs. The spleens, limbs, 

and lymph nodes were removed immediately and stored in ice cold PBS for subsequent 

fixation or splenic lymphocytes isolation by MACS. 

3.1.5 Mouse splenic CD4+ T cells isolation 

Mouse spleens were pooled with a 70μm strainer and 1ml Syringe (BD Plastipak) handle to 

get a single-cell suspension, the suspensions were then filtered twice with strainers (Corning, 
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Durham, USA) to filter doublets, blood cells from the splenic suspensions were subsequently 

lysed with 1x erythrocytes lysing buffer (Biolegend, San Diego, USA), and density gradient 

centrifugation was used to isolate primary mouse monocytes from single-cell suspensions 

(Yan, Golumba-Nagy, et al. 2021). Mouse CD4+ T cells were enriched from mice splenic 

single-cell suspension using the mouse specific CD4+ T cell isolation kit (Miltenyi Biotec 

GmbH, Bergisch Gladbach, Germany), the purity of the isolated cells was verified by flow 

cytometry, and only the samples with a purity of more than 95% were used for subsequent 

experiments (Yan, Golumba-Nagy, et al. 2021). 

3.1.6 Histologic staining 

3.1.6.1 Hematoxylin & Eosin staining 

For histological analysis, limbs were collected after the mice were sacrificed and fixed in 10% 

neutral buffered formalin (Carl Roth GmbH, Karlsruhe, Germany) for 24 hours at 4 degrees 

with subsequent decalcification in 20% EDTA solution on a shaking bed (Major Science) at 4 

degrees for 4-6 weeks, and the limbs were then embedded in paraffin (Yan, Golumba-Nagy, 

et al. 2021). Sections (5μm thickness) were cut from the paraffin blocks and mounted on 

silanized slides. Then sections were then deparaffinized in xylene (Carl Roth GmbH, 

Karlsruhe, Germany), dehydrated with graded ethanol, and stained with hematoxylin and 

eosin (H&E staining) (Yan, Golumba-Nagy, et al. 2021), Histopathological scores were scored 

by two independent researchers in a blinded manner as previously described (Camps et al. 

2005). 

3.1.6.2 Immunohistochemistry staining 

For immunohistochemistry staining, tissue peroxidase was blocked with 3.0% hydrogen 

peroxide (Carl Roth GmbH, Karlsruhe, Germany) in methanol (AppliChem GmbH, Darmstadt, 

Germany) for 20 min at room temperature; for antigen retrieval, the citric acid buffer was used 

and the slides were heated at 100°C for 20 min and then cooled for 30 min at room 

temperature, and after washing the slides were incubated with goat serum to reduce 

unspecific protein binding after deparaffinization and dehydration (Yan, Golumba-Nagy, et al. 

2021). IL-17 expression was measured with a polyclonal rabbit anti-IL-17 antibody, and rabbit 

AP Polymer was added to each section for 30min in a moist chamber after washing, then 

permanent Red Working Solution was applied to completely cover the tissue for 10min, finally 

the sections were then counterstained with Meyer’s hematoxylin, dehydrated, and mounted 
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(Yan, Golumba-Nagy, et al. 2021). Human tonsil tissue was used as a positive control. The 

slides were protected from drying out in a moist box if not specially stated. 

3.1.6.3 Immunofluorescence staining 

Lymph nodes from mice were collected and fixed in 10% neutral buffered formalin for 24 hours 

at 4 degrees, then stored in 70% alcohol at 4 degrees for further embedding in paraffin. 5μm 

sections were cut from the paraffin blocks. After deparaffinization and dehydration, the 

sections were incubated with normal goat serum to reduce unspecific protein binding after 

antigen retrieval. A PAP Pen was used to block liquid to save antibodies. For Treg cells 

immunofluorescence, a fast enzyme was used for antigen retrieval for 5 minutes at room 

temperature. FoxP3 in mouse lymph nodes was detected in green with the rat anti-mouse 

FITC-conjugated FoxP3 antibody (1:100) at 4 degrees overnight, and TGF- β1 was stained 

with the use of mouse anti-mouse antibodies (1:150) followed by Alexa Fluor 594-conjugated 

goat anti-mouse antibody (1:500). The slides were washed three times for five minutes each 

with PBS after each antibody incubation. 4’, 6-diamidino-2-phenylindole (DAPI) was used to 

label cell nuclei. After three times of washing cycles with PBS, the slides were covered with 

Fluorescence mounting medium and a cover glass. For imaging, the Olympus BX53 

microscope (Olympus, Münster, Germany) was used. The sections were protected from 

drying out in a moist box if not specified otherwise. 

3.2 Human samples 

3.2.1 Patient samples involved in this study 

All RA patients involved in the study fulfilled the criteria of the 2010 ACR/ EULAR classification 

(van der Linden et al. 2011). Peripheral blood samples were collected at the outpatient clinic 

of the Division of Clinical Immunology and Rheumatology at the University Hospital Cologne, 

the patients’ characteristics are shown in Table 19. Untreated RA patients were defined as 

either first diagnosed or patients without treatment for at least eight weeks prior to inclusion 

in the study, age and sex-matched healthy individuals served as controls, and blood was 

drawn after written informed consent was obtained as governed by the Declaration of Helsinki 

(Yan, Golumba-Nagy, et al. 2021). The Ethics Committee of the University Hospital Cologne 

has passed the study (approval no. 13-091). 
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Table 19 Characteristics of RA patients and healthy individuals 

Samples Number Sex Age Duration 
(years) 

DAS28 RF ACPA CRP ESR 

HC 33 69.7%F 58.18±3.83 N/A 0 Neg. Neg. Neg. Neg. 

RA 65 66.2%F 56.215±3.85 4.26±0.75 3.76±.37 188.22±64.01 391.08±64.01 21.08±5.84 27.42±5.89 

Blood samples were collected from patients with rheumatoid arthritis (RA) and healthy individuals. RA untreated 

patients were defined as either newly diagnosed with RA or untreated for at least eight weeks. neg.: negative; n/a: 

not applicable. This table was taken from the publication of Yan et al, 2021. 

3.2.2 Human peripheral blood CD4+ T cell isolation 

3.2.2.1 CD4+ T cells/naïve CD4+ T cell isolation 

Density gradient centrifugation was performed to isolate primary human peripheral blood 

monocyte cells (PBMCs) from whole blood. PBMCs were used for subsequent isolation of 

CD4+ T cells. We purified CD4+ T cells by magnetic-activated cell sorting (MACS) based on 

the negative selection with a human CD4+ T cell isolation kit. Naïve CD4+ T cells were 

magnetically isolated with the naïve T Cell Isolation Kit for humans. The purity of the isolated 

cell populations was verified by flow cytometry and only the samples with a purity of more 

than 95% were used for subsequent experiments (Yan, Golumba-Nagy, et al. 2021). Viable 

cells were counted using an automated cell counter as described below.  

3.2.2.2 Cell counting 

Countess II FL (Invitrogen, Thermo Fisher Scientific) was used for cell counting and viability 

determination. Briefly, cell suspensions were diluted with PBS or medium to a total volume of 

1ml. 0.4% Trypan blue (Invitrogen, Thermo Fisher Scientific) was used to dilute the 

suspension to identify the dead cells at a 1:1 dilution. Next, a 10μl cell suspension mixture 

was added to the cell counting chamber slide (Invitrogen, Thermo Fisher Scientific). The 

concentration of viable cells was determined by the cell counter “Countess II FL”.  

3.2.2.3 Cell freezing 

The purified cells (2-8 x 106) were centrifuged at 350×g for 5 minutes, and the supernatant 

was discarded. The cells were then suspended in 950μl cold PBS and centrifuged again at 

350×g for 5 minutes. The supernatant was discarded and the cells were placed in a -80oC 

freezer for long-term storage for subsequent PCR, or WB experiments.  
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3.2.3 Quantitative real-time polymerase chain reaction (qRT-PCR) 

RNeasy Mini Kit was used for RNA isolation from CD4+ T cells following conversion of RNA 

into cDNA using the QuantiTect Reverse Transcription Kit. Primers for the IL-6 receptor and 

β2-microglobulin were purchased from Applied Biosystems, all reactions were performed 

using the 7500 Fast Real-Time PCR System, and the values are represented as the difference 

in Ct values normalized to β2-microglobulin for each sample using the following formula: 

relative RNA expression = (2-dCt) × 103 (Yan, Golumba-Nagy, et al. 2021). Table 20 shows a 

sample mixture for the qPCR reaction. The reaction cycle is listed in Table 21. 

Table 20 The reagents used for qRT-PCR 
Reagents Volume 

cDNA 1μl (500ng) 
Primer 1μl 
H2Odd 8μl 
TaqMan buffer 10μl 

Table 21 The reaction conditions used for qRT-PCR  

Steps Temperature Time Cycles 
UNG incubation hold 50 oC 120 sec 1 
Denaturation 95 oC 120 sec 40 
Annealing 95 oC 3 sec 40 
Elongation 60 oC 30 sec 40 

3.3 Assays & analysis 

3.3.1 Flow cytometry analysis 

Purified CD4+ T cells or induced Th17 cells were stimulated for six hours with PMA (500ng/ml) 

and ionomycin (1.5μM), Brefeldin A was added to cell culture two hours before flow cytometry 

staining, and the LIVE/DEAD™ Fixable Dead Cell Stain Kit was used to exclude dead and 

injured cells during flow cytometry (Yan, Golumba-Nagy, et al. 2021). Briefly, cells were 

stained with antibodies targeting cell surface antigens including CD4, CD25, and CD127, then 

fixed and permeabilized by the BD Cytofix/Cytoperm Kit or the True-Nuclear™ Transcription 

Factor Buffer Set according to the manufacturer’s instructions and stained with anti-IL-17A, 

anti-IFN-γ, and anti-FoxP3 (Yan, Golumba-Nagy, et al. 2021). Flow cytometry was performed 

on the Gallios 10/3 flow cytometer and the results were analyzed using the Kaluza Analysis 

Software, Th17 cells were identified by IL-17A expression in purified CD4+ T cells whereas 
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Treg cells were defined as CD4+CD25+CD127-FoxP3+ T cells in humans and CD4+FoxP3+ T 

cells in mice (Yan, Golumba-Nagy, et al. 2021).  

3.3.2 Western blot analysis 

Purified human and murine CD4+ T cells were lysed with cell lysis buffer, and protein 

concentration was detected with the BCA Protein Assay Kit, lysates were run on 4–15% 

gradient polyacrylamide gels, and blotting was performed with the TransBlot® Turbo™ 

Transfer System, after that proteins were detected with the following antibodies: HRP anti-β2-

Actin antibody mouse mAb, anti-VASP rabbit mAb, and anti-rabbit IgG HRP-linked antibody 

(Yan, Golumba-Nagy, et al. 2021). Detection was done by the ImageJ software. 

3.3.3 Migration assay 

Human purified CD4+ T cells were transfected by the lipofection method using the Pierce 

Protein Transfection Reagent Kit and p-VASP blocking peptide (Lifespan Biosciences Inc., 

Seattle, USA) reagent as recommended by the manufacturers, briefly, the blocking peptide 

for p-VASP was diluted in DPBS before addition to the dried Pierce Reagent, then the mixture 

was pipetted up and down 3-5 times prior to vertexing to ensure a homogeneous mixture, 

after incubation at room temperature for 5 minutes the lipo-surrounding p-VASP blocking 

peptide was ready for subsequent experimentation (Yan, Golumba-Nagy, et al. 2021). The 

primary human CD4+ T cells were transfected by lipid surrounded p-VASP blocking antibody 

with the antibodies from the T cell Activation/Expansion Kit for an overnight incubation in an 

incubator set to 5% CO2 at 37 degrees Celsius (Yan, Golumba-Nagy, et al. 2021). The 

migration of Treg cells was then evaluated by a chemo-attractant transwell migration assay. 

6.5mm Transwells with 5µm pore size were equilibrated for 2 hours in x-Vivo 15 media 

supplied with 1% human serum and 1% penicillin-streptomycin, and 1*106 CD4+ T cells were 

then seeded to the transwell and incubated for 4 hours under cell culture conditions, 50 ng/ml 

CCL20 was used as a chemo-attractant in the lower compartment (Yan, Golumba-Nagy, et al. 

2021). Total migrated CD4+ cells in the lower chamber were counted by hemocytometer and 

Treg cells were identified using anti-human CD25, CD127, and FoxP3 antibodies (Yan, 

Golumba-Nagy, et al. 2021). 
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3.3.4 Enzyme-linked immunosorbent assay 

Mice serum preparation and IL-6, IL-17, and TGF-β1 level determination in serum were 

performed according to the manufacturer’s instructions. The details of Elisa kits are available 

in Τable 11, Table 12 and Table 13. 

3.3.5 Proteomic identification by mass spectrometry (MS) 

We assessed the expression of 3231 known proteins by performing mass spectrometry (MS) 

in human purified CD4+ T cells from healthy individuals (n=3), RA untreated patients (n=3), 

and RA patients treated with IL-6 receptor blockade (n=3), all RA untreated patients were 

defined as being naïve to treatment with disease-modifying anti-rheumatic and biological 

drugs as well as being seropositive for both rheumatoid factor and anti-citrullinated protein 

antibodies (Yan, Golumba-Nagy, et al. 2021). For proteomic analysis, MACS- purified CD4+ T 

cells were lysed in SP3 lysis buffer and chromatin was degraded with a Bioruptor. Samples 

were reduced with 5 mM Dithiothreitol (DTT) at 55°C for 30 min, alkylated with 40 mM 

Chloroacetamide (CAA) at room temperature for 30 min and protein amount was quantified 

using the Direct Detect Spectrometer. The mass spectrometer was operated at 

CECAD/ZMMK Proteomics Facility (Cologne, Germany), then LFQ values were log2 

transformed, and T-tests were used to determine significantly changes in protein levels (Yan, 

Golumba-Nagy, et al. 2021). P-values of less than 0.05 as well as 1.5 fold or greater change 

were defined as significant differential expressed proteins (DFPs). Heat map visualization of 

DFPs was obtained calculating a z-score of the LFQ values for each protein by TBtools as 

previously described (Kotschenreuther et al. 2021). 

3.3.5.1 Gene ontology (GO), KEGG pathway analysis 

The proteins with the highest significance of expression (q less than 0.05) were subjected to 

GO, KEGG pathway analysis, GO and KEGG analyzed data was visualized using the web-

based tool Weishengxin (http://www.bioinformatics.com.cn/) (Yan, Golumba-Nagy, et al. 

2021). 

3.3.5.2 Gene set enrichment analysis (GSEA) 

GSEA was performed to determine whether a priori defined sets of genes have statistically 

significant, consistent differences between two biological states using the GSEA 4.0 software 

(http://www.gsea-msigdb.org/gsea/) (Yan, Golumba-Nagy, et al. 2021). 
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3.4 Statistics 

Statistical analysis was performed using GraphPad Prism 8. Where indicated, data was 

analyzed by non-parametric Mann-Whitney test and are presented as the mean ± SEM. 

Correlation analysis was performed by the Spearman r correlation test, all other data was 

analyzed using unpaired two-tailed Student’s t-test or one-way ANOVA as appropriate (Yan, 

Golumba-Nagy, et al. 2021). p < 0.05 was considered to be statistically significant. *p < 0.05, 

**p < 0.01, ***p < 0.001, ns: non-significant, p > 0.05. 
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A part of the experimental results is published in the following paper: 

Yan S, Golumba-Nagy V, Kotschenreuther K, Thiele J, Refaian N, Shuya D, Gloyer L, Dittrich-
Salamon M, Meyer A, Heindl LM, Kofler DM. Membrane-bound IL-6R is upregulated on Th17 
cells and inhibits Treg cell migration by regulating post-translational modification of VASP in 
autoimmune arthritis. Cell Mol Life Sci. 2021 Dec 16;79(1):3. doi: 10.1007/s00018-021-
04076-2. PMID: 34913099; PMCID: PMC8674172. 
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4 RESULTS 

4.1 Characteristics of Th17 cells and Treg cells in the development of CIA and in RA 
patients in vivo 

4.1.1 Establishment of the CIA model in DBA1/J mice 

To identify the dynamic characteristics in the development of CIA, we firstly induced a CIA 

mouse model in our lab. Following the second immunization with collagen type II in 

combination with IFA, mice in the CIA group developed swollen paws, with no joint 

inflammation being found in the control group. A representative example of a swollen paw is 

shown in Figure 9A. During the development of CIA, the mean clinical score in the CIA group 

was significantly increased as compared to the control group on the 30th-day after the first 

immunization (Figure 9B) (Yan, Golumba-Nagy, et al. 2021). In addition, the paw thickness of 

mice in the CIA group was significantly different as compared to mice in the control group day 

14 days after the first immunization at day 0 (Figure 9C). Furthermore, H&E staining analysis 

of the mouse joints revealed a significant accumulation of inflammatory cells, cartilage 

destruction and bone erosion in the CIA mouse model (Figure 9D). An elevated score in 

synovial inflammation as well as hyperplasia was observed in the CIA group as compared to 

the control group (Figure 9E-F). 

 

Figure 9 Establishment of CIA mouse model in DBA1/J strain 



  RESULTS 

 

 

44 

(A) Representative example of the normal hindlimb in the control group and swollen hindlimbs in CIA mice on day 

56 after the first immunization. (B) The mean clinical score of control mice (n=16) and CIA mice (n=24) in the 

development of arthritis is shown. (C) Thickness of hindlimbs of the control mice (n=16) and CIA mice (n=24) were 

monitored during the course of arthritis. (D) The upper panel shows a representative example of H&E staining of 

hindlimbs from the control mice whereas the lower panel shows the inflamed joints staining in the CIA group. (E) 

Synovial hyperplasia score is shown in control mice (n=10) and CIA mice (n=14). The histopathological scores 

criteria are described in the Methods section. (F) Synovial inflammation score is shown in control mice (n=10) and 

CIA mice (n=14) is shown. Data is presented as the mean ± standard error of the mean (SEM). Statistical analysis 

was performed using a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). This diagram 

was taken from the publication of Yan et al, 2021. 

4.1.2 Th17 and Treg cells expression in CIA mice 

4.1.2.1 Th17 cells are increased in CIA mouse splenocytes and accumulates in murine 
joints 

To verify the Th17 cell’s participation in the pathogenesis of RA, we performed flow cytometry 

to evaluate the Th17 frequency level in mouse purified CD4+ T cells in splenic lymphocytes 

and immunochemistry staining to see the accumulation of the Th17 subset in inflamed joints. 

Figure 10A shows an example of the spleens collected from the CIA group and Control group, 

then CD4+ T was enriched from single cells suspension by negative selection through MACS. 

A representative example of flow cytometry staining of obtained Th17 cells is shown in Figure 

10B. Our results from the CIA mouse model confirm that Th17 cell frequency was significantly 

elevated in the CIA group as compared to the control group (Figure 10C), furthermore, IHC 

staining of inflamed joints revealed that Th17 cells migrated into the inflammatory sites 

(synovial tissue) of CIA joints whereas there was no Th17 cells accumulation in the joints of 

the control group (Figure 10D-E) (Yan, Golumba-Nagy, et al. 2021). 
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Figure 10 Th17 cells are significantly increased in CIA mouse and accumulate in mouse joints 
(A) The left panel shows the spleens collected from mice in the control group, the right panel shows the spleens 

of in CIA mice. Single-cell suspensions were prepared from the spleens and CD4+ splenic T lymphocytes were 

enriched by negative selection through MACS for subsequent flow cytometric analysis. (B) Representative 

example of flow cytometry analysis of Th17 cells from the spleen of mice with collagen II-induced arthritis (CIA). 

(C) Shown is the frequency of Th17 cells in purified murine CD4+ splenocytes in the control group (Control, n=8) 

and the CIA group (n=22) as assessed by flow cytometry. (D) Representative figures of Th17 cells staining by 

immunohistochemistry in the joints of murine hindlimbs (HLs) in control mice. (E) Representative figures of Th17 

cells staining by immunohistochemistry in the joints of murine hindlimbs (HLs) in CIA mice. Data is presented as 

the mean ± standard error of the mean (SEM). Statistical analysis was performed using a two-tailed Student’s t-

test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). This diagram was adapted from the publication of Yan et 

al, 2021. 

4.1.2.2 Treg cells are decreased in CIA mouse splenocytes 

To evaluate the balance between Treg cells and Th17 cells, Treg cells were stained in sorted 

CD4+ splenic lymphocytes for flow cytometry. Treg cells in mice were defined as being positive 

for both CD4 and FoxP3. Figure 11A shows the flow cytometry staining of Treg cells in control 

mice and CIA mice at Day 56. In the CIA group, Treg cell frequency was significantly 

decreased as compared to the control mice (Figure 11B) (Yan, Golumba-Nagy, et al. 2021).  
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Figure 11 Treg cells are decreased in CIA mouse model and the balance between Th17 cells and Treg 
cells is shifted to Th17 cells 
(A) Representative example of flow cytometry analysis of Treg cell frequency in CD4+ T cells sorted from 

splenocytes in control mice and the CIA mouse model. (B) Treg cells frequency was analyzed by flow cytometry 

in purified murine CD4+ T cells isolated from splenocytes from control mice (n=10) and CIA mice (n=12). Data is 

presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed using a two-tailed 

Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). This diagram was adopted from the publication 

of Yan et al, 2021. 

4.1.2.3 Treg cell function is impaired in CIA mice 

In order to see whether Treg cell function is impaired in CIA mouse joints, we performed 

immunofluorescence (IF) staining with mouse joint sections embedded in paraffin to 

determine if TGF-β1 levels in Tregs were altered. Figure 12 shows IF staining results of 

synovial tissue from mouse joints. We used human tonsil sections as a positive control (the 

upper panel). We found Treg cells (FoxP3+) which express TGF-β1 and cells which only 

express TGF-β1 in synovial tissue in CIA mouse joints (the lower panel) whereas there were 

no Treg cells in the synovial tissue from the control mice (the middle panel) (Yan, Golumba-

Nagy, et al. 2021). The synovial tissue in control mouse joints is rather thin and there are 

almost no immune cells (such as Treg cells or Th17 cells) in healthy mouse synovial tissue 

as compared to the CIA mouse model. Therefore, it is not possible to directly compare the 

TGF-β1 levels in control mouse joint and CIA mouse joints sections. In order to compare the 

TGF-β1 levels in Tregs, we switched to peripheral lymphatic organs in control mouse and CIA 

mouse models and performed IF staining with lymph nodes (LN) from each (Figure 13).  
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Figure 12 Representative immunofluorescence (IF) staining of TGF-β1 and FoxP3 in mouse joints 
Mouse joints were stained by IHF. Human tonsil tissue served as positive control. IF staining from control mice 

(middle row) and CIA mice (lower row). 4’, 6-diamidino-2-phenylindole (DAPI) was used to label cell nuclei 

(blue). FoxP3 was stained with FITC labeled antibody (green) whereas TGF-β1 was stained with Alexa Fluor 

594-conjugated antibody (red). This diagram was adapted from the supplement materials of publication of Yan et 

al, 2021. 

What we found from mouse LN staining is that Treg cells from control mouse express the 

transcription factor Foxp3 and produce TGF-β1 (the upper panel) whereas the Treg cells from 

CIA mice only express Foxp3 without producing TGF-β1 (the lower panel) (Yan, Golumba-

Nagy, et al. 2021). This indicates that Treg cells functioning is impaired in CIA mice. Treg cells 

lost their ability to produce TGF-β1 which is important for Treg cells to exert their 

immunosuppressive function. 
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Figure 13 Representative immunofluorescence (IF) staining of TGF-β1 and FoxP3 in lymph nodes  
Mouse lymph nodes were stained by IHF. IF staining from control mice (upper row) and CIA mice (lower row). 

Treg cells were marked with an arrow. 4’, 6-diamidino-2-phenylindole (DAPI) was used to label cell nuclei (blue). 

FoxP3 was stained with FITC labeled antibody (green) whereas TGF-β1 was stained with Alexa Fluor 594-

conjugated antibody (red). This diagram was adapted from the supplement materials of publication of Yan et al, 

2021. 

4.1.3 The balance between Th17 and Treg cells is shifted to Th17 cells during the 
course of CIA 

To investigate if the balance of both subsets was affected or not, we collected CD4+ T 

splenocytes and performed staining for flow cytometry to investigate the balance between 

both subsets. The flow cytometric analysis shows that the ratio of Th17/Treg is dramatically 

increased in CIA mice, which indicates the balance between these populations is shifted 

towards Th17 cells in the CIA mouse model when assessing purified CD4+ splenic 

lymphocytes (Figure 14) (Yan, Golumba-Nagy, et al. 2021). 

 

Figure 14 The Th17/Treg ratio in CIA mouse model 
The ratio between Th17 cells frequencies and Treg cells frequencies is shown in purified murine CD4+ splenocytes 

(Control, n=5; CIA, n=12). Data is presented as the mean ± standard error of the mean (SEM). Statistical analysis 

was performed using a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). This diagram 

was adapted from the publication of Yan et al, 2021. 
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4.1.4 Membrane-bound IL-6R is significantly elevated on Th17 cells in the CIA mouse 
model 

To assess mIL-6 receptor expression on Th17 cells, purified CD4+ T splenic lymphocytes were 

stained with anti-CD4, anti-IL17, and anti-membrane-bound IL-6R antibodies. Flow cytometric 

results in Th17 cells stained with membrane-bound IL-6R in the control mice and at day 56 

after the first immunization in the CIA group are shown (Figure 15A). A significant elevation in 

membrane-bound IL-6 receptor expression on Th17 cells was observed in the CIA mice 

(Figure 15B) (Yan, Golumba-Nagy, et al. 2021).  

 

Figure 15 Membrane-bound IL-6R is elevated on Th17 cells in the CIA mouse model 
(A) Representative example of flow cytometric analysis showing the membrane-bound IL-6 receptor on Th17 cells 

at day 56. (B) IL-6 receptor expression on Th17 cells in purified murine CD4+ splenocytes is increased in the CIA 

mouse model as compared to mice in the control group as determined by flow cytometry (Control, n=13; CIA, 

n=22). Data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed 

using a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). This diagram was adapted 

from the publication of Yan et al, 2021. 

4.1.5 Dynamic characteristics in the in vivo development of CIA in mice 

After observing that mIL-6 receptor levels on Th17 cells was increased in purified CD4+ 

splenic lymphocytes in CIA mice, we set out to study the underlying role of increased mIL-6 

receptor expression in the CIA mouse model. Since it is not possible to directly monitor the 

expression level in the development of RA in the clinic due to ethical and technical limitations, 

a study in human subjects was not possible. Therefore, we performed experiments with the 

CIA mouse model to monitor the expression levels of the mIL-6 receptor on Th17 cells in the 

development of CIA. Figure 16 shows the workflow for monitoring the mIL-6R expression 

levels in the CIA mouse model. Briefly, we established six rounds of CIA mouse models in 

total. Mice were sacrificed at weekly intervals manner starting in the 3rd week after the first 
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immunization at day 0 and the expression levels of the mIL-6 receptor on the Th17 were 

measured from purified CD4+ splenic lymphocytes by flow cytometry. Furthermore, we used 

flow cytometry to monitor the dynamic Th17 cells frequency, Treg cells frequency, IL-6 

concentration in the serum, IL-17 concentration in the serum, as well as the ratio between 

both T cell subsets in the development of CIA mouse models.  

 

Figure 16 Workflow to monitor dynamic characteristics in the development of CIA in the mouse model 
Shown here is the workflow for monitoring dynamic characteristics in the development of CIA (8 weeks in total). 

Two immunizations were performed on Day 0 and Day 21. Red triangles represent the end time points of each 

CIA induction. There were six rounds of CIA mouse models in total. This diagram was adapted from the publication 

of Yan et al, 2021. 

4.1.5.1 Dynamic Th17 frequency in the development of CIA 

Figure 17 shows the dynamic flow cytometric results of Th17 cell frequency in the course of 

the CIA mouse model and control mice. Analysis revealed that the Th17 cell frequency stays 

on a higher level as compared to the control group (Yan, Golumba-Nagy, et al. 2021). However, 

no statistically significant difference was found as compared to control mice during the course 

of CIA after the first immunization.  

 

Figure 17 Dynamic Th17 cells frequency in the development of CIA 
Flow cytometry analysis shows the Th17 cell frequencies in CD4+ T cells isolated at different time points from 

splenocytes of control mice (Control, n=5) and CIA mice (n=5). Data is presented as the mean ± standard error of 

the mean (SEM). Statistical analysis was performed using a two-tailed Student’s t-test (ns=non-significant). This 

diagram was adapted from the publication of Yan et al, 2021. 
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4.1.5.2 Dynamic IL-17 concentrations in CIA mouse model serum 

Even though there was no difference regarding Th17 cells frequency during the course of CIA, 

we wondered whether Th17 cell functions was influenced. We collected blood serum at each 

time point in the development of CIA. Figure 18 shows a dramatic increase of IL-17 in blood 

serum throughout the development of CIA. The ELISA was performed, and the level of IL-17 

started to increase 28th days after the first immunization when compared to the control group. 

IL-17 levels remain elevated when compared to the control group, even though Th17 cell 

frequency did not get increase during the development of CIA (Yan, Golumba-Nagy, et al. 

2021).  

 

Figure 18 Dynamic serum IL-17 levels in the development of CIA by ELISA 
Dynamic IL-17 concentration in serum is shown at different time points during CIA development (n=4 or 5). Data 

is presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed using a two-

tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns=non-significant).  

4.1.5.3 Dynamic upregulation of mIL-6R on Th17 cell is inversely correlated with IL-6 
levels in autoimmune arthritis 

To evaluate the role of mIL-6R expression specifically on the Th17 subset, we monitored the 

mIL-6R expression level on Th17 cells in the development of CIA. Flow cytometric results 

revealed a significant increase in the mIL-6 receptor on Th17 cells from CIA mice starting on 

day 42 after the first immunization (Figure 19) (Yan, Golumba-Nagy, et al. 2021). There was 

no elevation of the mIL-6R on Th17 cells in the early stage of the CIA mouse model (from 

Day0 to Day42). After completion of CIA induction, mIL-6R reached its highest level when 

compared to mice in the control group. It was also found that the control group had a stable 

expression level of the mIL-6R on Th17 cells.  
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Figure 19 Dynamic mIL-6R expressions on Th17 cells in the development of CIA mice and mice in the 
control group by flow cytometry 
Shown here is the mIL-6 receptor expression on Th17 cells as measured by flow cytometry from control mice and 

CIA mice (n=4 or 5 per group). Data is presented as the mean ± standard error of the mean (SEM). Statistical 

analysis was performed using a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 

ns=non-significant). This diagram was adapted from the publication of Yan et al, 2021. 

Dynamic serum IL-6 levels were assessed by ELISA. As shown in Figure 20, we observed a 

significant increase in IL-6 levels after the second immunization (on day 21) until day 35 after 

the first immunization (Yan, Golumba-Nagy, et al. 2021). IL-6 in the serum was decreased 

from day 35 until day 56 after the first immunization. At day 56 of CIA induction, the IL-6 serum 

level was almost equivalent to that of mice in the control group. Importantly, serum IL-6 levels 

were increased only in the early stage of CIA induction. 

 

Figure 20 Dynamic serum IL-6 levels in the development of CIA mouse model as compared to mice in the 
control group 
IL-6 serum levels at different time points were evaluated by ELISA (n=4 or 5 per group) in the development of CIA. 

IL-6 serum concentrations at each time point in the development were compared to the IL-6 serum concentration 

in the control group. Data is presented as the mean ± standard error of the mean (SEM). Statistical analysis was 

performed using a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns=non-significant). 

This diagram was adapted from the publication of Yan et al, 2021. 
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4.1.5.4 Dynamic Treg frequency during the course of CIA 

To evaluate the interaction between Th17 cells and Treg cells, we performed flow cytometric 

analysis to measure Treg cell frequencies during the development of CIA and in the control 

group. Treg cell frequency remained at a rather stable level in the control group (Figure 21). 

However, Treg frequency was significantly reduced in the CIA group at each time point in the 

development of CIA when compared to mice in the control group (Yan, Golumba-Nagy, et al. 

2021).  

 

Figure 21 Dynamic Treg cells frequency in the development of CIA as compared to the control mice 
Treg cells frequency was measuredin purified CD4+ splenic lymphocytes using flow cytometry. Shown here are 

the results at different time points from splenocytes of control mice and CIA mice (n=4 or 5). Statistical analysis 

was performed using a two-tailed Student’s t-test (**p < 0.01, ***p < 0.001). This diagram was adapted from the 

publication of Yan et al, 2021. 

Interestingly, at the end of the experiment (day 56) Treg cells frequency was remarkably 

increased when compared to the Treg frequency at day 42 in Figure 22.  

 

Figure 22 Dynamic Treg cells frequency in the development of CIA 
Shown here is the dynamic Treg frequency in the development of the CIA. For clarity, the data from Figure 21 is 

presented differently to show the dynamic characteristics of Treg cell frequency in the CIA group. Treg cells were 

increased in the late stage of the CIA group. A significant increase was found starting on Day42. Data is presented 

as the mean ± standard error of the mean (SEM). Statistical analysis was performed using a two-tailed Student’s 

t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). This diagram was adapted from the publication of Yan 

et al, 2021. 
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4.1.5.5 Dynamic dysregulation of the balance between Th17 cells and Treg cells in the 
development of CIA 

To study the balance between Th17 cells and Treg cells, we calculated the relative 

differentiation of both subsets. The ratio between both subsets was elevated in CIA mice as 

compared to healthy control animals. The ratio peaked 42 days after the first immunization 

due to slightly increased Th17 cell frequencies and a mild reduction in Treg cell frequencies 

(Figure 17 and Figure 21) (Yan, Golumba-Nagy, et al. 2021). However, no correlation with 

disease score was observed. 

 

Figure 23 Dynamic dysregulation of the balance between Th17 cells and Treg cells in the development of 
CIA as compared to mice in the control group 
Dynamic Th17/Treg cell ratios at different time points was calculated during the development of CIA in the mouse 

model development. Statistical analysis was performed using a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001). This diagram was adapted from the publication of Yan et al, 2021. 

4.1.6 Evaluation of membrane-bound IL-6R expression in RA 

4.1.6.1 Membrane-bound IL-6R expression was elevated by flow cytometry in untreated 
RA patients was downregulated after administration of an IL-6R inhibitor treatment  

To verify the findings from the CIA mouse model experiment in humans, we performed flow 

cytometry to observe mIL-6 receptor expression on Th17 cells in RA patients and healthy 

individuals. Thus, we had three groups: healthy controls, untreated RA patients, and RA 

patients treated with the IL-6 receptor inhibitor tocilizumab. Figure 24A-C shows a flow 

cytometric analysis of the mIL-6 receptor on Th17 cells in the three groups. Consistent with 

what we found in CD4+ T cells in CIA mice, mIL-6 receptor on Th17 cells was elevated in 

untreated RA patients than healthy individuals (Figure 24D), importantly, RA patients who 

received treatment with the IL-6 receptor blocker tocilizumab were found to have a lower level 

of mIL-6 receptor on Th17 cells as compared to RA patients who did not receive any treatment, 
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which is shown in Figure 24D. The mIL-6R expression on Th17 cells was specifically 

decreased after the treatment with the IL-6R inhibitor tocilizumab (Yan, Golumba-Nagy, et al. 

2021).  

 

Figure 24 mIL-6R expression was increased in untreated RA patients and was downregulated after 
administration of an IL-6R blocking treatment 
(A-C) Representative examples of flow cytometric analysis of membrane-bound IL-6 receptor on Th17 cells in 

healthy controls, untreated RA patients, and RA patients treated with IL-6 receptor blocking antibodies, respectively. 

(D) Expression levels of membrane-bound IL-6 receptor on Th17 cells from healthy controls (HC, n=6), untreated 

RA patients (RA ut, n=15), and RA patients treated with IL-6 receptor blocking antibodies (RA IL-6Rb, n=8) as 

assessed by flow cytometry. Data is presented as the mean ± standard error of the mean (SEM). Statistical analysis 

was performed using one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). This diagram was 

adapted from the publication of Yan et al, 2021. 

4.1.6.2 IL-6R mRNA is evaluated in untreated RA patients  

We collected purified CD4+ T cells from untreated RA patients and performed PCR. Results 

showed that mRNA levels of the IL-6R in CD4+ T cells was significantly increased in untreated 

RA patients as compared to healthy individuals (Figure 25) (Yan, Golumba-Nagy, et al. 2021). 
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Figure 25 Membrane-bound IL-6R mRNA was evaluated in RA untreated patients 
mRNA levels of the IL-6 receptor relative to β-Actin in CD4+ T cells from HC (n=11) and untreated RA patients 

(n=13). Statistical analysis was performed using a two-tailed Student’s t test (*p<0.05, **p<0.01, ***p<0.001). This 

diagram was adapted from the publication of Yan et al, 2021. 

4.2 p-VASP (Ser157) is specifically downregulated by IL-6 signaling both in mice and 
RA patients in vivo 

4.2.1 p-VASP (Ser157) is downregulated in the CIA DBA1/J mouse model 

IL-6 signaling is linked to a reduced phosphorylation of VASP, which is thought to be an 

important regulation of cell migration (Henes et al. 2009). To analyze the relationship between 

the expression level of p-VASP and IL-6 signaling in the CIA mouse model, we performed a 

western blot to see the level of VASP phosphorylation at Ser157 in CD4+ T splenic 

lymphocytes from CIA mice at day 56 after the first immunization. Western blot analysis of p-

VASP (Ser157) is presented in Figure 26A (Yan, Golumba-Nagy, et al. 2021). In the CIA group, 

p-VASP (Ser157) expression was decreased as normalized at total VASP as compared to 

control mice (Figure 26B).  

 

Figure 26 p-VASP (Ser157) expression was downregulated in the DBA1/J CIA mouse model 
(A) Shown here is a representative exemplary western blot analysis of p-VASP (Ser157) expression in CD4+ T 

cells isolated from splenocytes of control mice and CIA mice in the DBA1/J strain. (B) p-VASP (Ser157) expression 

in CD4+ T cells isolated from splenocytes of CIA mice (n=6) was downregulated when compared to control mice 

(Control, n=6) by western blot. Data is presented as the mean ± standard error of mean (SEM). Statistical analysis 
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was performed using a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns=non-

significant). This diagram was adapted from the publication of Yan et al, 2021. 

4.2.2 p-VASP (Ser157) is specifically downregulated and correlated with Treg cells 
and TGF-β downregulation in C57BL/6-Tg(H2-L-IL-6)1Kish/J mouse line 

4.2.2.1 p-VASP (Ser157) is specifically downregulated in C57BL/6-Tg(H2-L-IL-6)1Kish/J 
mice 

To see whether the lower expression of p-VASP (Ser157) was specifically regulated by IL-6 

signaling, we used a transgenic mouse model of human IL-6 to detect the effects of excessive 

IL-6 signaling on p-VASP expression. Western blot was performed with purified CD4+ T cells 

in mouse strain of C57BL/6-Tg(H2-L-IL-6)1Kish/J which overexpress human IL-6. Figure 27 

shows the western blot results of CD4+ T splenic cells. Interestingly, IL-6 overexpression not 

only reduced phosphorylation of VASP but also total VASP levels, which was different from 

Western blot results from CIA mouse CD4+ T cells in the DBA/1J mouse line (Yan, Golumba-

Nagy, et al. 2021). However, the high levels of IL-6 in transgenic mice lead to a significantly 

higher reduction of p-VASP as compared to the reduction of total VASP. p-VASP was also 

significantly decreased in the heterozygous mouse (Figure 27B) (Yan, Golumba-Nagy, et al. 

2021).  

 

Figure 27 p-VASP (Ser157) and p-STAT3 relative expression in the C57BL/6-Tg(H2-L-IL-6)1Kish/J mouse 
and wild type mice 
(A) Representative results of western blot analysis of total STAT3, p-STAT3, total VASP, p-VASP, and 

housekeeping protein β-Actin in CD4+ T cells from wild-type mice (WT) and heterozygous IL-6 overexpressing 

mice (Het). (B) Relative expression of p-STAT3 normalized on total STAT3 expression in CD4+ T cells from WT 

mice and Het mice (n=3 for each group). (C) Relative expression of p-VASP normalized on total VASP expression 

in CD4+ T cells from WT mice and Het mice (n=3 each). Data is presented as the mean ± standard error of the 

mean (SEM). Statistical analysis is performed using a two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. This diagram was adapted from the supplement materials of publication of Yan et al, 2021. 
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4.2.2.2 STAT3 pathway is involved in VASP expression 

To study the crosstalk between IL-6R signaling, VASP, and STAT3, we also assessed the 

phosphorylation status of STAT3 in CD4+ T splenocytes from IL-6 overexpressing transgenic 

mice. In the heterozygous phenotype, phosphorylation levels of STAT3 were higher as 

expressed to wild-type mice. Therefore, enhanced IL-6 signaling leads to increased p-STAT3 

and reduced p-VASP levels in transgenic IL-6 overexpressing mice compared to wild-type 

mice (Figure 27C) (Yan, Golumba-Nagy, et al. 2021).  

4.2.2.3 Treg cells are decreased in C57BL/6-Tg(H2-L-IL-6)1Kish/J mice 

To investigate the influence of IL-6 mediated decreased VASP phosphorylation on Treg cell 

polarization, we analyzed Treg cell frequencies in wild-type mice and transgenic IL-6 

overexpressing mice in vivo (Figure 28). Figure 28A shows a representative flow cytometric 

analysis example for both groups. We observed reduced Treg cell frequencies in IL-6 

overexpressing mice when compared to wild-type mice (Figure 28B) (Yan, Golumba-Nagy, et 

al. 2021). Therefore, reduced p-VASP seems to be related to reduced Treg cell differentiation. 

 

Figure 28 Treg cells are decreased in C57BL/6-Tg(H2-L-IL-6)1Kish/J mice 
Treg cells frequencies in wild-type (WT) and heterozygous (Het) mice that overexpresses the IL-6 cytokine. (A) 

Representative example of flow cytometric staining (B) Treg cell frequencies in the spleen. Data is presented as 

the mean ± standard error of the mean (SEM). Statistical analysis was performed using a two-tailed Student’s t-

test (*p < 0.05). (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns=non-significant). This diagram was adapted 

from the publication of Yan et al, 2021. 

4.2.2.4 TGF-β1 is decreased in C57BL/6-Tg(H2-L-IL-6)1Kish/J mice 

Furthermore, we collected blood serum from wild-type mice and IL-6 overexpressing mice 

and evaluated TGF-β1 expression levels in serum by ELISA. Figure 29 shows that TGF-β1 
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was dramatically decreased in IL-6 overexpressing mice as compared to wild-type mice (Yan, 

Golumba-Nagy, et al. 2021). 

 

Figure 29 TGF-β1 was decreased in C57BL/6-Tg(H2-L-IL-6)1Kish/J mouse line 
TGF-β1 in mouse sera from wild-type (WT) mice and heterozygous IL-6 overexpressing (Het) mice. 
Data is presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed 
using a two-tailed Student’s t-test (**p < 0.01). This diagram was adapted from the publication of Yan et al, 
2021. 

4.2.3 Relative p-VASP relative expression is negatively correlated with IL-6R 
expression 

To reveal a possible relationship between mIL-6R on Th17 cells and VASP phosphorylation, 

the co-expression of mIL-6R and p-VASP was analyzed in individual samples. Interestingly, a 

negative correlation between IL-6R and p-VASP expression was found (p=0.0333, R2=0.4118, 

Y=-9.518*X+29.27) (Yan, Golumba-Nagy, et al. 2021). The correlation analysis Is shown in 

Figure 30. 

 

Figure 30 p-VASP relative expression is negatively correlated with IL-6R expression in human RA 
patients 
Correlation between L-6R expression on Th17 cells and p-VASP expression. IL-6R expression was analyzed by 

flow cytometry and p-VASP levels by western blot. (p=0.0333, R2=0.4118, Y=-9.518*X+29.27). The statistical 

analysis was performed by the Spearman r correlation test (n=11). This diagram was adapted from the publication 

of Yan et al, 2021. 
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4.2.4 p-VASP (Ser157) is downregulated in untreated RA patients and is restored in 
RA patients reveiving IL-6R inhibitor treatment 

To determine whether VASP phosphorylated at Ser157 was regulated in an IL-6 signaling-

driven manner in RA patients in vivo, Western blot was performed with purified human CD4+ 

T cells. Figure 31A shows the representative WB results. And p-VASP (Ser157) in CD4+ T 

cells was significantly downregulated in untreated RA patients (Figure 31B). Importantly, RA 

patients treated with tocilizumab showed restored VASP’s phosphorylation levels at Ser157. 

This indicates that the treatment of tocilizumab can specifically increase the expression level 

of p-VASP (Yan, Golumba-Nagy, et al. 2021).  

 

Figure 31 p-VASP (Ser157) was downregulated in untreated RA patients but gets restored in RA patients 
with IL-6R blocker treatment 
(A) Representative example of a western blot analysis of p-VASP expression in CD4+ T cells in RA patients and 

healthy individuals. (B) p-VASP expression analysis by western blot in CD4+ T cells from HC (n=8), RA ut (n=6), 

and RA IL-6Rb (n=4). Data is presented as the mean ± standard error of the mean (SEM). Statistical analysis was 

performed using a one-way ANOVA (*p < 0.05, **p < 0.01). This diagram was adapted from the publication of Yan 

et al, 2021. 

4.3 Integrin signaling is significantly involved in RA pathology as shown by Proteomics 
analysis on human RA and healthy individual samples 

4.3.1 p-VASP (Ser157) expression level is associated with a distinct protein 
expression profile in RA 

To further investigate the possible links between VASP phosphorylation at Ser157 and 

influenced pathways in CD4+ T cells in RA patients, proteomic analysis of CD4+ T cells from 

RA patients with low p-VASP expression, healthy individuals with higher p-VASP expression, 

and RA patients treated with IL-6R blocking antibody tocilizumab was performed. Among more 

than three thousand proteins, about one hundred proteins with a significantly altered 

expression (more than 1.5 fold change and p<0.05) were identified as shown in Figure 32 

(Yan, Golumba-Nagy, et al. 2021). Table 22 shows the detailed DEPs between healthy 

individuals and untreated RA patients.  
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Figure 32 DEPs based on the different expression level of p-VASP (Ser157) 
Proteomics analysis based on p-VASP (Ser157) levels in CD4+ T cells. Hierarchically clustered heatmap of the 

relative abundance of proteins in three different types of samples (HC, left 3 columns; RA ut, 3 columns in the 

middle; RA IL-6Rb, right 3 columns) (n=3 per group). The expression patterns of the top 101 differentially 

expressed proteins are shown. Colored bars indicate the expression levels. Red blocks represent overexpressed 

proteins, blue blocks represent proteins with the lowest expression levels. Data is presented as the mean ± 

standard error of the mean (SEM). Statistical analysis was performed using a two-tailed Student’s t-test. p < 0.05 

was defined as significant. Heat map visualization of DFPs was obtained by calculating a z-score of the label-free 

quantification values for each protein by TB tools. This diagram was adapted from the publication of Yan et al, 

2021. 
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Table 22 List of DEPs between healthy individuals and RA-untreated patients 

DEPs between healthy individuals and RA-untreated patients Gene names 
3-phosphoinositide-dependent protein kinase 1 PDPK1 
ADP/ATP translocase 3 SLC25A6 
Aladin AAAS 
ATP-binding cassette sub-family D member 3 ABCD3 
Beta-catenin-like protein 1 CTNNBL1 
CLIP-associating protein 1 CLASP1 
Coagulation factor XIII A chain F13A1 
Coiled-coil domain-containing protein 9 CCDC9 
Cyclin-dependent kinase 11B CDK11B 
Cysteine-rich protein 1 CRIP1 
Deoxyuridine 5-triphosphate nucleotidohydrolase, mitochondrial DUT 
E3 ubiquitin-protein ligase BRE1B RNF40 
Exocyst complex component 1 EXOC1 
Fibrinogen gamma chain FGG 
Frataxin, mitochondrial FXN 
Galectin-9 LGALS9 
Glutathione S-transferase theta-1 GSTT1 
GPI transamidase component PIG-T PIGT 
Granzyme A GZMA 
Guanine nucleotide-binding protein subunit beta-like protein 1 GNB1L 
HD domain-containing protein 2 HDDC2 
Headcase protein homolog HECA 
Histone acetyltransferase KAT8 KAT8 
Histone lysine demethylase PHF8 PHF8 
HLA class I histocompatibility antigen, A-2 alpha chain HLA-A 
Inositol hexakisphosphate and diphosphoinositol-pentakisphosphate 
kinase 2 

PPIP5K2 

Integrator complex subunit 1 INTS1 
Integrin alpha-IIb ITGA2B 
Integrin beta-3 ITGB3 
Kynurenine--oxoglutarate transaminase 1 CCBL1 
Methylmalonyl-CoA epimerase, mitochondrial MCEE 
Mini-chromosome maintenance complex-binding protein MCMBP 
Mitochondrial import inner membrane translocase subunit Tim10 TIMM10 
Mitochondrial import receptor subunit TOM20 homolog TOMM20 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 6 NDUFA6 
Nipped-B-like protein NIPBL 
Nucleoside diphosphate-linked moiety X motif 19, mitochondrial NUDT19 
Phospholysine phosphohistidine inorganic pyrophosphate phosphatase LHPP 
Protein FAM192A FAM192A 
Protein SMG9 SMG9 
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DEPs between healthy individuals and RA-untreated patients Gene names 
Protein TSSC4 TSSC4 
Ras-related protein Rab-2A RAB2A 
Ras-related protein Rap-2b RAP2B 
Retinal rod rhodopsin-sensitive cGMP 3,5-cyclic phosphodiesterase 
subunit delta 

PDE6D 

RNA demethylase ALKBH5 ALKBH5 
RWD domain-containing protein 1 RWDD1 
THUMP domain-containing protein 1 THUMPD1 
Trafficking protein particle complex subunit 1 TRAPPC1 
Transcription initiation factor TFIID subunit 10 TAF10 
Transmembrane protein 109 TMEM109 
tRNA (adenine(58)-N(1))-methyltransferase non-catalytic subunit TRM6 TRMT6 
Tyrosine-protein phosphatase non-receptor type 23 PTPN23 
Ubiquitin-like protein 5 UBL5 
Uridine phosphorylase 1 UPP1 
Vacuolar protein sorting-associated protein 52 homolog VPS52 
Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 3 HACD3 
Vesicle-associated membrane protein-associated protein B/C VAPB 
WD repeat-containing protein 11 WDR11 

Table 23 the DEPs between untreated patients and RA patients treated with IL-6R inhibitor 

Tocilizumab. 

Table 23 List of DEPs between RA-untreated patients and RA patients treated with Tocilizumab 

DEPs between RA-untreated patients and RA patients treated with 
Tocilizumab 

Gene names 

ADP-ribosylation factor-like protein 6-interacting protein 1 ARL6IP1 
AT-rich interactive domain-containing protein 1A ARID1A 
Beta-parvin PARVB 
C2 domain-containing protein 5 C2CD5 
Calcium and integrin-binding protein 1 CIB1 
CD2-associated protein CD2AP 
Coagulation factor XIII A chain F13A1 
Cytoplasmic FMR1-interacting protein 1 CYFIP1 
D-beta-hydroxybutyrate dehydrogenase, mitochondrial BDH1 
Dipeptidyl peptidase 9 DPP9 
Embigin EMB 
Fibrinogen alpha chain FGA 
Fibrinogen gamma chain FGG 
Fructose-2,6-bisphosphatase TIGAR TIGAR 
Guanine nucleotide-binding protein G(q) subunit alpha GNAQ 
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DEPs between RA-untreated patients and RA patients treated with 
Tocilizumab 

Gene names 

Guanine nucleotide-binding protein subunit beta-like protein 1 GNB1L 
Histone H2B type 2-E HIST2H2BE 
HLA class I histocompatibility antigen, A-24 alpha chain HLA-A 
Integrin alpha-IIb ITGA2B 
Integrin beta-3 ITGB3 
Interferon regulatory factor 2-binding protein-like IRF2BPL 
Kynurenine--oxoglutarate transaminase 1 CCBL1 
Lanosterol synthase LSS 
Lysocardiolipin acyltransferase 1 LCLAT1 
Lysosomal acid lipase/cholesteryl ester hydrolase LIPA 
Mitochondrial import receptor subunit TOM20 homolog TOMM20 
NEDD8-conjugating enzyme UBE2F UBE2F 
NHL repeat-containing protein 2 NHLRC2 
Peptidyl-prolyl cis-trans isomerase D PPID 
PERQ amino acid-rich with GYF domain-containing protein 2 GIGYF2 
Platelet basic protein PPBP 
pre-mRNA 3 end processing protein WDR33 WDR33 
Pre-mRNA-splicing factor 38B PRPF38B 
Propionyl-CoA carboxylase alpha chain, mitochondrial PCCA 
Protein BUD31 homolog BUD31 
Protein MEMO1 MEMO1 
Protein O-glucosyltransferase 1 POGLUT1 
Protein QIL-1 QIL1 
Radixin RDX 
Rap1 GTPase-GDP dissociation stimulator 1 RAP1GDS1 
Serine/arginine-rich splicing factor 4 SRSF4 
Splicing factor 3B subunit 6 SF3B6 
Syntaxin-17 STX17 
Trafficking protein particle complex subunit 1 TRAPPC1 
Transformer-2 protein homolog alpha TRA2A 
Tubulin β1 chain TUBB1 
Ubiquitin-like protein 5 UBL5 
YTH domain-containing family protein 3 YTHDF3 
Zinc finger CCCH domain-containing protein 13 ZC3H13 
Zinc finger protein 428 ZNF428 
Zinc finger RNA-binding protein ZFR 
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4.3.2 Integrin signaling is involved in RA  

4.3.2.1 Gene ontology (GO) analysis and KEGG pathway analysis based on DEPs in 
healthy individuals and untreated RA patients 

DEPs are enriched in various pathways including but not limited to integrin signaling, signal 

transduction by L1, MAP2K and MAPK activation, mitochondrial protein import, protein 

localization, as well as ion and integrin cell surface interactions (Figure 33). Compared to the 

group with low p-VASP expression group, 17 proteins were upregulated in RA patients treated 

with IL-6 receptor blocking antibodies (and high p-VASP expression), and 34 proteins were 

downregulated (more than 1.5 fold change) (Figure 34). The DEPs are involved in three 

functional categories, including biological processes, molecular functions, and molecular 

components. Interestingly, DEPs that are involved in integrin signaling were upregulated in 

the group with low p-VASP expression but downregulated in RA patients with high p-VASP 

expression treated with IL-6 receptor-blocking antibodies. Integrin signaling pathways, 

therefore, seem to be important pathways in RA and they are modified by treatment with IL-6 

receptor-blocking antibodies. ((Yan, Golumba-Nagy, et al. 2021)) 

 

Figure 33 Bubble plot enriched on Gene Ontology (GO) and KEGG pathway in healthy individuals and RA 
untreated patients (n=3 per group).  
The ratio between the number of different proteins in the corresponding pathways and the total number of proteins 

identified in the graph is higher, indicating a higher difference in protein concentration. The size of the dots 

represents the number of different proteins associated with the corresponding pathway. Pathways with a high 

difference between the groups are characterized by a larger number of proteins. The top 10 pathways are listed 
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below: mitochondrial import translocase complex, integrin signaling, signal transduction by L1, MAP2K activation, 

mitochondrial protein import, signaling by BRAF and RAF fusions, protein localization, integrin cell surface 

interactions, platelet degranulation, and platelet activation signaling and aggregation. A bubble diagram was 

created on the website: http://www.bioinformatics.com.cn/. This diagram was adapted from the publication of Yan 

et al, 2021. 

4.3.2.2 Gene ontology (GO) analysis and KEGG pathway analysis based on DEPs in 
untreated RA patients and RA patients treated with an IL-6R inhibitor 

 

Figure 34 Bubble plot enriched on GO and KEGG pathway in CD4+ T cells from RA ut and RA treated with 
IL-6Rb patients. 
The ratio between the number of different proteins in the corresponding pathways and the total number of proteins 

identified in the graph is higher, indicating a higher difference in protein concentration. The size of the dots 

represents the number of different proteins associated with the corresponding pathway. Pathways with a high 

difference between the groups are characterized by a larger number of proteins. The top 10 pathways are listed 

below: integrin signaling, MAP2K and MAPK activation, platelet degranulation, lamellipodium, platelet activation 

signaling aggregation, regulation of cell morphogenesis, cell-substrate adherens junction, mRNA splicing via 

spliceosome, regulation of actin cytoskeleton, and cytoplasmic vesicles. A bubble diagram was created on the 

website: http://www.bioinformatics.com.cn/. This diagram was adapted from the publication of Yan et al, 2021. 

4.3.2.3 Gene set enrichment analysis (GSEA) of DEPs in healthy individuals and 
untreated RA patients 

Gene set enrichment analysis (GSEA) was performed based on DEPs. Several pathways 

closely related to CD4+ T cell functions were significantly modified in untreated RA patients 

with lower p-VASP expression (Figure 35): integrin mediated signaling pathway (q= 

0.0016313214, NES: 1.708097), integrin binding (q= 0.012345679, NES: 1.6539156), 
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leukocyte migration (q=0.006825, NES: 1.913600), cell substrate adhesion (q= 0.0, NES: 

1.714524), cell matrix adhesion (q=0.019293, NES: 1.838242), positive regulation of epithelial 

cell migration (q= 0.011308562, NES: 1.3389298), regulation of substrate adhesion 

dependent cell spreading (q= 0.006102565, NES: 107215812), and regulation of tissue 

remodeling (q= 0.0083289262, NES: 1.7024468) (Yan, Golumba-Nagy, et al. 2021). 

 

Figure 35 Gene set enrichment analysis (GSEA) score curves based on DEPs in healthy individuals and 
untreated RA patients 
(A-H) Representative enrichment plots are shown for categories identified using GSEA as significantly enriched in 

positively correlated proteins in RA ut as compared to RA IL-6Rb. Black bars represent the position of members 

of the category in the ranked list together with the running enrichment score (plotted in green). Examples shown 

here are the integrin-mediated signaling pathway (q=0.0016313214, NES: 1.708097), integrin-binding (q= 

0.012345679, NES: 1.6539156), leukocyte migration (q=0.006825, NES: 1.913600), cell-substrate adhesion 

(q=0.0, NES: 1.714524), cell-matrix adhesion (q=0.019293, NES: 1.838242), positive regulation of epithelial cell 

migration (q=0.011308562, NES: 1.3389298), and regulation of substrate adhesion-dependent cell spreading 

(q=0.006102565, NES: 107215812), regulation of tissue remodeling (q=0.0083289262, NES: 1.7024468). NES = 

normalized enrichment score; q = FDR (false discovery rate) q-value. Gene set enrichment was performed using 

GSEA 4.0 software. This diagram was adapted from the publication of Yan et al, 2021. 
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4.4 In vitro transwell migration assay  

To further identify whether p-VASP (Ser 157) is crucial for the migration of immune cells in RA, 

we specifically blocked it and performed a transwell migration assay with purified CD4+ T cells 

from RA patients as well as healthy individuals in vitro. The chemo-attractant migration assay 

was performed as indicated in the workflow shown in Figure 36 (Yan, Golumba-Nagy, et al. 

2021). A chemo-attractant transwell assay experiment (50ng/ml CCL20 in the lower chamber) 

was performed to study the migration of T cells.  

  

Figure 36 Schematic view of the chemoattractant transwell migration experimental setup 
Schematic presentation of the distinct peripheral blood mononuclear cells (PBMCs) layer following density gradient 

centrifugation of blood samples. CD4+ T cells were enriched through magnetic-activated cell sorting (MACS). 

Specific blocking peptide for p-VASP was diluted in DPBS. Blocking peptide solution was added to an EP tube 

containing dry film of lipofection kit for 5 minutes at room temperature. Incubate purified CD4+ T cells and lipo-

decorated p-VASP blocking antibody overnight with T cell receptor (TCR) activated. The infected human CD4+ T 

cells were seeded in the transwell (The upper chamber), and in the lower chamber, which contained a medium 

with a chemo-attractant (50ng/ml CCL20).  Migrated Treg cells in the lower chamber were collected for flow 

cytometric staining after 4 hours of incubation. This diagram was adapted from the publication of Yan et al, 2021. 

4.4.1 Effector T cell migration ability does not alter in response to the p-VASP 
blockade 

More CD4+ T cells migrated towards media containing CCL20 than to control media without 

CCL20 Figure 37. The experiment revealed that CD4+ T cell migration was increased in 

untreated RA patients whereas it was reduced in RA patients treated with IL-6 receptor 

blocking antibodies (Figure 38), regarding the migration of effector CD4+ T cells, no significant 

difference was found before and after specific blockade of p-VASP (Ser 157) in healthy 

individuals, untreated RA patients, and RA patients treated with IL-6 receptor blockers (Figure 

39) (Yan, Golumba-Nagy, et al. 2021).  
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Figure 37 Transwell migration results of CD4+ T cells as compared to negative control 
Shown is the absolute number of migrated total CD4+ T cells (including Treg cells) in the negative control group 

(without 50ng/ml CCL20 in the lower chamber) and positive control group (with 50ng/ml CCL20 in the lower 

chamber) in a chemo-attractant transwell system (HC, healthy controls; RA un, untreated RA patients; RA b, RA 

patients treated with IL-6 receptor blocking antibodies). Statistical analysis was performed using a two-tailed 

Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). This diagram was adapted from the publication of Yan et al, 

2021. 

 

 

Figure 38 Absolute number of migrated total CD4+ T cells (including Treg cells) in healthy individuals, 
untreated RA patients, and RA patients treated with an IL-6R inhibitor 
The absolute number of migrated total CD4+ T cells (including Treg cells) is shown in Figure 37. For clarity, the 

data from Figure 37 is presented in a different manner to show the differences between HC, untreated RA, and 

RA blocked patients in the CCL20 group. Statistical analysis was performed using a One-way ANOVA analysis is 

performed in more than two groups (*p < 0.05, **p < 0.01, ***p < 0.001). This diagram was adapted from the 

publication of Yan et al, 2021. 
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Figure 39 Absolute number of migrated effector CD4+ T cells (without Treg cells) after specific blockade 
of p-VASP in healthy individuals, untreated RA and IL-6R blocked RA patients 
Absolute number of migrated effector CD4+ T cells (without Treg cells) after specific blockade of p-VASP in HC, 

untreated RA and IL-6R blocked RA patients. Statistical analysis was performed using a two-tailed Student’s t-test 

(*p < 0.05, **p < 0.01, ***p < 0.001). This diagram was adapted from the publication of Yan et al, 2021. 

4.4.2 Treg cells migration is impaired by specifically blocking p-VASP 

We analyzed the effects of p-VASP phosphorylation at Ser157 on Treg cell migration. 

Representative flow cytometric analysis of migrated CD25highCD127lowFoxP3+ Treg cells from 

healthy individuals, untreated RA patients, and RA patients treated with IL-6 receptor blocking 

antibodies with or without specific p-VASP blocking antibodies are displayed in Figure 40-

Figure 42, respectively. In RA patients, more migrated Treg cells were found as compared to 

healthy individuals. In healthy individuals, no difference before and after the blockade of p-

VASP can be observed (Figure 42). The absolute number of migrated Treg cells decreases 

after the specific blockade of p-VASP (Ser 157) in untreated RA patients and RA patients 

treated with anti-IL-6 receptor antibodies. These results show that p-VASP is implicated in 

Treg cell migration in RA (Yan, Golumba-Nagy, et al. 2021).  
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Figure 40 Transwell migration results of Treg cells in RA untreated patients 
(A) Representative example of flow cytometric analysis of migrated Treg cells without p-VASP blocking antibodies 

in untreated RA patients. (B) Same cells as in (A), but after incubation with p-VASP blocking antibodies. (C) The 

absolute number of migrated Treg cells is decreased as measured by flow cytometry in untreated RA patients after 

the specific blockade of p-VASP. Statistical analysis was performed using a two-tailed Student’s t-test (*p < 0.05, 

**p < 0.01, ***p < 0.001). This diagram was adapted from the publication of Yan et al, 2021. 

 

Figure 41 Transwell migration results of Treg cells in RA patients treated with an IL-6R inhibitor 
(A) Representative example of flow cytometric analysis of migrated Treg cells without p-VASP blocking antibodies 

in RA patients treated with an IL-6R blocker. (B) Same cells as in (A), but after incubation with p-VASP blocking 

antibodies. (C) The absolute number of migrated Treg cells is decreased as measured by flow cytometry in RA 

patients treated with IL-6R blocker after the p-VASP specifical blockade. Statistical analysis was performed using 

a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). This diagram was adapted from the publication 

of Yan et al, 2021. 
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Figure 42 Transwell migration results of Treg cells in healthy individuals 
(A) Representative example of flow cytometric analysis of migrated Treg cells without p-VASP blocking antibodies 

in healthy individuals. (B) Same cells as in (A), but after incubation with p-VASP blocking antibodies. (C) The 

absolute number of migrated Treg cells as assessed by flow cytometry in healthy individuals. Statistical analysis 

was performed using a two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001). This diagram was adapted 

from the publication of Yan et al, 2021. 
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5 DISCUSSION 

IL-6R blocking antibodies have been established as an efficient treatment for RA. However, 

the exact role of mIL-6R mediated IL-6 signaling in RA remains unclear. Especially, the 

influence of the mIL-6R on the balance between Th17 cells and Treg cells still needs to be 

elucidated. Th17 cells are an important inflammation-inducing cell population involved in the 

pathogenesis of RA. A better understanding of Th17 cell regulation might therefore help us to 

improve RA treatment. 

In the first step, we established CIA in the DBA1/J mouse model in our lab. The mice in the 

CIA group developed inflammation in their paws and had an increased clinical score when 

comparted to control mice as shown previously by other research groups (Rosloniec et al. 

2021; Ho et al. 2010; Sekine et al. 2008). H&E staining revealed synovial hyperplasia and 

increased inflammation in murine in the CIA group as compared to the control group, as well 

as pathological characteristics also shared by human RA patients (Orange et al. 2018; Lewis 

et al. 2019; Triaille et al. 2020). Interestingly, three independent phenotypes of RA have been 

suggested based on machine learning integration of synovial histologic features and RNA 

sequencing: a high inflammation type characterized by leukocytes infiltration, a low 

inflammation type and a mixed type (Orange et al. 2018). However, it is not clear whether 

there are also comparable subtypes of arthritis in CIA mice. These differences between 

human and murine arthritis, and the fact that experimental autoimmune arthritis is induced by 

collagen injection in mice, show the limitations of the CIA mouse model. As an alternative to 

CIA, humanized mouse models of arthritis can be obtained by introducing human transgenes 

or transferring human cells or tissues into immunodeficient mice (Lin et al. 2021; Schinnerling 

et al. 2019; Margheri et al. 2021). However, further investigations are needed to determine if 

the pathogenesis of these humanized mouse models share similarities with the development 

of RA. 

Th17 cell numbers were increased in the spleen and this cell type significantly accumulated 

in inflamed joints of CIA mice, thereby indicating an involvement of the Th17 cell subset in the 

pathology of CIA (Gaffen 2009; Sarkar and Fox 2010; Pickens et al. 2010). In addition, IL-17 

deficient mouse are resistant to collagen induced arthritis (Nakae et al. 2003). Our results and 

evidence from other research groups indicate that Th17 cells play a pathological role in murine 

autoimmune arthritis. It remains unclear if this is also the case in human suffering from RA, 

as anti-IL-17A treatment failed to induce an efficient response in RA patients in clinical trials 

(Koenders and van den Berg 2016; Pavelka et al. 2015). However, IL-17F and other IL-17 
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subtypes which are also produced by Th17 cells are significantly upregulated in the synovium 

and plasma (Jain et al. 2015; Zrioual et al. 2009) of RA patients and could play a major role 

in RA. 

To explore the interaction between Treg cells and Th17 cells in CIA, we stained purified splenic 

CD4+ T cells with the Treg cell marker FoxP3 and found that Treg cells were significantly 

decreased in the CIA group (Figure 11) (Yan, Golumba-Nagy, et al. 2021). This implies that 

the immune suppressive function in CIA mice may be disturbed due to the reduction of 

absolute Treg cell numbers, as Treg cells are crucial for the maintenance of immune 

homeostasis. This finding is also in accordance with our previous research showing that the 

Treg frequency is significantly decreased in untreated RA patients as compared to healthy 

individuals (Meyer et al. 2021). 

To further investigate whether the immune surveillance role of Treg cells is disrupted in the 

CIA mouse model, we performed immunofluorescence staining to detect the production of 

TGF-β by Treg cells. What we found is that there are no Treg cells in control mouse joints 

(Figure 12) (Yan, Golumba-Nagy, et al. 2021), which might be because the synovial tissue is 

too thin in control mouse joints. This can be explained by the structure of the synovial tissue 

in joints, due to there being only 1-3 layers of synovial tissue under healthy conditions. As a 

results, there are few fibroblasts and small amounts of macrophages in the synovium (Smith 

et al. 2003). However, Treg cells are found to be present in CIA mouse joints and are 

characterized by the secretion of TGF-β (Yan, Golumba-Nagy, et al. 2021). Due to it not being 

possible to directly compare the Treg cell immune surveillance role in mouse joints, we 

performed IHF staining with lymph nodes from control mice and CIA mice. We found FoxP3+ 

Treg cells present both in the lymph nodes of control mice and CIA mice, but a significant 

amount of Treg cells in CIA mice did not produce TGF-β (Figure 13) (Yan, Golumba-Nagy, et 

al. 2021). This is remarkable because TGF-β produced by Treg cells promotes the expression 

of Foxp3 and thereby controls immune homeostasis in vivo (Marie et al. 2005). Moreover, it 

also contributes to the inhibition of effector T cells activation and proliferation in both, human 

and mice (Bennett et al. 2001; Nakamura, Kitani, and Strober 2001). The evidence of our 

immunofluorescence staining supports the notion that Treg cell functions is impaired in CIA 

mice by reducing the production of TGF-β. 

Moreover, the balance between Treg and Th17 cells was evaluated in the CIA mouse model. 

We found that the balance between these two populations was shifted towards Th17 cells in 

CIA mice (Figure 14) (Yan, Golumba-Nagy, et al. 2021). This dysregulation was also observed 
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by other groups (Jin et al. 2018; Bakheet et al. 2019) and might result from an over-activation 

of the Th17 subset as well as a decrease in Treg cells. Considering the imbalance between 

both subsets and impaired suppression ability of Treg cells, further investigation of both 

subsets is needed in order to improve our understanding of the pathogenesis of this disease.  

In order to gain an insight into the characteristics of Th17 cells in CIA mice and control mice, 

we measured mIL-6R expression on Th17 cells by flow cytometry and observed a significant 

increase of mIL-6R in CIA mice (Yan, Golumba-Nagy, et al. 2021). This is an interesting finding 

as mIL-6R on CD4+ T cells was significantly decreased once the cells are activated (Nowell 

et al. 2009). However, what we observed in this study in regards to RA-like mouse models 

seems to be, at least partially in disagreement with previous publications. As a subpopulation 

of CD4+ T cells, Th17 cells show different characteristics when compared to other CD4+ T 

cells. The increased membrane-bound IL-6R on Th17 cells may represent a regulation 

mechanism that differs from other CD4+ T cell subsets. Recently, a group (Harbour et al. 2020) 

described that persistent IL-6 signaling through ongoing classical IL-6 receptor activation is 

required to retain the transcriptional and functional identity of Th17 cells in two mouse models 

of colitis. Therefore, the membrane-bound IL-6R expression might represent an potential 

mechanism regulating the pathological role of Th17 cells and the balance between both 

subsets. 

To determine the characteristics of increased mIL-6R on Th17 cells and its role in the 

development of CIA, a dynamic evaluation of Th17 cells, serum IL-17, mIL-6R expression on 

Th17 cells, as well as serum IL-6 were performed (Yan, Golumba-Nagy, et al. 2021). This is 

the first time that a dynamic characterization of Th17 cells and mIL-6R was performed ex vivo 

by flow cytometry in CIA mice. This helps to reveal potential dynamic variations in mIL-6 

receptor expression as well as possible effects of altered classical IL-6 receptor signaling on 

Th17 and Treg cell functions. The experimental workflow of CIA induction is displayed in 

Figure 16. The results show that Th17 cell frequency retains rather stable with higher levels 

CIA mice, but no statistically significant difference was found between the two groups (Figure 

17). The Th17 frequency in the CIA group seems contradictory to our flow cytometry results 

as shown in Figure 10C, which might be due to the limited number of mice in each group (n=5) 

in our dynamic evaluation experiment. The effect size is too low to reach statistically 

significance between the two groups.  

Even though the absolute number of Th17 cells does not vary a lot in the development of CIA, 

that does not necessarily mean that Th17 cells do not play an important role in the 
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development of CIA. In a next step, we performed analysis by ELISA to see the dynamic 

serum IL-17 levels. Importantly, there exists a significant increase in the IL-17 concentration 

(Figure 18) when compared to the control group, which indicates the Th17 cells pathological 

role is enhanced in the development of CIA through an increased production of the 

inflammatory cytokine IL-17, while its absolute number remains stable (Yan, Golumba-Nagy, 

et al. 2021). Recently, it has been reported that continuous IL-6 signaling mediated by the 

mIL-6R is necessary for Th17 cells to maintain IL-17 production in mouse models of colitis 

(Harbour et al. 2020). Therefore, mIL-6R on Th17 cells may be involved in enhancing Th17 

cells function through an increasing in the production of IL-17 in the CIA mouse model. 

Next, we monitored the mIL-6R expression on Th17 cells and found that mIL-6R on Th17 cells 

is significantly elevated in the CIA group starting with the 42nd-day after the first immunization 

(Figure 19). Interestingly, as the ligand of IL-6R, serum IL-6 is increased, but only in the early 

stage of CIA development (until day 42 after the first immunization) (Figure 20) (Yan, 

Golumba-Nagy, et al. 2021). Therefore, the upregulation of mIL-6R on Th17 cells could be an 

important mechanism contributing to the maintenance of Th17 cell functions in autoimmune 

arthritis where the serum level of IL-6 decreases. This is the first report revealing the dynamic 

characteristics of mIL-6R on Th17 cells and IL-6 in the serum. Our data provides evidence of 

a possible link between IL-6 serum levels and IL-6 receptor expression on Th17 cells, thereby 

suggesting that IL-6 receptor upregulation is a pathological mechanism contributing to the 

maintenance of pathological functioning of Th17 cells in autoimmune arthritis. Furthermore, 

given the IL-6 concentration elevation in the early stage of CIA and mIL-6 receptor increase 

in the late stages of CIA it might be interesting to observe the clinical effects caused by IL-6 

blockade in early-stage and IL-6R blockade in RA patients respectively, which requires further 

investigation. 

The dynamic evaluation of Treg cells showed that Treg cells frequency retained at a lower 

level in the development of CIA (Figure 21), in the early stage of CIA Treg frequency retained 

stable, but increased 42 days after the first immunization in the CIA group (Figure 22). This 

might be the decreased IL-6 in the serum (Figure 20) as IL-6 was reported to prevent Treg 

cell induction in the gut in a recent study (Yan, Ramanan, et al. 2021). The balance between 

Th17 cells and Treg cells is shifted to Th17 cells in CIA mice during the development of arthritis 

(Figure 23). At Day 42 after the first immunization, the Th17/Treg ratio reached its peak due 

to low Treg frequencies at this point in time (Yan, Golumba-Nagy, et al. 2021). Concurrently, 

the mean clinical score of CIA mice almost reached its highest level (Figure 9C), indicating 

that the Th17/Treg ratio is related to the clinical score of CIA mice. 
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VASP phosphorylation is an important post-translational modification that is shown to have a 

negative interaction with SH3 domains and regulates localization of VASP, which is thought 

to be involved in cell motility (Döppler et al. 2013; Lambrechts et al. 2000). Furthermore,  

Henes et al. showed that the expression level of VASP was decreased in vitro by IL-6 in 

endothelial HMEC-1 cells (Henes et al. 2009). Considering both, the roles of p-VASP in cell 

migration and the influence of IL-6 on p-VASP levels, we performed western blot analysis to 

measure the expression level of p-VASP in purified CD4+ T cells in CIA mice and found that 

VASP phosphorylated at Ser157 was significantly decreased in CIA mice as compared to the 

control group (Figure 26) (Yan, Golumba-Nagy, et al. 2021). However, we wanted to further 

assess if the downregulation of p-VASP (Ser157) is specifically related to IL-6 signaling in CIA 

mice. To address this question, we used a mouse line (C57BL/6-Tg(H2-L-IL-6)1Kish/J) that 

overexpresses human IL-6 to evaluate the p-VASP (Ser157) expression level. Previous 

studies demonstrated a link between IL-6 and JAK/STAT3 pathway. First, we verified if the 

STAT3 pathway is activated in the transgenic mouse line. The western blot results show that 

p-STAT3 was significantly increased in the IL-6 overexpression mice (Yan, Golumba-Nagy, et 

al. 2021). Subsequently, the VASP phosphorylation at Ser157 as determined by western blot 

in IL-6 overexpression mouse was assessed and found to be specifically downregulated when 

compared to wild-type mice (Figure 27) (Yan, Golumba-Nagy, et al. 2021). This is direct 

evidence showing the regulation of p-VASP (Ser157) expression by IL-6 signaling. 

Interestingly, IL-6 does not only reduce VASP expression level at Ser157 but also total VASP 

expression (Figure 27A) (Yan, Golumba-Nagy, et al. 2021). Whether IL-6 regulates the 

expression level of p-VASP by activating the STAT3 pathway requires further investigation. 

As the results displayed above are all established in RA-like mouse models in vivo, it is 

necessary to verify them with human RA samples in order to acquire knowledge on which to 

base further translational research in this field. Consistent with our findings in CD4+ T cells 

from CIA mice, mIL-6R expression on Th17 cells is significantly upregulated in untreated RA 

patients when compared to healthy individuals (Figure 24D), and importantly RA patients 

treated with tocilizumab have a lower level of the mIL-6 receptor on Th17 cells as compared 

to untreated RA patients (Yan, Golumba-Nagy, et al. 2021). The reason for the mIL-6-R 

downregulation after the treatment with tocilizumab might be that tocilizumab prevents the 

binding of the antibody for flow cytometry, IL-6 signaling mediated by the mIL-6R may also be 

downregulated on Th17 cells as a consequence of the treatment with tocilizumab. In addition, 

we wanted to investigate the expression level of IL-6R mRNA level. PCR results showed that 

mRNA of the IL-6R in CD4+ T cells is significantly increased in untreated RA patients as 
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compared to healthy individuals (Figure 25) (Yan, Golumba-Nagy, et al. 2021). However, we 

failed to obtain PCR results from peripheral Th17 cells from RA patients due to the limited 

number of these cells that can be isolated from the peripheral blood. In addition, we were able 

to show that p-VASP (Ser157) in CD4+ T cells is dramatically downregulated in untreated RA 

patients when compared to healthy individuals (Figure 31). Importantly, the phosphorylation 

level of p-VASP (Ser157) is specifically restored by tocilizumab treatment. Therefore, p-VASP 

(Ser157) is specifically downregulated by extensive IL-6 signaling both in the CIA mouse 

model as well as in human RA samples and is upregulated by treatment with tocilizumab (Yan, 

Golumba-Nagy, et al. 2021). In addition, we also performed correlation analysis between p-

VASP and IL-6R and found that their expression is negatively correlated (Figure 30) (Yan, 

Golumba-Nagy, et al. 2021).  

We performed proteomics based analysis on purified CD4+ T cells from healthy individuals, 

untreated RA patients and RA patients treated with tocilizumab to identify pathways that might 

be affected by changes in phosphorylation of VASP. Figure 32 shows three groups of DEPs. 

In a next step, gene ontology (GO) and KEGG pathway analysis based on DEPs was 

performed (Figure 33 & Figure 34). Our results highlight the role of integrin signaling as the 

activation of related pathways was significantly enriched in the group with reduced expression 

levels of p-VASP (Ser157) (Yan, Golumba-Nagy, et al. 2021). Furthermore, the reversibility of 

reduced p-VASP expression in RA patients achieved through IL-6 receptor inhibition confirms 

a possible link between IL-6 and p-VASP, and GSEA confirmed the enrichment of integrin 

signaling and related pathways in CD4+ T cells with low p-VASP (Ser 157) levels (Figure 35) 

(Yan, Golumba-Nagy, et al. 2021). Consistent with our results, previous evidence suggests 

that integrin signaling implies cell adhesion to the extracellular matrix and to other cells 

(Horton et al. 2015; Horton et al. 2016; Zaidel-Bar et al. 2007). Additionally, integrin signaling 

has been shown to be important for the migration of leukocytes into inflamed joints response 

and of inflammatory mediators (Ley et al. 2007; Nourshargh and Alon 2014). Collectively, this 

data indicates p-VASP may play a role in CD4+ T cell migration in autoimmune arthritis. 

To further determine whether the expression of p-VASP (Ser157) correlates with the ability of 

cells to migrate in RA, we specifically blocked p-VASP in purified human CD4+ T cells in vitro 

and performed flow cytometric analysis of migrated CD4+ effector T cells and Treg cells 

(Figure 36). More CD4+ T cells migrated to the lower chamber in untreated RA patients when 

compared with healthy individuals and RA patients treated with tocilizumab (Figure 38) (Yan, 

Golumba-Nagy, et al. 2021). These findings are in line with previous findings published in this 

field (Tang et al. 2017; Petrasca et al. 2020; Tran et al. 2007). They show that more 
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inflammatory cells accumulate in inflamed joints, thereby indicating increased migratory ability 

of these inflammatory cells. After receiving treatment with tocilizumab, RA patients showed a 

reduced number of migrated CD4+ T cells, which means that tocilizumab treatment can reduce 

the migration of inflammatory CD4+ T cells in RA (Yan, Golumba-Nagy, et al. 2021). Our study 

shows that the specific blockade of p-VASP has no influence on CD4+ effector T cell migration 

(Figure 39). In contrast, Treg cell migration is significantly reduced by specific inhibition of p-

VASP (Ser 157) through blocking antibodies in untreated RA patients (Figure 40) as well as 

IL-6 receptor blocking antibodies in RA patients (Figure 41) (Yan, Golumba-Nagy, et al. 2021). 

The observed increase in Treg cell migration in RA explains why Treg cell frequencies are 

elevated in the synovial fluid of RA patients in some studies (Moradi et al. 2014; Cao et al. 

2003; Dejaco et al. 2010). In contrast to Treg cells from RA patients, no reduction in cell 

migration was observed in Treg cells from healthy individuals following the specific blockade 

of VASP (Figure 42), and this effect seems to exceed the relative increase in Treg cell 

migration in RA patients when compared to healthy individuals (Yan, Golumba-Nagy, et al. 

2021). This is a very interesting point because both healthy individuals and RA patients treated 

with the IL-6R inhibitor tocilizumab express a higher level of p-VASP (Ser157). However, they 

show different migration levels of Treg cells. This difference might be explained by the 

autoimmune state present in RA patients. In addition, we also found a reduced Treg cell 

number (Figure 28) and reduced TGF-β1 production (Figure 29) in IL-6 overexpression mouse 

line (Yan, Golumba-Nagy, et al. 2021), but it is not clear if the reduction of Treg and impaired 

Treg functions are directly related to IL-6 signaling mediated p-VASP deficiency. Further 

investigation is required regarding the influence of p-VASP’s on Treg cell’s differentiation and 

migratory ability, especially in transgenic p-VASP (Ser157) knockout RA mouse models.  

One of the limitations of this study is that the functional role of VASP in Treg cell migration is 

not studied in VASP knock-out mice. This approach is hampered by the fact that the knock-

out of VASP in mice affects the cortical development and leads to the absence of major 

cortical axon tracs. VASP knock-out mice therefore die during embryogenesis (Kwiatkowski 

et al. 2007). Despite the lack of in vivo data, we believe that the results of our ex vivo and in 

vitro analysis of murine and human CD4+ T cells strongly support a role of VASP in Treg cell 

migration. 

To sum up, our study provides new insights into the role of a dynamic elevation of mIL-6 

receptor expression on Th17 cells in autoimmune arthritis and links IL-6 receptor signaling to 

reduced migration of Treg cells. Modification of Treg cell migration is induced by IL-6-mediated 

reduction in the post-translational phosphorylation of VASP. Our findings identify impaired 
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VASP phosphorylation as an important process contributing to deficient Treg cell migration 

and thereby to the pathogenesis of RA. Modification of VASP phosphorylation may be a 

promising therapeutic strategy to ameliorate autoimmune arthritis by enhancing Treg cell 

migration into inflamed joints.  
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