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Abbreviations  

μ:   micro 

ACPA:  anti-citrullinated protein antibody 

ACR:  American College of Rheumatology 

AF:   Alexa Fluor® 

ALDH:   aldehyde dehydrogenase 

ANOVA:  analysis of variance 

ASAS:   Assessment of Spondylo Arthritis International Society 

ASDAS:  Ankylosing Spondylitis Disease Activity Score 

ATF-1:  activating transcription factor 1, synonym for CREB 

BASDAI:  Bath Ankylosing Spondylitis Disease Activity Index 

BASFI:  Bath Ankylosing Spondylitis Functional Index 

BSA:   bovine serum albumin 

BV:   Brilliant Violet™ 

C:   Celsius 

cAMP:   3'-5'-cyclic adenosine  monophosphate 

CCL:   C-C motif chemokine ligand 

CD:   cluster of differentiation 

CFDA-SE:  carboxyfluorescein diacetate succinimidyl ester 

CIA:   collagen-induced arthritis 

CO2:   carbon dioxide 

COMT:  catechol-o-methyltransferase 

CREB:  cAMP response element-binding protein 

CTLA-4:  cytotoxic T lymphocyte antigen-4 

CXCL:   CXC ligand 

CXCR:  chemokine receptor  

Cy:   cyanine 

DA:   dopamine 

DAG:   diacylglycerol 

DARPP-32:  32-kDa dopamine and cAMP-regulated phosphoprotein 

DAS28:  Disease Activity Score 28 

DAT:   dopamine transporter 

DBH:   dopamine β-hydroxylase 

DMARD:  disease-modifying anti-rheumatic drug 

DMSO:  dimethyl sulfoxide  

DOPAC:  3,4-dihydroxyphenylacetic acid 

DR:   dopamine receptor 

ELISA:  enzyme-linked immunosorbent assay 

Epi:   epinephrine 

ER:  endoplasmic reticulum 

ERK:   extracellular-signal regulated  kinase 

EULAR:  European League Against Rheumatism 

FACS:   fluorescence activated cell sorting 

FBS:   fetal bovine serum 

FFbH:  Funktionsfragebogen Hannover, measuring functional capacity of RA patients  

FITC:   fluorescein isothiocyanate 

FMO:   fluorescence minus one 

FSC:   forward scatter 

g:   gram or gravity 
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GRK:   G protein coupled receptor kinase 
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PFA:   paraformaldehyde 

PKA:   protein kinase A 

PLC:   phospholipase C 
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Abstract 

Chronic inflammatory diseases of the joints are complex diseases leading to pain, disability, 

and loss of life quality. Although being effective, available disease-modifying anti-rheumatic 

drugs also implicate severe side effects as systemic immunosuppression. Thus, specific 

treatments targeting only disease pathomechanisms involving fewer side effects would be 

advantageous. Several studies indicate a role of the catecholamine dopamine (DA) in immunity 

and limited evidence also points to DA involvement in rheumatoid arthritis (RA). However, data 

on DA in RA is mostly restricted to local joint inflammation in late phase of disease. Moreover, 

a possible influence of DA in psoriasis arthritis (PsA) and ankylosing spondylitis (SpA) has not 

been investigated so far. Aims of this thesis were the investigation of possible disease-related 

changes and immune-modulatory functions of the dopaminergic system in peripheral immune 

cells of patients with chronic inflammatory joint diseases that could ultimately serve as new 

targets for directed modulation of immune pathomechanisms.  

Peripheral blood mononuclear cells (PBMCs) from healthy controls (HC), RA, PsA, and SpA 

patients were investigated for expression of D1-D5 dopamine receptors (DR) and tyrosine 

hydroxylase (TH), the rate-limiting enzyme in catecholamine synthesis, by comprehensive flow 

cytometric approaches. Additionally, specific DR were stimulated with selective agonists in 

vitro to assess effects on immune cell activation, apoptosis, proliferation, and differentiation as 

well as intracellular signaling. Cytometric bead arrays and ELISAs were conducted to measure 

effects of DR stimulation on cytokine secretion.  

Among peripheral T cells, B cells, NK cells and monocytes of HC and rheumatic patients all 

five DR and TH were expressed. An elevated expression of D1 DR was identified in peripheral 

B cells of RA patients compared to HC. Expression of D1 DR in B cells differed between sexes 

in HC and particularly female RA patients revealed increased D1 DR levels that additionally 

correlated with clinical parameters. Deeper phenotyping revealed increasing D1 DR expression 

during B cell maturation and especially naive B cells of RA patients displayed increased levels 

of D1 DR. Importantly, elevation of D1 DR expression during maturation was also found in 

peripheral NK cells and CD4+ T cells. Circulating T follicular helper cells of RA patients 

exhibited increased expression of D1 DR compared to HC as well.  

Functionally, acute DR stimulation showed no effects on activation and apoptosis of immune 

cells. In T cell-dependent B cell stimulation additional D1-like receptor stimulation did not elicit 

effects on B cell proliferation or plasmablast differentiation. In T cell-independent B cell 

stimulation, differentiation towards antibody-secreting cells was unaltered by D1-like receptor 

stimulation. Notably, D1-like receptor agonist increased proliferation of D1 DR expressing B 

cells independent of T cells, both in HC and RA. Moreover, D1-like receptor stimulation up- or 

downregulated cytokine secretion donor-dependently. Significantly, only in cultures of RA 

PBMCs D1-like receptor stimulation increased IL-8 secretion which is relevant for bone 
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destruction in RA. Ki-67 expression and phosphorylation of ERK and CREB as classical 

signaling molecules within the dopaminergic pathway were unaltered after D1-like receptor 

stimulation. Nevertheless, increased expression and phosphorylation was detected in RA.  

In conclusion, peripheral immune cells contain components of the dopaminergic pathway thus 

being able to communicate via DA. Increased levels of D1 DR are present in peripheral naive 

B and TFH cells of RA patients and may play pivotal roles in RA by enhancing development 

and function of pathogenic B cells. These findings are mostly in line with literature and highlight 

the blockade of D1 DR on peripheral B cells as potential new therapeutic target in therapy of 

RA. Further studies are planned to clarify exact mechanisms. 
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Zusammenfassung 

Chronisch entzündliche Gelenkerkrankungen sind komplex und führen bei Patienten zu 

Schmerzen, Einschränkungen und geringerer Lebensqualität. Die Behandlungsmöglichkeiten 

mit Antirheumatika sind zwar effektiv, jedoch einhergehend mit systemischer Immun-

suppression. Gerichtete Therapien, die einzig die Pathomechanismen anzielen und dadurch 

weniger Nebenwirkungen hervorrufen, sind daher wünschenswert. Viele Studien zeigen, dass 

das Katecholamin Dopamin (DA) eine wesentliche Rolle im Immunsystem spielt und einige 

Befunde deuten auch auf eine Beteiligung von DA bei der rheumatoiden Arthritis (RA). Jedoch 

sind diese Daten zur Beteiligung von DA in RA auf die lokale Gelenkentzündung und späte 

Krankheitsstadien beschränkt. Ein möglicher Einfluss von DA in Psoriasis Arthritis (PsA) und 

Spondylitis Ankylosans (SpA) wurde darüber hinaus noch nicht untersucht. Ziele dieser Arbeit 

waren die Untersuchung von möglichen Krankheitsspezifischen Veränderungen und 

immunmodulatorischen Funktionen des dopaminergen Systems in peripheren Immunzellen 

von Patienten mit chronisch entzündlichen Gelenkerkrankungen, welche schließlich als neues 

Target zur gerichteten Modulation der Immunpathomechanismen dienen könnten. 

Mononukleäre Zellen aus dem peripheren Blut von gesunden Spendern (HC), RA, PsA und 

SpA Patienten wurden in umfassenden, durchflusszytometrischen Ansätzen auf die 

Expression der D1-D5 Dopamin Rezeptoren (DR) und Tyrosin Hydroxylase, dem geschwindig-

keitsbestimmenden Enzym in der Katecholamin-Synthese, untersucht. Außerdem wurden 

selektive Agonisten für verschiedene DR in Zellkulturexperimenten verwendet, um Effekte auf 

Aktivierung, Apoptose, Proliferation und Differenzierung von Immunzellen sowie intrazelluläre 

Signalwege zu untersuchen. Mittels zytometrischer Bead Arrays und ELISA wurden zudem 

Effekte der DR Stimulation auf die Zytokin Sekretion ermittelt. 

In peripheren T Zellen, B Zellen, NK Zellen und Monozyten von HC sowie RA, PsA und SpA 

Patienten konnte die Expression aller fünf DR und TH nachgewiesen werden. Hierbei wurde 

eine erhöhte Expression von D1 DR in peripheren B Zellen von RA Patienten im Vergleich zu 

HC festgestellt. Die Expression von D1 DR in B Zellen unterschied sich zwischen den 

Geschlechtern in HC und insbesondere weibliche RA Patienten offenbarten erhöhte D1 DR 

Level, die zudem mit Krankheitsparametern korrelierten. Eine tiefergehende Phänotypisierung 

zeigte, dass die Expression von D1 DR mit der Reifung der B Zellen anstieg und vor allem 

naive B Zellen von RA Patienten eine erhöhte D1 DR Expression aufwiesen. Auch in 

peripheren NK und CD4+ T Zellen stieg die Expression von D1 DR mit dem Reifestadium der 

Zellen an. Zirkulierende follikuläre T Helferzellen von RA Patienten wiesen ebenfalls eine 

erhöhte Expression von D1 DR auf. 

Funktionell zeigte die reine Stimulation der DR keinen akuten Effekt auf die Aktivierung oder 

Apoptose von Immunzellen. Die Stimulation von D1-like Rezeptoren hatte keinen Einfluss auf 

die Proliferation und Plasmablasten Differenzierung in T Zell-abhängiger Stimulation. In T Zell-
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unabhängiger B Zell Stimulation induzierte die D1-like Rezeptor Stimulation keine 

Differenzierung zu Antikörper-sekretierenden Zellen. Jedoch steigerte der D1-like Rezeptor 

Agonist die Proliferation der D1 DR exprimierenden B Zellen unabhängig von T Zellen, sowohl 

in HC als auch RA. Außerdem beeinflusste die D1-like Rezeptor Stimulation die Zytokin-

Sekretion spenderabhängig. Bedeutsam war hier, dass ausschließlich in Zellkulturen von RA 

Patienten die D1-like Rezeptor Stimulation zum Anstieg der IL-8 Sekretion führte, welche 

maßgeblich in der Knochendestruktion der RA involviert ist. Die Expression von Ki-67, sowie 

die Phosphorylierung von ERK und CREB als klassische Signalmoleküle des dopaminergen 

Signalwegs, waren nach reiner D1-like Rezeptor Stimulation unverändert. Nichtsdestotrotz 

konnten erhöhte Expressions- und Phosphorylierungslevel in RA nachgewiesen werden. 

Abschließend kann zusammengefasst werden, dass Komponenten des dopaminergen 

Signalwegs in peripheren Immunzellen präsent sind und daher eine Kommunikation via DA 

ermöglichen. Periphere naive B und TFH Zellen von RA Patienten weisen erhöhte Level von D1 

DR auf und könnten durch den positiven Einfluss auf die Proliferation und Funktion von 

pathogenen B Zellen eine zentrale Rolle in der RA spielen. Diese Ergebnisse sind mehrheitlich 

übereinstimmend mit beschriebener Literatur und unterstreichen damit die Blockade von D1 

DR auf peripheren B Zellen als potenziellen neuen Angriffspunkt bei der Therapie der RA. 

Weitere Studien sind geplant, um die exakten Mechanismen vollends zu entschlüsseln. 
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1. Introduction 

1.1. Rheumatic diseases 

Rheumatic diseases comprise a variety of musculoskeletal disorders. Foci of this thesis are 

specifically chronic inflammatory diseases of the joints including rheumatoid arthritis (RA), 

psoriasis arthritis (PsA) and ankylosing spondylitis (SpA). All three diseases are different 

entities that have some common features. Particularly, PsA and SpA belong to the group of 

spondylarthritis that summarizes different inflammatory diseases sharing clinical, genetic, and 

radiological characteristics. Sites of inflammation in spondylarthritis involve mainly the axial 

skeleton but also peripheral joints. Diseases in the group of spondylarthritis are moreover 

associated with other inflammatory disorders like uveitis, psoriasis or inflammatory bowel 

disease and presence of human leukocyte antigen (HLA)-B27 antigen (Raychaudhuri and 

Deodhar 2014).  

 

1.1.1. Rheumatoid arthritis 

Rheumatoid arthritis (RA) is a chronic autoinflammatory disease primarily affecting synovial 

joints. Though, extra-articular manifestations can develop as well. In course of disease RA 

patients suffer from pain, joint destruction, functional impairment and premature mortality 

(Scott et al. 1987; Mitchell et al. 1986; Pincus et al. 1984). Generally, RA affects around 0.8% 

of the adult population with a three-fold higher incidence in women (Deutsche Gesellschaft für 

Rheumatologie e.V.). According to the 2010 Rheumatoid arthritis classification criteria by the 

American College of Rheumatology (ACR)/European League Against Rheumatism (EULAR), 

RA is classified based on joint swelling, serology, acute-phase reactants and duration of 

symptoms (Aletaha et al. 2010).  

Etiology of RA is still not fully understood but is thought to rely on genetically predispositions, 

epigenetic modifications and environmental factors (Scherer et al. 2020). In the beginning of 

clinical disease both innate and adaptive immune cells are activated and migrate in the 

synovial compartment consisting of synovial tissue surrounding the cartilage and synovial fluid. 

Within the synovial tissue of RA patients autoimmune-associated B cells, peripheral helper T 

(TPH) cells, follicular helper T (TFH) cells, pro-inflammatory monocytes as well as immune 

effector synovial fibroblasts (SF) are enriched (Zhang et al. 2019; Croft et al. 2019). Pro-

inflammatory cytokines like tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 are 

secreted by local immune cells as well as SF and exacerbate joint inflammation represented 

in characteristic swelling of joints (McInnes and Schett 2007). SF develop towards an 

aggressively proliferating phenotype forming a hypertrophic synovial lining. Further on, they 

induce matrix degradation for instance through matrix metalloproteinases and upregulate 

adhesion molecules necessary for invasion of cartilage tissue (Croft et al. 2019; Huber et al. 

2006). Beside SF, synovial tissue macrophages infiltrate the hypertrophied synovium called 
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pannus (Croft et al. 2019). While osteoclastogenesis is promoted by upregulation of receptor 

activator of nuclear factor kappa B ligand (RANKL) in SF and immune cells, function of 

osteoblasts is suppressed by TNF-α (Meednu et al. 2016; Söderström et al. 2010; Shim et al. 

2018) consequently leading to bone erosions (Pettit et al. 2001). Levels of IL-8 are elevated in 

inflamed joints (Kraan et al. 2001) further contributing to osteoclastogenesis (Krishnamurthy 

et al. 2016) and attracting neutrophils (Gorlino et al. 2018). Neutrophils are also drawn by 

granulocyte-macrophage colony-stimulating factor (GM-CSF) secreted from natural killer (NK) 

cells which infiltrate the inflamed synovium (Louis et al. 2020). In synovial fluid of inflamed 

joints, the amount of cytokine producing cluster of differentiation (CD)56bright NK cells is 

elevated (Dalbeth and Callan 2002; Caligiuri 2008). The frequency of CD56bright NK cells in 

synovial fluid is even higher in patients with erosive and deformative RA resulting in increased 

interferon (IFN)-γ and TNF-α levels (Yamin et al. 2019). Moreover, NK cells induce monocyte 

differentiation towards dendritic cells (Zhang et al. 2007).  

Role of B cells in RA 

RA is a heterogeneous disease considering the presence or absence of autoantibodies. 

Rheumatoid factor (RF) and anti-citrullinated protein antibody (ACPA) are the most significant 

autoantibodies studied in RA also serving as classification criteria. Their presence is no 

requirement for disease development but is connected to worse disease progression (Aletaha 

et al. 2015; van Gaalen et al. 2004). Both RF and ACPA are detectable years before RA 

diagnosis (Nielen et al. 2004) and decrease during therapy (Böhler et al. 2013).  

For seropositive RA (meaning presence of either RF or ACPA) the most important 

susceptibility gene is HLA-DRB1 containing the shared epitope (Gregersen et al. 1987).  

A positively-charged amino acid motif within the shared epitope is able to present negatively-

charged or even citrullinated self-peptides (Hill et al. 2003). Indeed, presence of the shared 

epitope is clearly enhancing the production of autoantibodies (Bellatin et al. 2012). RF is an 

antibody of either immunoglobulin class (Ig) M, IgG, or IgA directed against the Fc region of 

human IgG. Binding of RF to IgG induces formation of immune complexes able to activate the 

complement system (Volkov et al. 2020). The complement system in turn improves activation 

of autoimmune B cells (Nikitin et al. 2019). Moreover, by signaling via Fc receptor common γ 

subunit, IgG-RF is promoting osteoclastogenesis (Grötsch et al. 2019). IgM-RF together with 

ACPA boost TNF-α production by macrophages further supporting inflammation (Sokolove et 

al. 2014). ACPA is, as its name suggests, one type of autoantibody against the posttrans-

lational protein modification citrulline. ACPAs are present as either IgG, IgM, or IgA and can 

target different citrullinated proteins like vimentin or type II collagen (Goules et al. 2013). B 

cells secreting ACPA are found in synovial fluid and peripheral blood (Rombouts et al. 2016; 

Kerkman et al. 2016a; Kerkman et al. 2016b; Kerkman et al. 2013). Through ACPA secretion, 

B cells are directly involved in initiation of synovial inflammation and bone destruction (Harre 

et al. 2012). Indirectly, ACPAs induce IL-8 secretion leading to local osteoclastogenesis 
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(Krishnamurthy et al. 2016). Also, transdifferentiation of dendritic cells into osteoclasts is 

initiated by ACPA further promoting bone erosions (Krishnamurthy et al. 2019). 

The presence of different Ig classes of ACPA and RF points towards interaction with T cells. 

Locally in inflamed synovial tissue of RA patients B cells can undergo germinal center (GC)-

like reactions which include proliferation, somatic hypermutation and differentiation into 

antibody secreting plasma cells (Schröder et al. 1996). So called ectopic lymphoid structures 

consisting of interacting B and TFH cells are present in synovial joints of 6 - 35% of RA patients 

(Hutloff 2018). Lymphoid neogenesis occurs in degree of synovial inflammation rather than 

depending on seropositivity (Cantaert et al. 2008). B cells, central memory CD4+ T cells as 

well as TFH cells are attracted by CXC ligand (CXCL)-13 via CXC chemokine receptor (CXCR)-

5 to these structures in RA (Shi et al. 2001; Chevalier et al. 2011). Additionally, TPH cells lacking 

CXCR5 but expressing other chemokine receptors are markedly expanded in inflamed non-

lymphoid but synovial tissue of seropositive RA patients and capable to trigger B cell 

responses too (Rao et al. 2017). In seropositive RA TPH cells are even elevated in peripheral 

blood (Fortea-Gordo et al. 2019).  

Apart from autoantibody production, B cells modulate local joint inflammation and bone 

destruction by cytokine secretion. B cells secrete C-C motif chemokine ligand (CCL)-3 and 

TNF-α, which inhibit osteoblast differentiation in RA (Sun et al. 2018). IL-6 production is 

enhanced in RA B cells and contributes to persistent inflammation (Dam et al. 2018). On the 

contrary, B regulatory cells produce IL-10 and exert an anti-inflammatory function in RA by 

suppressing CD4+ T cells (Bankó et al. 2017).  

 

1.1.2. Psoriasis arthritis 

Psoriasis arthritis (PsA) is a chronic inflammatory disease of peripheral joints that can be 

distinguished from RA by additional enthesitis or dactylitis meaning inflammation of connective 

tissue or one complete finger/toe, respectively (Narváez et al. 2012; Kane et al. 1999). 

Furthermore, disease may also involve inflammation of skin, nails, or axial skeleton. PsA 

patients report pain, functional impairment, and health-related loss of quality of life (Gladman 

et al. 2007). Prevalence of PsA is generally 0.05 - 0.3%, but in established psoriasis drastically 

increased towards 10% (Deutsche Gesellschaft für Rheumatologie e.V.). It is diagnosed based 

on clinical phenotype according to Assessment of Spondylo Arthritis International Society 

(ASAS) classification criteria (Raychaudhuri and Deodhar 2014).  

Genetically predisposition for PsA includes single-nucleotide polymorphisms in HLA-B, IL12B 

and IL23R genes among others indicating the importance of T cells in disease development 

(Veale and Fearon 2018). In contrast to RA, PsA is not characterized by thickening of synovial 

membrane but by neoangiogenesis within synovium facilitating the migration of inflammatory 

cells from peripheral blood (Espinoza et al. 1982). In synovial tissue of PsA, levels of pro-
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inflammatory cytokines TNF-α, IL-6 and IL-1β are as high as in RA (van Kuijk et al. 2006). 

Furthermore, the IL-23/IL-17 axis contributes specifically to PsA pathogenesis. IL-17-

expressing CD4+ and CD8+ T cells as well as innate lymphoid cells (ILC) 3 are enriched in 

synovial fluid of PsA patients (Menon et al. 2014; Benham et al. 2013; Leijten et al. 2015). 

Similar to RA, SF proliferate within the inflammatory environment in PsA and invade cartilage 

(Veale and Fearon 2018). Increased levels of RANKL again lead to osteoclastogenesis and 

bone erosions (Dalbeth et al. 2010). However, differences between RA and PsA are present 

regarding periarticular bone changes. Bone microenvironment of PsA presents more 

osteophytes indicating also bone repair (Finzel et al. 2011).  

 

Figure 1: Involved sites of inflammation in RA and PsA. 
Shown is the anatomical profile of a healthy peripheral joint. Arrows indicate sites of primary inflammation in RA 
(synovial tissue) and PsA (enthesis). Boxes indicate main cellular and soluble drivers of inflammation and bone 
destruction. Pictures were modified from Servier Medical Art. ACPA: anti-citrullinated protein antibody, CCL: C-C 
motif chemokine ligand, GM-CSF: granulocyte-macrophage colony-stimulating factor, IL: interleukin, ILC: innate 
lymphoid cell, RA: rheumatoid arthritis. RANKL: receptor activator of nuclear factor kappa B ligand, RF: rheumatoid 
factor, PsA: psoriasis arthritis, SF: synovial fibroblast, TNF: tumor necrosis factor 

 

1.1.3. Ankylosing spondylitis 

Ankylosing spondylitis (SpA) or former Morbus Bechterew is a chronic inflammatory disease 

affecting primarily the axial skeleton. Patients suffer from inflammatory back pain including 

stiffness in advanced stages. Its prevalence in the adult population is around 0.1 - 1.4% 

depending on globally varying HLA-B27 presence. Additionally, SpA usually develops between 

the second to fourth decade of life with a higher incidence in men (Deutsche Gesellschaft für 
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Rheumatologie e.V.). Based on the 1984 modified New York Classification Criteria and new 

classification criteria by ASAS, SpA can be detected in radiographs by defined structural 

changes in sacroiliac joints. Subsequently, inflammation is followed by either bone erosions or 

more prominently ossification of spinal ligaments connecting discs. Such bony protuberances 

called syndesmophytes grow over time forming “bamboo”-like structures consequently 

impeding patients mobility (Raychaudhuri and Deodhar 2014).  

The pathogenesis of SpA is still unclear. Several genetic predispositions were identified, 

among them most importantly a polymorphism in HLA-B27 gene but also genes involved in IL-

17/23 axis, in CD8 T cell differentiation or latest for endoplasmic reticulum aminopeptidase 

1/2. Environmental factors may add up to disease development in predisposed individuals (Zhu 

et al. 2019). IL-17 and IL-23 are elevated in serum and synovial tissue of SpA patients and 

strongly associated with chronic inflammation (Mei et al. 2011; Jethwa and Bowness 2016). In 

facet joints of SpA patients the frequency of IL-17 producing cells is increased (Appel et al. 

2011). Mainly innate immune cells including neutrophils, mast cells, ILC3, γ/δ T cells, mucosal-

associated invariant T cells but also CD8+ T cells and Th17 cells contribute to high IL-17 levels 

in SpA (Pedersen and Maksymowych 2019). IL-17A can directly induce osteoblast generation 

from mesenchymal stem cells (Huang et al. 2009). Apart from that, IL-23 stimulates 

osteoproliferation indirectly via IL-22 secretion from lymphocytes (Babaie et al. 2018).  

 

 

Figure 2: Involved sites of inflammation in SpA. 
Shown is the anatomical profile of a healthy vertebra column and a single vertebra (sagittal view). Arrow indicates 
sites of primary inflammation in SpA. Box summarizes main cellular and soluble drivers of inflammation and bone 
formation. Pictures were modified from Servier Medical Art. IL: interleukin, ILC: innate lymphoid cell, SpA: 
ankylosing spondylitis, TNF: tumor necrosis factor 

 

 

Table 1 summarizes the main features of the three chronic inflammatory joint diseases. All 

information is based on the above cited references.  
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Table 1: Main differences of chronic inflammatory joint diseases investigated. 

 
Rheumatoid arthritis Psoriasis arthritis 

Ankylosing 
spondylitis 

Prevalence in adult 
population 

0.8% 
0.05 – 0.3%, increased 

to 10% in psoriasis 
0.1 – 1.4% 

Male:female ratio 1:3 1:1 Increased in males 

Age at onset 50-70 Not specified 20-40 

Clinical features Synovitis 
Enthesitis, dactylitis, 
inflammation of nails 

Enthesitis 

Involved sites of 
inflammation 

Peripheral joints 
Peripheral joints (and 

axial skeleton) 
Axial skeleton (and 
peripheral joints) 

Main genetic 
predispositions 

HLA-DRB1 
HLA-B27, IL12B, 

IL23R 

HLA-B27, IL-17/23 
axis, CD8 T cell 
differentiation 

Typical comorbidities - Uveitis, psoriasis, inflammatory bowel disease 

 

1.1.4. Treatment options for RA, PsA and SpA 

Generally, the overarching goal in treatment of RA, PsA and SpA is clinical remission and low 

disease activity meaning alleviation of symptoms, functional improvement and prevention or 

inhibition of structural damage to bone and cartilage. In this way patients should benefit in 

restored quality of life. 

Disease-modifying anti-rheumatic drugs (DMARD) are particularly used for treatment of 

rheumatic diseases. For long time conventional DMARD comprising e.g. methotrexate, 

leflunomide, sulfasalazine or hydroxychloroquine were the only available therapies for 

management of rheumatic disorders and still serve as basic therapy. However, not every 

patient shows a good response or even reveals contraindications (Smolen et al. 2020). The 

need for alternative therapies led to the development of biologic or synthetic DMARD beginning 

in the early 90s. Biologic DMARD comprise different classes selectively targeting either 

cytokines or components in immune cell signaling which are critically involved in disease 

pathogenesis. Table 2 gives an overview about the available and already approved biologic 

DMARD. Beside these biological originator DMARD, biosimilars are available as well. 

 

Table 2: Approved biologic DMARD for treatment of RA, PsA and SpA. 

Group Name Structure and mechanism of action Reference 

TNF-α 

inhibitors 

infliximab 
chimeric monoclonal anti-TNF-α antibody containing 

human IgG1 

(Elliott et al. 

1994) 

etanercept 
fusion protein of recombinant human p75 TNF-α 

receptor bound to Fc region of human IgG1 

(Moreland et al. 

1997) 

adalimumab 

fully human monoclonal anti-TNF-α antibody blocking 

interaction of TNF-α with p55 and p75 subunits of 

TNF-α receptors 

(den Broeder et 

al. 2002) 

certolizumab 
human anti-TNF-α Fab' fragment linked to 

polyethylene glycol for increased half-life 

(Choy et al. 

2002) 

golimumab 
fully human monoclonal anti-TNF-α antibody 

neutralizing TNF-α 

(Kay et al. 

2008) 

IL-1 

inhibitor 
anakinra recombinant human form of IL-1 receptor antagonist 

(Cohen et al. 

2002) 
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IL-6 

inhibitors 

tocilizumab 
humanized monoclonal antibody inhibiting soluble 

and membrane bound IL-6 receptor 

(Mihara et al. 

2005) 

sarilumab 
fully human monoclonal antibody inhibiting IL-6 

receptor-α 

(Huizinga et al. 

2014) 

IL-12/23 

inhibitor 
ustekinumab 

fully human monoclonal antibody binding to shared 

p40 subunit of IL-12 and IL-23 thus inhibiting 

receptor binding 

(Gottlieb et al. 

2009) 

IL-17A 

inhibitors 

ixekizumab humanized monoclonal anti-IL-17 antibody 
(Genovese et 

al. 2010) 

secukinumab 
fully human monoclonal anti-IL-17A antibody for 

neutralization 

(McInnes et al. 

2014) 

CTLA-4 

inhibitor 
abatacept 

fusion protein of recombinant cytotoxic T lymphocyte 

antigen-4 (CTLA-4) bound to Fc region of human IgG 

inhibiting co-stimulatory signal of antigen presenting 

cells and thus inhibiting T cell activation 

(Linsley et al. 

1992) 

B cell 

depletion 
rituximab monoclonal antibody against CD20 

(Anderson et al. 

1997) 

RANKL 

inhibitor 
desonumab 

fully human monoclonal anti-RANKL antibody 

inhibiting osteoclastogenesis and further bone 

damage 

(Cohen et al. 

2008) 

 

As every disease relies on distinct inflammatory pathomechanisms, indications for biologic 

DMARD therapy of RA, PsA and SpA differ. 

Latest recommended treatment options for management of RA from EULAR in 2019 include 

conventional DMARD as well as glucocorticoids and biologic or targeted synthetic DMARD 

(Smolen et al. 2020). After first diagnosis RA patients most frequently receive methotrexate in 

combination with glucocorticoids. However, in case of insufficient response and poor 

prognostic factors, therapy is supplemented with biologics or synthetic DMARD targeting janus 

kinases. Depending on clinical phenotype and preceding failure of therapy, RA patients receive 

either an TNF-α inhibitor, IL-6 inhibitor, anakinra or abatacept. In severe RA, B cell depletion 

with rituximab is considered. RA patients with erosive disease are additionally treated with 

denosumab. Disease activity score 28 (DAS28) and functional capacity (FFbH) of RA patients 

are assessed on regularly basis by medical examination and questionnaires to prove 

therapeutic success or to change therapy if necessary. 

Choice of treatment for PsA is based on disease manifestation. Generally, therapeutic 

recommendations from the last EULAR 2015 update on management of PsA include non-

steroidal anti-inflammatory drugs and methotrexate as first DMARD of choice. If treatment is 

ineffective or even toxic, therapy is combined with or changed to one biologic DMARD targeting 

either TNF-α, IL-12/23 or IL-17. Additionally, apremilast, a synthetic DMARD inhibiting 

phosphodiesterase-4, is used for PsA therapy (Gossec et al. 2016). Disease activity is 

measured by the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) or Ankylosing 

Spondylitis Disease Activity Score (ASDAS). Functional impairment in PsA is assessed by the 

Bath Ankylosing Spondylitis Functional Index (BASFI) (Machado and Raychaudhuri 2014). 
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SpA treatment depends on individual disease manifestation as well. According to the 2016 

update of the ASAS-EULAR management recommendations for axial spondylarthritis, non-

steroidal anti-inflammatory drugs or even analgesics are used to relief pain. Further on, local 

glucocorticoid injections and sulfasalazine may be used to limit inflammation whereas TNF-α 

inhibitors are more common. In case of insufficient disease remission another TNF-α or IL-17A 

inhibitor should be used (van der Heijde et al. 2017). Disease activity and functional impairment 

in SpA are assessed with the same instruments as already introduced for PsA. 

Unfortunately, despite the wide range of available treatment options, clinical remission is not 

always achieved even after repeated therapeutic adjustments. Moreover, DMARD treatment 

is accompanied with systemic immunosuppression and patients are prone to serious infections 

(Singh et al. 2015). Treatment with abatacept even increases risk for melanoma (Germay et 

al. 2019). Several clinical trials are conducted and already test the efficacy of new drugs in 

treatment of chronic inflammatory diseases of the joints. These drugs commonly target 

identical cytokines or molecules as already approved DMARD do or are biosimilars of them. 

Moreover, new targets of monoclonal antibodies include GM-CSF and IL-23(A). Also, 

monoclonal antibodies with dual functions in neutralizing both IL-17A and IL-17F, TNF-α and 

IL-17A, or drug antibody conjugates of anti-TNF-α and steroids are being tested. On the 

contrary, IL-2 mutein is examined in promoting anti-inflammatory effects in RA patients. In 

addition to that, synthetic drugs inhibiting Bruton’s tyrosine kinase, interleukin-1 receptor-

associated kinase 4, receptor interacting serine/threonine kinase 1, or tyrosine kinase 2 

involved in cytokine signaling are currently under investigation (National Center for 

Biotechnology Information). However, these new approaches again focus on systemically 

expressed proteins which could as well induce side effects. Therapeutic options specifically 

targeting the disease pathomechanisms thereby involving fewer side effects are lacking.  
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1.2. Dopamine - basic neurotransmitter with underestimated features? 

Dopamine (DA) is a neurotransmitter of the central nervous system known to operate in several 

important functions such as motor control, memory, or motivation. DA belongs among 

norepinephrine (NE) and epinephrine (Epi) to the group of catecholamines. Characteristic for 

such monoamines is their synthesis from free amino acids by short metabolic pathways 

including one rate-limiting enzymatic reaction. Additionally, monoamines signal via 

metabotropic receptors and activate second messengers (Klein et al. 2019). 

 

1.2.1. Dopaminergic pathway 

Synthesis of DA and further conversion to NE and Epi is depicted in Figure 3. Phenylalanine 

is converted to tyrosine by phenylalanine hydroxylase. However, this step is not essential since 

tyrosine exists in cytosol per se. The key reaction is rather the conversion of tyrosine to 

levodopa (L-DOPA) by the rate-limiting enzyme tyrosine hydroxylase (TH) (NAGATSU et al. 

1964). L-DOPA is further converted to DA by aromatic amino acid decarboxylase (Christenson 

et al. 1970). NE arises from DA by the enzyme DA β-hydroxylase (DBH) (Weinshilboum et al. 

1971) and can be further converted to Epi by phenyl ethanolamine N-methyltransferase 

(PNMT) (Wurtman and Axelrod 1965). 

 

 

Figure 3: Synthesis of catecholamines.  
Amino acids phenylalanine and tyrosine are hydroxylated by specific enzymes leading to L-DOPA, the precursor of 
DA. Particularly, TH is the rate-limiting enzyme in DA synthesis. L-DOPA decarboxylase then proceeds in 
conversion of L-DOPA to DA. DA can be converted to NE by DA β-hydroxylase. Further, PNMT converts NE to Epi. 
Image from http://www.brainprotips.com. DA: dopamine, Epi: epinephrine, L-DOPA: levodopa, NE: norepinephrine, 
PNMT: phenylethanolamine N-methyltransferase, TH: tyrosine hydroxylase. 

 

After synthesis, DA is stored into synaptic vesicles via vesicular monoamine transporter 2 

(VMAT2) (Eiden and Weihe 2011). The acidic lumen of vesicles is able to stabilize DA and 

prevents its oxidation (Guillot and Miller 2009). However, in non-acidic milieu such as cytosol 

DA is rapidly oxidized and metabolized by monoamine oxidase B (MAO-B) and aldehyde 

dehydrogenase (ALDH) to 3,4-dihydroxyphenylacetic acid (DOPAC). DOPAC is further 

http://www.brainprotips.com/
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degraded to homovanillic acid (HVA) by catechol-o-methyltransferase (COMT) (Eisenhofer et 

al. 2004). Additionally, spontaneous oxidation of DA can result in neurotoxic quinones (Stokes 

et al. 1999). After release of the catecholamine by extrinsic triggers DA binds to its specific 

receptors or is taken back up by dopamine transporter (DAT) (Giros et al. 1992). 

 

1.2.2. Dopamine signaling via dopamine receptors 

Dopamine receptors (DR) belong to the class of neurotransmitter receptors and so far, 

knowledge regarding their structural and signaling properties is mainly based on findings in 

neuroscience. DR belong to G protein coupled receptors (GPCRs), which consist of seven 

transmembrane domains and transmit signals intracellularly via guanine nucleotide binding 

regulatory (G) proteins (Sibley et al. 1992). Five different DR were described in the early 1990s. 

Depending on their pharmacological, biochemical, and physiological profile they are assigned 

in two subclasses, namely D1- and D2-like receptors. D1 and D5 DR belong to the D1-like and 

D2, D3 and D4 DR to the D2-like receptor family (Figure 4). 

 

Figure 4: Canonical signaling of D1- and D2-like dopamine receptors.  
DR are grouped into two classes based on their intracellular signaling pathways. D1 -like receptors D1 and D5 DR 
are coupled to Gαs protein activating adenylyl cyclase and increasing cytosolic cAMP concentration. D2-like 
receptors D2, D3, and D4 DR are coupled to Gαi protein inhibiting adenylyl cyclase activity and decreasing cAMP 
concentration. cAMP is activating PKA further phosphorylating different target proteins such as CREB or DARPP-
32. cAMP: 3'-5'-cyclic adenosine monophosphate, CREB: cAMP response element-binding protein, DARPP-32: 32-
kDa dopamine and cAMP-regulated phosphoprotein, DR: dopamine receptor, PKA: protein kinase A. 

 

D1-like receptors typically contain a small third cytoplasmic loop and a long C-terminus for 

regulatory phosphorylation. Their extracellular N-terminus possesses sites for glycosylation. 

D1-like receptors are coupled to Gαs thus enabling activation of adenylyl cyclase and increasing 

cytosolic 3'-5'-cyclic adenosine monophosphate (cAMP) concentration. In contrast, D2-like 

receptors possess a large third cytoplasmic loop and a smaller C-terminus. They also possess 

sites for glycosylation at the N-terminus and for phosphorylation in the third cytoplasmic loop. 

Moreover, D2-like receptors are coupled to Gαi and inhibit adenylyl cyclase activity (Sibley et 
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al. 1993). Typically, second messenger cAMP stimulates protein kinase A (PKA) further 

affecting several targets such as cAMP response element-binding protein (CREB), other 

neurotransmitter receptors or calcium and potassium channels (Greengard 2001). Also, many 

additional pathways have been described for DA in the brain indicating complex signal 

transduction. One additional target of PKA is 32-kDa dopamine and cAMP-regulated 

phosphoprotein (DARPP-32) owing many sites for phosphorylation resulting in divergent 

effects, exemplarily extracellular-signal regulated kinase (ERK) activation (Santini et al. 2012). 

Apart from that, alternative receptor coupling of Gαq and activation of phospholipase C (PLC) 

is present in specific D5 DR, heterodimers of D1-D2 DR and the Gβγ subunit of some D2-like 

receptors (Sahu et al. 2009; Rashid et al. 2007; Hernández-López et al. 2000). PLC then 

promotes production of inositol triphosphate (IP3) and diacylglycerol (DAG) increasing 

intracellular calcium levels and activating protein kinase C further regulating various pathways. 

However, evidence for the formation of D1-D2 DR heterodimers resulting in altered signaling 

via Gαq and PLC is conflicting (Hasbi et al. 2014; Frederick et al. 2015). During chronic 

inflammation GPCRs are able to switch their intracellular signaling from Gαs to Gαi and notably, 

this includes DR in RA as well (Jenei-Lanzl et al. 2015).  

Exact mechanisms in regulation of D1-D5 DR expression are yet unclear. Different factors as 

drug intake (Bordet et al. 1997; Schrader et al. 2019) or sex hormones (Lee and Mouradian 

1999; Lammers et al. 1999) are discussed to impact DR expression but evidence is still lacking. 

As all GPCRs, DR are synthesized in the endoplasmic reticulum (ER). Here, they are 

successfully assembled and folded by ER resident chaperones as for instance calnexin that 

also mediate their export (Free et al. 2007). Some uniqueness is reported between different 

receptors. Especially, D4 DR relies on oligomerization within the ER for subsequent export to 

the plasma membrane (van Craenenbroeck et al. 2011). In addition, further posttranslational 

modification is required for trafficking of D2-like receptors (Zhang et al. 2016; Zhang and Kim 

2016). Importantly, specific sequences within the proximal C-terminus of DR serve as binding 

sites for e.g. DR interacting protein 78 or the γ-subunit of COPI complex that represent key 

proteins in further DR trafficking via Golgi to the plasma membrane (Bermak et al. 2001; 

Bermak et al. 2002). Here, DR are expressed and sense external signals by agonist binding. 

Importantly, D1-like and D2-like receptors bind DA with varying affinity. D2-like receptors are 

already activated by low concentrations of DA as they possess a 10- to 100-fold higher affinity 

than D1-like receptors. D1-like receptors sense only high concentrations of DA (Klein et al. 

2019). Nonetheless, selective agonists and antagonists for D1- or D2-like receptors are 

available to target specific DR in vivo and enable the study of different DR in vitro. 

Activity of expressed DR is modulated by regulators of G protein coupled receptors (RGS) and 

G protein coupled receptor kinases (GRK) (Klein et al. 2019). RGS catalyze guanosine 

triphosphate (GTP) hydrolysis from activated α-subunit of Gαi and Gαq proteins (Berman and 
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Gilman 1998). Upon sustained DR stimulation, specific GRKs and other kinases as PKA 

phosphorylate DR at the third intracellular loop inducing inactivation (Pitcher et al. 1998; Mason 

et al. 2002). Further, the phosphorylation provides basis for binding of the scaffolding protein 

β-arrestin (Marchese et al. 2003). After agonist-induced phosphorylation and β-arrestin 

binding, DR undergo endocytosis in clathrin-coated pits and either recycle to plasma 

membrane or degrade in the lysosomal compartment (Marchese et al. 2003). Particularly, D1 

DR is known to rapidly recycle to plasma membrane (Vargas and Zastrow 2004). Additionally, 

β-arrestins were shown to induce G protein-independent pathways such as mitogen-activated 

protein kinase, c-Src, Mdm2, Akt or glycogen synthase kinase-3 (Beaulieu and Gainetdinov 

2011). Thus, expression and activation of DR is very dynamic.  

 

1.2.3. Dopamine involvement in immunity 

Beside its existence and classical function as neurotransmitter in the central nervous system, 

DA is present in the periphery. DA is secreted by nerve endings in different peripheral organs 

and critically involved in different body functions such as hormone secretion, vascular, or renal 

functions (Matt and Gaskill 2020). Generally, DA is detectable in human plasma at a 

concentration of 10 pg/ml and increases up to 45 pg/ml in individuals dealing with stress (Saha 

et al. 2001). Several studies indicate the ability of human immune cells to synthesize and store 

catecholamines (Bergquist et al. 1994; Musso et al. 1996; Bergquist et al. 1997; Bergquist and 

Silberring 1998; Kokkinou et al. 2009). Metabolites of catecholamines are detectable in 

peripheral blood mononuclear cells (PBMCs) and medium after cell culture. Likewise, 

concentrations of metabolites are altered by modulators of catecholamine metabolism (Marino 

et al. 1999; Cosentino et al. 2000). 

Early studies assessed the expression of DR in human PBMCs by radioligand binding assays 

or PCR confirming presence of D1-D5 DR (Basu and Dasgupta 2000). The first study illustrating 

the expression of D1-D5 DR by flow cytometry in distinct human peripheral immune cells was 

by McKenna et al. (2002). They reported the highest expression of DR in B cells and NK cells, 

lowest in T cells and monocytes with large variabilities between donors (McKenna et al. 2002). 

Limited studies further analyzed DR expression in specific human T cells (Kustrimovic et al. 

2014; Cosentino et al. 2018; Nasi et al. 2019; Keren et al. 2019), B cells (Meredith et al. 2006) 

or NK cells (Mikulak et al. 2014). Regulatory peripheral immune cells also express DR (Arce-

Sillas et al. 2019). However, considering different subgroups of each immune cell type, the 

expression profile of D1-D5 DR is much more complex. Moreover, published findings are 

partially conflicting. Equally complicated and yet incompletely resolved are the effects of DA 

on immune regulation such as proliferation, apoptosis, differentiation, or secretion of soluble 

mediators. While some studies report DA signaling following the canonical route, some fail to 

detect the involvement of expected signaling molecules.  
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In PBMCs, proliferative response and cytokine secretion in response to different stimuli 

decrease after supplementation of L-DOPA, DA and NE. Simultaneously, apoptosis of immune 

cells rises after DA treatment (Bergquist et al. 1997). However, apoptosis was shown to 

depend on DA concentration. While high levels of DA increase apoptosis via reactive oxygen 

species, low levels of DA appear protective (Colombo et al. 2003).  

Specifically for T cells, effects of DR stimulation are reported to be dependent on T cell status. 

While resting T cells mostly get activated by dopaminergic stimulation, activated T cells are 

suppressed by DA (Keren et al. 2019). Accordingly, DA stimulation leads to increased cytokine 

production in CD3+ T cells (Besser et al. 2005; Torres et al. 2005). Focusing on peripheral 

human CD4+ T cells, D1-like receptors are expressed at higher levels than D2-like receptors. 

Moreover, expression of D1-D5 DR seems to be dynamic as it differs between maturational 

stages and also increases after anti-CD3/28 stimulation (Kustrimovic et al. 2014). Only 

regulatory T cells (Treg) were shown to express TH and produce catecholamines. DA released 

by Treg on the one hand acts autocrine to decrease further IL-10 and transforming growth 

factor (TGF)-β secretion while paracrine signaling suppresses effector T cells, both via D1-like 

receptors (Cosentino et al. 2007). Thus neuro-immune communication via DA may also 

provide regulatory functions. In line, DA was shown to decrease proliferation of IL-2 stimulated 

CD4+ T cells primarily via D1-like receptors and increase of cAMP levels (Saha et al. 2001). 

Yet, in anti-CD3/CD28 stimulated human naive CD4+ T cells DA stimulation resulted in pro-

inflammatory cytokine secretion primarily via D1-like receptors (Nakano et al. 2011).  

Of great interest, Papa et al. demonstrated the presence of TFH cells containing DA in GC 

within human secondary lymphoid organs. Moreover, these TFH cells are able to synthesize 

DA and release it after interaction with B cells via antigen. DA upregulates inducible T-cell 

costimulator ligand (ICOSL) in B cells via D1 DR further inducing a positive feedback loop 

involving ICOS and CD40 signaling and increasing synaptic area. In fact DA was shown to 

enhance B cell differentiation (Papa et al. 2017). On the contrary, early studies report 

stimulation with either tyrosine, L-DOPA, DA or NE in vitro decrease the number of IgG, IgA 

and IgM secreting B cells (Bergquist et al. 1994; Bergquist et al. 1997). Furthermore, L-DOPA, 

DA, and pan-DR agonist apomorphine diminish B cell proliferation. However, the described 

effects are independent of canonical DA signaling and rather occurring by reactive oxygen 

species inducing apoptosis (Meredith et al. 2006; Bergquist et al. 1997). Solely stimulation of 

D2-like receptors with specific agonist bromocriptine also suppresses proliferation, Ig secretion 

and expression of activation markers in B cells (Morkawa et al. 1993).  

Cytotoxic CD8+ T cells express all DR, TH and VMAT2. Here, D1-like receptor stimulation 

impedes CD8+ Treg differentiation and regulatory function (Nasi et al. 2019). Such as in CD4+ 

T cells proliferation of CD8+ T cells in response to IL-2 and cytotoxic capacity is diminished 

predominantly via D1-like receptors and increase of cAMP levels (Saha et al. 2001). 

Additionally, D3 DR in naive CD8+ T cells is coupled to Gαi and important for migration 
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synergistically with chemokines (Watanabe et al. 2006). Mikulak et al. describe expression of 

all DR except D1 DR in human natural killer (NK) cells and generally CD56dim NK cells express 

higher levels than CD56bright NK cells. Similar to T cells, DR expression increases after 

activation also in NK cells. Proliferation of activated NK cells is inhibited and IFN-γ secretion 

is reduced in presence of DA, primarily via D1-like receptors (Mikulak et al. 2014). Also, 

peripheral human monocytes express TH, L-DOPA decarboxylase, VMAT2 and DAT 

(Gopinath et al. 2020; Gaskill et al. 2012) thus able to produce and transport catecholamines. 

Likewise, monocyte-derived dendritic cells store DA and release it upon interaction with naive 

CD4+ T cells supporting naive CD4+ T cell differentiation towards Th2 cells (Nakano et al. 

2009). In vitro, DA decreases proliferation and cytokine secretion of monocytes via NF-κB 

suppression in response to LPS (Bergquist et al. 2000). 

In murine splenocytes DA has an anti-inflammatory effect by reducing proliferation and 

secretion of immunoglobulins in response to LPS (Kouassi et al. 1988). Moreover, in this 

context DA was shown to reduce pro-inflammatory and enhance anti-inflammatory cytokine 

secretion mainly via D2-like receptors and intracellularly via PLC pathway (Kawano et al. 2018). 

Murine CD3+ T cells possess all five DR as well, and both D1- and D2-like receptor stimulation 

reduce IFN-γ production in pre-stimulated T cells. Unexpectedly, only D2-like receptor 

stimulation induces canonical DR signaling being reversed by D2-like receptor antagonist 

haloperidol (Huang et al. 2010). This finding is in line with D3 DR coupling to Gαi in murine 

naive CD4+ T cells. Here however, signaling via D3 supports CD4+ T cell activation and Th1 

cell differentiation (Franz et al. 2015). Signaling via D5 DR fulfills dual roles in murine CD4+ T 

cells. While D5 DR signaling promotes differentiation of Th17 cells it also supports anti-

inflammatory role of Tregs (Osorio-Barrios et al. 2018). Challenge with antigen in DAT 

knockout mice which represent a hyperdopaminergic phenotype leads to increased humoral 

immune responses reflected in high levels of IgG (Kavelaars et al. 2005). Conversely to data 

on human NK cells, murine NK cells were shown to express all DR. D1-like receptor stimulation 

leads to increased cytotoxicity whereas D2-like receptor stimulation diminishes NK cell activity. 

Moreover, canonical DR signaling with in- or decrease in cAMP and pCREB level is present in 

murine NK cells after stimulation of either D1- or D2-like receptors, respectively. Supporting this 

observation, respective agonists or further PKA and adenylyl cyclase modulating substances 

counteract these effects (Zhao et al. 2013). However, NK cells of DAT knockout mice show 

reduced cytotoxic activity (Kavelaars et al. 2005). Knockout of D3 DR in mice or specifically in 

dendritic cells promotes tumor clearance by increasing cytotoxic capacity of CD8+ T cells via 

antigen cross-presentation (Figueroa et al. 2017). However, neuroimmune mechanisms are 

not fully conserved between species as they were already shown to differ between mice and 

men (Papa et al. 2017). 
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As outlined above several studies indicate the involvement of the catecholamine DA in 

immunity. Yet, studies are often too focused on certain cell types/single DR and their results 

are moreover partly conflicting. 

 
1.3. Role of dopamine in rheumatoid arthritis 

Interestingly, the incidence of RA is altered in patients with neurological diseases affecting the 

dopaminergic system. Early reports suggest that RA and schizophrenia hardly coexist (Malek-

Ahmadi 1985). Blockade of D2-like receptors is standard treatment for schizophrenia and may 

account for the reduced risk of RA development in schizophrenia patients (Chen et al. 2012). 

Studies on the coexistence of RA and Parkinson’s disease are conflicting (Rugbjerg et al. 

2009; Sung et al. 2016; Bes et al. 2014). Prevalence of restless legs syndrome is increased in 

RA patients compared to general population (Gjevre and Taylor Gjevre 2013) and interestingly, 

these patients reveal also elevated plasma levels of DA (Mitchell et al. 2018). 

Limited studies already point to a critical role of DA in the pathogenesis of human RA. Locally 

in inflamed joints of RA patients synovial tissue innervation by sympathetic nerve fibers is 

reduced while density of cells expressing TH and VMAT2 is high (Capellino et al. 2010). 

Accordingly, synovial cells secrete catecholamines and especially DA is elevated in synovial 

fluid of RA patients (Nakano et al. 2011). SF in the inflamed tissue of RA patients possess DR 

which modulate cytokine secretion upon stimulation (Capellino et al. 2014). Peripheral B cells 

of RA patients present an altered expression of D2 DR correlating with several clinical 

parameters (Wei et al. 2015). Additionally, frequency of D2 DR expressing B cells of RA 

patients is increased in synovial tissue correlating with plasma TNF-α level, pointing towards 

a role in bone metabolism (Wei et al. 2016). In mast cells from synovial fluid D3 DR expression 

is negatively correlated with DAS28 score and connected to oxidative stress (Xue et al. 2018). 

Studies on treatment of RA patients with dopaminergic drugs are limited. RA patients treated 

with D2-like receptor agonist bromocriptine, in order to suppress pituitary prolactin secretion 

via dopaminergic regulation, show improvement in several disease parameters after three 

months. Moreover, proliferative potential of PBMCs decreases after bromocriptine treatment 

(Figueroa et al. 1997). However, combination treatment with methotrexate prevents 

bromocriptines effect (Salesi et al. 2013). Similarly, treatment with D2-agonist cabergoline 

leads to an improvement of tender and swollen joint count (Mobini et al. 2011). 

More experimental data is available in rodent models for RA. In collagen-induced arthritis (CIA) 

mice VMAT2 expressing cells are present in the joints with start of disease and increase with 

its progression (Capellino et al. 2010). Beneficial effects were observed by selective inhibition 

of D1-like receptors with antagonist SCH23390 in decreasing disease score and joint swelling. 

Importantly, prior D1-like receptor stimulation with D1-like receptor agonist A68930 reverses 

the therapeutic effect (Nakashioya et al. 2011). Likewise, in human RA/severe combined 
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immunodeficiency mouse chimera model D1-like receptor antagonism prevents vascular 

proliferation and tissue enlargement (Nakano et al. 2011). On the contrary, D2-like receptor 

stimulation with quinpirole was shown to limit pathology in CIA mice by reducing serum anti-

type II collagen-IgG and restoring the balance between pro- and anti-inflammatory cytokines 

locally in ankle joints (Lu et al. 2015). Remarkably, the peripheral blockade of conversion from 

L-DOPA to DA by carbidopa reduces joint inflammation and cartilage destruction as well (Zhu 

et al. 2017). In addition, DA was shown to affect osteoclasts involved in bone erosion. 

Specifically, SCH23390 inhibited osteoclastogenesis of bone marrow-derived macrophages in 

vitro (Nakashioya et al. 2011). Blockade of peripheral DA synthesis also reduces the presence 

of osteoclasts in inflamed joints (Zhu et al. 2017). Moreover, DA uptake inhibitor mazindol has 

anti-nociceptive effects in Freund’s complete adjuvant-induced arthritis mice (Robledo-

González et al. 2017). 

Taken together, components of the dopaminergic system appear as attractive new targets for 

future therapies of RA. Yet, knowledge of DA function in peripheral cells of RA patients is 

limited. Additionally, a potential influence of DA in PsA and SpA was not investigated so far.  
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2. Aim of the thesis 

Aim of this thesis was to clarify the systemic role of the catecholamine DA in chronic 

inflammatory joint diseases. Therefore, disease-related alterations of the dopaminergic 

pathway were first investigated in PBMCs. By comprehensive flow cytometric approaches 

several immune cell subtypes of HC and patients with RA, PsA and SpA were analyzed for 

expression of D1-D5 DR and TH. Second, the examination of immune-modulatory and possibly 

disease-specific effects of DR stimulation was analyzed. Here, in vitro experiments with 

selective DR agonists were performed to assess effects of specific DR stimulation on 

activation, apoptosis, proliferation, differentiation, and cytokine secretion of immune cells. 

Ultimately, potential targets for directed modulation of the underlying immune 

pathomechanism in chronic inflammatory diseases specifically should be identified.  
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3. Materials and Methods 

3.1. Materials 

3.1.1. Chemicals 

β-mercaptoethanol, Carl Roth #4227.3 

Albumin fraction V (BSA), biotin-free, Carl Roth #0163.4 

Dimethyl sulfoxide (DMSO), Sigma Aldrich #472301 

DPBS (without magnesium and calcium), Gibco #14190-094 

Fetal bovine serum (FBS, heat inactivated), Gibco #10270-106 (LOT #41Q7415K) 

IMDM (+ L-Glut, HEPES), Gibco #21980-032 

MEM non-essential amino acids (100X), Gibco #11140-035 

Methanol, Carl Roth #8388.5 

Pancoll human, Density: 1.077 g/ml, PAN-Biotech #P04-60500 

Paraformaldehyde (PFA), Sigma Aldrich #8.18715 

Penicillin/Streptomycin (Pen/Strep), Gibco #15140-122 

Sodium pyruvate (100 mM), Gibco #11360-070 

Tween 20, Carl Roth #9127.1 

 

3.1.2. Media and buffers 

Table 3: Composition of media and buffers used. 

Freezing medium FBS 

10% DMSO 

PBMC culture medium IMDM 

10% FBS 

1% Pen/Strep 

B cell culture medium IMDM 

10% FBS 

1% Pen/Strep 

1 mM Sodium Pyruvate 

1% MEM-non essential amino acids 

0.055 mM β-mercaptoethanol 

ELISA wash buffer PBS 

0.05% Tween 20 

ELISA assay buffer (solely for IgG ELISA) ELISA wash buffer 

0.1% BSA 

FACS staining buffer DPBS 

2% FBS 

FACS blocking buffer DPBS 

2% BSA 

FACS fixation buffer FACS staining buffer 

2% PFA 

 

Annexin V Binding Buffer, Biolegend #422201 

BD FACS Permeabilizing Solution 2 (10x), BD Biosciences #340973 
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3.1.3. Antibodies for flow cytometry 

Table 4: Panel description and antibody specifications for flow cytometric analysis of PBMCs. 

Panel Antigen/ 

Product 

Clone Fluoro-

chrome 

Company Product # Dilution 

D1, D3 and D5 

DR in PBMC 

subtypes 

Zombie NIR - - Biolegend 423106 1/1000 

CD3 UCHT1 PerCP Biolegend 300428 1/200 

CD56 NCAM16.

2 

BV421 BD 562751 1/100 

CD19 HIB19 BV510 Biolegend 302242 1/200 

CD14 M5E2 BV650 Biolegend 301836 1/400 

D1 DR Polyclonal 

(rabbit) 

FITC Bioss bs-10610R-

FITC 

1/50 

D3 DR Polyclonal 

(rabbit) 

Cy5 Bioss bs-1743R-

Cy5 

1/100 

D5 DR #889022 PE R&D 

Systems 

FAB82861P 1/100 

D2 DR in PBMC 

subtypes 

Zombie NIR - - Biolegend 423106 1/1000 

CD3 UCHT1 PerCP Biolegend 300428 1/200 

CD56 NCAM16.

2 

BV421 BD 562751 1/100 

CD19 HIB19 BV510 Biolegend 302242 1/200 

CD14 M5E2 BV650 Biolegend 301836 1/400 

D2 DR Polyclonal 

(rabbit) 

- LSBio LS-A1405 1/200 

Donkey anti-

rabbit 

Poly4064 PE Biolegend 406421 1/400 

D4 DR in PBMC 

subtypes 

Zombie NIR - - Biolegend 423106 1/1000 

CD3 UCHT1 PerCP Biolegend 300428 1/200 

CD56 NCAM16.

2 

BV421 BD 562751 1/100 

CD19 HIB19 BV510 Biolegend 302242 1/200 

CD14 M5E2 BV650 Biolegend 301836 1/400 

D4 DR Polyclonal 

(rabbit) 

- Biorbit orb39453 1/200 

Donkey anti-

rabbit 

Poly4064 PE Biolegend 406421 1/400 

TH in PBMC 

subtypes 

Zombie NIR - - Biolegend 423106 1/1000 

CD3 UCHT1 PerCP Biolegend 300428 1/200 

CD56 NCAM16.

2 

BV421 BD 562751 1/100 

CD19 HIB19 BV510 Biolegend 302242 1/200 

CD14 M5E2 BV650 Biolegend 301836 1/400 

TH Polyclonal 

(rabbit) 

AF647 Bioss bs-0016R-

A647 

1/100 

D1-like 

receptors in B 

cell subsets 

Zombie NIR - - Biolegend 423106 1/1000 

CD19 HIB19 BV510 Biolegend 302242 1/200 

TCRα/β IP26 PE/Cy5 Biolegend 306710 1/400 
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IgD IA6-2 PE Biolegend 348204 1/800 

CD27 M-T271 PE/Cy7 Biolegend 356412 1/400 

CD38 HB-7 BV650 Biolegend 356620 1/400 

D1 DR Polyclonal 

(rabbit) 

FITC Bioss bs-10610R-

FITC 

1/50 

D5 DR #889022 AF405 R&D 

Systems 

RAB82861V 1/100 

D1-like 

receptors in T 

cell subsets 

Zombie NIR - - Biolegend 423106 1/1000 

CD4 OKT4 BV510 Biolegend 317444 1/100 

TCRα/β IP26 PE/Cy5 Biolegend 306710 1/400 

CXCR5 J252D4 PE/Cy7 Biolegend 356924 1/400 

CD45RA HI100 PE Biolegend 304108 1/800 

D1 DR Polyclonal 

(rabbit) 

FITC Bioss bs-10610R-

FITC 

1/50 

D5 DR #889022 AF405 R&D 

Systems 

RAB82861V 1/100 

Activation + 

apoptosis of 

PBMC subtypes 

Zombie NIR - - Biolegend 423106 1/1000 

CD3 UCHT1 PerCP Biolegend 300428 1/200 

CD56 NCAM16.

2 

BV421 BD 562751 1/100 

CD19 HIB19 BV510 Biolegend 302242 1/200 

CD14 M5E2 BV650 Biolegend 301836 1/400 

CD69 FN50 PE Biolegend 310906 1/200 

Annexin V - FITC Biolegend 640906 1/400 

Analysis of B 

cell proliferation 

+ differentiation 

in co-cultures 

with T cells 

Zombie NIR - - Biolegend 423106 1/1000 

CFDA-SE - - Thermo 

Fisher 

V12883 - 

CD4 OKT4 BV421 Biolegend 317434 1/200 

CD27 M-T271 PE/Cy7 Biolegend 356412 1/400 

CD38 HB-7 BV650 Biolegend 356620 1/400 

Analysis of B 

cell proliferation 

+ differentiation 

in PBMC 

cultures 

Zombie NIR - - Biolegend 423106 1/1000 

CFDA-SE - - Thermo 

Fisher 

V12883 - 

CD19 HIB19 BV421 Biolegend 302234 1/200 

CD27 M-T271 PE/Cy7 Biolegend 356412 1/400 

CD38 HB-7 BV650 Biolegend 356620 1/400 

Analysis of Ki-

67 expression 

in B cells 

CD3 UCHT1 PerCP Biolegend 300428 1/200 

CD19 HIB19 BV510 Biolegend 302242 1/200 

Ki-67 Ki-67 PE Biolegend 350503 1/50 

Analysis of ERK 

and CREB 

phosphorylation 

in B cells 

CD3 UCHT1 FITC Biolegend 300528 1/200 

CD19 HIB19 BV510 Biolegend 302242 1/200 

ERK1/2 

(pT202/pY204) 

20A AF647 BD 

Phosflow 

612593 1/50 

CREB (pS133) 

/ ATF-1 (pS63) 

J151-21 PE BD 

Phosflow 

558436 1/50 
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Table 5: Panel description and antibody specifications for flow cytometric sorting of PBMCs. 

Panel Antigen Clone Fluorochrome Company Product # Dilution 

Sorting of naive 
and memory B 
cells 

CD19 HIB19 BV510 Biolegend 302242 1/100 

TCRα/β IP26 PE/Cy5 Biolegend 306710 1/200 

IgD IA6-2 PE Biolegend 348204 1/400 

CD27 M-T271 PE/Cy7 Biolegend 356412 1/200 

Sorting of TFH 
cells 

CD4 OKT4 BV510 Biolegend 317444 1/200 

TCRα/β IP26 PE/Cy5 Biolegend 306710 1/200 

CXCR5 J252D4 PE/Cy7 Biolegend 356924 1/200 

CD45RA HI100 PE Biolegend 304108 1/400 

 

3.1.4. Stimuli 

(-)-Apomorphine hydrochloride, Biomol #16094 

A68930 hydrocloride, Tocris #1534 

CpG ODN 2006 (CpG), InvivoGen #tlrl-2006-1 

Ionomycin (Iono), Merck #407952 

Phorbol-12-myristate-13-acetate (PMA), Merck #524400 

Ropinirole, Tocris #3680 

Staphylococcal enterotoxin B (SEB), Sigma-Aldrich #S4881-1MG 

 

3.1.5. Kits 

Human IgG ELISA development kit, Mabtech #3850-1AD-6 

• pNPP ELISA Substrate, Mabtech #3652-P10 

Human IL-6 ELISA MAXTM Standard Set, Biolegend #430501 

Human IL-8 ELISA MAXTM Standard Set, Biolegend #431501 

• Coating Buffer A (5x), Biolegend #79008 

• Assay Diluent A (5x), Biolegend #78888 

• Avidin HRP (1,000x), Biolegend #79004 

• Tetramethyl benzidine (TMB) Substrate, Biolegend #421101 

LEGENDplexTM Human Th Cytokine Mix and Match Subpanel, Biolegend 

• Human Th Cytokine Panel Standard, Cat #740759, Lot #B298184 

• Capture Beads A7/IL-6, Cat #740044, Lot #B293967 

• Capture Beads A10/IL-10, Cat #740046, Lot #B304331 

• Capture Beads B3/TNF-α, Cat #740053, Lot #B304332 

• Human Th Cytokine Panel Detection Antibodies, Cat #740758 

LEGENDplexTM Human Proinflammatory Chemokine Subpanel 

• Human Proinflammatory Chemokine Panel Standard, Cat #740398, Lot #B299198 

• Capture Beads B2/CCL3, Cat #740077, Lot #B296423 

• Human Proinflammatory Chemokine Panel Detection Antibodies, Cat #740072 

• LEGENDplexTM Buffer Set A, Cat #740368 

TriCat TM ELISA, Tecan #RE59395  
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Vybrant™ CFDA-SE Cell Tracer Kit, Thermo Fisher Scientific #V12883 

Zombie NIR Fixable Viability Kit, Biolegend #423106 (used in 1/1000 dilution) 

 
3.1.6. Equipment  

BD FACSJazz, BD Biosciences 

BD LSR Fortessa, BD Biosciences 

CASY TT cell counter, OLS OMNI Life Science 

Tecan infinite M200 PRO, TECAN  

 

3.1.7. Software 

BD FACSDiva, BD Biosciences 

LEGENDplexTM Software v8, Biolegend 

FlowJo Version 10.3, FlowJo 

FlowJo Version 887, FlowJo 

GraphPad Prism Version 8, GraphPad 

Tecan i-control 1.10 (for infinite reader), TECAN 
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3.2. Methods 

3.2.1. Sample collection 

Study was approved by the ethics committee of the Leibniz Research Centre for Working 

Environment and Human Factors (IfADo) at the TU Dortmund.  

HC were recruited at the IfADo. Patients with defined diagnosis of RA, PsA or SpA were 

recruited in cooperation with Prof. Dr. Jürgen Braun and PD Dr. Xenofon Baraliakos at the 

Rheumazentrum Ruhrgebiet in Herne. All donors were informed about the study and signed 

informed consent. Peripheral venous blood was collected in heparinized tubes. 

 

Table 6: Characteristics of HC and rheumatic patients recruited for our cross-sectional study. 
Summary of all subjects whose peripheral blood mononuclear cells were investigated in different analyses; disease 
scores were transferred on actual basis, non-actual scores were stringently excluded, *n indicates the number of 
missing actual information at date of blood sampling; ACPA: anti-citrullinated protein antibody, ASDAS: Ankylosing 
Spondylitis Disease Activity Score, BASDAI: Bath Ankylosing Spondylitis Disease Activity Index, BASFI: Bath 
Ankylosing Spondylitis Functional Index, DAS28: disease activity score 28, DMARD: disease-modifying anti-
rheumatic drug, FFbH: Funktionsfragebogen Hannover, HLA: human leukocyte antigen, SD: standard deviation, 
RF: rheumatoid factor 

 
 Healthy 

controls 

Rheumatoid 

Arthritis 

Psoriasis 

Arthritis 

Ankylosing 

Spondylitis  

Total, # 35 30 14 21 

Age (years), mean ± SD 39.2 ± 15.8 55.5 ± 15.4 44 ± 12.8 44.5 ± 12.4 

Female, # (%) 25 (71) 25 (83) 7 (50) 8 (38) 

Years since first diagnosis, mean ± SD - 7.9 ± 7.1 6 ± 4.7 13 ± 10.8 

Patients with bone erosion, # (%) - 6 (20) *4 1 (7) - 

RF positive patients, # (%) - 13 (50) *4 - - 

ACPA positive patients, # (%) - 7 (64) *19 - - 

HLA-B27 positive patients, # (%) - - - 9 (90) *11 

DAS28, mean ± SD - 2.9 ± 1.1 *22 2.1 ± 0.8 *7 - 

FFbH, mean ± SD - 68 ± 24 *19 83 ± 20 *6 - 

ASDAS, mean ± SD - - 1.7 ± 0.5 *11 2.2 ± 0.8 *11 

BASDAI, mean ± SD - - 2.8 ± 1.7 *11 4.8 ± 2.1 *11 

BASFI, mean ± SD - - 2 ± 1 *11 4.3 ± 2.7 *11 

Receiving corticosteroids, # (%) - 13 (48) *3 2 (14) 1 (5) *1 

Receiving non-biologic DMARD, # (%) - 14 (52) *3 12 (86) 2 (10) *1 

Receiving biologic DMARD, # (%) - 16 (59) *3 8 (57) 19 (95) *1 

 
 

All analyses were performed with regard to biologic treatment. RA patients treated with 

rituximab almost completely lacked CD19+ B cells. Therefore, data on B cells was excluded in 

these cases.  
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3.2.2. Cell biology 

Isolation of PBMCs  

PBMCs were isolated by Ficoll density gradient centrifugation. Blood was layered onto Pancoll 

and centrifuged for 25 min at 20 °C, 1130 x g with deceleration set to 0. The PBMC-containing 

interphase was transferred to a new tube and washed two times with DPBS. Unless stated 

otherwise PBMCs were resuspended in FBS with 10% DMSO, gradually frozen to -80 °C and 

transferred to liquid nitrogen for long-term preservation.  

 

Thawing of PBMCs for batched analysis and experiments 

PBMCs were thawed in a 37 °C water bath until some ice in suspension remained. Cells were 

then directly transferred into 10 ml DPBS and centrifuged at 525 x g, RT for 5 min. Supernatant 

was aspirated and pellet was resuspended in defined volume of DPBS or medium for 

determination of cell number with the CASY TT cell counter. 

 

Cell culture 

Short-term stimulation of PBMCs 

PBMCs were resuspended in PBMC culture medium and seeded at a density of 0.25*106 cells 

per well of a 96-well round bottom plate. Cells were rested for 2 h at 37 °C, 5% CO2. Either D1-

like receptor agonist A68930, D2-like receptor agonist ropinirole or pan-DR agonist 

apomorphine was added directly to the wells at indicated concentrations. Concentrations were 

selected based on EC50 values for respective receptors. Stimulation with PMA/Iono (1.25 nM 

and 0.125 μg/ml, respectively) served as control. After 24 h cells were analyzed for CD69 

expression and Annexin V binding by flow cytometry as described in subsequent section. 

 

T cell-independent B cell stimulation 

Protocol was adapted from Marasco et al. (2017). PBMCs were stained with CFDA-SE as 

described in subsequent section (see p. 38, 3rd paragraph). Afterwards cells were resuspended 

in B cell culture medium. 0.25*106 CFSE-stained PBMCs were seeded per well of a 96-well 

round bottom plate and stimulated with CpG ODN 2006 (0.35 μM) and indicated concentrations 

of D1-like receptor agonist A68930. Cells were cultured for 6 days at 37 °C, 5% CO2. 

Supernatants were stored at -80 °C for further analysis. B cell proliferation and differentiation 

was analyzed by flow cytometry as described in subsequent section.  

 

T cell-dependent B cell stimulation 

Protocol was adapted from Gao et al. (2018). Freshly isolated PBMCs were counted and split 

into two. At least 22*106 PBMCs were stained per sorting panel (listed in Table 5) for 20 min 

at 4 °C. Cells were sorted by Dr. Maren Claus on BD FACSJazz equipped with a blue (488 

nm) and yellow-green (561 nm) laser. Numbers of sorted cells are depicted in Figure 5 A. 
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B cells were stained with CFDA-SE as described subsequently (see p. 38, 3rd paragraph). Cell 

numbers were determined thereafter and are shown in Figure 5 B. Naive CD19+TCRα/β-

IgD+CD27- (20,000 cells/well) and memory CD19+TCRα/β-CD27+ B cells (15,000 cells/well) 

were either cultured alone or together with TCRα/β+CD19-CD45RA-CXCR5+ TFH cells (ratio 

1:1) under stimulation with staphylococcal enterotoxin B (SEB, 100 ng/ml) and indicated 

concentrations of D1-like receptor agonist A68930. Cells were cultured for 6 days at 37 °C, 5% 

CO2. B cell proliferation and differentiation was analyzed by flow cytometry.  

 

Figure 5: Obtained cell numbers for T cell-dependent B cell stimulation in vitro.  
A) Cell yield after fluorescence associated cell sorting with BD FACSJazz. Within the first sort naive B cells were 
identified as CD19+TCRα/β-IgD+CD27-, and memory B cells comprised both non-switched and class-switched 
memory B cells CD19+TCRα/β-CD27+. TFH cells were identified as TCRα/β+CD19-CD45RA-CXCR5+ within the 
second sort. B) Numbers of B and TFH cells after CFDA-SE staining or resting on ice, respectively, used for culture. 
Both graphs show mean with SD, points represent individual samples. 

 

3.2.3. Flow cytometric analysis 

Samples were analyzed on a BD LSR Fortessa. At least 100,000 events were recorded in the 

live gate, whenever possible. Data were analyzed with FlowJo Version 10.3. FlowJo Version 

887 was used for analysis of B cell proliferation. For analysis of these multi-color panels, gates 

were set based on appropriate fluorescence minus one (FMO) controls that include all 

antibodies of interest except one. 

 

Extracellular staining 

0.5*106 cells were dispensed per well of a 96-well V-bottom plate and kept on ice during the 

whole staining procedure. First, cells were incubated with Zombie NIR Fixable Viability dye in 

DPBS for 20 min at 4 °C. Cells were washed with DPBS and next, unspecific binding was 

blocked by incubation with FACS blocking buffer (2% BSA in DPBS) for 20 min at 4 °C. After 

washing, cells were stained with optimally diluted antibodies in FACS buffer (2% FBS in DPBS) 

for 20 min at 4 °C. Different panels are listed in Table 4. After another washing step with FACS 

buffer, cells were immediately analyzed or further processed. 
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Intracellular staining 

For intracellular staining of D2 DR, D4 DR and TH, extracellularly stained samples were fixed 

with FACS fixation buffer (2% PFA in FACS buffer) for 10 min at RT. Afterwards cells were 

washed FACS buffer and then permeabilized with BD FACS Permeabilizing Solution 2 for 10 

min at RT. Cells were again washed with FACS buffer. Unspecific intracellular binding was 

blocked in an additional blocking step with FACS blocking buffer for 20 min at RT. Cells were 

washed with FACS buffer and next stained intracellularly for 20 min at RT. After another 

washing step with FACS buffer, unconjugated primary antibodies were labeled with a 

secondary PE-labeled donkey anti-rabbit antibody during 20 min incubation at RT. Finally, cells 

were washed with FACS buffer and immediately analyzed. 

 

Annexin V staining 

To identify cells undergoing apoptosis, extracellularly stained PBMCs were resuspended in 

Annexin V binding buffer and stained with Annexin V-FITC for 15 min at RT. Equal volume 

Annexin V binding buffer was added afterwards. Cells were analyzed within 1 h. 

 

CFDA-SE staining prior to culture 

Proliferation was analyzed by CFSE-dye dilution. Cells were first stained with the Vybrant 

CFDA-SE Cell Tracer Dye. 1*106 cells were resuspended in 1 ml DPBS / 0.5 μM CFDA-SE 

and stained for 30 min at 37 °C, 5% CO2. Excess staining was blocked with medium containing 

32.5% FBS. After centrifugation cells were resuspended in pre-warmed medium and used for 

culture in desired concentration.  

 

Analysis of intracellular signaling 

After stimulation with selective agonists or antagonists GPCRs respond within 5-30 min 

(Beaulieu 2016). To analyze intracellular signaling in B cells after D1-like receptor stimulation 

of PBMCs, Phosflow technique was applied.  

0.5*106 PBMCs were seeded per well of a 96-well round bottom plate. PBMCs were rested for 

2 h at 37 °C, 5% CO2. D1-like receptor agonist A68930 was added directly to the wells at 

indicated concentrations and for indicated times. PMA (40 nM) served as positive control. Cells 

were fixed with 2% PFA in culture medium for 10 min at 37 °C 5% CO2. Afterwards cells were 

transferred to a 96-well V-bottom plate and washed with FACS buffer. Subsequently, cells 

were stained extracellularly for 20 min at RT. Cells were again washed with FACS buffer and, 

depending on investigated (phospho-) protein, either permeabilized with BD FACS 

Permeabilizing Solution 2 for 10 min at RT or with methanol for 30 min at 4 °C. Cells were 

washed with FACS buffer and next, cells were stained intracellularly with antibodies against 

Ki-67 or pERK and pCREB for 20 min at RT. Both panels are listed in Table 4. Afterwards cells 

were washed with FACS buffer and immediately analyzed. 
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3.2.4. Immunological analysis 

TriCat TM ELISA 

For quantification of catecholamine content in immune cells, 1*106 freshly isolated PBMCs 

were pelleted by centrifugation at 400 x g, 4 °C for 10 min and frozen at -80 °C. Further, Gabi 

Baumhoer from the department of analytical chemistry of the IfADo processed samples and 

performed TriCat ELISA. Briefly, cell pellets were lysed in 100 μl 0.1 M HClO4 with 100 μM 

ascorbic acid. Thereafter, catecholamines were extracted and analyzed as described by the 

manufacturer. Limits of detection were 4, 8 and 20 pg/ml for DA, NE and Epi, respectively. 

 

ELISA 

To assess the effect of D1-like receptor stimulation on IgG secretion of B cells the human IgG 

ELISA development kit from Mabtech was used. Assay was performed according to guidelines, 

except downscaling the volume in all steps to the half. Samples were measured in duplicate 

and optimal dilutions of supernatants were determined in preceding assays. pNPP was used 

as substrate. Absorbance at 405 nm was measured after 30 min. 

For quantification of secreted IL-6 and IL-8 human IL-6 ELISA MAXTM and human IL-8 ELISA 

MAXTM Standard Sets from Biolegend were used, respectively. Assays were performed as 

described by the manufacturer, except downscaling of volume in all steps to the half. Samples 

were measured in duplicate and optimal dilutions of supernatants were determined in 

preliminary assays. TMB was used as substrate. Reactions were stopped with 2N H2SO4 after 

20 min. Absorbance was determined at 570 and 450 nm. Absorbance at 570 nm was 

subtracted from absorbance at 450 nm. 

 

Cytometric bead array 

Supernatants from T cell-independent B cell stimulations were analyzed by cytometric bead 

arrays for secreted IL-6, IL-10, TNF-α and CCL3 within the LEGENDplexTM Human Th 

Cytokine Panel and Human Proinflammatory Chemokine Panel, respectively. Assays were 

performed as described in respective protocols, except downscaling of volume in all steps to 

a third. Samples were measured in duplicate and read on BD LSR Fortessa. Data was 

analyzed with BioLegend’s LEGENDplexTM Software v8. 

 

3.2.5. Statistical analysis 

Statistical analysis was performed with Prism 8 software (GraphPad). 

Numbers of investigated subjects are indicated in figures for each experiment. In descriptive 

analysis, outliers were identified and removed by iterative Grubbs’ test (α = 0.05). Two-way 

analysis of variance (ANOVA) or mixed-effects analysis with Geisser-Greenhouse correction 

was performed, depending on missing values, followed by Bonferroni’s multiple comparisons 
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test. Pearson correlation with linear regression was used for correlation of expression data 

with clinical parameters. Data from in vitro stimulations are presented as absolute changes to 

control due to inter-individual differences. Here, unpaired T test was additionally used for 

analysis of control values between HC and RA. P values as indicated: *p ≤ 0.05, **p ≤ 0.01, 

***p ≤ 0.005, ****p < 0.0001.   
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4. Results 

4.1. Study of dopamine receptor expression in peripheral immune cells 

To study the expression of D1-D5 DR on protein level and directly compare the expression 

levels between peripheral T cells, B cells, NK cells and monocytes, PBMCs were investigated 

in a comprehensive approach by multi-color flow cytometry.  

Since the homology between the different DRs is up to 80% (Beaulieu and Gainetdinov 2011) 

antibodies detecting epitopes specific for each DR are limited. Here, the five DR were either 

stained extracellularly with fluorochrome-conjugated antibodies (D1, D3, D5) or intracellularly 

with unconjugated antibodies against cytoplasmic regions of the receptors (D2, D4) and 

detected via secondary PE-labeled antibodies.  

To detect disease-related alterations in expression of D1-D5 DR, heterogeneous groups of 

rheumatic patients were recruited for cross-sectional study and compared with age- and sex-

matched HC. Table 7 (see appendix) summarizes the characteristics of investigated HC and 

RA, PsA and SpA patients for cross-sectional study on expression of D1-D5 DR in peripheral 

immune cells.  
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4.1.1. T cells 

Expression of D1-D5 DR in T cells was determined as shown in Figure 6 A. After doublets and 

dead cells were excluded, CD3+CD56- T cells were gated in the lymphocyte population. All five 

DR were detected on peripheral CD3+ T cells of HC and rheumatic patients (Figure 6 B). Within 

CD3+ T cells, D2-like receptors were expressed at higher frequencies than D1-like receptors. 

More specifically, D2 and D4 DR showed the highest frequencies, followed by D3, D1 and D5 

DR. Donor-dependent variations in expression of each single DR were present. No differences 

in expression of D1-D5 DR were detected between HC and rheumatic patients. 

 

 

Figure 6: D1-D5 DR are expressed on peripheral CD3+CD56- T cells.  
PBMCs obtained from HC, RA, PsA and SpA patients were analyzed for D1-D5 DR expression by flow cytometry. 
A) Gating strategy to determine frequency of T cells expressing D1-D5 DR. First, doublets and dead cells were 
excluded in FSC-A/FSC-H plot and based on positivity of Zombie NIR staining, respectively. Lymphocytes were 
identified based on size and granularity in FSC-A/SSC-A plot. T cells were identified as CD3+CD56- cells. 
Representative full staining of D1-like and D2-like DR in T cells with respective FMO controls in grey are shown 
below. B) Quantification of DR expression in T cells of HC, RA, PsA and SpA patients. Subjects were age- and sex-
matched. Outliers were identified and removed by Iterative Grubbs’ test (α = 0.05) as indicated in the sample size. 
Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. Bonferroni’s multiple comparisons test was used 
to compare D1-D5 DR expression between groups. DR: dopamine receptor, FMO: fluorescence minus one, HC: 
healthy control, PsA: psoriasis arthritis, RA: rheumatoid arthritis, SpA: ankylosing spondylitis 
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4.1.2. B cells 

B cells were identified as CD19+ lymphocytes within the same staining panel (Figure 7 A). D1-

D5 DR were expressed on peripheral B cells (Figure 7 B). As for T cells, CD19+ B cells 

presented higher frequencies of cells expressing D2-like receptors than D1-like receptors. 

Again, frequencies of D2 and D4 DR expressing cells were highest, followed by D3, D1 and D5 

DR. Expression of D1-D5 DR varied between the investigated subjects. While the expression 

of D2 and D3 DR only tended to be elevated in peripheral B cells of RA compared to HC, the 

frequency of D1 DR expressing CD19+ B cells was significantly increased in RA (p = 0.004), 

but not in PsA or SpA.  

 

 

Figure 7: D1-D5 DR are expressed on peripheral CD19+ B cells.  
PBMCs obtained from HC, RA, PsA and SpA patients were analyzed for D1-D5 DR expression by flow cytometry. 
A) Gating strategy to determine frequency of B cells expressing D1-D5 DR. As in the previous figure, doublets and 
dead cells were excluded in FSC-A/FSC-H plot and based on positivity of Zombie NIR staining, respectively. 
Lymphocytes were identified based on size and granularity in FSC-A/SSC-A plot. B cells were identified as 
CD19+CD3- cells. Representative full staining of D1-like and D2-like DR in B cells with respective FMO controls in 
grey are shown below. B) Quantification of DR expression in B cells of HC, RA, PsA and SpA patients. Data from 
rituximab-treated patients were excluded herein. Subjects were age- and sex-matched. Outliers were identified and 
removed by Iterative Grubbs’ test (α = 0.05) as indicated in the sample size. Box plots show 10th, 25th, 50th (median), 
75th, and 90th percentile. Bonferroni’s multiple comparisons test was used to compare D1-D5 DR expression between 
groups (**p ≤ 0.01). DR: dopamine receptor, FMO: fluorescence minus one, HC: healthy control, PsA: psoriasis 
arthritis, RA: rheumatoid arthritis, SpA: ankylosing spondylitis 
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By analyzing the DR expression in peripheral B cells in relation to subject characteristics 

gender differences were detected (Figure 8 A). Particularly, female HC revealed lower 

frequencies of D1 DR expressing peripheral B cells compared to male HC (p = 0.0109). 

Moreover, B cells of female RA patients presented a significantly elevated D1 DR expression 

compared to female HC (p = 0.0001). The frequency of D1 DR expressing B cells did not 

correlate with the age of female donors and patients (Figure 8 B). In contrast, frequency of D1 

DR expressing B cells was significantly rising with disease duration of female RA patients 

(Figure 8 C, p = 0.0035, r = 0.65). Notably, age and disease duration of female RA patients 

did not correlate. Since DAS28 and FFbH scores were not always available at date of blood 

sampling, some data could not be correlated and therefore n-numbers were limited. Within the 

available data, frequency of D1 DR expressing B cells did not correlate with available DAS28 

score (Figure 8 D). However, the frequency of D1 DR expressing B cells tended to inversely 

correlate with functional capacity of female RA patients (Figure 8 E, p = 0.0934, r = -0.53). 

Within the study population, elevated D1 DR expression was neither dependent on RF-

seropositivity or erosiveness of disease, nor dependent on therapy (data not shown). 

 

 

Figure 8: D1 DR expression on CD19+ B cells is specifically altered in female RA patients correlating with 
disease duration.  
Expression data was correlated with provided patient information. Differential expression of D1 DR on B cells was 
analyzed regarding sex (A). Data from female HC (white, n = 19) and RA patients (blue, n = 8-19) was further 
correlated with age (B), disease duration (C), DAS28 (D) and FFbH score (E). Data from rituximab-treated patients 
displaying an increased disease duration were excluded herein. Box plots show 10th, 25th, 50th (median), 75th, and 
90th percentile. Bonferroni’s multiple comparison test was used to compare D1 DR expression between sexes and 
groups (*P ≤ 0.05, ***P ≤ 0.001). Pearson correlation analysis with linear regression was used to analyze D1 DR 
expression in relation to clinical parameters (**P ≤ 0.01). DAS28: disease activity score 28 (high score indicating 
severe disease, maximum score: 10), DR: dopamine receptor, FFbH: Funktionsfragebogen Hannover (measuring 
patients’ functional capacity in percent), HC: healthy control, RA: rheumatoid arthritis  
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4.1.3. NK cells 

NK cells were identified as CD56+CD3- cells within the lymphocyte population (Figure 9 A). 

Compared to T and B cells, NK cells expressed higher frequencies of D1-D5 DR (Figure 9 B). 

Additionally, the balance between D1-like and D2-like receptors was less distinct within CD56+ 

NK cells. In general, D3 DR was expressed at highest frequencies followed by D1 DR, whereas 

expression levels of D2 and D4 DR were comparable. Only D2 and D4 DR presented variability 

between donors and patients investigated. While the frequency of NK cells expressing D1 DR 

only tended to be decreased in RA compared to HC, the decrease in NK cells expressing D3 

DR was significant, yet small (p = 0.0493, mean difference = 1.164).  

 

 

Figure 9: D1-D5 DR are expressed on peripheral CD56+CD3- NK cells. 
 PBMCs obtained from HC, RA, PsA and SpA patients were analyzed for D1-D5 DR expression by flow cytometry. 
A) Gating strategy to determine frequency of NK cells expressing D1-D5 DR. As in the previous figures, doublets 
and dead cells were excluded in FSC-A/FSC-H plot and based on positivity of Zombie NIR staining, respectively. 
Lymphocytes were identified based on size and granularity in FSC-A/SSC-A plot. NK cells were identified as 
CD56+CD3- cells. Representative full staining of D1-like and D2-like DR in NK cells with respective FMO controls in 
grey are shown below. B) Quantification of DR expression in NK cells of HC, RA, PsA and SpA patients. Subjects 
were age- and sex-matched. Outliers were identified and removed by Iterative Grubbs’ test (α = 0.05) as indicated 
in the sample size. Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. Bonferroni’s multiple 
comparisons test was used to compare D1-D5 DR expression between groups (*p ≤ 0.05). DR: dopamine receptor, 
FMO: fluorescence minus one, HC: healthy control, PsA: psoriasis arthritis, RA: rheumatoid arthritis, SpA: 
ankylosing spondylitis 
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Moreover, as presented in the exemplary gating in Figure 9 A, expression of D1 and D3 DR 

differed between CD56bright and CD56dim NK cells. Further subgating of NK cells based on the 

surface density of CD56 (Figure 10 A) revealed a significant increase of both D1 and D3 DR 

with NK cell maturation from CD56bright to CD56dim (Figure 10 B and C, overall p < 0.0001). 

While CD56dim cells revealed overall high expression of D1 and D3 DR, CD56bright NK cells 

showed a more variable expression of D1 and D3 DR. CD56bright NK cells of SpA patients 

expressed significantly higher levels of D1 DR than HC (Figure 10 B, p = 0.0421). No difference 

could be detected between HC and RA or PsA.  

Nevertheless, data was correlated with disease parameters of RA patients. Frequency of D1 

DR expressing CD56bright NK cells did not correlate with disease duration (Figure 11 A), but 

with DAS28 score (Figure 11 B, p = 0.0033, r = 0.826). Additionally, D1 DR expression 

correlated inversely with functional capacity of investigated RA patients (Figure 11 C, p = 

0.0024, r = -0.764). Frequency of CD56bright NK cells expressing D3 DR did not correlate with 

clinical parameters (data not shown). 

 

 

Figure 10: Expression of D1 and D3 DR differs between CD56bright and CD56dim NK cells.  
A) Gating strategy. CD56+CD3- NK cells were further divided based on surface density of CD56 expression. 
Representative full staining of D1 and D3 DR on CD56dim and CD56bright NK cells with respective FMO controls in 
grey. Quantification of D1 (B) and D3 DR (C) expression on CD56bright and CD56dim NK cells of HC, RA, PsA and 
SpA patients. Subjects were age- and sex-matched. Outliers were identified and removed by Iterative Grubbs’ test 
(α = 0.05) as indicated in the sample size. Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. 
Bonferroni’s multiple comparisons test was used to compare D1 and D3 DR expression between groups and NK 
cell stages (*p ≤ 0.05, ****p ≤ 0.0001). DR: dopamine receptor, FMO: fluorescence minus one, HC: healthy control, 
PsA: psoriasis arthritis, RA: rheumatoid arthritis, SpA: ankylosing spondylitis 
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Figure 11: D1 DR expression on CD56bright NK cells correlates with disease severity and functional 
impairment in RA.  
Frequency of D1 DR expressing CD56bright NK cells of RA patients was correlated with disease duration (A), disease 
activity (B) and functional capacity (C) of RA patients (n = 10-24). Pearson correlation analysis with linear regression 
was used to analyze D1 DR expression in relation to clinical parameters (**P ≤ 0.01). DAS28: disease activity score 
28 (high score indicating severe disease, maximum score: 10), DR: dopamine receptor, FFbH: 
Funktionsfragebogen Hannover (measuring patients’ functional capacity in percent), RA: rheumatoid arthritis 

 
4.1.4. Monocytes 

As for identification of aforementioned immune cells, doublets and dead cells were first 

excluded in the gating strategy for monocytes (Figure 12 A). Here, monocytes presented 

generally higher background staining with Zombie NIR than the lymphocyte population due to 

their bigger size and thus amount of free amine groups. Further, monocytes were gated based 

on size and granularity in FSC/SSC plot and by expression of CD14. Expression of DR in 

CD14+ monocytes was high, except for D5 DR (Figure 12 B), similar to expression of NK cells 

and exceeding the frequencies of D1-D5 DR positive T and B cells. D3 DR showed the highest 

expression in CD14+ monocytes followed by D1, D2, D4, and D5 DR. Only the expression levels 

of D2, D4, and D5 DR displayed some variability between subjects. Though, CD14+ monocytes 

of SpA patients revealed a significant, yet small, increase in D1 DR expression compared to 

HC (p = 0.0033, mean difference = 0.4471). 

 

4.1.5. Correlation with subject characteristics and clinical data 

The already demonstrated sex-specific difference of D1 DR expression on B cells in HC as well 

as female HC and RA was the only sex-difference detected. Expression data did not correlate 

with the age of investigated subjects (data not shown). All disease-related differences in D1-D5 

DR expression that were statistically significant were correlated with provided patient 

information as well as disease parameters as already shown for D1 DR on B cells. Altered 

expression of D3 DR on CD56+ NK cells of RA patients did not correlate with disease duration, 

DAS28 or FFbH score and it was neither specific for the presence of RF-, ACPA-

autoantibodies and erosiveness of disease, nor dependent on therapy (data not shown). 

Expression of D1 DR on CD56bright NK cells and CD14+ monocytes of SpA patients was not 

correlating with disease duration, ASDAS, BASDAI or BASFI score (data not shown). Influence 

of therapy on D1 DR expression on CD56bright NK cells and CD14+ monocytes of SpA patients 
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could not be evaluated statistically because the majority of investigated SpA patients received 

biologics targeting TNF-α and numbers of patients treated with anti-IL-17, anti-IL-12/23 

biologic DMARD or conventional DMARD were limited. 

 

 

Figure 12: D1-D5 DR are expressed on peripheral CD14+ monocytes.  
PBMCs obtained from HC, RA, PsA and SpA patients were analyzed for D1-D5 DR expression by flow cytometry. 
A) Gating strategy to determine frequency of monocytes expressing D1-D5 DR. As in the previous figures, doublets 
and dead cells were excluded in FSC-A/FSC-H plot and based on positivity of Zombie NIR staining, respectively. 
Monocytes were identified based on size and granularity in FSC-A/SSC-A plot and further by surface expression of 
CD14. Representative full staining of D1-like and D2-like DR in monocytes with respective FMO controls in grey are 
showed below. B) Quantification of DR expression in monocytes of HC, RA, PsA and SpA patients. Subjects were 
age- and sex-matched. Outliers were identified and removed by Iterative Grubbs’ test (α = 0.05) as indicated in the 
sample size. Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. Bonferroni´s multiple comparisons 
test was used to compare D1-D5 DR expression between groups (**p ≤ 0.01). DR: dopamine receptor, FMO: 
fluorescence minus one, HC: healthy control, PsA: psoriasis arthritis, RA: rheumatoid arthritis, SpA: ankylosing 
spondylitis 
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4.2. Synthesis of catecholamines by immune cells 

To measure the immune cells capability for dopamine synthesis, expression of TH, the rate-

limiting enzyme in catecholamine synthesis, was studied by flow cytometry. For this purpose, 

a fluorochrome-conjugated antibody against TH was used for intracellular staining. Immune 

cell subsets were identified as shown in previous figures and subsequently TH+ cells were 

gated based on FMO control (Figure 13 A). All investigated immune cell subpopulations 

expressed TH at high frequencies. Monocytes of PsA and SpA patients showed significantly 

increased expression levels compared to HC, although differences were small (p =0.0298, 

mean difference = 0.2006 and p = 0.0473, mean difference = 0.1833, respectively). 

 

 

Figure 13: TH as the rate-limiting enzyme of catecholamine synthesis is expressed in peripheral immune 
cells.  
PBMCs obtained from HC, RA, PsA and SpA patients were analyzed for TH expression by flow cytometry. A) Gating 
to determine frequency of TH expressing cells. Expression of TH in defined immune cell subpopulations identified 
as previously shown with FMO controls in grey. B) Quantification of TH in T cells, B cells, NK cells and monocytes 
of HC, RA, PsA and SpA patients. Subjects were age- and sex-matched. Outliers were identified and removed by 
Iterative Grubbs’ test (α = 0.05) as indicated in the sample size. Box plots show 10th, 25th, 50th (median), 75th, and 
90th percentile. Bonferroni’s multiple comparisons test was used to compare TH expression between groups (*p ≤ 
0.05). FMO: fluorescence minus one, HC: healthy control, PsA: psoriasis arthritis, RA: rheumatoid arthritis, SpA: 
ankylosing spondylitis, TH: tyrosine hydroxylase 

 

To prove the results on TH expression in immune cells, freshly isolated PBMCs were also 

analyzed for catecholamine content by TriCat ELISA. Up to this point, analyses were limited 

to samples from HC and RA patients. Not all analyzed PBMCs exhibited detectable levels of 

DA, NE or Epi and therefore, individual values are presented in Figure 14. DA was detected 

exclusively in PBMCs of RA patients indicating a disease-specific difference. NE was detected 

in most samples analyzed and especially PBMCs of RA revealed huge differences in 



4. Results 

53 

 

concentration. Detectable Epi levels in PBMCs were comparable between HC and RA. 

Unfortunately, due to the limited number of investigated samples and partially undetectable 

levels, data was not quantifiable. 

 

 
Figure 14: Freshly isolated PBMCs contain catecholamines. 
Freshly isolated PBMCs of HC and RA patients were lysed and next, content of DA, NE and Epi was determined 
by TriCat ELISA. Graph shows individual values with mean and SD. Some values were below limit of detection and 
thus impeding statistical analysis. Preliminary data. DA: dopamine, Epi: epinephrine, HC: healthy control, n.d.: not 
detected, NE: norepinephrine, RA: rheumatoid arthritis 

 

 

4.3. Functional impact of dopaminergic stimulation in peripheral immune cells 

After detecting D1- and D2-like receptors in peripheral T cells, B cells, NK cells and monocytes 

and additionally showing their capacity to synthesize DA, functional effect of DR stimulation 

were investigated. Different studies already found that DA impacts activation and apoptosis of 

peripheral immune cells (Colombo et al. 2003; Zhu et al. 2017; Keren et al. 2019; Bergquist et 

al. 1997). However, contribution of D1-like and D2-like receptors is not fully understood. To 

study the respective impact of D1- and D2-like receptor stimulation on activation and apoptosis 

of peripheral immune cells, selective agonists were used. PBMCs from HC as well as RA, PsA 

and SpA patients (listed in Table 8, see appendix) were stimulated for 24 h in vitro with D1-like 

receptor specific agonist A68930, D2-like receptor specific agonist ropinirole or pan-DR agonist 

apomorphine and thereafter analyzed for CD69 expression and Annexin V binding. 

 

4.3.1. Activation of peripheral immune cells 

CD69 is a transmembrane C-type lectin being expressed by various immune cells and 

increases in response to activation (Ziegler et al. 1994). Its expression was investigated in 

peripheral T cells (Figure 15 A), B cells (Figure 15 B), NK cells (Figure 15 C) and monocytes 

(Figure 15 D) after 24 h stimulation of DR.  

Generally, frequencies of CD69 expressing immune cells were low in basal state and did not 

differ between healthy and diseased subjects. Though, especially T cells but also NK cells and 

monocytes of some SpA patients tended towards higher CD69 expression than HC. Treatment 

with PMA/Iono induced strong increase in CD69 expression in all immune cell subsets 

investigated. Irrespective which class of DR was stimulated, expression of CD69 remained 
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unaltered in peripheral T cells and B cells of HC, RA, PsA and SpA patients. D1-like receptor 

stimulation with specific agonist A68930 did also not induce any change of CD69 expression 

in NK cells and monocytes. Pan-DR stimulation with apomorphine decreased CD69 

expression significantly in NK cells of RA patients at 10-6 M (p = 0.0435) and stimulation of D2-

like receptors with ropinirole increased CD69 expression significantly in monocytes of HC at 

10-8 M compared to unstimulated control (p = 0.0414). However, observed changes in 

frequencies of CD69 positive cells were small and thus may be functionally irrelevant. Apart 

from that D2-like receptor or pan-DR stimulation did not further affect CD69 expression. 

 

4.3.2. Apoptosis of peripheral immune cells 

Apoptotic cells can be identified by Annexin V binding (Vermes et al. 1995). Effect of DR 

stimulation on apoptosis of peripheral T cells (Figure 16 A), B cells (Figure 16 B), NK cells 

(Figure 16 C) and monocytes (Figure 16 D) was determined after 24 h of DR stimulation. 

Frequencies of Annexin V++ cells were assessed in the Zombie- population. Thus, dead cells 

were already excluded facilitating evaluation of apoptotic cells at the time point of analysis. 

Frequencies of Annexin V++ NK cells and monocytes were generally low. B cells, especially of 

RA, showed higher rates of Annexin V binding, but frequency of Annexin V++ T cells was 

highest in basal state without any stimulus (note differentially segmented axis). Stimulation 

with PMA/Iono tended to increase the frequency of Annexin V++ cells in T cells, NK cells and 

monocytes. As PMA/Iono served as strong stimulus, decreased frequencies of Annexin V++ B 

cells may depend on the chosen time point for analysis and suggested earlier apoptosis. 

Stimulation of D1-like receptors with A68930 increased frequency of Annexin V++ T cells from 

RA patients significantly at 10-9 M and 10-8 M (p = 0.0127 and p = 0.0135, respectively). D2-like 

receptor stimulation with ropinirole led to increased frequencies of Annexin V++ T cells from 

HC at 10-8 M, 10-7 M, and 10-6 M (p = 0.0048, p = 0.0373 and p = 0.0204, respectively). RA T 

cells showed increased Annexin V binding only at 10-7 M ropinirole (p = 0.0437). Beside the 

observed effects of D2-like receptor stimulation in T cells, ropinirole increased frequency of 

Annexin V++ NK cells of SpA patients at 10-6 M (p = 0.0367). Pan-DR stimulation with 

apomorphine increased Annexin V++ frequency in T cells from RA patients at 10-7 M and 10-6 

M (p = 0.0358 and p = 0.003, respectively). For HC, a significantly elevated frequency of 

Annexin V++ T cells was only detected after apomorphine stimulation at 10-7 M (p = 0.0185). 

So especially T cells of HC and RA were prone to increased Annexin V++ binding after DR 

stimulation, independently which receptor(s) were targeted.  
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Figure 15: Short-term dopaminergic stimulation does not affect expression of the early activation marker 
CD69 in peripheral immune cells. 
PBMCs of HC, RA, PsA and SpA patients were stimulated for 24 h in vitro with either D1-like receptor agonist 
A68930, D2-like receptor agonist ropinirole or pan-DR agonist apomorphine at indicated concentrations. PMA/Iono 
served as positive control. Following short-term DR stimulation frequencies of CD69 expressing T cells (A), B cells 
(B), NK cells (C), and monocytes (D) were analyzed by flow cytometry. Immune cell subsets were gated as shown 
in chapter 4.1. Data from rituximab-treated patients were excluded herein. Subjects were not age- and sex-matched. 
Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. Bonferroni’s multiple comparisons test was 
used to determine impact of stimulation vs. unstimulated control within each group (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 
0.001, ****p ≤ 0.0001). HC: healthy control, PsA: psoriasis arthritis, RA: rheumatoid arthritis, SpA: ankylosing 
spondylitis 
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Figure 16: Short-term dopaminergic stimulation tends to increase apoptosis of peripheral immune cells, 
primarily T cells.  
PBMCs of HC, RA, PsA and SpA patients were stimulated for 24 h in vitro with either D1-like receptor agonist 
A68930, D2-like receptor agonist ropinirole or pan-DR agonist apomorphine at indicated concentrations. PMA/Iono 
served as control. Following short-term DR stimulation frequencies of apoptotic T cells (A), B cells (B), NK cells (C), 
and monocytes (D) were detected by flow cytometry as Annexin V++ in the Zombie- population. Immune cell subsets 
were gated as shown in chapter 4.1. Data from rituximab-treated patients were excluded herein. Subjects were not 
age- and sex-matched. Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. Bonferroni’s multiple 
comparisons test was used to determine impact of stimulation vs. unstimulated control within each group (*p ≤ 0.05, 
**p ≤ 0.01). HC: healthy control, PsA: psoriasis arthritis, RA: rheumatoid arthritis, SpA: ankylosing spondylitis 

 



4. Results 

57 

 

4.3.3. Secretion of pro-inflammatory cytokines 

D1 DR was found to be exclusively upregulated in B cells of RA patients, not in those of PsA 

or SpA patients (Figure 7). To determine if this increased expression favors acute D1-like 

receptor stimulation and consequently modulates IL-6 and IL-8 secretion, supernatants of  

24 h stimulated PBMCs from HC and RA patients were analyzed by ELISA. 

Generally, concentrations of IL-6 and IL-8 did not differ between HC and RA patients (Figure 

17). Concentration of IL-6 was overall low and unaltered by D1-like receptor agonist A68930 

(Figure 17 A). On the contrary, basal concentration of IL-8 was higher and tended to decrease 

by D1-like receptor stimulation in RA (Figure 17 B). 

 

 
Figure 17: Short-term D1-like receptor stimulation leaves IL-6 secretion unaltered but tends to decrease 
secretion of IL-8 in PBMCs of RA patients. 
PBMCs of HC and RA were stimulated for 24 h in vitro with D1-like receptor agonist A68930 at indicated 
concentrations. Concentrations of IL-6 and IL-8 in supernatants were quantified by ELISA. Subjects were not age- 
and sex-matched. Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. Bonferroni’s multiple 
comparisons test was used to determine impact of stimulation vs. unstimulated control within each group. HC: 
healthy control, RA: rheumatoid arthritis  
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4.4. Focus on the functional role of D1 DR in B cells 

4.4.1. Expression of D1 DR during B cell maturation 

As shown in Figure 7, only RA patients displayed a significantly increased frequency of D1 DR 

expressing CD19+ B cells. Next, interest was focused on D1 DR expression during B cell 

development. Therefore, D1 DR expression was analyzed in different B cell maturation stages 

based on characteristic antigen expression by flow cytometry. Characteristics of investigated 

HC and RA patients are listed in Table 9 (see appendix). 

 

Figure 18: D1 DR expression rises during B cell maturation and peripheral naive B cells of RA patients 
express higher D1 DR levels than HC. 
D1 DR expression was studied in defined B cell subpopulations of HC and RA patients by flow cytometry. A) Gating 
strategy to investigate frequency of D1 DR expression in naive (1, CD19+TCRα/β-IgD+CD27-), non-switched memory 
(2, CD19+TCRα/β-IgD+CD27+), class-switched memory B cells (3, CD19+TCRα/β-IgD-CD27+) and plasmablasts (4, 
CD19+TCRα/β-CD27+CD38-), grey: FMO control. B) Quantification of D1 DR on aforementioned B cell subsets of 
HC and RA. Subjects were age- and sex-matched. Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. 
Bonferroni’s multiple comparisons test was used to analyze D1 DR expression between groups and B cell stages 
(*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p < 0.0001). Comparison within HC and RA groups: naive B *, non-switched 
memory B #, switched memory B $. DR: dopamine receptor, FMO: fluorescence minus one, HC: healthy control, 
RA: rheumatoid arthritis 
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As introduced before, B cells were identified within the lymphocyte population. Here, B cells 

were gated as CD19+TCRα/β- cells (Figure 18 A). Naive B cells were further identified by 

surface expression of IgD and absence of CD27. CD27 is expressed on memory B cells 

(Agematsu et al. 1997), based on parallel presence or absence of IgD they are either non-

switched or class-switched memory B cells, respectively. Moreover, plasmablasts were 

detected by high surface densities of CD27 and CD38 within B cells (Wei et al. 2011). 

Frequency of D1 DR expression was analyzed within every B cell population. 

As presented in Figure 18 B, D1 DR expression increased during B cell maturation. Naive B 

cells displayed the lowest frequencies of D1 DR, both in HC and RA patients. However, naive 

B cells of RA patients presented significantly increased expression of D1 DR compared to HC 

(p = 0.0273). Non-switched, switched memory B cells and plasmablasts showed elevated D1 

DR frequencies compared to naive B cells of HC (p < 0.0001 overall) and RA patients (p < 

0.0001, p = 0.0002 and p = 0.0001, respectively). Memory B cells of RA only tended to express 

higher D1 DR levels than HC (non-switched: p = 0.2383, switched: p = 0.3768). In contrast to 

a significant increase of D1 DR from non-switched to switched memory B cells in HC (p = 

0.0366), no significant difference was detected in RA. Frequency of D1 DR expressing 

plasmablasts was elevated compared to non-switched memory B cells both for HC (p < 0.0001) 

and RA (p = 0.0057). Increase of D1 DR from switched memory B cells to plasmablasts was 

also present in investigated samples, but less distinct in RA (HC: p < 0.0001, RA: p = 0.0093). 

Here, D1 DR expression did not correlate with subject characteristics and clinical data (data 

not shown). 

 

4.4.2. Modelling classical germinal center interactions in vitro 

Humoral immune responses develop dependent on T cells within lymphoid structures, which 

can also be detected ectopically in synovial tissues of 6 - 35% RA patients (Hutloff 2018). Papa 

et al. already demonstrated that DA is involved in GC interaction between B and TFH cells 

within secondary lymphoid organs (Papa et al. 2017). Because of the increased D1 DR 

expression detected in naive B cells of RA patients, the hypothesis emerged that dopaminergic 

signal transmission via D1 DR is promoting B cell activation, maturation, and various functions 

during RA.  

 

4.4.2.1. Expression of D1 DR in T helper cell subsets 

Prior to setting up in vitro co-cultures of B and TFH cells, the capability of TFH cells to sense 

stimulation via D1 DR was studied by flow cytometry (for subject characteristics see appendix, 

Table 9). The stained surface antigens also permitted investigation of D1 DR expression in 

naive and memory CD4+ T cells. Figure 19 A describes the gating strategy. Within the 

lymphocyte population, T helper cells were identified as CD4+TCRα/β+ cells. Naive CD4+ T 
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cells were gated as CD45RA+CXCR5-, memory CD4+ T cells as CD45RA-CXCR5- and TFH 

cells as CD45RA-CXCR5+ cells. Frequency of D1 DR expression was analyzed within every T 

cell population. As depicted in Figure 19 B, D1 DR expression also increased in more 

experienced CD4+ T cells compared to naive CD4+ T cells which displayed the lowest 

frequencies of D1 DR positive cells analyzed here. Only memory CD4+ T cells of RA patients 

revealed increased frequencies of D1 DR expression compared to naive CD4+ T cells (p = 

0.0003). However, D1 DR was strongly increased in TFH cells compared to naive CD4+ T cells 

(both HC and RA: p < 0.0001) as well as to memory CD4+ T cells (HC: p = 0.0014, RA: p < 

0.0001). Interestingly, frequency of peripheral D1 DR expressing TFH cells was significantly 

elevated in RA compared to HC (p = 0.005). D1 DR expression did not correlate with subject 

characteristics and clinical data (data not shown). 

 
Figure 19: D1 DR expression rises during T cell maturation and circulating TFH cells of RA patients express 
higher D1 DR levels than HC. 
D1 DR expression was studied on CD4+ T cell subpopulations of HC and RA patients by flow cytometry. A) Gating 
strategy to investigate frequency of D1 DR expression in naive (1, CD4+TCRα/β+CD45RA+CXCR5-), memory T cells 
(2, CD4+TCRα/β+CD45RA-CXCR5-), and TFH cells (3, CD4+TCRα/β+CD45RA-CXCR5+), grey: FMO control. B) 
Quantification of D1 DR in aforementioned T cell subsets of HC and RA. Subjects were age- and sex-matched. 
Outliers were identified and removed by Iterative Grubbs’ test (α = 0.05) as indicated in the sample size. Box plots 
show 10th, 25th, 50th (median), 75th, and 90th percentile. Bonferroni’s multiple comparisons test was used to analyze 
D1 DR expression between groups and T cell stages (**p ≤ 0.01, ***p ≤ 0.001, ****p < 0.0001). Comparison within 
HC and RA groups: naive T *, memory T #. DR: dopamine receptor, FMO: fluorescence minus one, HC: healthy 
control, RA: rheumatoid arthritis, TFH: follicular helper T cell 

 

4.4.2.2. Experimental setup 

Next, the impact of D1-like receptors in T cell-dependent B cell stimulation was determined 

(Figure 20 A). B cells and TFH cells were isolated and co-cultivated under SEB stimulation as 

depicted in Figure 20 B. SEB as a superantigen binds to the α-chain of major histocompatibility 

complex (MHC) class II on B cells and a non-specific common variable region on the TCR of  
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Figure 20: Experimental setup to investigate the influence of D1-like receptor stimulation in T cell-dependent 
B cell stimulation.  
A) Sketch about classical interaction of B and TFH cells in GC of the lymph node. B) Experimental setup. PBMCs 
were freshly isolated and stained for sorting. Naive (TCRα/β-CD19+IgD+CD27-) and memory B cells (TCRα/β-CD19+ 

CD27+) were sorted within the first panel, as well as TFH cells (CD19-TCRα/β+CD4+CD45RA-CXCR5+) within the 
second panel on a BD FACSJazz. B cells were stained with CFDA-SE and cultured either alone or in presence of 
TFH cells (1:1) under stimulation with SEB (100 ng/ml) and indicated concentrations of D1-like receptor agonist 
A68930. After 6 days in vitro B cell differentiation and proliferation were investigated by FACS staining and CFSE-
dye dilution on BD LSR Fortessa. B cells were gated as single, live, CD4- cells to exclude also autofluorescent/dead 
cells in BV421 channel. Gate 1 quantifies plasmablasts (CD27++CD38++), and gate 2 memory B cells (CD27+  

CD38-). GC: germinal center, SEB: staphylococcal enterotoxin B, TFH: follicular helper T cell 
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CD4+ T cells, mimicking physiological B-TFH interaction and leading to an uncontrolled release 

of pro-inflammatory cytokines and immune cell activation (Pinchuk et al. 2010). After 6 days of 

stimulation with the superantigen SEB and D1-like receptor agonist A68930, B cell 

differentiation and proliferation were investigated. To study possible dose-dependent effects 

of D1-like receptor agonist A68930, concentrations for stimulation were expanded. Notably, 

A68930 exhibits a strong affinity for D1-like receptors at 10-9 M and 10-8 M as already used for 

short-term stimulation of PBMCs. The additional applied concentrations of A68930 10-7 M and 

10-6 M rather activate D2-like receptors (Kebabian et al. 1990). As shown in the FACS plots of 

B cells (Figure 18) stimulation with SEB alone provided basis for survival, differentiation, and 

proliferation. Unfortunately, due to insufficient cell numbers isolated from RA patient blood and 

logistical issues experiments could only be performed with cells from HC (for characteristics 

see appendix Table 10). Similar to the expression of D5 DR in total CD19+ B and CD3+ T cells, 

D5 DR was almost absent in naive as well as memory B and in TFH cells (data not shown).  

 

4.4.2.3. Effect of D1-like receptor stimulation on T cell-dependent B cell 

stimulation 

Results of B cell proliferation and differentiation analysis are presented in Figure 21. Readouts 

were % divided B cells, i.e. frequency of B cells with diluted CFSE-dye (Figure 21 A), division 

index, i.e. the average number of cell divisions in the total B cell population (Figure 21 B), 

proliferation index, i.e. the number of cell divisions focusing only on the fraction of B cells 

undergoing at least one division (Figure 21 C), and plasmablast differentiation (Figure 21 D). 

Extent of these were in accordance with culture conditions. Particularly, memory B cells 

presented elevated proliferation as well as differentiation compared to naive B cells, and co-

culture with TFH cells boosted proliferation and differentiation compared to pure B cell cultures.  

Percentage of divided B cells remained overall unaltered under D1-like receptor stimulation 

with A68930 (Figure 21 A). However, memory B cells cultured alone seemed to be susceptible 

to stimulation of D1-like receptors and were either supported or impeded in cell division, 

depending on donor and concentration of A68930. A similar picture was observed for division 

index of B cells stimulated with D1-like receptor agonist (Figure 21 B). Overall, the proliferation 

index was not affected by D1-like receptor stimulation (Figure 21 C), albeit naive B cells of 

some donors appeared responsive to A68930 stimulation triggering proliferation. Conversely, 

proliferation index of memory B cells cultured alone tended to be decreased by A68930 at  

10-8 M (p = 0.116), as well as memory B cells in co-cultures with TFH stimulated with A68930 

at 10-9 M (p = 0.0925). Differentiation towards plasmablasts (Figure 21 D) was absent in 

cultures of naive B cells. Again, depending on donor and concentration of A68930, memory B 

cells cultured alone appeared to be sensitive for stimulation with D1-like receptor agonist. In 

co-cultures of memory B and TFH cells, stimulation with A68930 at 10-7 M decreased 

plasmablast maturation significantly (p = 0.0094). Stimulation of naive IgD+CD27- B cells with  
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Figure 21: D1-like receptor stimulation slightly affects B cell proliferation and maturation in the in vitro 
model for germinal center interactions. 
As illustrated in the previous figure, CFSE-stained naive or memory B cells were cultured either alone or with TFH 
cells and stimulated with SEB and indicated concentrations of D1-like receptor agonist A68930 for 6 days in vitro. 
Following long-term D1-like receptor stimulation proliferation and differentiation of CD19+ B cells were evaluated by 
flow cytometry. % Divided B cells (A), division index (B), proliferation index (C), and plasmablast frequency (D) of 
B cells under SEB stimulation are shown on the left for the respective cultures and presented as mean with SD, 
points represent individual samples. Effects of D1-like receptor stimulation are presented as absolute changes to 
SEB controls on the right for the respective cultures. Box plots show 10th, 25th, 50th (median), 75th, and 90th 
percentile. Bonferroni’s multiple comparisons tests was used to analyze the impact of cultivation and D1-like 
stimulation vs. SEB control (*p ≤ 0.05, **p ≤ 0.01, ***p < 0.001). HC: healthy control, SEB: staphylococcal 
enterotoxin B, TFH: follicular helper T cell 
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SEB supported their maturation towards CD27+ memory B cells (Figure 22). Overall, additional 

D1-like receptor stimulation had no effect on maturation of naive B cells. However, depending 

again on donor and concentration, D1-like agonist A68930 tended to in- or decrease naive B 

cell differentiation towards memory B cells. 

As mentioned, effects occurred depending on the donor. However, due to the small sample 

size correlation of observed effects with age or sex of HC was not possible. Functional 

differences between immune cells of male and female could only be assumed (data not 

shown). Frequencies of D1 DR expressing naive and memory B cells as well as TFH cells were 

comparable between donors and did not determine observed effects (data not shown). 

 

 
Figure 22: Maturation of naive towards memory B cells is hardly affected by D1-like receptor stimulation. 
As illustrated before, CFSE-stained naive B cells were cultured alone and stimulated with SEB and indicated 
concentrations of D1-like receptor agonist A68930 for 6 days in vitro. Following long-term D1-like receptor stimulation 
differentiation of B cells was evaluated by flow cytometry. Frequency of differentiated memory B cells under SEB 
stimulation is shown on the left and presented as mean with SD, points represent individual samples. Effects of D1-
like receptor stimulation are presented as absolute changes to SEB controls on the right. Box plots show 10th, 25th, 
50th (median), 75th, and 90th percentile. Bonferroni’s multiple comparisons test was used to analyze impact of D1-
like stimulation vs. SEB control. SEB: staphylococcal enterotoxin B 
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4.4.3. Effect of D1-like receptor stimulation on T cell-independent B cell 

stimulation 

To study the role of D1-like receptor stimulation in B cell activation independently of T cells, 

PBMCs were stimulated for 6 days in vitro with CpG and A68930 (for subject characteristics 

see appendix Table 11). CpG is a ligand for Toll-like receptor (TLR)-9 expressed by B cells 

and plasmacytoid dendritic cells in the blood. Especially Class B CpG ODN 2006 used here is 

known for its strong B cell activation but weak stimulation of plasmacytoid dendritic cells 

(Figure 23) (Krieg 2002).  

 

Figure 23: Model for T cell-independent B cell activation in vitro by Class B CpG ODN 2006 via TLR-9. 
Sketch about T cell-independent B cell stimulation. Among PBMCs, B cells and less frequently found plasmacytoid 
dendritic cells express TLR-9 sensing unmethylated CpG rich DNA. Following such stimulus B cells undergo 
proliferation, differentiation as well as class-switch recombination and secrete immunoglobulins and various 
cytokines. ODN: oligodeoxynucleotide, TLR: Toll-like receptor 

 
First, effects of D1-like receptor stimulation on B cell proliferation in PBMCs were analyzed by 

flow cytometric analysis on CFSE-dye dilution. Stimulation with CpG alone led to enumerable 

amount of % divided B cells (Figure 24 A) and B cell proliferation (Figure 24 B) both in HC and 

RA. Further stimulation of D1-like receptors had no effect on % divided B cells in both groups. 

However, the overall treatment effect of A68930 was significant for the proliferation index of B 

cells (p = 0.0004). Of note, different concentrations of A68930 directly compared to CpG 

control did not result in significant changes of proliferation index of B cells due to donor-

dependent differences. Patient characteristics as well as disease stage and therapy did not 

impact the effect of D1-like receptor stimulation of B cells (data not shown). Moreover, with 

respect to concentration of D1-like receptor agonist, both HC and RA presented similar 

changes in proliferation indices. The lower concentrations of A68930 at 10-9 M and 10-8 M which 

display a higher affinity for D1-like receptors increased B cell proliferation more than 10-7 M and 

10-6 M that rather activate D2-like receptors (Kebabian et al. 1990). However, this observation 

was not statistically significant. B cell proliferation was almost absent in unstimulated cultures 

(data not shown). 
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Figure 24: Proliferation of B cells, independent of T cells, is increased by D1-like receptor stimulation. 
PBMCs of HC and RA patients were stimulated with CpG (0.35 μM) and indicated concentrations of D1-like receptor 
agonist A68930 for 6 days in vitro. Following long-term D1-like receptor stimulation proliferation of CD19+ B cells 
was analyzed by CFSE-dye dilution via flow cytometry. % Divided (A) and proliferation index (B) of B cells under 
CpG stimulation are shown on the left and presented as mean with SD, points represent individual samples. Use 
of unpaired T test for comparison of basal levels between groups. Effects of D1-like receptor stimulation are 
presented as absolute changes to CpG controls on the right. Subjects were age- and sex-matched. Box plots show 
10th, 25th, 50th (median), 75th, and 90th percentile. Use of mixed-effects analysis to determine the overall influence 
of disease and treatment (###p ≤ 0.001). Bonferroni’s multiple comparisons test was used to determine impact of 
D1-like receptor stimulation vs. CpG stimulated control within each group. HC: healthy control, RA: rheumatoid 
arthritis 
 

To measure the influence of D1-like receptor stimulation on B cells ability to mature and 

develop towards antibody secreting cells, plasmablast frequency was determined at the end 

of culture by flow cytometry. Additionally, secreted IgG was analyzed in supernatants by 

ELISA. Frequency of plasmablasts after CpG stimulation differed strongly between donors 

(Figure 25 A). Generally, maturation of B cells towards plasmablast was unaffected by 

additional D1-like receptor stimulation, although RA B cells tended to be impeded in their 

maturation. Similarly, level of secreted IgG varied between subjects investigated (Figure 25 

B). Some subjects responded to D1-like receptor stimulation as presented in either in- or 

decreased IgG levels in supernatants, but overall D1-like receptor stimulation had no impact. 

Again, effects were independent of patient characteristics, disease stage and therapy. Such 

as proliferation, B cell differentiation towards plasmablasts was almost absent in unstimulated 

cultures (data not shown). 

 

 

Figure 25: D1-like receptor stimulation affects B cell maturation towards plasmablasts and secretion of IgG 
donor-dependently. 
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PBMCs of HC and RA patients were stimulated with CpG (0.35 μM) and indicated concentrations of D1-like receptor 
agonist A68930 for 6 days in vitro. Following long-term D1-like receptor stimulation plasmablast differentiation of 
CD19+ B cells was analyzed by flow cytometry and secreted IgG in supernatants was quantified by ELISA. 
Plasmablast frequencies of B cells (A) and IgG concentrations (B) under CpG stimulation are shown on the left and 
presented as mean with SD, points represent individual samples. Use of unpaired T test for comparison of basal 
levels between groups. Effects of D1-like receptor stimulation are presented as absolute changes to CpG controls 
on the right. Subjects were age- and sex-matched. Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. 
Use of mixed-effects analysis to determine the overall influence of disease and D1-like receptor stimulation. 
Bonferroni’s multiple comparisons test was used to determine impact of D1-like receptor stimulation vs. CpG 
stimulated control within each group. HC: healthy control, RA: rheumatoid arthritis 

 

Apart from B cell-derived autoantibodies, pro-inflammatory cytokines IL-6 and TNF-α are well 

known for their contribution to local joint inflammation. Also, recent findings suggest that IL-8 

is involved in ACPA-driven osteoclastogenesis (Krishnamurthy et al. 2016) and secretion of 

CCL3 by B cells inhibits osteoblast formation further promoting bone damage (Sun et al. 2018). 

On the contrary, IL-10 secreted by e.g. regulatory B cells has a beneficial function in RA (Bankó 

et al. 2017). CpG as B cell-specific stimulus led to secretion of IL-6, TNF-α, IL-8, CCL3 and IL-

10 in cultures of PBMCs from HC and RA patients. Concentration of IL-6 was significantly 

elevated in CpG-stimulated PBMCs of HC compared to RA patients (Figure 26 A, p = 0.0356). 

The effect of D1-like receptor stimulation on secretion of IL-6 was dependent on investigated 

subjects (p < 0.0001). In general, cells of HC seemed more responsive for modulation of IL-6 

secretion by A68930 stimulation than those of RA as indicated by large absolute in- or 

decreases compared to CpG control. After 6 days of CpG stimulation in vitro, levels of TNF-α 

were low in cultures of both HC and RA (Figure 26 B). As well, observed effects of D1-like 

receptor stimulation were small. However, A68930 at 10-8 M tended to decrease TNF-α 

secretion in HC (p = 0.0587). In contrast, concentration of IL-8 was high after 6 days of CpG 

stimulation in vitro (Figure 26 C). Effects of D1-like receptor stimulation on IL-8 secretion were 

dependent on subjects (p < 0.0001) and generally, cultures of RA PBMCs showed significantly 

increased IL-8 levels compared to HC (p = 0.0091). While analysis of single concentrations of 

D1-like receptor agonist A68930 compared to CpG control revealed no significant effect on 

concentration of IL-8, overall treatment effect was significant in RA patients (p = 0.0144). 

Amount of CCL3 secreted in CpG stimulated cultures varied largely between subjects and D1-

like receptor stimulation with A68930 resulted in great changes of secreted CCL3 (Figure 26 

D). As TLR-9 expression on peripheral B cells was not studied, differences between 

responders and non-responders to CpG stimulation could not be determined. Whereas effect 

of D1-like receptor stimulation either enhanced or inhibited CCL3 secretion in HC responders, 

responding immune cells of RA seemed to be exclusively boosted in secretion of CCL3 by 

higher concentrations of A68930. CpG stimulation led to secretion of anti-inflammatory IL-10 

in both cultures of HC and RA PBMCs (Figure 26 E) and here, HC tended towards higher IL-

10 secretion than RA in CpG controls (p = 0.0753). D1-like receptor stimulation had overall no 

effect on IL-10 secretion but significantly depended on subject (p < 0.0001) reflected in large 

variations.  
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Because effects largely depended on investigated subjects, data was correlated with their 

characteristics and available clinical data. Similar to B cell proliferation and differentiation, no 

correlation between observed effects and individual data could be determined (data not 

shown).  

 

 

Figure 26: D1-like receptor stimulation affects cytokine secretion in T cell-independent B cell stimulation 
donor-dependently and selectively increases IL-8 secretion in RA. 
PBMCs of HC and RA patients were stimulated with CpG (0.35 μM) and indicated concentrations of D1-like receptor 
agonist A68930 for 6 days in vitro. Following long-term D1-like receptor stimulation supernatants were stored at  
-80°C for subsequent analysis. Concentrations of IL-6, TNF-α, CCL3 and IL-10 in supernatants were quantified by 
cytometric bead array/LEGENDplex™ analysis. IL-8 concentration was determined by ELISA. Concentrations of 
IL-6 (A), TNF-α (B), IL-8 (C), CCL3 (D) and IL-10 (E) under CpG stimulation are shown on the left of each graph 
and presented as mean with SD, points represent individual samples. Use of unpaired T test for comparison of 
basal levels between groups (*p ≤ 0.05). Effects of D1-like receptor stimulation are presented as absolute changes 
to CpG controls on the right. Subjects were age- and sex-matched. Some values were below limit of detection. Box 
plots show 10th, 25th, 50th (median), 75th, and 90th percentile. Use of 2way ANOVA or mixed-effects analysis, 
depending on missing values, to determine the overall influence of disease ($$p ≤ 0.01) and D1-like receptor 
stimulation (for interaction: &p ≤ 0.05). Bonferroni’s multiple comparisons test was used to determine impact of D1-
like receptor stimulation vs. CpG stimulated control within each group. HC: healthy control, RA: rheumatoid arthritis 

 

 

4.4.4. Intracellular signaling after D1-like receptor stimulation in B cells 

Next, focus was set on the intracellular signaling after D1-like receptor stimulation in B cells of 

HC and RA (for subject characteristics see appendix Table 12), to determine if there were 

disease-related differences in intracellular signaling as already described for SF in inflamed 

tissue (Jenei-Lanzl et al. 2015). Because isolated immune cells from patients were limited and 
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did not permit analysis in single subsets by e.g. western blot, intracellular flow cytometric 

staining with Ki-67 and phosflow antibodies for pERK and pCREB was applied.  

D1-like receptor agonist A68930 increased T cell-independent B cell proliferation in vitro 

(Figure 24), leading to analysis of possible changes of Ki-67 expression upon stimulation with 

A68930. Ki-67 is a nuclear protein expressed in G1, S, G2, and M phase of cell cycle, but not 

in G0 phase, and thus identifies proliferating cells (Schwarting et al. 1986). Figure 27 A shows 

the gating strategy to investigate Ki-67 expression in B cells. Its expression could be detected 

in unstimulated B cells as well as in B cells stimulated with D1-like receptor agonist (Figure 27 

B). Extent of Ki-67 expression was significantly elevated in RA patients compared to HC after 

10 min of stimulation (p = 0.0364) and only tendentially after 20 min (p = 0.0765). After 10 min 

overall effect of D1-like receptor stimulation was significant (p = 0.0002). However, there was 

no interaction of disease and treatment effect, i.e. observed effects occurred independent of 

disease. Only stimulation with 10-8 M A68930 directly compared to unstimulated led to a 

significant decrease of Ki-67 after 10 min (HC: p = 0.0201, RA: p = 0.0212). Yet, observed 

effects were small and limited to analysis at this time. After 20 min stimulation with A68930  

Ki-67 expression was unaltered compared to control. 

 
Figure 27: Ki-67 is expressed in peripheral B cells and only minimally affected by D1-like receptor 
stimulation. 
PBMCs of HC and RA patients were stimulated with D1-like receptor agonist A68930 at indicated concentrations 
for indicated times in vitro. Following acute D1-like receptor stimulation cells were fixed and permeabilized with 2% 
PFA and BD FACS Permeabilizing Solution 2, respectively, followed by intracellular staining for the proliferation 
marker Ki-67. A) Gating strategy to assess Ki-67 expression in B cells. First, doublets were excluded followed by 
gating on lymphocytes in FSC/SSC plot. B cells were identified as CD19+ cells. Within the B cell population Ki-67 
expression was evaluated by MFI. B) Quantification of Ki-67 expression in B cells of HC and RA patients after 10-
20 min D1-like receptor stimulation. Subjects were age- and sex-matched. Box plots show 10th, 25th, 50th (median), 
75th, and 90th percentile. Use of mixed-effects analysis to determine overall influence of disease ($p ≤ 0.05) and D1-
like receptor stimulation (###p ≤ 0.001). Bonferroni’s multiple comparisons test was used to determine impact of D1-
like receptor stimulation vs. unstimulated control within each group (*p ≤ 0.05). FMO: fluorescence minus one, HC: 
healthy control, MFI: mean fluorescence intensity, RA: rheumatoid arthritis 
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Canonical signaling of D1-like receptors involves activation of adenylyl cyclase by Gαs protein 

and thus elevation of intracellular cAMP stimulating PKA. PKA in turn phosphorylates CREB 

as main target or DARPP-32, further able to phosphorylate ERK (Klein et al. 2019).  

B cells were analyzed for ERK and CREB phosphorylation after stimulation of D1-like receptors 

by antibodies directed against phosphorylated epitopes. Figure 28 A presents the gating 

strategy to investigate pERK and pCREB in B cells. Increased levels of both were detected 

after unspecific stimulation with PMA (red histograms). However, levels of pERK (Figure 28 B) 

and pCREB (Figure 28 C) were low in unstimulated and D1-like receptor stimulated B cells 

after 10 and 20 min. Additionally, pERK and pCREB expression in B cells of HC and RA 

remained unaltered after D1-like receptor stimulation and did not diverge, although B cells of 

RA patients tended towards higher phosphorylation levels of pERK and especially pCREB. 

After 20 min of stimulation, B cells of RA patients presented overall higher levels of pCREB 

than those of HC (p = 0.0414). 

 

Figure 28: Phosphorylation of ERK and CREB in B cells is not affected by D1-like receptor stimulation. 
PBMCs of HC and RA patients were stimulated with D1-like receptor agonist A68930 at indicated concentrations 
for indicated times in vitro. PMA served as positive control. Following acute D1-like receptor stimulation cells were 
fixed and permeabilized with 2% PFA and methanol, respectively, followed by intracellular staining for 
phosphorylated ERK1/2 and CREB. A) Gating strategy to determine pERK1/2 and pCREB in B cells. First, doublets 
were excluded followed by gating on lymphocytes in FSC/SSC plot. B cells were identified as CD19+ cells. Within 
the B cell population pERK1/2 and pCREB expression were evaluated by MFI of respective BD phosflow-antibodies. 
Quantification of pERK1/2 (B) and pCREB (C) in B cells of HC and RA patients after 10-20 min D1-like receptor 
stimulation. Subjects were age- and sex-matched. Box plots show 10th, 25th, 50th (median), 75th, and 90th percentile. 
Use of mixed-effects analysis to determine overall influence of disease ($p ≤ 0.05) and D1-like stimulation. 
Bonferroni’s multiple comparisons test was used to determine impact of D1-like receptor stimulation vs. unstimulated 
control within each group. CREB: cAMP response element-binding protein, ERK: extracellular-signal regulated 
kinase, FMO: fluorescence minus one, HC: healthy control, MFI: mean fluorescence intensity, RA: rheumatoid 
arthritis  
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5. Discussion 

5.1. TH and D1-D5 DR are present in peripheral immune cells under physiological 

conditions 

Several studies suggested the involvement of the catecholamine DA in immunity. Here, TH, 

the rate-limiting enzyme in DA biosynthesis, and D1-D5 DR were detected in peripheral T cells, 

B cells, NK cells and monocytes. Peripheral immune cells are thus able to synthesize and 

respond to the catecholamine DA. Moreover, due to a comprehensive flow cytometric 

approach, expression levels between immune cell subsets could be directly compared.  

TH was expressed at high frequencies in all investigated subpopulations meaning that cells 

are equipped with the rate-limiting enzyme for DA synthesis and thus are able to network with 

each other on alternative paths. Data on TH expression in human immune cells is limited. The 

finding on high frequency of monocytes expressing TH is in line with others (Gopinath et al. 

2020). Gene expression of TH is demonstrated in CD8+ T cells, TFH cells and PBMCs (Nasi et 

al. 2019; Cosentino et al. 2002; Papa et al. 2017; Cosentino et al. 2002). Furthermore, analysis 

of catecholamines in freshly isolated PBMCs revealed the presence of DA, Epi and NE. This 

proves the high frequencies of TH expressing immune cells. Detectable levels of Epi and NE 

also implicate the presence and functionality of L-DOPA decarboxylase, DBH and PNMT in 

peripheral immune cells. Additional confirmation of TH presence in immune cells is given by 

rising concentrations of DA after stimulation of PBMCs in vitro (Cosentino et al. 2002). 

However, since the exact origin of DA is not given here, stimulation of single immune cell 

subsets and subsequent analysis for DA content by HPLC would be interesting to prove the 

functionality of TH in every immune cell subset.  

Generally, cells belonging to the adaptive immune system presented a more variable 

expression of D1-D5 DR between donors than cells of the innate immune system. Frequency 

of D5 DR expressing cells was low in every investigated cell type. Here, findings need to be 

confirmed with an appropriate positive control and therefore, D5 DR expression levels are not 

included in the following considerations. The balance between low D1-like and high D2-like 

receptor expression in T and B cells shifted towards a comparable high D1-like and D2-like 

receptor expression in NK cells and monocytes. The DA system in adaptive immunity seems 

more flexible and could therefore be of relevance in immune cell homeostasis, while innate 

immune cells are able to respond promptly to DA stimulus. Generally, literature regarding D1-

D5 DR expression in human peripheral immune cells is conflicting. The only study directly 

comparing different immune cell subsets by McKenna et al. (2002) suggests a more variable 

expression of D2 and D4 DR between donors in line with the findings presented. Although here, 

variability and overall high frequencies of D2 and D4 DR expressing cells may arise from the 

intracellular, i.e. total, staining and detection via secondary PE-labeled antibody. However, the 

reported high frequencies of D3 and D5 DR expressing cells compared to D1, D2 and D5 DR are 
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not supported by the presented findings. In contrast to the presented data others even suggest 

the overall absence of D1 DR but presence of D5 DR (McKenna et al. 2002; Ricci et al. 1999). 

McKenna et al. also reported low DR expression in T cells and monocytes and higher 

expression in B cells and NK cells not revealed here. Regarding CD3+ T cells, similar to stated 

results frequencies of DR expressing cells except D5 DR are reported by others (Keren et al. 

2019). Further studies focusing on CD4+ and CD8+ T cells reveal generally low frequencies of 

D1-D5 DR expressing cells (Nasi et al. 2019; Kustrimovic et al. 2014). However, since the 

experimental setup identified total T cells as CD3+CD56- cells, it was not possible to 

discriminate between T helper and cytotoxic T cells; thus, the presented findings were not 

comparable with the above mentioned. Published data on B cells expressing D1-D5 DR is 

limited to genetic analysis and suggests in contrast to current findings presence of all DR 

except D4 DR (Meredith et al. 2006). Also, expression of DR in NK cells was shown to be 

restricted on D2-D5 DR thus lacking D1 DR and differing from the reported results (Mikulak et 

al. 2014). Overall discrepancies of published findings may be caused by the method used, 

such as the protein analysis with different (and often polyclonal) antibodies used to detect D1-

D5 DR. Of course, presented results are based on the quality and reliability of antibodies too. 

For instance, intracellular staining of D2 and D4 DR after permeabilization and further detection 

via secondary PE-labeled antibody resulted in high frequencies of positive cells as total 

amount, i.e. also internalized, DR are stained. Especially the absence or presence of single 

DR in one or another study indicates the necessity for accredited methodology. Here, a 

sophisticated staining procedure and subsequent gating strategy was used to exclude several 

factors impeding correct analysis, i.e. doublets, dead cells, double positive cells, that none of 

the referred studies considered. The presented data on D1-D5 DR expression in peripheral 

immune cells is therefore of high significance. 

Because of the heterogeneous group of subjects investigated, findings could be correlated 

with their age and sex. Here, sex-specific differences in the frequency of D1 DR expressing 

peripheral B cells were identified. Frequency of D1 DR expressing B cells was significantly 

lower in female compared to male healthy subjects. This detected sex-specific difference in D1 

DR expression could be caused by sex hormones and influence DA function. There is no clear 

link between DR expression in immune cells and sex hormones, especially estrogen to date. 

However, in cell-lines co-transfected with plasmids containing genes for both D1 DR and 

steroid hormone receptors, the stimulation with estrogen resulted in upregulation of D1 DR 

expression (Lee and Mouradian 1999). This is indicating binding sites for estrogen in the 

promotor region of the D1 DR gene but contrasts with the observed lower frequency of D1 DR 

expressing B cells in female than male HC. Opposite findings may depend on in vitro/in vivo 

system, on different hormonal levels as well as chronic vs. acute exposure. However, in our 

laboratory, acute in vitro stimulation of PBMCs with different estrogen receptor agonists hardly 

affected expression of D1 DR in B cells. Of note, these were only preliminary experiments with 
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limited sample size. Further studies are necessary to identify the influence of sex on D1 DR 

expression. 

Deeper phenotyping of CD4+ T cells, B cells and NK cells revealed an increase in D1 DR 

expression during maturation. Since the increase is present in different cell types D1 DR could 

represent a general lymphoid maturation marker. Additionally, the reported donor-dependent 

variations in frequency of D1 DR expressing T cells and B cells could partly be explained by 

different compositions of populations between donors. Apart from that, mature cells emerge 

as more sensitive to D1-like receptor stimulation. So far, literature on DR expression during 

maturation of immune cells is restricted to CD4+ T cells. Although CD45RO is a more suitable 

marker for the identification of memory T cells, Kustrimovic et al. divided naive and memory T 

cells based on CD45RA expression as in the presented thesis. CD45RA-CD4+ T cells were 

further subdivided in central and effector memory T cells. In contrast to the presented data, 

frequencies of D1 DR expressing naive and memory T cells are generally lower and central 

memory T cells show decreased D1 DR expression compared to naive CD4+ T cells not 

detected here (Kustrimovic et al. 2014). Also, activation of T cells and NK cells was shown to 

upregulate expression of DR (Keren et al. 2019; Kustrimovic et al. 2014; Mikulak et al. 2014). 

Hence, increased expression of D1 DR could also represent immune cell status. More studies 

analyzing additional immune cell maturation markers in parallel to D1 DR are necessary to 

validate these findings. 

 

5.2. Disease-specific alterations of TH and D1-D5 DR in peripheral immune cells 

of RA, PsA and SpA patients  

In addition to analysis of TH and D1-D5 DR expression in peripheral immune cells under 

physiological conditions, expression was investigated in patients with chronic inflammatory 

diseases of the joints. So far, DA was already shown to contribute to local joint inflammation 

in RA, but knowledge on the systemic immune-modulatory role of DA is limited. Additionally, 

to compare DA system in different diseases, PsA and SpA patients were included. The direct 

comparison of HC with RA, PsA and SpA patients uncovered disease-specific alterations. 

Notably, this is the first study on DR expression in peripheral immune cells of PsA and SpA 

patients and contributes additional information to the restricted findings of DR expression in B 

cells of RA. 

As already noted, PBMCs contained catecholamines. Unfortunately, analysis of catechol-

amine content in PBMCs lacked samples of PsA and SpA patients. Interestingly, DA was 

exclusively detected in PBMCs of RA patients but not of HC, pointing towards a pivotal role in 

disease. Since NE and Epi were present in PBMCs of HC, DA must be present under 

physiological conditions as well, rather serving as a precursor for further conversion to NE and 
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Epi. However, as these findings are preliminary, further analysis of DA in both HC and RA 

samples is still required to fully prove the observed difference. 

Compared to HC, a decreased frequency of D3 DR expressing CD56 NK cells was detected in 

RA. Moreover, increased frequencies of D1 DR expressing CD56bright NK cells and monocytes 

were found in SpA patients. Frequency of TH expressing monocytes was significantly 

increased in both PsA and SpA compared to HC. However, all findings listed above are based 

on high frequencies at around 100% implying small mean differences and are therefore most 

likely functionally irrelevant. Analysis of MFI was not conducted since cytometer settings were 

occasionally adjusted and thus did not permit direct comparison. Of note, most investigated 

patients herein had a longer disease duration and consequently extended drug intake. 

Stronger disease-related alterations prior to therapy could be present. Further analyses are 

needed to confirm the altered expression of DR and TH in NK cells and monocytes of 

rheumatic patients. Notably, all described alterations are based on findings in peripheral 

immune cells of RA, PsA and SpA patients. Within the environment of inflamed joints DA 

concentration is increased (Nakano et al. 2011) and hence expression of D1-D5 DR on immune 

cells may differ as DR are known to be internalized by regulatory phosphorylation of GRKs 

and β-arrestins after prolonged stimulation causing desensitization (Gainetdinov et al. 2004). 

Analysis of immune cells out of synovial fluid was not possible due to paucity of enrolled 

patients but is currently ongoing. 

Although showing no difference to HC per se, the frequency of D1 DR expression in peripheral 

CD56bright NK cells from RA patients correlated significantly with DAS28 score and functional 

impairment. CD56bright NK cells are greatly accumulated within synovial fluid (Yamin et al. 

2019) and are decisive in triggering joint inflammation by secreting cytokines (Louis et al. 

2020). Accordingly, these striking results suggest that D1-like receptor signaling in CD56bright 

NK cells might be of relevance in the process of inflammation by triggering cytokine secretion 

also systemically. However, in contrast to the hypothesis in promoting inflammation, DA was 

shown to suppress proliferation and IFN-γ secretion of activated NK cells via D1-like receptors 

(Mikulak et al. 2014). Yet this observation is based on in vitro experiments with NK cells of 

healthy donors and the effect of DA on NK cells may be different in vivo. Moreover, differences 

between NK cell origin should be considered here since response to DA may depend on 

chronic inflammation in RA. 

A substantial increase of D1 DR expression was discovered in peripheral B cells of RA patients, 

not in PsA and SpA, therefore alteration in D1 DR expression was disease-specific. Among the 

investigated diseases, RA is the only one connected to autoantibodies. However, the finding 

of elevated D1 DR in B cells was independent of autoantibody presence or absence (data not 

shown). Since B cells are substantially involved in pathogenesis of RA not only by producing 

autoantibodies (Volkov et al. 2020), but also promoting inflammation (Harre et al. 2012) and 
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bone destruction (Grötsch et al. 2019; Sun et al. 2018) the increased expression of D1 DR in 

B cells could serve as a potential target for future therapy. Interestingly, considering the 

described sex-specific expression pattern in healthy subjects, the altered expression of D1 DR 

in B cells originated solely from women affected by RA. As incidence of RA is three fold higher 

in women than in men (Deutsche Gesellschaft für Rheumatologie e.V.) this finding is of high 

impact and points to a novel sex-specific mechanism contributing to RA pathogenesis. Cause 

of increased D1 DR expression in B cells of female RA patients is so far unclear. As introduced, 

estrogen was shown to increase expression of D1 DR in cell-lines (Lee and Mouradian 1999). 

Since estrogens contribute to inflammation in RA and are elevated in synovial fluid (Cutolo et 

al. 2006) they may also contribute to the increased frequency of D1 DR expressing B cells of 

female RA patients. In addition, early studies identified a decreased activity of GRKs in PBMCs 

of RA patients (Lombardi et al. 1999) that theoretically could result in defective DR 

internalization and increased D1 DR levels. More studies are needed to identify the underlying 

cause in our patient cohort. Furthermore, the increased frequency of D1 DR expressing B cells 

of female RA patients correlated significantly with disease duration and tended to also correlate 

with functional impairment. Hence, D1-like receptor signaling appears to play a critical role in 

pathogenic progress of RA. For some recruited patients disease scores were not evaluated at 

the day of blood sampling (numbers of missing data are indicated in the respective tables with 

patient characteristics) and therefore expression data is missing in these analyses. 

Investigating additional samples of female RA patients with actual disease scores would further 

strengthen these results on D1 DR expressing B cells in connection with RA severity. 

Limitations in B cell analysis also occurred in respect to therapy as RA patients with severe 

disease course and late stages were treated with rituximab and thus excluded herein. Future 

studies should as well consider D1 DR expression on B cells as a potential biomarker in (pre-

clinical) RA. Wei et al. already published findings on a decreased D2 DR expression in B cells 

of RA patients negatively correlating with disease activity and changing after DMARD therapy 

(2015). However, findings from Wei et al. are not directly comparable with the herein presented 

data because of the already discussed methodological factors regarding flow cytometric 

staining and data analysis. Additionally, the representative dot plots in their publication do not 

at all illustrate the quantified data. In a subsequent publication Wei et al. linked the altered D2 

DR expression to TNF-α levels and bone destruction (2016). But data are equally questionable 

and quantification is missing. To directly investigate the influence of therapy we planned a 

longitudinal study. Samples from treatment-naive RA patients were already collected during 

summer 2019 but second sampling after one year is still ongoing. Future analysis will reveal 

possible effects of DMARD treatment on expression and function of D1-D5 DR and TH in 

immune cells. Besides this, inter-individual differences can be assessed separately with these 

samples. 
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Own results also uncover an increase of D1 DR expression during B cell maturation. 

Nevertheless, first described findings of elevated D1 DR expression in B cells of RA patients 

were not depending on increased frequency of memory B cells or plasmablasts. Instead, D1 

DR expression was significantly higher in naive B cells of RA patients and tended to be 

elevated also in memory B cell stages. Thus, especially early developmental B cell stages of 

RA patients seem to be susceptible for D1-like stimulation that may promote their role in RA. 

Papa et al. clearly demonstrated the involvement of DA in GC interactions between B and TFH 

cells. Here, TFH cells were shown to release DA after interaction with B cells to augment the 

immunological synapse and further to promote B cell differentiation via D1 DR (Papa et al. 

2017). In this context, particularly naive B cells of RA patients appear more destined for 

maturation to memory B cells and plasmablasts via increased D1 DR expression than HC. 

Additionally, it would be interesting to reveal if D1 DR expression is limited to pathologic B cell 

clones (Tak et al. 2017) representing an even more desired target for therapy in early RA.  

Interestingly, peripheral TFH cells of RA patients also showed an increased D1 DR expression. 

This is the first finding on DR expression in this exceedingly specific immune cell subset. As 

TFH cells are able to synthesize and release DA (Papa et al. 2017) TFH-derived DA could act in 

an autocrine fashion via D1 DR. Effect of D1-like receptor stimulation on TFH cells is not 

described so far. For T cells in general, stimulation of D1-like receptors reduces secretion of 

cytokines and proliferation (Cosentino et al. 2007; Besser et al. 2005; Saha et al. 2001). In line 

with these findings increased D1 DR expression in RA could act as negative feedback for TFH 

cells. However, activation of T cells was also shown to increase DR expression (Keren et al. 

2019; Kustrimovic et al. 2014). Thus, increased D1 DR expression in TFH cells could simply 

represent their activation in RA. Further experiments are needed to define the role of D1 DR in 

TFH cells, especially in RA. 

So far, all findings described are based on analysis of peripheral immune cells. Analysis of 

matched blood and synovial fluid samples of RA patients would make it possible to directly 

compare the dopaminergic system in peripheral and local immune cells. However, hitherto this 

analysis was hampered by the rarity of patients needed for this kind of analysis: patients with 

large swollen joints and clear RA diagnosis without DMARD treatment. Yet, disease-related 

alterations of the dopaminergic system were identified that may be even stronger in local 

inflammation similar to what has been described for SF within inflamed tissue (Capellino et al. 

2014). 

 

5.3. Functional relevance of DR expression in immune cells 

5.3.1. Acute DR stimulation 

Short-term stimulation of D1-like receptors, D2-like receptors or all DR with specific agonists 

had no major effect on CD69 expression in peripheral T cells, B cells, NK cells and monocytes. 
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Also, the described disease-specific alterations of DR expression did not result in altered 

responses. This indicates that acute DR stimulation alone is not sufficient for activation of 

resting peripheral immune cells, independent of expression levels. CD69 was chosen as early 

activation marker present in all immune cell populations of interest as indicated by unspecific 

stimulation with PMA/Iono. However, analysis of specific activation markers for individual 

immune cell subsets is still interesting. Morkawa et al. already determined that D2-like receptor 

agonist bromocriptine suppresses B cell activation in vitro as indicated by decreased 

expression of other activation markers like HLA-DR (Morkawa et al. 1993). Further, effects of 

DA might depend on inflammatory environment and differ in vivo. Pre-stimulated CD4+ and 

CD8+ T cells slightly increase CD69 expression in response to DA (Torres et al. 2005). 

However, D1-like receptor agonist fenoldopam reduces CD69 expression in activated CD3+ T 

cells of psoriasis patients (Keren et al. 2019). Based on the above-mentioned findings, 

additional experiments simulating a chronic inflammation while stimulating DR would allow 

further conclusions on the general role of DA for immune cell activation in this context. 

In contrast to B cells, NK cells and monocytes which are almost unaffected by DR stimulation, 

T cells, at least of HC and RA patients, showed increased Annexin V binding after short-term 

stimulation of D1-like receptors, D2-like receptors, or all DR. Yet, the higher frequencies of 

Annexin V positive CD3+ T cells compared to unstimulated control occurred in an unclear 

pattern independent of agonist concentration. Since observed effects of DR stimulation were 

additionally small, their impact may not be of relevance. Annexin V binds to phosphatidylserine 

in the outer plasma membrane of apoptotic cells (Vermes et al. 1995). But especially for T cells 

increased Annexin V binding should be noted with caution as it is induced by activation in CD8+ 

T cells (Fischer et al. 2006) and is increased as well on CD4+ Tregs (Bollinger et al. 2020). 

Considering these facts, gating was strictly performed on Annexin V++ cells in the Zombie- 

population. As this gating identifies only early apoptotic cells and excludes late apoptotic cells, 

possible earlier effects on apoptosis during 24 h incubation could have been masked. 

However, this gating strategy was necessary to exclude general dead cells after thawing and 

culture. In line with the presented results, others report that resting PBMCs viability is hardly 

affected by short-term DA stimulation (Meredith et al. 2006). Described dose-dependent 

effects of DA on apoptosis of proliferating immune cells are independent of DR and may mostly 

be caused by oxidation of catecholamine DA being toxic (Colombo et al. 2003; Meredith et al. 

2006; Mikulak et al. 2014). As stable agonists were used for in vitro stimulation, apoptosis by 

oxidation of DA can be excluded. The results thus suggest DR stimulation does not affect 

immune cell apoptosis. However, further experiments are necessary to prove the increased 

Annexin V binding in T cells after DR stimulation. 

In line with the described data on activation and apoptosis of PBMCs, short-term D1-like 

receptor stimulation did not alter IL-6 and IL-8 secretion. Thus, acute DR stimulation alone 
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does not affect secretion of those cytokines after 24 h. Again, effects may depend on the 

environment as in stimulated PBMCs DA alters cytokine secretion (Nakano et al. 2011; Keren 

et al. 2019). However, others have described increased expression of IL-8 mRNA after DA 

stimulation in vitro (Torres et al. 2005). Especially after this short-term DR stimulation, changes 

on mRNA level of cytokines appear as a more convincing readout to detect also small effects. 

Further experiments analyzing cytokine expression on gene level are needed to better 

evaluate effects of DR stimulation.  

 

5.3.2. D1-like receptor stimulation in T cell-dependent B cell stimulation 

The in vitro modeling of B-T cell interactions resulted in B cell proliferation and differentiation 

and depended as expected on B cell stage and culture condition. Thus, the model worked and 

served as a reliable method to study the impact of D1 DR stimulation. As D5 DR was almost 

absent in B and TFH cells, the observed effects of D1-like receptor stimulation could be 

attributed primarily to action on D1 DR. Overall, effects on proliferation and differentiation of B 

cells by D1-like receptor stimulation were small and varied between donors. Limited number of 

investigated subjects did not permit analysis of causality for responders and non-responders 

or regarding D1 DR expression. Nevertheless, as indicated in the bigger changes to SEB 

control and overall spread of data, D1-like receptor stimulation had bigger impact on B cells 

cultured alone than on B cells in co-cultures with TFH cells. B cell stimulation by TFH cells is 

probably too strong and masks possible effects of the D1-like receptor agonist A68930. As TFH 

cells also express D1 DR, observed effects on B cells could have originated indirectly from 

effects on co-cultured TFH cells. As previously discussed, D1-like receptor stimulation did not 

induce T or B cell apoptosis. But since secretion of some cytokines is downregulated in T cells 

by D1-like receptor stimulation (Keren et al. 2019) it is possible that IL-21 secretion necessary 

for B cell activation, proliferation, and antibody secretion (Liu et al. 2012) is likewise decreased 

in TFH cells. Specifically in this context, analysis of IL-21 as a critical cytokine for B cell help in 

co-culture supernatants is necessary to investigate this possibility. Apart from that, it would be 

interesting to stimulate D1 DR in future experiments exclusively on B cells to eliminate indirect 

effects and draw clearer conclusions.  

Naive B cells depend more on external triggers for proliferation and maturation which memory 

B cells intrinsically possess (Deenick et al. 2013; Tangye et al. 2003). Therefore, general 

proliferation and differentiation as well as effects of D1-like receptor stimulation were smaller 

in naive B cells. However, in vitro stimulation with SEB also led to memory B cell formation in 

naive B cell cultures being slightly up- or downregulated by D1-like receptor stimulation. 

Although significant effects of D1-like receptor stimulation were not observed due to the large 

variability between donors, proliferation as well as maturation in pure B cell cultures to both 

memory B cells and plasmablasts occurred in a similar pattern respective to agonist 

concentration. While A68930 is highly specific for D1-like receptors at lower concentrations 
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(EC50 2.75 nM) higher concentrations activate preferably D2-like receptors (EC50 4.225 μM) 

(Kebabian et al. 1990). Despite the insignificant effects, the concentration-dependent trends 

indicate that DA signaling via D1-like receptors is able to modulate B cell proliferation and 

differentiation. Stimulation with D1-like agonist A68930 at 10-9 M presenting the highest affinity 

for D1-like receptors, tended to upregulate B cell proliferation and differentiation. Further 

studies, especially with RA samples, are necessary to allow more reliable conclusions. 

Yet, the trends agree with results from Papa et al. who already demonstrated DA signaling in 

classical GC interactions between TFH and B cells. TFH cells in secondary lymphoid organs 

store DA in vesicles and release it after contact with B cells. B cells respond via D1 DR and 

upregulate ICOSL expression. In turn they induce a positive feedback in TFH cells by ICOS and 

CD40 signaling resulting in prolonged interaction and improved B cell maturation (Papa et al. 

2017). Dimitrijevic et al. investigated the influence of sex in GC reactions and antibody 

response after CIA induction in rats. While they did not focus on DA signaling within GC, they 

report stronger interactions between B and TFH cells in female than male rats further resulting 

in greater IgG responses (Dimitrijević et al. 2020). Considering the elevated D1 DR expression 

in B cells of solely female RA patients and the reported DA signal transmission in GC, it may 

relate to the stronger B-TFH interaction observed in female CIA rats. Moreover, schizophrenia 

patients treated with DR antagonist clozapine suffer from antibody deficiency and reveal 

reduced concentrations of IgG, IgA and IgM (Ponsford et al. 2018). These findings highlight 

the importance of DA for B cell function. However, in contrast to the published in vivo findings 

D1-like receptor stimulation did not promote B cell maturation and proliferation in this in vitro 

model. It should be considered to further improve this model because it may lack important 

factors of the interaction of B and TFH cells in vivo in GC, especially in ectopic lymphoid 

structures within inflamed joints of RA patients. SF of RA patients were shown to increase 

numbers of CD4+ CXCR5+ ICOS+ TFH cells (Tang et al. 2017). Additionally, TPH cells lacking 

CXCR5 and thus not included in our experiment are able to stimulate B cell responses in 

inflamed joints of RA patients and may signal via DA (Rao et al. 2017). Of note, pathogenic in 

vivo B-T interactions could also be promoted by increased DA levels in RA synovial joint 

(Nakano et al. 2011). Unfortunately, the limited availability of patient material as well as 

technical and logistical issues only allowed investigation of healthy donor cells. Due to the 

increased D1 DR expression in naive B cells of RA patients it is likely that these are even more 

responsible for D1-like receptor stimulation in a T cell-dependent framework. Since Papa et al. 

described that TFH cells endogenously possess DA stored in vesicles it would be interesting to 

stimulate TFH cells with reserpine, an uptake-inhibitor of catecholamines into chromaffin 

granules, to release DA (Cosentino et al. 2007) and evaluate the effect on B cell function in 

future studies.  
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5.3.3. D1-like receptor stimulation in T cell-independent B cell stimulation 

Independent of T cell help, D1-like receptor stimulation increased proliferation index but not 

overall frequency of divided B cells. This finding suggests that D1-like receptor stimulation is 

only promoting proliferation of D1 DR expressing B cells in a T cell-independent manner while 

D1 DR negative B cells are unresponsive. Again, D5 DR expression was almost absent in B 

cells and thus did presumably not affected the readouts after D1-like receptor stimulation. 

Moreover, this finding was independent of health condition, even when separating patients in 

early and late RA (data not shown). Considering the higher D1 DR expression in B cells and 

the elevated concentration of DA in inflamed joints of RA patients (Nakano et al. 2011) this 

effect could represent an additional way to promote proliferation of pathogenic B cells in vivo. 

Up to now there are no comparable studies. Meredith et al. observed reduced proliferation in 

polyclonal stimulated B cells and PBMCs by DA. However, this effect was independent of DR 

and attributed to apoptosis induction by oxidation of DA (Meredith et al. 2006). Further 

experiments including selective antagonists for D1-like receptors, e.g. SCH39166, are still 

pending to fully prove the suggested mode of action in increasing B cell proliferation via D1-

like receptors.  

Overall, differentiation of B cells towards plasmablasts and IgG secretion in vitro were not 

affected by D1-like receptor stimulation. However, absence of effects may be caused by donor-

dependent differences. Even if data were normalized to the heterogeneous CpG controls, the 

occurring variations after D1-like stimulation may be attributed to basal activation state or 

immunosuppressive therapy of RA patients. Also, effects of age or sex, as well as disease 

duration seem possible. Yet, the rather small sample size and missing clinical data made 

correlation of observed effects impossible. So far, the basis for the detected donor-dependent 

differences remains unclear. Furthermore, different intracellular signaling pathways could lead 

to divergent effects. Jenei-Lanzl et al. already identified a switch from Gαs to Gαi in synovial 

cells from RA patients (2015) leading to altered outcomes after stimulation of GPCRs. Further 

studies are necessary to explain the observed differences in plasmablast formation and IgG 

secretion between donors. Additionally, it could be of interest to analyze the effect of D1-like 

receptor stimulation on IgA and IgM secretion of B cells as well, since RF and ACPA also 

comprise these classes of immunoglobulins and are relevant in disease (Volkov et al. 2020). 

Direct analysis of secreted ACPA and RF were not conducted as commercial kits used in the 

clinic are expensive and would not allow extensive testing. In addition, future analysis should 

include time-course analysis of major genes required in B cell development (e.g. Pax5, BCL6, 

AID, Xbp1 and Blimp1) by qPCR. Hence, data could reveal a more precise picture of possible 

effects of D1-like receptor stimulation. 

Effect of D1-like receptor stimulation on cytokine secretion varied largely between donors. 

Generally, levels of TNF-α and IL-10 were low and remained almost unchanged upon D1-like 
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receptor stimulation. Also, levels of IL-6 and CCL3 were overall unaffected but RA patients 

tended towards increased CCL3 levels after D1-like receptor stimulation. Levels of IL-8 

increased in response to D1-like receptor stimulation selectively in RA patients. Thus, IL-8 and 

CCL3 as mediators of bone destruction are increased by D1-like receptor stimulation in a B 

cell-dependent manner especially in RA patients. As pure D1-like receptor stimulation with 

A68930 for 24 h did rather downregulate IL-8 secretion, effects are probably dependent on the 

chronic inflammatory environment. Certainly, other PBMC subtypes possess D1 DR as well 

and could have influenced level of cytokines, apparently also by indirect activation through B 

cell derived cytokines. To clearly link altered cytokine levels to B cells one could either isolate 

them for pure B cell cultures or stain cytokines intracellularly after treatment with protein 

trafficking inhibitor inducing intracellular accumulation of cytokines. The time point of analysis 

was initially chosen because the differentiation of plasmablasts and secretion of antibodies is 

expected with increasing proliferation cycles (Marasco et al. 2017). However, analysis at the 

end of culture could have masked effects on cytokines with shorter half-life. Therefore, future 

experiments should include time-course experiments to study the impact of DR stimulation on 

cytokines like TNF-α and IL-10. For instance, IL-10 producing B cells are induced by CpG after 

48 h in culture and expanded with CD40 ligand, also from RA patients. Moreover, these 

regulatory B cells are able to suppress cytokine secretion of T cells (Bankó et al. 2017). Hence, 

it would be interesting to investigate the effect of D1-like receptor stimulation on regulatory B 

cell formation especially for RA at an earlier time point. Literature regarding DA effects on 

cytokine secretion in human PBMCs is limited to anti-CD3/28 stimulated cells and moreover 

conflicting. While some report increased levels of IL-10, TNF-α, IL-6, and IL-8 after 18 h DA 

stimulation (Torres et al. 2005) others state impeding effect of D1-like receptor agonist 

fenoldopam on TNF-α and IL-6 but not IL-10 and IL-8 secretion after 48 h (Keren et al. 2019). 

Observed differences might rely on stimulated DR but these findings also highlight the need to 

study the effects of D1-like receptor stimulation on cytokine secretion earlier than conducted 

here. Additionally, other studies demonstrate that effects of DA on IL-6 and IL-8 secretion are 

clearly dependent on investigated cell types and context as contrary effects are observed for 

human SF and keratinocytes (Capellino et al. 2014; Parrado et al. 2012).  

The findings of elevated CCL3 and IL-8 level after D1-like receptor stimulation solely in PBMC 

cultures from RA patients add up to current knowledge. In RA, B cell-derived CCL3 inhibits 

osteoblast differentiation (Sun et al. 2018) and local IL-8 promotes osteoclastogenesis 

(Krishnamurthy et al. 2016). Although these are in vitro findings and may differ in vivo, 

increased levels of DA in inflamed joints of RA patients (Nakano et al. 2011) could contribute 

to bone damage by increasing CCL3 and IL-8 secretion of B cells via D1-like receptor 

stimulation. This theory is in accordance with findings from Nakashioya et al. who reported that 

D1-like receptor antagonism by SCH23390 prevents CIA induction in mice. Interestingly, they 

could neither detect effects on autoantibody secretion or CD4+ T cell differentiation nor on 
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expression of IL-6 or TNF-α. Yet, osteoclastogenesis was inhibited by SCH23390 (Nakashioya 

et al. 2011). Similarly, Zhu et al. found that the peripheral blockade of L-DOPA conversion to 

DA by carbidopa decreases joint inflammation and more importantly inhibits 

osteoclastogenesis in CIA mouse model (Zhu et al. 2017). Although these findings are 

described in mice, they point to a role of D1-like receptor signaling in bone remodeling. Further 

studies are necessary and should also focus on effects of DR stimulation on RANKL 

expression and secretion of B cells as this constitutes another important basis for bone 

destruction in RA (Meednu et al. 2016). 

As D1 DR in peripheral B cells is of functional relevance in RA, a targeted blockade via selective 

D1-like receptor antagonists seems promising. Deeper study of the donor-dependent 

differences in D1 DR expression reveals a spread in data, both for HC and RA women. It could 

be speculated that, depending on frequency of D1 DR expressing B cells, female HC with 

frequencies in the upper quartile display a higher risk for developing RA whilst female RA with 

frequencies in the lower quartile may not respond to D1 DR blockade. Further studies are 

necessary to assess effects of D1 DR blockade for B cells proliferation and IL-8 secretion, 

optimally in a heterogeneous study population. 

 

5.3.4. Signaling after D1-like receptor stimulation 

Overall, analysis of proliferation marker Ki-67 in B cells revealed no marked effects after D1-

like receptor stimulation. However, analysis of Ki-67 after 10-20 min stimulation was probably 

too short for B cells to escape Go phase. Therefore, Ki-67 expression should be analyzed after 

longer stimulation and cells could be pre-stimulated to detect possible inhibitory effects. 

Nonetheless, RA patients presented overall higher Ki-67 expression in B cells than HC. This 

suggests an increased activation of RA B cells per se in line with the pro-inflammatory 

environment they derive from. 

Similarly, phosphorylation levels of ERK or CREB in B cells remained unchanged after D1-like 

receptor stimulation. B cells of RA patients presented higher levels of phosphorylated ERK 

and CREB in general, suggesting increased basal activation. Intracellular signaling of GPCRs 

in response to agonists occurs between 5-30 min (Beaulieu 2016). Due to limited numbers of 

patient PBMCs, time points within this range were specified in preceding assays. However, 

the results suggest that D1-like receptor stimulation in B cells does not induce signals via the 

canonical pathway. Phosflow technique used to investigate intracellular signaling in B cells 

may not be sensitive enough to detect alterations in ERK and CREB phosphorylation. 

Unfortunately, the effect of D1-like receptor stimulation on cAMP production in isolated B cells 

could not be investigated due to the limited number of patient material. Though, it is already 

demonstrated that neither stimulation with D1- nor D2-like receptor agonist induces alterations 

in cAMP level in EBV-transformed B cells (Natsukari et al. 1996). This finding further suggests 
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that DA signaling engages different pathways in immune cells. Interestingly, Mahendra et al. 

identified differentially regulated genes related to Gαq and cAMP signaling in autoreactive B 

cells of RA patients (Mahendra et al. 2019) suggesting that especially here DR signaling is 

different. Indeed, D1 DR can also build heterodimers with D2 DR and alternatively couple to 

Gαq to activate PLC (Rashid et al. 2007). Future studies should therefore also focus on 

alternative intracellular signaling pathways via Gαq. In context with the presented findings, 

canonical D1-like receptor signaling appears improbable as synthetic DMARD apremilast is 

elevating intracellular cAMP levels leading to anti-inflammatory effects in PsA patients. In RA 

patients, switching of G proteins is already described for synovial cells (Jenei-Lanzl et al. 2015) 

and could be present in other cells as well. Furthermore, DA was shown to induce non-

canonical effects as oxidative stress and mitochondrial damage on immune cells (Elkashef et 

al. 2002; Colombo et al. 2003). Analyzing these metabolic parameters after DR stimulation in 

single immune cell subsets could contribute to decipher DA signaling in immune cells. 
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6. Conclusions and relevance for future treatment of rheumatic 

diseases 

Here, the presence of D1-D5 DR and TH was demonstrated in peripheral T cells, B cells, NK 

cells and monocytes of HC and RA, PsA and SpA patients by comprehensive flow cytometry 

approaches. Importantly, disease-related alterations in peripheral immune cells of rheumatic 

patients were detected. Especially the increased expression of D1 DR in peripheral B cells of 

solely female RA patients is of high significance as it correlated with disease parameters. In 

vitro stimulation of D1-like receptors increased proliferation of B cells independent of T cell help 

and elevated IL-8 levels exclusively in RA. Thus, the neuroimmune-axis in peripheral B cells 

seems to contribute to RA pathogenesis and therefore targeted modulation of D1 DR on B cells 

of RA patients constitutes a potential target for future therapy.



7. References 

85 

 

7. References 

Agematsu, K.; Nagumo, H.; Yang, F. C.; Nakazawa, T.; Fukushima, K.; Ito, S. et al. (1997): B 
cell subpopulations separated by CD27 and crucial collaboration of CD27+ B cells and helper 
T cells in immunoglobulin production. In European journal of immunology 27 (8), pp. 2073–
2079. DOI: 10.1002/eji.1830270835. 

Aletaha, Daniel; Alasti, Farideh; Smolen, Josef S. (2015): Rheumatoid factor, not antibodies 
against citrullinated proteins, is associated with baseline disease activity in rheumatoid arthritis 
clinical trials. In Arthritis research & therapy 17, p. 229. DOI: 10.1186/s13075-015-0736-9. 

Aletaha, Daniel; Neogi, Tuhina; Silman, Alan J.; Funovits, Julia; Felson, David T.; Bingham, 
Clifton O. et al. (2010): 2010 Rheumatoid arthritis classification criteria: an American College 
of Rheumatology/European League Against Rheumatism collaborative initiative. In Arthritis 
and rheumatism 62 (9), pp. 2569–2581. DOI: 10.1002/art.27584. 

Anderson, D. R.; Grillo-López, A.; Varns, C.; Chambers, K. S.; Hanna, N. (1997): Targeted 
anti-cancer therapy using rituximab, a chimaeric anti-CD20 antibody (IDEC-C2B8) in the 
treatment of non-Hodgkin's B-cell lymphoma. In Biochemical Society transactions 25 (2), 
pp. 705–708. DOI: 10.1042/bst0250705. 

Appel, Heiner; Maier, René; Wu, Peihua; Scheer, Rebecca; Hempfing, Axel; Kayser, Ralph et 
al. (2011): Analysis of IL-17(+) cells in facet joints of patients with spondyloarthritis suggests 
that the innate immune pathway might be of greater relevance than the Th17-mediated 
adaptive immune response. In Arthritis research & therapy 13 (3), R95. DOI: 10.1186/ar3370. 

Arce-Sillas, Asiel; Sevilla-Reyes, Edgar; Álvarez-Luquín, Diana Denisse; Guevara-Salinas, 
Adrian; Boll, Marie-Catherine; Pérez-Correa, Citzielli Aseret et al. (2019): Expression of 
Dopamine Receptors in Immune Regulatory Cells. In Neuroimmunomodulation 26 (3), 
pp. 159–166. DOI: 10.1159/000501187. 

Babaie, Farhad; Hasankhani, Milad; Mohammadi, Hamed; Safarzadeh, Elham; 
Rezaiemanesh, Alireza; Salimi, Reza et al. (2018): The role of gut microbiota and IL-23/IL-17 
pathway in ankylosing spondylitis immunopathogenesis: New insights and updates. In 
Immunology letters 196, pp. 52–62. DOI: 10.1016/j.imlet.2018.01.014. 

Bankó, Zsuzsanna; Pozsgay, Judit; Szili, Dániel; Tóth, Mária; Gáti, Tamás; Nagy, György et 
al. (2017): Induction and Differentiation of IL-10-Producing Regulatory B Cells from Healthy 
Blood Donors and Rheumatoid Arthritis Patients. In Journal of immunology (Baltimore, Md. : 
1950) 198 (4), pp. 1512–1520. DOI: 10.4049/jimmunol.1600218. 

Basu, S.; Dasgupta, P. S. (2000): Dopamine, a neurotransmitter, influences the immune 
system. In Journal of neuroimmunology 102 (2), pp. 113–124. DOI: 10.1016/s0165-
5728(99)00176-9. 

Beaulieu, Jean Martin (2016): In vivo veritas, the next frontier for functionally selective GPCR 
ligands. In Methods (San Diego, Calif.) 92, pp. 64–71. DOI: 10.1016/j.ymeth.2015.08.018. 

Beaulieu, Jean-Martin; Gainetdinov, Raul R. (2011): The physiology, signaling, and 
pharmacology of dopamine receptors. In Pharmacological reviews 63 (1), pp. 182–217. DOI: 
10.1124/pr.110.002642. 

Bellatin, Maria F.; Han, Mei; Fallena, Margarita; Fan, Lin; Xia, Donglan; Olsen, Nancy et al. 
(2012): Production of autoantibodies against citrullinated antigens/peptides by human B cells. 
In Journal of immunology (Baltimore, Md. : 1950) 188 (7), pp. 3542–3550. DOI: 
10.4049/jimmunol.1100577. 

Benham, Helen; Norris, Paul; Goodall, Jane; Wechalekar, Mihir D.; Fitzgerald, Oliver; 
Szentpetery, Agnes et al. (2013): Th17 and Th22 cells in psoriatic arthritis and psoriasis. In 
Arthritis research & therapy 15 (5), R136. DOI: 10.1186/ar4317. 

Bergquist, J.; Josefsson, E.; Tarkowski, A.; Ekman, R.; Ewing, A. (1997): Measurements of 
catecholamine-mediated apoptosis of immunocompetent cells by capillary electrophoresis. In 
Electrophoresis 18 (10), pp. 1760–1766. DOI: 10.1002/elps.1150181009. 



7. References 

86 

 

Bergquist, J.; Ohlsson, B.; Tarkowski, A. (2000): Nuclear factor-kappa B is involved in the 
catecholaminergic suppression of immunocompetent cells. In Annals of the New York 
Academy of Sciences 917, pp. 281–289. DOI: 10.1111/j.1749-6632.2000.tb05394.x. 

Bergquist, J.; Silberring, J. (1998): Identification of catecholamines in the immune system by 
electrospray ionization mass spectrometry. In Rapid communications in mass spectrometry : 
RCM 12 (11), pp. 683–688. DOI: 10.1002/(SICI)1097-0231(19980615)12:11<683::AID-
RCM218>3.0.CO;2-N. 

Bergquist, J.; Tarkowski, A.; Ekman, R.; Ewing, A. (1994): Discovery of endogenous 
catecholamines in lymphocytes and evidence for catecholamine regulation of lymphocyte 
function via an autocrine loop. In Proceedings of the National Academy of Sciences of the 
United States of America 91 (26), pp. 12912–12916. DOI: 10.1073/pnas.91.26.12912. 

Bermak, J. C.; Li, M.; Bullock, C.; Zhou, Q. Y. (2001): Regulation of transport of the dopamine 
D1 receptor by a new membrane-associated ER protein. In Nature cell biology 3 (5), pp. 492–
498. DOI: 10.1038/35074561. 

Bermak, Jason C.; Li, Ming; Bullock, Clayton; Weingarten, Paul; Zhou, Qun-Yong (2002): 
Interaction of gamma-COP with a transport motif in the D1 receptor C-terminus. In European 
journal of cell biology 81 (2), pp. 77–85. DOI: 10.1078/0171-9335-00222. 

Berman, D. M.; Gilman, A. G. (1998): Mammalian RGS proteins: barbarians at the gate. In The 
Journal of biological chemistry 273 (3), pp. 1269–1272. DOI: 10.1074/jbc.273.3.1269. 

Bes, C.; Altunrende, B.; Yılmaz Türkoğlu, Ş.; Yıldız, N.; Soy, M. (2014): Parkinsonism in elderly 
rheumatoid arthritis patients. In La Clinica terapeutica 165 (1), pp. 19–21. DOI: 
10.7471/CT.2014.1655. 

Besser, Michal J.; Ganor, Yonatan; Levite, Mia (2005): Dopamine by itself activates either D2, 
D3 or D1/D5 dopaminergic receptors in normal human T-cells and triggers the selective 
secretion of either IL-10, TNFalpha or both. In Journal of neuroimmunology 169 (1-2), pp. 161–
171. DOI: 10.1016/j.jneuroim.2005.07.013. 

Böhler, Christoph; Radner, Helga; Smolen, Josef S.; Aletaha, Daniel (2013): Serological 
changes in the course of traditional and biological disease modifying therapy of rheumatoid 
arthritis. In Annals of the rheumatic diseases 72 (2), pp. 241–244. DOI: 10.1136/annrheumdis-
2012-202297. 

Bollinger, Anna-Lena; Bollinger, Thomas; Rupp, Jan; Shima, Kensuke; Gross, Natalie; 
Padayachy, Laura et al. (2020): Annexin V expression on CD4+ T cells with regulatory function. 
In Immunology 159 (2), pp. 205–220. DOI: 10.1111/imm.13140. 

Bordet, R.; Ridray, S.; Carboni, S.; Diaz, J.; Sokoloff, P.; Schwartz, J. C. (1997): Induction of 
dopamine D3 receptor expression as a mechanism of behavioral sensitization to levodopa. In 
Proceedings of the National Academy of Sciences of the United States of America 94 (7), 
pp. 3363–3367. DOI: 10.1073/pnas.94.7.3363. 

Caligiuri, Michael A. (2008): Human natural killer cells. In Blood 112 (3), pp. 461–469. DOI: 
10.1182/blood-2007-09-077438. 

Cantaert, Tineke; Kolln, Johanna; Timmer, Trieneke; van der Pouw Kraan, Tineke C.; 
Vandooren, Bernard; Thurlings, Rogier M. et al. (2008): B lymphocyte autoimmunity in 
rheumatoid synovitis is independent of ectopic lymphoid neogenesis. In Journal of immunology 
(Baltimore, Md. : 1950) 181 (1), pp. 785–794. DOI: 10.4049/jimmunol.181.1.785. 

Capellino, Silvia; Cosentino, Marco; Luini, Alessandra; Bombelli, Raffaella; Lowin, Torsten; 
Cutolo, Maurizio et al. (2014): Increased expression of dopamine receptors in synovial 
fibroblasts from patients with rheumatoid arthritis: inhibitory effects of dopamine on interleukin-
8 and interleukin-6. In Arthritis & rheumatology (Hoboken, N.J.) 66 (10), pp. 2685–2693. DOI: 
10.1002/art.38746. 

Capellino, Silvia; Cosentino, Marco; Wolff, Christine; Schmidt, Martin; Grifka, Joachim; Straub, 
Rainer H. (2010): Catecholamine-producing cells in the synovial tissue during arthritis: 



7. References 

87 

 

modulation of sympathetic neurotransmitters as new therapeutic target. In Annals of the 
rheumatic diseases 69 (10), pp. 1853–1860. DOI: 10.1136/ard.2009.119701. 

Chen, Shaw-Ji; Chao, Yu-Lin; Chen, Chuan-Yu; Chang, Chia-Ming; Wu, Erin Chia-Hsuan; Wu, 
Chi-Shin et al. (2012): Prevalence of autoimmune diseases in in-patients with schizophrenia: 
nationwide population-based study. In The British journal of psychiatry : the journal of mental 
science 200 (5), pp. 374–380. DOI: 10.1192/bjp.bp.111.092098. 

Chevalier, Nina; Jarrossay, David; Ho, Edwin; Avery, Danielle T.; Ma, Cindy S.; Di Yu et al. 
(2011): CXCR5 expressing human central memory CD4 T cells and their relevance for humoral 
immune responses. In Journal of immunology (Baltimore, Md. : 1950) 186 (10), pp. 5556–
5568. DOI: 10.4049/jimmunol.1002828. 

Choy, E. H. S.; Hazleman, B.; Smith, M.; Moss, K.; Lisi, L.; Scott, D. G. I. et al. (2002): Efficacy 
of a novel PEGylated humanized anti-TNF fragment (CDP870) in patients with rheumatoid 
arthritis: a phase II double-blinded, randomized, dose-escalating trial. In Rheumatology 
(Oxford, England) 41 (10), pp. 1133–1137. DOI: 10.1093/rheumatology/41.10.1133. 

Christenson, James G.; Dairman, Wallace; Udenfriend, Sidney (1970): Preparation and 
properties of a homogeneous aromatic l-amino acid decarboxylase from hog kidney. In 
Archives of Biochemistry and Biophysics 141 (1), pp. 356–367. DOI: 10.1016/0003-
9861(70)90144-X. 

Cohen, Stanley; Hurd, Eric; Cush, John; Schiff, Michael; Weinblatt, Michael E.; Moreland, Larry 
W. et al. (2002): Treatment of rheumatoid arthritis with anakinra, a recombinant human 
interleukin-1 receptor antagonist, in combination with methotrexate: results of a twenty-four-
week, multicenter, randomized, double-blind, placebo-controlled trial. In Arthritis and 
rheumatism 46 (3), pp. 614–624. DOI: 10.1002/art.10141. 

Cohen, Stanley B.; Dore, Robin K.; Lane, Nancy E.; Ory, Peter A.; Peterfy, Charles G.; Sharp, 
John T. et al. (2008): Denosumab treatment effects on structural damage, bone mineral 
density, and bone turnover in rheumatoid arthritis: a twelve-month, multicenter, randomized, 
double-blind, placebo-controlled, phase II clinical trial. In Arthritis and rheumatism 58 (5), 
pp. 1299–1309. DOI: 10.1002/art.23417. 

Colombo, Cristina; Cosentino, Marco; Marino, Franca; Rasini, Emanuela; Ossola, Maria; 
Blandini, Fabio et al. (2003): Dopaminergic modulation of apoptosis in human peripheral blood 
mononuclear cells: possible relevance for Parkinson's disease. In Annals of the New York 
Academy of Sciences 1010, pp. 679–682. DOI: 10.1196/annals.1299.124. 

Cosentino, Marco; Bombelli, Raffaella; Ferrari, Marco; Marino, Franca; Rasini, Emanuela; 
Maestroni, Georges J.M. et al. (2000): HPLC-ED measurement of endogenous 
catecholamines in human immune cells and hematopoietic cell lines. In Life Sciences 68 (3), 
pp. 283–295. DOI: 10.1016/s0024-3205(00)00937-1. 

Cosentino, Marco; Fietta, Anna Maria; Ferrari, Marco; Rasini, Emanuela; Bombelli, Raffaella; 
Carcano, Elena et al. (2007): Human CD4+CD25+ regulatory T cells selectively express 
tyrosine hydroxylase and contain endogenous catecholamines subserving an 
autocrine/paracrine inhibitory functional loop. In Blood 109 (2), pp. 632–642. DOI: 
10.1182/blood-2006-01-028423. 

Cosentino, Marco; Kustrimovic, Natasa; Ferrari, Marco; Rasini, Emanuela; Marino, Franca 
(2018): cAMP levels in lymphocytes and CD4+ regulatory T-cell functions are affected by 
dopamine receptor gene polymorphisms. In Immunology 153 (3), pp. 337–341. DOI: 
10.1111/imm.12843. 

Cosentino, Marco; Zaffaroni, Mauro; Marino, Franca; Bombelli, Raffaella; Ferrari, Marco; 
Rasini, Emanuela et al. (2002): Catecholamine production and tyrosine hydroxylase 
expression in peripheral blood mononuclear cells from multiple sclerosis patients: effect of cell 
stimulation and possible relevance for activation-induced apoptosis. In Journal of 
neuroimmunology 133 (1-2), pp. 233–240. DOI: 10.1016/s0165-5728(02)00372-7. 



7. References 

88 

 

Croft, Adam P.; Campos, Joana; Jansen, Kathrin; Turner, Jason D.; Marshall, Jennifer; Attar, 
Moustafa et al. (2019): Distinct fibroblast subsets drive inflammation and damage in arthritis. 
In Nature 570 (7760), pp. 246–251. DOI: 10.1038/s41586-019-1263-7. 

Cutolo, Maurizio; Capellino, Silvia; Sulli, Alberto; Serioli, Bruno; Secchi, Maria Elena; Villaggio, 
Barbara; Straub, Rainer H. (2006): Estrogens and autoimmune diseases. In Annals of the New 
York Academy of Sciences 1089, pp. 538–547. DOI: 10.1196/annals.1386.043. 

Dalbeth, Nicola; Callan, Margaret F. C. (2002): A subset of natural killer cells is greatly 
expanded within inflamed joints. In Arthritis and rheumatism 46 (7), pp. 1763–1772. DOI: 
10.1002/art.10410. 

Dalbeth, Nicola; Pool, Bregina; Smith, Timothy; Callon, Karen E.; Lobo, Maria; Taylor, William 
J. et al. (2010): Circulating mediators of bone remodeling in psoriatic arthritis: implications for 
disordered osteoclastogenesis and bone erosion. In Arthritis research & therapy 12 (4), R164. 
DOI: 10.1186/ar3123. 

Dam, Elizabeth M.; Maier, Alison C.; Hocking, Anne M.; Carlin, Jeffrey; Ng, Bernard; Buckner, 
Jane H. (2018): Increased Binding of Specificity Protein 1 to the IL21R Promoter in B Cells 
Results in Enhanced B Cell Responses in Rheumatoid Arthritis. In Front. Immunol. 9. DOI: 
10.3389/fimmu.2018.01978. 

Deenick, Elissa K.; Avery, Danielle T.; Chan, Anna; Berglund, Lucinda J.; Ives, Megan L.; 
Moens, Leen et al. (2013): Naive and memory human B cells have distinct requirements for 
STAT3 activation to differentiate into antibody-secreting plasma cells. In The Journal of 
experimental medicine 210 (12), pp. 2739–2753. DOI: 10.1084/jem.20130323. 

den Broeder, Alfons; van de Putte, Leo; Rau, Rolf; Schattenkirchner, Manfred; van Riel, Piet; 
Sander, Oliver et al. (2002): A single dose, placebo controlled study of the fully human anti-
tumor necrosis factor-alpha antibody adalimumab (D2E7) in patients with rheumatoid arthritis. 
In The Journal of rheumatology 29 (11), pp. 2288–2298. 

Deutsche Gesellschaft für Rheumatologie e.V.: Rheuma in Zahlen. Available online at 
https://dgrh.de/Start/DGRh/Presse/Daten-und-Fakten/Rheuma-in-Zahlen.html, checked on 
3/31/2020. 

Dimitrijević, Mirjana; Arsenović-Ranin, Nevena; Kosec, Duško; Bufan, Biljana; Nacka-Aleksić, 
Mirjana; Pilipović, Ivan; Leposavić, Gordana (2020): Sex differences in Tfh cell help to B cells 
contribute to sexual dimorphism in severity of rat collagen-induced arthritis. In Scientific reports 
10 (1), p. 1214. DOI: 10.1038/s41598-020-58127-y. 

Eiden, Lee E.; Weihe, Eberhard (2011): VMAT2: a dynamic regulator of brain monoaminergic 
neuronal function interacting with drugs of abuse. In Annals of the New York Academy of 
Sciences 1216, pp. 86–98. DOI: 10.1111/j.1749-6632.2010.05906.x. 

Eisenhofer, Graeme; Kopin, Irwin J.; Goldstein, David S. (2004): Catecholamine metabolism: 
a contemporary view with implications for physiology and medicine. In Pharmacological 
reviews 56 (3), pp. 331–349. DOI: 10.1124/pr.56.3.1. 

Elkashef, Ahmed M.; Al-Barazi, Heba; Venable, Dianne; Baker, Ivory; Hill, James; Apud, Jose; 
Wyatt, Richard Jed (2002): Dopamine effect on the mitochondria potential in B lymphocytes of 
schizophrenic patients and normal controls. In Progress in Neuro-Psychopharmacology and 
Biological Psychiatry 26 (1), pp. 145–148. DOI: 10.1016/s0278-5846(01)00239-1. 

Elliott, M. J.; Maini, R. N.; Feldmann, M.; Kalden, J. R.; Antoni, C.; Smolen, J. S. et al. (1994): 
Randomised double-blind comparison of chimeric monoclonal antibody to tumour necrosis 
factor alpha (cA2) versus placebo in rheumatoid arthritis. In The Lancet 344 (8930), pp. 1105–
1110. DOI: 10.1016/s0140-6736(94)90628-9. 

Espinoza, L. R.; Vasey, F. B.; Espinoza, C. G.; Bocanegra, T. S.; Germain, B. F. (1982): 
Vascular changes in psoriatic synovium. A light and electron microscopic study. In Arthritis and 
rheumatism 25 (6), pp. 677–684. DOI: 10.1002/art.1780250611. 



7. References 

89 

 

Figueroa, Claudio; Gálvez-Cancino, Felipe; Oyarce, Cesar; Contreras, Francisco; Prado, 
Carolina; Valeria, Catalina et al. (2017): Inhibition of dopamine receptor D3 signaling in 
dendritic cells increases antigen cross-presentation to CD8+ T-cells favoring anti-tumor 
immunity. In Journal of neuroimmunology 303, pp. 99–107. DOI: 
10.1016/j.jneuroim.2016.12.014. 

Figueroa, F. E.; Carrión, F.; Martínez, M. E.; Rivero, S.; Mamani, I. (1997): Bromocriptine 
induces immunological changes related to disease parameters in rheumatoid arthritis. In 
British journal of rheumatology 36 (9), pp. 1022–1023. DOI: 10.1093/rheumatology/36.9.1022. 

Finzel, Stephanie; Englbrecht, Matthias; Engelke, Klaus; Stach, Christian; Schett, Georg 
(2011): A comparative study of periarticular bone lesions in rheumatoid arthritis and psoriatic 
arthritis. In Annals of the rheumatic diseases 70 (1), pp. 122–127. DOI: 
10.1136/ard.2010.132423. 

Fischer, Karin; Voelkl, Simon; Berger, Jana; Andreesen, Reinhard; Pomorski, Thomas; 
Mackensen, Andreas (2006): Antigen recognition induces phosphatidylserine exposure on the 
cell surface of human CD8+ T cells. In Blood 108 (13), pp. 4094–4101. DOI: 10.1182/blood-
2006-03-011742. 

Fortea-Gordo, Paula; Nuño, Laura; Villalba, Alejandro; Peiteado, Diana; Monjo, Irene; 
Sánchez-Mateos, Paloma et al. (2019): Two populations of circulating PD-1hiCD4 T cells with 
distinct B cell helping capacity are elevated in early rheumatoid arthritis. In Rheumatology 
(Oxford, England) 58 (9), pp. 1662–1673. DOI: 10.1093/rheumatology/kez169. 

Franz, Dafne; Contreras, Francisco; González, Hugo; Prado, Carolina; Elgueta, Daniela; 
Figueroa, Claudio; Pacheco, Rodrigo (2015): Dopamine receptors D3 and D5 regulate 
CD4(+)T-cell activation and differentiation by modulating ERK activation and cAMP production. 
In Journal of neuroimmunology 284, pp. 18–29. DOI: 10.1016/j.jneuroim.2015.05.003. 

Frederick, A. L.; Yano, H.; Trifilieff, P.; Vishwasrao, H. D.; Biezonski, D.; Mészáros, J. et al. 
(2015): Evidence against dopamine D1/D2 receptor heteromers. In Molecular psychiatry 20 
(11), pp. 1373–1385. DOI: 10.1038/mp.2014.166. 

Free, R. Benjamin; Hazelwood, Lisa A.; Cabrera, David M.; Spalding, Heather N.; Namkung, 
Yoon; Rankin, Michele L.; Sibley, David R. (2007): D1 and D2 dopamine receptor expression 
is regulated by direct interaction with the chaperone protein calnexin. In The Journal of 
biological chemistry 282 (29), pp. 21285–21300. DOI: 10.1074/jbc.M701555200. 

Gainetdinov, Raul R.; Premont, Richard T.; Bohn, Laura M.; Lefkowitz, Robert J.; Caron, Marc 
G. (2004): Desensitization of G protein-coupled receptors and neuronal functions. In Annual 
review of neuroscience 27, pp. 107–144. DOI: 10.1146/annurev.neuro.27.070203.144206. 

Gao, Xin; Lin, Lin; Di Yu (2018): Ex Vivo Culture Assay to Measure Human Follicular Helper T 
(Tfh) Cell-Mediated Human B Cell Proliferation and Differentiation. In Methods in molecular 
biology (Clifton, N.J.) 1707, pp. 111–119. DOI: 10.1007/978-1-4939-7474-0_8. 

Gaskill, Peter J.; Carvallo, Loreto; Eugenin, Eliseo A.; Berman, Joan W. (2012): 
Characterization and function of the human macrophage dopaminergic system: implications 
for CNS disease and drug abuse. In Journal of Neuroinflammation 9, p. 203. DOI: 
10.1186/1742-2094-9-203. 

Genovese, M. C.; van den Bosch, F.; Roberson, S. A.; Bojin, S.; Biagini, I. M.; Ryan, Peter; 
Sloan-Lancaster, J. (2010): LY2439821, a humanized anti-interleukin-17 monoclonal antibody, 
in the treatment of patients with rheumatoid arthritis: A phase I randomized, double-blind, 
placebo-controlled, proof-of-concept study. In Arthritis and rheumatism 62 (4), pp. 929–939. 
DOI: 10.1002/art.27334. 

Germay, Sibylle de; Bagheri, Haleh; Despas, Fabien; Rousseau, Vanessa; Montastruc, 
François (2019): Abatacept in rheumatoid arthritis and the risk of cancer: a world observational 
post-marketing study. In Rheumatology (Oxford, England). DOI: 
10.1093/rheumatology/kez604. 



7. References 

90 

 

Giros, B.; el Mestikawy, S.; Godinot, N.; Zheng, K.; Han, H.; Yang-Feng, T.; Caron, M. G. 
(1992): Cloning, pharmacological characterization, and chromosome assignment of the human 
dopamine transporter. In Molecular pharmacology 42 (3), pp. 383–390. 

Gjevre, John A.; Taylor Gjevre, Regina M. (2013): Restless legs syndrome as a comorbidity in 
rheumatoid arthritis. In Autoimmune diseases 2013, p. 352782. DOI: 10.1155/2013/352782. 

Gladman, Dafna D.; Mease, Philip J.; Strand, Vibeke; Healy, Paul; Helliwell, Philip S.; 
Fitzgerald, Oliver et al. (2007): Consensus on a core set of domains for psoriatic arthritis. In 
The Journal of rheumatology 34 (5), pp. 1167–1170. 

Gopinath, Adithya; Doty, Andria; Mackie, Phillip M.; Hashimi, Basil; Francis, Madison; 
Saadatpour, Leila et al. (2020): A novel approach to study markers of dopamine signaling in 
peripheral immune cells. In Journal of immunological methods 476, p. 112686. DOI: 
10.1016/j.jim.2019.112686. 

Gorlino, Carolina V.; Dave, Mabel N.; Blas, Rodrigo; Crespo, María I.; Lavanchy, Alicia; 
Tamashiro, Héctor et al. (2018): Association between levels of synovial anti-citrullinated 
peptide antibodies and neutrophil response in patients with rheumatoid arthritis. In European 
journal of immunology 48 (9), pp. 1563–1572. DOI: 10.1002/eji.201847477. 

Gossec, L.; Smolen, J. S.; Ramiro, S.; Wit, M. de; Cutolo, M.; Dougados, M. et al. (2016): 
European League Against Rheumatism (EULAR) recommendations for the management of 
psoriatic arthritis with pharmacological therapies: 2015 update. In Annals of the rheumatic 
diseases 75 (3), pp. 499–510. DOI: 10.1136/annrheumdis-2015-208337. 

Gottlieb, Alice; Menter, Alan; Mendelsohn, Alan; Shen, Yaung-Kaung; Li, Shu; Guzzo, Cynthia 
et al. (2009): Ustekinumab, a human interleukin 12/23 monoclonal antibody, for psoriatic 
arthritis: randomised, double-blind, placebo-controlled, crossover trial. In Lancet (London, 
England) 373 (9664), pp. 633–640. DOI: 10.1016/S0140-6736(09)60140-9. 

Goules, J. D.; Goules, A. V.; Tzioufas, A. G. (2013): Fine specificity of anti-citrullinated peptide 
antibodies discloses a heterogeneous antibody population in rheumatoid arthritis. In Clinical 
and experimental immunology 174 (1), pp. 10–17. DOI: 10.1111/cei.12145. 

Greengard, P. (2001): The neurobiology of slow synaptic transmission. In Science (New York, 
N.Y.) 294 (5544), pp. 1024–1030. DOI: 10.1126/science.294.5544.1024. 

Gregersen, P. K.; Silver, J.; Winchester, R. J. (1987): The shared epitope hypothesis. An 
approach to understanding the molecular genetics of susceptibility to rheumatoid arthritis. In 
Arthritis and rheumatism 30 (11), pp. 1205–1213. DOI: 10.1002/art.1780301102. 

Grötsch, Bettina; Lux, Anja; Rombouts, Yoann; Hoffmann, Anna-Carin; Andreev, Darja; 
Nimmerjahn, Falk et al. (2019): Fra1 Controls Rheumatoid Factor Autoantibody Production by 
Bone Marrow Plasma Cells and the Development of Autoimmune Bone Loss. In Journal of 
bone and mineral research : the official journal of the American Society for Bone and Mineral 
Research 34 (7), pp. 1352–1365. DOI: 10.1002/jbmr.3705. 

Guillot, Thomas S.; Miller, Gary W. (2009): Protective actions of the vesicular monoamine 
transporter 2 (VMAT2) in monoaminergic neurons. In Molecular neurobiology 39 (2), pp. 149–
170. DOI: 10.1007/s12035-009-8059-y. 

Harre, Ulrike; Georgess, Dan; Bang, Holger; Bozec, Aline; Axmann, Roland; Ossipova, Elena 
et al. (2012): Induction of osteoclastogenesis and bone loss by human autoantibodies against 
citrullinated vimentin. In The Journal of clinical investigation 122 (5), pp. 1791–1802. DOI: 
10.1172/JCI60975. 

Hasbi, Ahmed; Perreault, Melissa L.; Shen, Maurice Y. F.; Zhang, Lucia; To, Ryan; Fan, 
Theresa et al. (2014): A peptide targeting an interaction interface disrupts the dopamine D1-
D2 receptor heteromer to block signaling and function in vitro and in vivo: effective selective 
antagonism. In FASEB journal : official publication of the Federation of American Societies for 
Experimental Biology 28 (11), pp. 4806–4820. DOI: 10.1096/fj.14-254037. 



7. References 

91 

 

Hernández-López, Salvador; Tkatch, Tatiana; Perez-Garci, Enrique; Galarraga, Elvira; 
Bargas, José; Hamm, Heidi; Surmeier, D. James (2000): D2 Dopamine Receptors in Striatal 
Medium Spiny Neurons Reduce L-Type Ca2+ Currents and Excitability via a Novel PLCβ1–
IP3–Calcineurin-Signaling Cascade. In The Journal of Neuroscience 20 (24), pp. 8987–8995. 
DOI: 10.1523/JNEUROSCI.20-24-08987.2000. 

Hill, Jonathan A.; Southwood, Scott; Sette, Alessandro; Jevnikar, Anthony M.; Bell, David A.; 
Cairns, Ewa (2003): Cutting edge: the conversion of arginine to citrulline allows for a high-
affinity peptide interaction with the rheumatoid arthritis-associated HLA-DRB1*0401 MHC 
class II molecule. In Journal of immunology (Baltimore, Md. : 1950) 171 (2), pp. 538–541. DOI: 
10.4049/jimmunol.171.2.538. 

Huang, H.; Kim, H. J.; Chang, E-J; Lee, Z. H.; Hwang, S. J.; Kim, H-M et al. (2009): IL-17 
stimulates the proliferation and differentiation of human mesenchymal stem cells: implications 
for bone remodeling. In Cell death and differentiation 16 (10), pp. 1332–1343. DOI: 
10.1038/cdd.2009.74. 

Huang, Yan; Qiu, Ao-Wang; Peng, Yu-Ping; Liu, Yan; Huang, Hui-Wei; Qiu, Yi-Hua (2010): 
Roles of dopamine receptor subtypes in mediating modulation of T lymphocyte function. In 
Neuro endocrinology letters 31 (6), pp. 782–791. 

Huber, L. C.; Distler, O.; Tarner, I.; Gay, R. E.; Gay, S.; Pap, T. (2006): Synovial fibroblasts: 
key players in rheumatoid arthritis. In Rheumatology (Oxford, England) 45 (6), pp. 669–675. 
DOI: 10.1093/rheumatology/kel065. 

Huizinga, Tom W. J.; Fleischmann, Roy M.; Jasson, Martine; Radin, Allen R.; van Adelsberg, 
Janet; Fiore, Stefano et al. (2014): Sarilumab, a fully human monoclonal antibody against IL-
6Rα in patients with rheumatoid arthritis and an inadequate response to methotrexate: efficacy 
and safety results from the randomised SARIL-RA-MOBILITY Part A trial. In Annals of the 
rheumatic diseases 73 (9), pp. 1626–1634. DOI: 10.1136/annrheumdis-2013-204405. 

Hutloff, Andreas (2018): T Follicular Helper-Like Cells in Inflamed Non-Lymphoid Tissues. In 
Frontiers in immunology 9, p. 1707. DOI: 10.3389/fimmu.2018.01707. 

Jenei-Lanzl, Zsuzsa; Zwingenberg, Janika; Lowin, Torsten; Anders, Sven; Straub, Rainer H. 
(2015): Proinflammatory receptor switch from Gαs to Gαi signaling by β-arrestin-mediated 
PDE4 recruitment in mixed RA synovial cells. In Brain, behavior, and immunity 50, pp. 266–
274. DOI: 10.1016/j.bbi.2015.07.020. 

Jethwa, H.; Bowness, P. (2016): The interleukin (IL)-23/IL-17 axis in ankylosing spondylitis: 
new advances and potentials for treatment. In Clinical and experimental immunology 183 (1), 
pp. 30–36. DOI: 10.1111/cei.12670. 

Kane, D.; Greaney, T.; Bresnihan, B.; Gibney, R.; FitzGerald, O. (1999): Ultrasonography in 
the diagnosis and management of psoriatic dactylitis. In The Journal of rheumatology 26 (8), 
pp. 1746–1751. 

Kavelaars, Annemieke; Cobelens, Pieter M.; Teunis, Marc A. T.; Heijnen, Cobi J. (2005): 
Changes in innate and acquired immune responses in mice with targeted deletion of the 
dopamine transporter gene. In Journal of neuroimmunology 161 (1-2), pp. 162–168. DOI: 
10.1016/j.jneuroim.2005.01.004. 

Kawano, Masaaki; Takagi, Rie; Saika, Kikue; Matsui, Masanori; Matsushita, Sho (2018): 
Dopamine regulates cytokine secretion during innate and adaptive immune responses. In 
International immunology 30 (12), pp. 591–606. DOI: 10.1093/intimm/dxy057. 

Kay, Jonathan; Matteson, Eric L.; Dasgupta, Bhaskar; Nash, Peter; Durez, Patrick; Hall, 
Stephen et al. (2008): Golimumab in patients with active rheumatoid arthritis despite treatment 
with methotrexate: a randomized, double-blind, placebo-controlled, dose-ranging study. In 
Arthritis and rheumatism 58 (4), pp. 964–975. DOI: 10.1002/art.23383. 

Kebabian, J. W.; Briggs, C.; Britton, D. R.; Asin, K.; DeNinno, M.; MacKenzie, R. G. et al. 
(1990): A68930: a potent and specific agonist for the D-1 dopamine receptor. In American 
journal of hypertension 3 (6 Pt 2), 40S-42S. DOI: 10.1093/ajh/3.6.40S. 



7. References 

92 

 

Keren, Aviad; Gilhar, Amos; Ullmann, Yehuda; Zlotkin-Frušić, Marina; Soroka, Yoram; Domb, 
Abraham J.; Levite, Mia (2019): Instantaneous depolarization of T cells via dopamine 
receptors, and inhibition of activated T cells of Psoriasis patients and inflamed human skin, by 
D1-like receptor agonist: Fenoldopam. In Immunology 158 (3), pp. 171–193. DOI: 
10.1111/imm.13109. 

Kerkman, Priscilla F.; Fabre, Emeline; van der Voort, Ellen I. H.; Zaldumbide, Arnaud; 
Rombouts, Yoann; Rispens, Theo et al. (2016a): Identification and characterisation of 
citrullinated antigen-specific B cells in peripheral blood of patients with rheumatoid arthritis. In 
Annals of the rheumatic diseases 75 (6), pp. 1170–1176. DOI: 10.1136/annrheumdis-2014-
207182. 

Kerkman, Priscilla F.; Kempers, Ayla C.; van der Voort, Ellen I. H.; van Oosterhout, Maikel; 
Huizinga, Tom W. J.; Toes, René E. M.; Scherer, Hans U. (2016b): Synovial fluid mononuclear 
cells provide an environment for long-term survival of antibody-secreting cells and promote the 
spontaneous production of anti-citrullinated protein antibodies. In Annals of the rheumatic 
diseases 75 (12), pp. 2201–2207. DOI: 10.1136/annrheumdis-2015-208554. 

Kerkman, Priscilla F.; Rombouts, Yoann; van der Voort, Ellen I. H.; Trouw, Leendert A.; 
Huizinga, Tom W. J.; Toes, René E. M.; Scherer, Hans U. (2013): Circulating 
plasmablasts/plasmacells as a source of anticitrullinated protein antibodies in patients with 
rheumatoid arthritis. In Annals of the rheumatic diseases 72 (7), pp. 1259–1263. DOI: 10.1136/ 
annrheumdis-2012-202893. 

Klein, Marianne O.; Battagello, Daniella S.; Cardoso, Ariel R.; Hauser, David N.; Bittencourt, 
Jackson C.; Correa, Ricardo G. (2019): Dopamine: Functions, Signaling, and Association with 
Neurological Diseases. In Cellular and molecular neurobiology 39 (1), pp. 31–59. DOI: 
10.1007/s10571-018-0632-3. 

Kokkinou, Ioanna; Nikolouzou, Eleftheria; Hatzimanolis, Alexandros; Fragoulis, Emmanuel G.; 
Vassilacopoulou, Dido (2009): Expression of enzymatically active L-DOPA decarboxylase in 
human peripheral leukocytes. In Blood cells, molecules & diseases 42 (1), pp. 92–98. DOI: 
10.1016/j.bcmd.2008.10.010. 

Kouassi, Edouard; Li, Yue Sheng; Boukhris, Wahida; Millet, Isabelle; Revillard, Jean-Pierre 
(1988): Opposite effects of the catecholamines dopamine and norepinephrine on murine 
polyclonal B-cell activation. In Immunopharmacology 16 (3), pp. 125–137. DOI: 10.1016/0162-
3109(88)90001-X. 

Kraan, M. C.; Patel, D. D.; Haringman, J. J.; Smith, M. D.; Weedon, H.; Ahern, M. J. et al. 
(2001): The development of clinical signs of rheumatoid synovial inflammation is associated 
with increased synthesis of the chemokine CXCL8 (interleukin-8). In Arthritis research 3 (1), 
pp. 65–71. DOI: 10.1186/ar141. 

Krieg, Arthur M. (2002): CpG motifs in bacterial DNA and their immune effects. In Annual 
review of immunology 20, pp. 709–760. DOI: 10.1146/annurev.immunol.20.100301.064842. 

Krishnamurthy, Akilan; Joshua, Vijay; Haj Hensvold, Aase; Jin, Tao; Sun, Meng; Vivar, Nancy 
et al. (2016): Identification of a novel chemokine-dependent molecular mechanism underlying 
rheumatoid arthritis-associated autoantibody-mediated bone loss. In Annals of the rheumatic 
diseases 75 (4), pp. 721–729. DOI: 10.1136/annrheumdis-2015-208093. 

Krishnamurthy, Akilan; Ytterberg, A. Jimmy; Sun, Meng; Sakuraba, Koji; Steen, Johanna; 
Joshua, Vijay et al. (2019): Citrullination Controls Dendritic Cell Transdifferentiation into 
Osteoclasts. In Journal of immunology (Baltimore, Md. : 1950) 202 (11), pp. 3143–3150. DOI: 
10.4049/jimmunol.1800534. 

Kustrimovic, Natasa; Rasini, Emanuela; Legnaro, Massimiliano; Marino, Franca; Cosentino, 
Marco (2014): Expression of dopaminergic receptors on human CD4+ T lymphocytes: flow 
cytometric analysis of naive and memory subsets and relevance for the neuroimmunology of 
neurodegenerative disease. In Journal of neuroimmune pharmacology : the official journal of 



7. References 

93 

 

the Society on NeuroImmune Pharmacology 9 (3), pp. 302–312. DOI: 10.1007/s11481-014-
9541-5. 

Lammers, Claas-Hinrich; D'Souza, Ursula; Qin, Zheng-Hong; Lee, Sang-Hyeon; Yajima, 
Shunsuke; Mouradian, M. Maral (1999): Regulation of striatal dopamine receptors by estrogen. 
In Synapse 34 (3), pp. 222–227. DOI: 10.1002/(SICI)1098-2396(19991201)34:3<222::AID-
SYN6>3.0.CO;2-J. 

Lee, Sang-Hyeon; Mouradian, M.Maral (1999): Up-regulation of D1A dopamine receptor gene 
transcription by estrogen. In Molecular and Cellular Endocrinology 156 (1-2), pp. 151–157. 
DOI: 10.1016/s0303-7207(99)00133-1. 

Leijten, Emmerik F. A.; van Kempen, Tessa S.; Boes, Marianne; Michels-van Amelsfort, Jocea 
M. R.; Hijnen, Dirkjan; Hartgring, Sarita A. Y. et al. (2015): Brief report: enrichment of activated 
group 3 innate lymphoid cells in psoriatic arthritis synovial fluid. In Arthritis & rheumatology 
(Hoboken, N.J.) 67 (10), pp. 2673–2678. DOI: 10.1002/art.39261. 

Linsley, P. S.; Wallace, P. M.; Johnson, J.; Gibson, M. G.; Greene, J. L.; Ledbetter, J. A. et al. 
(1992): Immunosuppression in vivo by a soluble form of the CTLA-4 T cell activation molecule. 
In Science (New York, N.Y.) 257 (5071), pp. 792–795. DOI: 10.1126/science.1496399. 

Liu, Rui; Wu, Qian; Su, Dinglei; Che, Nan; Chen, Haifeng; Geng, Linyu et al. (2012): A 
regulatory effect of IL-21 on T follicular helper-like cell and B cell in rheumatoid arthritis. In 
Arthritis research & therapy 14 (6), R255. DOI: 10.1186/ar4100. 

Lombardi, M. S.; Kavelaars, A.; Schedlowski, M.; Bijlsma, J. W.; Okihara, K. L.; van de Pol, M. 
et al. (1999): Decreased expression and activity of G-protein-coupled receptor kinases in 
peripheral blood mononuclear cells of patients with rheumatoid arthritis. In FASEB journal : 
official publication of the Federation of American Societies for Experimental Biology 13 (6), 
pp. 715–725. DOI: 10.1096/fasebj.13.6.715. 

Louis, Cynthia; Souza-Fonseca-Guimaraes, Fernando; Yang, Yuyan; D'Silva, Damian; 
Kratina, Tobias; Dagley, Laura et al. (2020): NK cell-derived GM-CSF potentiates inflammatory 
arthritis and is negatively regulated by CIS. In The Journal of experimental medicine 217 (5). 
DOI: 10.1084/jem.20191421. 

Lu, Jian-Hua; Liu, Yi-Qian; Deng, Qiao-Wen; Peng, Yu-Ping; Qiu, Yi-Hua (2015): Dopamine 
D2 Receptor Is Involved in Alleviation of Type II Collagen-Induced Arthritis in Mice. In BioMed 
research international 2015, p. 496759. DOI: 10.1155/2015/496759. 

Machado, Pedro M.; Raychaudhuri, Siba P. (2014): Disease activity measurements and 
monitoring in psoriatic arthritis and axial spondyloarthritis. In Best practice & research. Clinical 
rheumatology 28 (5), pp. 711–728. DOI: 10.1016/j.berh.2014.10.004. 

Mahendra, Ankit; Yang, Xingyu; Abnouf, Shaza; Adolacion, Jay R. T.; Park, Daechan; Soomro, 
Sanam et al. (2019): Beyond Autoantibodies: Biologic Roles of Human Autoreactive B Cells in 
Rheumatoid Arthritis Revealed by RNA-Sequencing. In Arthritis & rheumatology (Hoboken, 
N.J.) 71 (4), pp. 529–541. DOI: 10.1002/art.40772. 

Malek-Ahmadi, Parviz (1985): Rheumatoid arthritis and schizophrenia: Are they mutually 
exclusive? In Seminars in Arthritis and Rheumatism 15 (1), pp. 70–72. DOI: 10.1016/0049-
0172(85)90011-3. 

Marasco, Emiliano; Farroni, Chiara; Cascioli, Simona; Marcellini, Valentina; Scarsella, Marco; 
Giorda, Ezio et al. (2017): B-cell activation with CD40L or CpG measures the function of B-cell 
subsets and identifies specific defects in immunodeficient patients. In European journal of 
immunology 47 (1), pp. 131–143. DOI: 10.1002/eji.201646574. 

Marchese, Adriano; Chen, Catherine; Kim, You-Me; Benovic, Jeffrey L. (2003): The ins and 
outs of G protein-coupled receptor trafficking. In Trends in Biochemical Sciences 28 (7), 
pp. 369–376. DOI: 10.1016/S0968-0004(03)00134-8. 

Marino, Franca; Cosentino, Marco; Bombelli, Raffaella; Ferrari, Marco; Lecchini, Sergio; Frigo, 
Gianmario (1999): Endogenous catecholamine synthesis, metabolism, storage, and uptake in 



7. References 

94 

 

human peripheral blood mononuclear cells. In Experimental Hematology 27 (3), pp. 489–495. 
DOI: 10.1016/s0301-472x(98)00057-5. 

Mason, John N.; Kozell, Laura B.; Neve, Kim A. (2002): Regulation of dopamine D(1) receptor 
trafficking by protein kinase A-dependent phosphorylation. In Molecular pharmacology 61 (4), 
pp. 806–816. DOI: 10.1124/mol.61.4.806. 

Matt, S. M.; Gaskill, P. J. (2020): Where Is Dopamine and how do Immune Cells See it?: 
Dopamine-Mediated Immune Cell Function in Health and Disease. In Journal of neuroimmune 
pharmacology : the official journal of the Society on NeuroImmune Pharmacology 15 (1), 
pp. 114–164. DOI: 10.1007/s11481-019-09851-4. 

McInnes, Iain B.; Schett, Georg (2007): Cytokines in the pathogenesis of rheumatoid arthritis. 
In Nature reviews. Immunology 7 (6), pp. 429–442. DOI: 10.1038/nri2094. 

McInnes, Iain B.; Sieper, Joachim; Braun, Jürgen; Emery, Paul; van der Heijde, Désirée; 
Isaacs, John D. et al. (2014): Efficacy and safety of secukinumab, a fully human anti-
interleukin-17A monoclonal antibody, in patients with moderate-to-severe psoriatic arthritis: a 
24-week, randomised, double-blind, placebo-controlled, phase II proof-of-concept trial. In 
Annals of the rheumatic diseases 73 (2), pp. 349–356. DOI: 10.1136/annrheumdis-2012-
202646. 

McKenna, F.; McLaughlin, P. J.; Lewis, B. J.; Sibbring, G. C.; Cummerson, J. A.; Bowen-Jones, 
D.; Moots, R. J. (2002): Dopamine receptor expression on human T- and B-lymphocytes, 
monocytes, neutrophils, eosinophils and NK cells: a flow cytometric study. In Journal of 
neuroimmunology 132 (1-2), pp. 34–40. DOI: 10.1016/s0165-5728(02)00280-1. 

Meednu, Nida; Zhang, Hengwei; Owen, Teresa; Sun, Wen; Wang, Victor; Cistrone, 
Christopher et al. (2016): Production of RANKL by Memory B Cells: A Link Between B Cells 
and Bone Erosion in Rheumatoid Arthritis. In Arthritis & rheumatology (Hoboken, N.J.) 68 (4), 
pp. 805–816. DOI: 10.1002/art.39489. 

Mei, Yang; Pan, Faming; Gao, Jing; Ge, Rui; Duan, Zhenhua; Zeng, Zhen et al. (2011): 
Increased serum IL-17 and IL-23 in the patient with ankylosing spondylitis. In Clinical 
rheumatology 30 (2), pp. 269–273. DOI: 10.1007/s10067-010-1647-4. 

Menon, Bina; Gullick, Nicola J.; Walter, Gina J.; Rajasekhar, Megha; Garrood, Toby; Evans, 
Hayley G. et al. (2014): Interleukin-17+CD8+ T cells are enriched in the joints of patients with 
psoriatic arthritis and correlate with disease activity and joint damage progression. In Arthritis 
& rheumatology (Hoboken, N.J.) 66 (5), pp. 1272–1281. DOI: 10.1002/art.38376. 

Meredith, Elizabeth J.; Holder, Michelle J.; Rosén, Anders; Lee, Adrian Drake; Dyer, Martin J. 
S.; Barnes, Nicholas M.; Gordon, John (2006): Dopamine targets cycling B cells independent 
of receptors/transporter for oxidative attack: Implications for non-Hodgkin's lymphoma. In 
Proceedings of the National Academy of Sciences of the United States of America 103 (36), 
pp. 13485–13490. DOI: 10.1073/pnas.0605993103. 

Mihara, Masahiko; Kasutani, Keiko; Okazaki, Makoto; Nakamura, Akito; Kawai, Shigeto; 
Sugimoto, Masamichi et al. (2005): Tocilizumab inhibits signal transduction mediated by both 
mIL-6R and sIL-6R, but not by the receptors of other members of IL-6 cytokine family. In 
International immunopharmacology 5 (12), pp. 1731–1740. DOI: 
10.1016/j.intimp.2005.05.010. 

Mikulak, Joanna; Bozzo, Luisa; Roberto, Alessandra; Pontarini, Elena; Tentorio, Paolo; 
Hudspeth, Kelly et al. (2014): Dopamine inhibits the effector functions of activated NK cells via 
the upregulation of the D5 receptor. In Journal of immunology (Baltimore, Md. : 1950) 193 (6), 
pp. 2792–2800. DOI: 10.4049/jimmunol.1401114. 

Mitchell, D. M.; Spitz, P. W.; Young, D. Y.; Bloch, D. A.; McShane, D. J.; Fries, J. F. (1986): 
Survival, prognosis, and causes of death in rheumatoid arthritis. In Arthritis and rheumatism 
29 (6), pp. 706–714. DOI: 10.1002/art.1780290602. 



7. References 

95 

 

Mitchell, Ulrike H.; Obray, J. Daniel; Hunsaker, Erik; Garcia, Brandon T.; Clarke, Travis J.; 
Hope, Sandra; Steffensen, Scott C. (2018): Peripheral Dopamine in Restless Legs Syndrome. 
In Frontiers in neurology 9, p. 155. DOI: 10.3389/fneur.2018.00155. 

Mobini, M.; Kashi, Z.; Mohammad Pour, A. R.; Adibi, E. (2011): The Effect of Cabergoline on 
Clinical and Laboratory Findings in Active Rheumatoid Arthritis. In Iranian Red Crescent 
Medical Journal 13 (10), pp. 749–750. 

Moreland, L. W.; Baumgartner, S. W.; Schiff, M. H.; Tindall, E. A.; Fleischmann, R. M.; Weaver, 
A. L. et al. (1997): Treatment of rheumatoid arthritis with a recombinant human tumor necrosis 
factor receptor (p75)-Fc fusion protein. In The New England journal of medicine 337 (3), 
pp. 141–147. DOI: 10.1056/NEJM199707173370301. 

Morkawa, K.; Oseko, F.; Morikawa, S. (1993): Immunosuppressive property of bromocriptine 
on human B lymphocyte function in vitro. In Clinical and experimental immunology 93 (2), 
pp. 200–205. DOI: 10.1111/j.1365-2249.1993.tb07966.x. 

Musso, N. R.; Brenci, S.; Setti, M.; Indiveri, F.; Lotti, G. (1996): Catecholamine content and in 
vitro catecholamine synthesis in peripheral human lymphocytes. In The Journal of clinical 
endocrinology and metabolism 81 (10), pp. 3553–3557. DOI: 10.1210/jcem.81.10.8855800. 

NAGATSU, T.; LEVITT, M.; UDENFRIEND, S. (1964): Tyrosin Hydroxylase. The Initial Step 
In Norepinephrine Biosynthesis. In The Journal of biological chemistry 239, pp. 2910–2917. 

Nakano, Kazuhisa; Higashi, Takehiro; Takagi, Rie; Hashimoto, Kumiko; Tanaka, Yoshiya; 
Matsushita, Sho (2009): Dopamine released by dendritic cells polarizes Th2 differentiation. In 
International immunology 21 (6), pp. 645–654. DOI: 10.1093/intimm/dxp033. 

Nakano, Kazuhisa; Yamaoka, Kunihiro; Hanami, Kentaro; Saito, Kazuyoshi; Sasaguri, 
Yasuyuki; Yanagihara, Nobuyuki et al. (2011): Dopamine induces IL-6-dependent IL-17 
production via D1-like receptor on CD4 naive T cells and D1-like receptor antagonist SCH-
23390 inhibits cartilage destruction in a human rheumatoid arthritis/SCID mouse chimera 
model. In Journal of immunology (Baltimore, Md. : 1950) 186 (6), pp. 3745–3752. DOI: 
10.4049/jimmunol.1002475. 

Nakashioya, Hiroki; Nakano, Kazuhisa; Watanabe, Naoko; Miyasaka, Nobuyuki; Matsushita, 
Sho; Kohsaka, Hitoshi (2011): Therapeutic effect of D1-like dopamine receptor antagonist on 
collagen-induced arthritis of mice. In Modern rheumatology 21 (3), pp. 260–266. DOI: 
10.1007/s10165-010-0387-2. 

Narváez, Javier; Narváez, Jose Antonio; Albert, Matías de; Gómez-Vaquero, Carmen; Nolla, 
Joan Miquel (2012): Can magnetic resonance imaging of the hand and wrist differentiate 
between rheumatoid arthritis and psoriatic arthritis in the early stages of the disease? In 
Seminars in Arthritis and Rheumatism 42 (3), pp. 234–245. DOI: 
10.1016/j.semarthrit.2012.03.016. 

Nasi, Giorgia; Ahmed, Tanzeel; Rasini, Emanuela; Fenoglio, Daniela; Marino, Franca; Filaci, 
Gilberto; Cosentino, Marco (2019): Dopamine inhibits human CD8+ Treg function through D1-
like dopaminergic receptors. In Journal of neuroimmunology 332, pp. 233–241. DOI: 
10.1016/j.jneuroim.2019.02.007. 

National Center for Biotechnology Information. Edited by Bethesda (MD): National Library of 
Medicine (US). National Center for Biotechnology Information (NCBI). Available online at 
ClinicalTrials.gov, checked on 4/22/2020. 

Natsukari, Naoki; Kulaga, Henrietta; Baker, Ivory; Wyatt, Richard Jed; Masserano, Joseph M. 
(1996): Evaluation of cyclic AMP accumulation in EBV-transformed human B-lymphocytes: 
Effects of dopamine agonists, isoproterenol, prostaglandin E1, cholera toxin, forskolin, and 
phorbol 12-myristate-13 acetate. In Progress in Neuro-Psychopharmacology and Biological 
Psychiatry 20 (1), pp. 99–108. DOI: 10.1016/0278-5846(95)00295-2. 

Nielen, Markus M. J.; van Schaardenburg, Dirkjan; Reesink, Henk W.; van de Stadt, Rob J.; 
van der Horst-Bruinsma, Irene E.; Koning, Margret H. M. T. de et al. (2004): Specific 



7. References 

96 

 

autoantibodies precede the symptoms of rheumatoid arthritis: a study of serial measurements 
in blood donors. In Arthritis and rheumatism 50 (2), pp. 380–386. DOI: 10.1002/art.20018. 

Nikitin, Pavel A.; Rose, Eileen L.; Byun, Tony S.; Parry, Graham C.; Panicker, Sandip (2019): 
C1s Inhibition by BIVV009 (Sutimlimab) Prevents Complement-Enhanced Activation of 
Autoimmune Human B Cells In Vitro. In Journal of immunology (Baltimore, Md. : 1950) 202 
(4), pp. 1200–1209. DOI: 10.4049/jimmunol.1800998. 

Osorio-Barrios, Francisco; Prado, Carolina; Contreras, Francisco; Pacheco, Rodrigo (2018): 
Dopamine Receptor D5 Signaling Plays a Dual Role in Experimental Autoimmune 
Encephalomyelitis Potentiating Th17-Mediated Immunity and Favoring Suppressive Activity of 
Regulatory T-Cells. In Frontiers in cellular neuroscience 12, p. 192. DOI: 
10.3389/fncel.2018.00192. 

Papa, Ilenia; Saliba, David; Ponzoni, Maurilio; Bustamante, Sonia; Canete, Pablo F.; 
Gonzalez-Figueroa, Paula et al. (2017): TFH-derived dopamine accelerates productive 
synapses in germinal centres. In Nature 547 (7663), pp. 318–323. DOI: 10.1038/nature23013. 

Parrado, Andrea Cecilia; Canellada, Andrea; Gentile, Teresa; Rey-Roldán, Estela Beatriz 
(2012): Dopamine agonists upregulate IL-6 and IL-8 production in human keratinocytes. In 
Neuroimmunomodulation 19 (6), pp. 359–366. DOI: 10.1159/000342140. 

Pedersen, Susanne Juhl; Maksymowych, Walter P. (2019): The Pathogenesis of Ankylosing 
Spondylitis: an Update. In Current rheumatology reports 21 (10), p. 58. DOI: 10.1007/s11926-
019-0856-3. 

Pettit, Allison R.; Ji, Hong; Stechow, Dietrich von; Müller, Ralph; Goldring, Steven R.; Choi, 
Yongwon et al. (2001): TRANCE/RANKL Knockout Mice Are Protected from Bone Erosion in 
a Serum Transfer Model of Arthritis. In The American Journal of Pathology 159 (5), pp. 1689–
1699. DOI: 10.1016/S0002-9440(10)63016-7. 

Pinchuk, Irina V.; Beswick, Ellen J.; Reyes, Victor E. (2010): Staphylococcal enterotoxins. In 
Toxins 2 (8), pp. 2177–2197. DOI: 10.3390/toxins2082177. 

Pincus, T.; Callahan, L. F.; Sale, W. G.; Brooks, A. L.; Payne, L. E.; Vaughn, W. K. (1984): 
Severe functional declines, work disability, and increased mortality in seventy-five rheumatoid 
arthritis patients studied over nine years. In Arthritis and rheumatism 27 (8), pp. 864–872. DOI: 
10.1002/art.1780270805. 

Pitcher, J. A.; Freedman, N. J.; Lefkowitz, R. J. (1998): G protein-coupled receptor kinases. In 
Annual review of biochemistry 67, pp. 653–692. DOI: 10.1146/annurev.biochem.67.1.653. 

Ponsford, Mark; Castle, Daniel; Tahir, Tayyeb; Robinson, Rebecca; Wade, Wendy; Steven, 
Rachael et al. (2018): Clozapine is associated with secondary antibody deficiency. In The 
British journal of psychiatry : the journal of mental science, pp. 1–7. DOI: 
10.1192/bjp.2018.152. 

Rao, Deepak A.; Gurish, Michael F.; Marshall, Jennifer L.; Slowikowski, Kamil; Fonseka, 
Chamith Y.; Liu, Yanyan et al. (2017): Pathologically expanded peripheral T helper cell subset 
drives B cells in rheumatoid arthritis. In Nature 542 (7639), pp. 110–114. DOI: 
10.1038/nature20810. 

Rashid, Asim J.; So, Christopher H.; Kong, Michael M. C.; Furtak, Teresa; El-Ghundi, Mufida; 
Cheng, Regina et al. (2007): D1-D2 dopamine receptor heterooligomers with unique 
pharmacology are coupled to rapid activation of Gq/11 in the striatum. In Proceedings of the 
National Academy of Sciences of the United States of America 104 (2), pp. 654–659. DOI: 
10.1073/pnas.0604049104. 

Raychaudhuri, Siba P.; Deodhar, Atul (2014): The classification and diagnostic criteria of 
ankylosing spondylitis. In Journal of autoimmunity 48-49, pp. 128–133. DOI: 
10.1016/j.jaut.2014.01.015. 

Ricci, Alberto; Bronzetti, Elena; Mignini, Fiorenzo; Tayebati, Seyed Khosrow; Zaccheo, 
Damiano; Amenta, Francesco (1999): Dopamine D1-like receptor subtypes in human 



7. References 

97 

 

peripheral blood lymphocytes. In Journal of neuroimmunology 96 (2), pp. 234–240. DOI: 
10.1016/s0165-5728(99)00042-9. 

Robledo-González, L. E.; Martínez-Martínez, A.; Vargas-Muñoz, V. M.; Acosta-González, R. 
I.; Plancarte-Sánchez, R.; Anaya-Reyes, M. et al. (2017): Repeated administration of mazindol 
reduces spontaneous pain-related behaviors without modifying bone density and 
microarchitecture in a mouse model of complete Freund's adjuvant-induced knee arthritis. In 
Journal of pain research 10, pp. 1777–1786. DOI: 10.2147/JPR.S136581. 

Rombouts, Yoann; Willemze, Annemiek; van Beers, Joyce J. B. C.; Shi, Jing; Kerkman, 
Priscilla F.; van Toorn, Linda et al. (2016): Extensive glycosylation of ACPA-IgG variable 
domains modulates binding to citrullinated antigens in rheumatoid arthritis. In Annals of the 
rheumatic diseases 75 (3), pp. 578–585. DOI: 10.1136/annrheumdis-2014-206598. 

Rugbjerg, K.; Friis, S.; Ritz, B.; Schernhammer, E. S.; Korbo, L.; Olsen, J. H. (2009): 
Autoimmune disease and risk for Parkinson disease: a population-based case-control study. 
In Neurology 73 (18), pp. 1462–1468. DOI: 10.1212/WNL.0b013e3181c06635. 

Saha, B.; Mondal, A. C.; Majumder, J.; Basu, S.; Dasgupta, P. S. (2001): Physiological 
concentrations of dopamine inhibit the proliferation and cytotoxicity of human CD4+ and CD8+ 
T cells in vitro: a receptor-mediated mechanism. In Neuroimmunomodulation 9 (1), pp. 23–33. 
DOI: 10.1159/000049004. 

Sahu, Asha; Tyeryar, Kimberly R.; Vongtau, Habiba O.; Sibley, David R.; Undieh, Ashiwel S. 
(2009): D5 dopamine receptors are required for dopaminergic activation of phospholipase C. 
In Molecular pharmacology 75 (3), pp. 447–453. DOI: 10.1124/mol.108.053017. 

Salesi, Mansour; Sadeghihaddadzavareh, Somayeh; Nasri, Peyman; Namdarigharaghani, 
Nasrin; Farajzadegan, Ziba; Hajalikhani, Mehri (2013): The role of bromocriptine in the 
treatment of patients with active rheumatoid arthritis. In International journal of rheumatic 
diseases 16 (6), pp. 662–666. DOI: 10.1111/1756-185x.12015. 

Santini, Emanuela; Feyder, Michael; Gangarossa, Giuseppe; Bateup, Helen S.; Greengard, 
Paul; Fisone, Gilberto (2012): Dopamine- and cAMP-regulated phosphoprotein of 32-kDa 
(DARPP-32)-dependent activation of extracellular signal-regulated kinase (ERK) and 
mammalian target of rapamycin complex 1 (mTORC1) signaling in experimental parkinsonism. 
In The Journal of biological chemistry 287 (33), pp. 27806–27812. DOI: 
10.1074/jbc.M112.388413. 

Scherer, Hans Ulrich; Häupl, Thomas; Burmester, Gerd R. (2020): The etiology of rheumatoid 
arthritis. In Journal of autoimmunity, p. 102400. DOI: 10.1016/j.jaut.2019.102400. 

Schrader, Joseph M.; Irving, Craig M.; Octeau, J. Christopher; Christian, Joseph A.; Aballo, 
Timothy J.; Kareemo, Dean J. et al. (2019): The differential actions of clozapine and other 
antipsychotic drugs on the translocation of dopamine D2 receptors to the cell surface. In The 
Journal of biological chemistry 294 (14), pp. 5604–5615. DOI: 10.1074/jbc.RA118.004682. 

Schröder, A. E.; Greiner, A.; Seyfert, C.; Berek, C. (1996): Differentiation of B cells in the 
nonlymphoid tissue of the synovial membrane of patients with rheumatoid arthritis. In 
Proceedings of the National Academy of Sciences of the United States of America 93 (1), 
pp. 221–225. DOI: 10.1073/pnas.93.1.221. 

Schwarting, Roland; Gerdes, Johannes; Niehus, Jochen; Jaeschke, Lothar; Stein, Harald 
(1986): Determination of the growth fraction in cell suspensions by flow cytometry using the 
monoclonal antibody Ki-67. In Journal of immunological methods 90 (1), pp. 65–70. DOI: 
10.1016/0022-1759(86)90384-4. 

Scott, D. L.; Coulton, B. L.; Symmons, D.P.M.; Popert, A. J. (1987): Long-Term Outcome Of 
Treating Rheumatoid Arthritis: Results After 20 Years. In The Lancet 329 (8542), pp. 1108–
1111. DOI: 10.1016/s0140-6736(87)91672-2. 

Shi, K.; Hayashida, K.; Kaneko, M.; Hashimoto, J.; Tomita, T.; Lipsky, P. E. et al. (2001): 
Lymphoid chemokine B cell-attracting chemokine-1 (CXCL13) is expressed in germinal center 



7. References 

98 

 

of ectopic lymphoid follicles within the synovium of chronic arthritis patients. In Journal of 
immunology (Baltimore, Md. : 1950) 166 (1), pp. 650–655. DOI: 10.4049/jimmunol.166.1.650. 

Shim, Jae-Hyuck; Stavre, Zheni; Gravallese, Ellen M. (2018): Bone Loss in Rheumatoid 
Arthritis: Basic Mechanisms and Clinical Implications. In Calcified tissue international 102 (5), 
pp. 533–546. DOI: 10.1007/s00223-017-0373-1. 

Sibley, D. R.; Monsma, F. J.; Shen, Y. (1993): Molecular neurobiology of dopaminergic 
receptors. In International review of neurobiology 35, pp. 391–415. DOI: 10.1016/s0074-
7742(08)60573-5. 

Sibley, David R.; Monsma, Frederick J.; McVittie, Loris D.; Gerfen, Charles R.; Burch, Ronald 
M.; Mahan, Lawrence C. (1992): Molecular neurobiology of dopamine receptor subtypes. In 
Neurochemistry International 20, pp. 17–22. DOI: 10.1016/0197-0186(92)90205-6. 

Singh, Jasvinder A.; Cameron, Chris; Noorbaloochi, Shahrzad; Cullis, Tyler; Tucker, Matthew; 
Christensen, Robin et al. (2015): Risk of serious infection in biological treatment of patients 
with rheumatoid arthritis: a systematic review and meta-analysis. In The Lancet 386 (9990), 
pp. 258–265. DOI: 10.1016/S0140-6736(14)61704-9. 

Smolen, Josef S.; Landewé, Robert B. M.; Bijlsma, Johannes W. J.; Burmester, Gerd R.; 
Dougados, Maxime; Kerschbaumer, Andreas et al. (2020): EULAR recommendations for the 
management of rheumatoid arthritis with synthetic and biological disease-modifying 
antirheumatic drugs: 2019 update. In Annals of the rheumatic diseases. DOI: 
10.1136/annrheumdis-2019-216655. 

Söderström, Kalle; Stein, Emily; Colmenero, Paula; Purath, Ulrich; Müller-Ladner, Ulf; Matos, 
Cristina Teixeira de et al. (2010): Natural killer cells trigger osteoclastogenesis and bone 
destruction in arthritis. In Proceedings of the National Academy of Sciences of the United 
States of America 107 (29), pp. 13028–13033. DOI: 10.1073/pnas.1000546107. 

Sokolove, Jeremy; Johnson, Dannette S.; Lahey, Lauren J.; Wagner, Catriona A.; Cheng, 
Danye; Thiele, Geoffrey M. et al. (2014): Rheumatoid factor as a potentiator of anti-citrullinated 
protein antibody-mediated inflammation in rheumatoid arthritis. In Arthritis & rheumatology 
(Hoboken, N.J.) 66 (4), pp. 813–821. DOI: 10.1002/art.38307. 

Stokes, A. H.; Hastings, T. G.; Vrana, K. E. (1999): Cytotoxic and genotoxic potential of 
dopamine. In Journal of neuroscience research 55 (6), pp. 659–665. DOI: 10.1002/(SICI)1097-
4547(19990315)55:6<659::AID-JNR1>3.0.CO;2-C. 

Sun, Wen; Meednu, Nida; Rosenberg, Alexander; Rangel-Moreno, Javier; Wang, Victor; 
Glanzman, Jason et al. (2018): B cells inhibit bone formation in rheumatoid arthritis by 
suppressing osteoblast differentiation. In Nature communications 9 (1), p. 5127. DOI: 
10.1038/s41467-018-07626-8. 

Sung, Yueh-Feng; Liu, Feng-Cheng; Lin, Chun-Chieh; Lee, Jiunn-Tay; Yang, Fu-Chi; Chou, 
Yu-Ching et al. (2016): Reduced Risk of Parkinson Disease in Patients With Rheumatoid 
Arthritis: A Nationwide Population-Based Study. In Mayo Clinic proceedings 91 (10), pp. 1346–
1353. DOI: 10.1016/j.mayocp.2016.06.023. 

Tak, Paul P.; Doorenspleet, Marieke E.; Hair, Maria J. H. de; Klarenbeek, Paul L.; van Beers-
Tas, Marian H.; van Kampen, Antoine H. C. et al. (2017): Dominant B cell receptor clones in 
peripheral blood predict onset of arthritis in individuals at risk for rheumatoid arthritis. In Annals 
of the rheumatic diseases 76 (11), pp. 1924–1930. DOI: 10.1136/annrheumdis-2017-211351. 

Tang, Y.; Wang, B.; Sun, X.; Li, H.; Ouyang, X.; Wei, J. et al. (2017): Rheumatoid arthritis 
fibroblast-like synoviocytes co-cultured with PBMC increased peripheral CD4+ CXCR5+ 
ICOS+ T cell numbers. In Clinical and experimental immunology 190 (3), pp. 384–393. DOI: 
10.1111/cei.13025. 

Tangye, Stuart G.; Avery, Danielle T.; Deenick, Elissa K.; Hodgkin, Philip D. (2003): Intrinsic 
differences in the proliferation of naive and memory human B cells as a mechanism for 
enhanced secondary immune responses. In Journal of immunology (Baltimore, Md. : 1950) 
170 (2), pp. 686–694. DOI: 10.4049/jimmunol.170.2.686. 



7. References 

99 

 

Torres, Karen C. L.; Antonelli, Lis R. V.; Souza, Adriano L. S.; Teixeira, Mauro M.; Dutra, 
Walderez O.; Gollob, Kenneth J. (2005): Norepinephrine, dopamine and dexamethasone 
modulate discrete leukocyte subpopulations and cytokine profiles from human PBMC. In 
Journal of neuroimmunology 166 (1-2), pp. 144–157. DOI: 10.1016/j.jneuroim.2005.06.006. 

van Craenenbroeck, Kathleen; Borroto-Escuela, Dasiel O.; Romero-Fernandez, Wilber; 
Skieterska, Kamila; Rondou, Pieter; Lintermans, Béatrice et al. (2011): Dopamine D4 receptor 
oligomerization--contribution to receptor biogenesis. In The FEBS journal 278 (8), pp. 1333–
1344. DOI: 10.1111/j.1742-4658.2011.08052.x. 

van der Heijde, Désirée; Ramiro, Sofia; Landewé, Robert; Baraliakos, Xenofon; van den 
Bosch, Filip; Sepriano, Alexandre et al. (2017): 2016 update of the ASAS-EULAR management 
recommendations for axial spondyloarthritis. In Annals of the rheumatic diseases 76 (6), 
pp. 978–991. DOI: 10.1136/annrheumdis-2016-210770. 

van Gaalen, Floris A.; van Aken, Jill; Huizinga, Tom W. J.; Schreuder, Geziena M. Th; 
Breedveld, Ferdinand C.; Zanelli, Eric et al. (2004): Association between HLA class II genes 
and autoantibodies to cyclic citrullinated peptides (CCPs) influences the severity of rheumatoid 
arthritis. In Arthritis and rheumatism 50 (7), pp. 2113–2121. DOI: 10.1002/art.20316. 

van Kuijk, A. W. R.; Reinders-Blankert, P.; Smeets, T. J. M.; Dijkmans, B. A. C.; Tak, P. P. 
(2006): Detailed analysis of the cell infiltrate and the expression of mediators of synovial 
inflammation and joint destruction in the synovium of patients with psoriatic arthritis: 
implications for treatment. In Annals of the rheumatic diseases 65 (12), pp. 1551–1557. DOI: 
10.1136/ard.2005.050963. 

Vargas, Gabriel A.; Zastrow, Mark von (2004): Identification of a novel endocytic recycling 
signal in the D1 dopamine receptor. In The Journal of biological chemistry 279 (36), pp. 37461–
37469. DOI: 10.1074/jbc.M401034200. 

Veale, Douglas J.; Fearon, Ursula (2018): The pathogenesis of psoriatic arthritis. In The Lancet 
391 (10136), pp. 2273–2284. DOI: 10.1016/S0140-6736(18)30830-4. 

Vermes, István; Haanen, Clemens; Steffens-Nakken, Helga; Reutellingsperger, Chris (1995): 
A novel assay for apoptosis Flow cytometric detection of phosphatidylserine expression on 
early apoptotic cells using fluorescein labelled Annexin V. In Journal of immunological methods 
184 (1), pp. 39–51. DOI: 10.1016/0022-1759(95)00072-i. 

Volkov, Mikhail; van Schie, Karin Anna; van der Woude, Diane (2020): Autoantibodies and B 
Cells: The ABC of rheumatoid arthritis pathophysiology. In Immunological reviews 294 (1), 
pp. 148–163. DOI: 10.1111/imr.12829. 

Watanabe, Yoshiko; Nakayama, Takashi; Nagakubo, Daisuke; Hieshima, Kunio; Jin, Zhe; 
Katou, Fuminori et al. (2006): Dopamine selectively induces migration and homing of naive 
CD8+ T cells via dopamine receptor D3. In Journal of immunology (Baltimore, Md. : 1950) 176 
(2), pp. 848–856. DOI: 10.4049/jimmunol.176.2.848. 

Wei, Chungwen; Jung, John; Sanz, Iñaki (2011): OMIP-003: phenotypic analysis of human 
memory B cells. In Cytometry. Part A : the journal of the International Society for Analytical 
Cytology 79 (11), pp. 894–896. DOI: 10.1002/cyto.a.21112. 

Wei, L.; Zhang, C.; Chen, H. Y.; Zhang, Z. J.; Ji, Z. F.; Yue, T. et al. (2015): Dopamine receptor 
DR2 expression in B cells is negatively correlated with disease activity in rheumatoid arthritis 
patients. In Immunobiology 220 (3), pp. 323–330. DOI: 10.1016/j.imbio.2014.10.016. 

Wei, Lei; Sun, Ying; Kong, Xiu-Fang; Zhang, Chi; Yue, Tao; Zhu, Qi et al. (2016): The effects 
of dopamine receptor 2 expression on B cells on bone metabolism and TNF-α levels in 
rheumatoid arthritis. In BMC musculoskeletal disorders 17, p. 352. DOI: 10.1186/s12891-016-
1220-7. 

Weinshilboum, R. M.; Thoa, N. B.; Johnson, D. G.; Kopin, I. J.; Axelrod, J. (1971): Proportional 
release of norepinephrine and dopamine- -hydroxylase from sympathetic nerves. In Science 
(New York, N.Y.) 174 (4016), pp. 1349–1351. DOI: 10.1126/science.174.4016.1349. 



7. References 

100 

 

Wurtman, R. J.; Axelrod, J. (1965): Adrenaline synthesis: control by the pituitary gland and 
adrenal glucocorticoids. In Science (New York, N.Y.) 150 (3702), pp. 1464–1465. DOI: 
10.1126/science.150.3702.1464. 

Xue, Li; Li, Xueyi; Chen, Qingping; He, Juntao; Dong, Yanying; Wang, Jing et al. (2018): 
Associations between D3R expression in synovial mast cells and disease activity and oxidant 
status in patients with rheumatoid arthritis. In Clinical rheumatology 37 (10), pp. 2621–2632. 
DOI: 10.1007/s10067-018-4168-1. 

Yamin, Rachel; Berhani, Orit; Peleg, Hagit; Aamar, Suhail; Stein, Natan; Gamliel, Moriya et al. 
(2019): High percentages and activity of synovial fluid NK cells present in patients with 
advanced stage active Rheumatoid Arthritis. In Scientific reports 9 (1), p. 1351. DOI: 
10.1038/s41598-018-37448-z. 

Zhang, Angela L.; Colmenero, Paula; Purath, Ulrich; Teixeira de Matos, Cristina; Hueber, 
Wolfgang; Klareskog, Lars et al. (2007): Natural killer cells trigger differentiation of monocytes 
into dendritic cells. In Blood 110 (7), pp. 2484–2493. DOI: 10.1182/blood-2007-02-076364. 

Zhang, Fan; Wei, Kevin; Slowikowski, Kamil; Fonseka, Chamith Y.; Rao, Deepak A.; Kelly, 
Stephen et al. (2019): Defining inflammatory cell states in rheumatoid arthritis joint synovial 
tissues by integrating single-cell transcriptomics and mass cytometry. In Nature immunology 
20 (7), pp. 928–942. DOI: 10.1038/s41590-019-0378-1. 

Zhang, Xiaowei; Kim, Kyeong-Man (2016): Palmitoylation of the carboxyl-terminal tail of 
dopamine D4 receptor is required for surface expression, endocytosis, and signaling. In 
Biochemical and biophysical research communications 479 (2), pp. 398–403. DOI: 
10.1016/j.bbrc.2016.09.094. 

Zhang, Xiaowei; Le, Hang Thi; Zhang, Xiaohan; Zheng, Mei; Choi, Bo-Gil; Kim, Kyeong-Man 
(2016): Palmitoylation on the carboxyl terminus tail is required for the selective regulation of 
dopamine D2 versus D3 receptors. In Biochimica et biophysica acta 1858 (9), pp. 2152–2162. 
DOI: 10.1016/j.bbamem.2016.06.021. 

Zhao, Wei; Huang, Yan; Liu, Zhan; Cao, Bei-Bei; Peng, Yu-Ping; Qiu, Yi-Hua (2013): 
Dopamine receptors modulate cytotoxicity of natural killer cells via cAMP-PKA-CREB signaling 
pathway. In PloS one 8 (6), e65860. DOI: 10.1371/journal.pone.0065860. 

Zhu, Huabin; Lemos, Henrique; Bhatt, Brinda; Islam, Bianca N.; Singh, Abhijit; Gurav, Ashish 
et al. (2017): Carbidopa, a drug in use for management of Parkinson disease inhibits T cell 
activation and autoimmunity. In PloS one 12 (9), e0183484. DOI: 
10.1371/journal.pone.0183484. 

Zhu, Wei; He, Xuxia; Cheng, Kaiyuan; Zhang, Linjie; Di Chen; Wang, Xiao et al. (2019): 
Ankylosing spondylitis: etiology, pathogenesis, and treatments. In Bone research 7, p. 22. DOI: 
10.1038/s41413-019-0057-8. 

Ziegler, S. F.; Ramsdell, F.; Alderson, M. R. (1994): The activation antigen CD69. In Stem cells 
(Dayton, Ohio) 12 (5), pp. 456–465. DOI: 10.1002/stem.5530120502. 



8. Appendix 

101 

 

8. Appendix 

Table 7: Characteristics of investigated HC and rheumatic patients for cross-sectional study on D1-D5 DR 
expression in peripheral immune cells.  
Disease scores were transferred on actual basis, non-actual scores were stringently excluded, *n indicates the 
number of missing actual information at date of blood sampling; ACPA: anti-citrullinated protein antibody, ASDAS: 
Ankylosing Spondylitis Disease Activity Score, BASDAI: Bath Ankylosing Spondylitis Disease Activity Index, BASFI: 
Bath Ankylosing Spondylitis Functional Index, DAS28: disease activity score 28, DMARD: disease-modifying anti-
rheumatic drug, FFbH: Funktionsfragebogen Hannover, HLA: human leukocyte antigen, SD: standard deviation, 
RF: rheumatoid factor 

 Healthy 

controls 

Rheumatoid 

Arthritis 

Psoriasis 

Arthritis 

Ankylosing 

Spondylitis 

Total, # 25 25 14 21 

Age (years), mean ± SD 41.4 ± 16.3 54.6 ± 16 44 ± 12.8 44.5 ± 12.4 

Female, # (%) 19 (76) 21 (84) 7 (50) 8 (38) 

Years since first diagnosis, mean ± SD - 7.9 ± 7.1 6 ± 4.7 13 ± 10.8 

Patients with bone erosion, # (%) - 6 (26) *2 1 (7) - 

RF positive patients, # (%) - 13 (57) *2 - - 

ACPA positive patients, # (%) - 7 (78) *16 - - 

HLA-B27 positive patients, # (%) - - - 9 (90) *11 

DAS28, mean ± SD - 2.9 ± 1.1 *17 2.1 ± 0.8 *7 - 

FFbH, mean ± SD - 68 ± 24 *14 83 ± 20 *6 - 

ASDAS, mean ± SD - - 1.7 ± 0.5 *11 2.2 ± 0.8 *11 

BASDAI, mean ± SD - - 2.8 ± 1.7 *11 4.8 ± 2.1 *11 

BASFI, mean ± SD - - 2 ± 1 *11 4.3 ± 2.7 *11 

Receiving corticosteroids, # (%) - 13 (59) *3 2 (14) 1 (5) *1 

Receiving non-biologic DMARD, # (%) - 14 (64) *3 12 (86) 2 (10) *1 

Receiving biologic DMARD, # (%) - 16 (73) *3 8 (57) 19 (95) *1 

 
 
Table 8: Characteristics of HC and rheumatic patients for short-term DR stimulation on peripheral immune 
cells.  
Disease scores were transferred on actual basis, non-actual scores were stringently excluded, *n indicates the 
number of missing actual information at date of blood sampling; ACPA: anti-citrullinated protein antibody, ASDAS: 
Ankylosing Spondylitis Disease Activity Score, BASDAI: Bath Ankylosing Spondylitis Disease Activity Index, BASFI: 
Bath Ankylosing Spondylitis Functional Index, DAS28: disease activity score 28, DMARD: disease-modifying anti-
rheumatic drug, FFbH: Funktionsfragebogen Hannover, HLA: human leukocyte antigen, SD: standard deviation, 
RF: rheumatoid factor 

 Healthy 

controls 

Rheumatoid 

Arthritis 

Psoriasis 

Arthritis 

Ankylosing 

Spondylitis 

Total, # 6 7 5 6 

Age (years), mean ± SD 25.3 ± 3.6 62.4 ± 19.1 49 ± 10.6 43.7 ± 6.9 

Female, # (%) 3 (50) 6 (86) 3 (60) 3 (50) 

Years since first diagnosis, mean ± SD - 10.8 ± 8.2 6.7 ± 2.7 13.3 ± 11.7 

Patients with bone erosion, # (%) - 5 (71) - - 

RF positive patients, # (%) - 5 (71) - - 

ACPA positive patients, # (%) - 6 (86) - - 

HLA-B27 positive patients, # (%) - - - 3 (50) 
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DAS28, mean ± SD - 2.9 ± 0.7 *3 1.9 ± 0.7 *2 - 

FFbH, mean ± SD - 59.3 ± 34.5 

*2 

89.7 ± 17.9 

*2 

- 

ASDAS, mean ± SD - - 2 *4 2 ± 0.6 *2 

BASDAI, mean ± SD - - 4.8 *4 4.1 ±1.4 *2 

BASFI, mean ± SD - - 1.4 *4 3.4 ± 3.1 *2 

Receiving corticosteroids, # (%) - 4 1 0 

Receiving non-biologic DMARD, # (%) - 3 5 0 

Receiving biologic DMARD, # (%) - 7 2 6 

 
 
Table 9: Characteristics of HC and RA patients for D1 DR analysis during B and T cell maturation.  
Disease scores were transferred on actual basis, non-actual scores were stringently excluded, *n indicates the 
number of missing actual information at date of blood sampling; ACPA: anti-citrullinated protein antibody, DAS28: 
disease activity score 28, DMARD: disease-modifying anti-rheumatic drug, FFbH: Funktionsfragebogen Hannover, 
SD: standard deviation, RF: rheumatoid factor 

 Healthy 

controls 

Rheumatoid 

Arthritis 

Total, # 25 23 

Age (years), mean ± SD 44.6 ± 15.7 53.9 ± 14.4 

Female, # (%) 19 (76) 20 (87) 

Years since first diagnosis, mean ± SD - 5.9 ± 6.9 

Patients with bone erosion, # (%) - 1 (4) 

RF positive patients, # (%) - 1 (5) *4 

ACPA positive patients, # (%) - 8 (42) *4 

DAS28, mean ± SD - 2.8 ± 1.3 *17 

FFbH, mean ± SD - 75 ± 16.5 *15 

Receiving corticosteroids, # (%) - 8 *1 

Receiving non-biologic DMARD, # (%) - 10 *1 

Receiving biologic DMARD, # (%) - 10 *1 

 
 
Table 10: Characteristics of healthy donors for co-culture experiments.  
SD: standard deviation 

 Healthy 

controls 

Total, # 8 

Age (years), mean ± SD 49 ± 10.1 

Female, # (%) 6 (75) 
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Table 11: Characteristics of HC and RA patients as donors for T cell-independent B cell stimulation.  
Disease scores were transferred on actual basis, non-actual scores were stringently excluded, *n indicates the 
number of missing actual information at date of blood sampling; ACPA: anti-citrullinated protein antibody, DAS28: 
disease activity score 28, DMARD: disease-modifying anti-rheumatic drug, FFbH: Funktionsfragebogen Hannover, 
SD: standard deviation, RF: rheumatoid factor 

 Healthy 

controls 

Rheumatoid 

Arthritis 

Total, # 13 11 

Age (years), mean ± SD 43.2 ± 15 60.6 ± 11.4 

Female, # (%) 10 (77) 10 (91) 

Years since first diagnosis, mean ± SD - 6.6 ± 8.1 

Patients with bone erosion, # (%) - 1 (9) 

RF positive patients, # (%) - 1 (13) *3 

ACPA positive patients, # (%) - 1 (14) *4 

DAS28, mean ± SD - 2.1 *10 

FFbH, mean ± SD - 92.5 ± 9.2 *9 

Receiving corticosteroids, # (%) - 3 *3 

Receiving non-biologic DMARD, # (%) - 2 *3 

Receiving biologic DMARD, # (%) - 5 *3 

 
 
Table 12: Characteristics of HC and RA patients as donors for analysis of intracellular signaling after D1-
like receptor stimulation.  
Disease scores were transferred on actual basis, non-actual scores were stringently excluded, *n indicates the 
number of missing actual information at date of blood sampling; ACPA: anti-citrullinated protein antibody, DAS28: 
disease activity score 28, DMARD: disease-modifying anti-rheumatic drug, FFbH: Funktionsfragebogen Hannover, 
SD: standard deviation, RF: rheumatoid factor 

 Healthy 

controls 

Rheumatoid 

Arthritis 

Total, # 10 9 

Age (years), mean ± SD 56.6 ± 4.9 55.7 ± 16.9 

Female, # (%) 10 (100) 9 (100) 

Years since first diagnosis, mean ± SD - 6.7 ± 6.9 

Patients with bone erosion, # (%) - 2 (22) 

RF positive patients, # (%) - 2 (33) *3 

ACPA positive patients, # (%) - 4 (67) *3 

DAS28, mean ± SD - 2.2 ± 0.1 *7 

FFbH, mean ± SD - 83.3 ± 13.9 *3 

Receiving corticosteroids, # (%) - 3 *3 

Receiving non-biologic DMARD, # (%) - 3 *3 

Receiving biologic DMARD, # (%) - 5 *3 
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