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ABSTRACT 

A functional immune system is crucial for our survival from the pathogens and toxins we are 

constantly subjected to. For reasons only partially understood, in some individuals the 

immune response instead target self antigens, as suggested in rheumatoid arthritis (RA), or 

environmental non-pathogenic antigens, as suggested in allergy, leading to a failure of 

resolution and development of a state of chronic inflammation. Although current treatment 

strategies are largely effective at treating the peripheral inflammation, symptoms that can be 

attributed to the central nervous system (CNS) such as pain sensitization or fatigue often 

persist, causing considerable distress for the patient. A growing amount of evidence point 

towards that chronic inflammatory diseases are accompanied by central inflammation which 

could then be involved in driving CNS related symptoms.  

In general, the immune response may result in damage not only to the pathogen but also to 

healthy tissues in the vicinity. Therefore it is essential that an inflammatory process is 

concluded as soon as the threat is cleared. Recently, the cholinergic anti-inflammatory 

pathway (CAP) was described promoting a fast vagus mediated control of systemic 

inflammation. The anti-inflammatory potential of CAP initiated clinical trials exploring the 

use of vagal stimulation as an alternative treatment strategy for immune suppression in 

human chronic inflammatory diseases such as rheumatoid arthritis. Even so, much remain to 

be understood regarding the mechanism of CAP and its anti-inflammatory extent. 

In this thesis, work has been undertaken to explore the role of central nervous mechanisms 

in RA and seasonal allergy. Furthermore, CNS involvement in RA and other arthropaties was 

studied by mapping the cerebrospinal fluid proteome and its treatment associated changes. 

Additionally, CAP mechanisms were studied using animal models of endotoxaemia in a 

translational fashion. Whereas we could not detect an increased brain microglial activity in 

either RA or Allergy, we further confirm a state of autonomic dysregulation in RA with close 

associations to peripheral inflammation. We demonstrate for the first time that modern 

treatment strategies not only exert effects peripherally, but also lead to a central nervous 

reduction of inflammatory related proteins. We additionally identify several of these proteins 

as potentially important players to study further in the context of neuro immune responses. 

Furthermore, we provide evidence that the dependence of prostaglandins for a functional 

CAP is located to splenic events, demonstrating that prostaglandin E2 is important for 

acetylcholine production as well as immunosuppressive function in splenocytes. In addition, 

an activated CAP is shown to exert effects on additional immune cells and immune 

compartments than previously known. 

Taken together, this thesis has contributed to further our understanding of CNS involvement 

in chronic inflammatory conditions, of effects exerted by commonly used as well as 

experimental treatment strategies and neural regulation of inflammation. In the future, the 

results here presented may hopefully benefit the patient by contributing to the development 

of improved treatment strategies and better understanding of disease pathology.  



POPULÄRVETENSKAPLIG SAMMANFATTNING 

Ett väl fungerande immunförsvar är viktigt för vår överlevnad och har utvecklats för att 

skydda oss mot infektioner och skadliga ämnen i vår omgivning som vi ibland kommer i 

kontakt med. Hos vissa individer fungerar dock inte immunförsvaret som det ska utan 

reagerar på kroppsegen vävnad, vilket sker vi ledgångsreumatism. Det kan även hända att 

immunförsvaret reagerar på ämnen i omgivningen som inte utgör ett hot mot oss, t.ex. 

gräspollen hos dem med hösnuva. Detta leder till ett ständigt aktivt immunförsvar och bidrar 

till kronisk inflammation i den utsatta vävnaden. Oftast hjälper befintliga behandlingar bra, 

men symptom som har sitt ursprung i hjärnan så som trötthet eller ändrad smärtkänslighet 

påverkas inte i lika stor grad av dagens anti-inflammatoriska behandlingar. Senare tids 

forskningsrön pekar mot att det inte bara pågår inflammation i den utsatta vävnaden utan att 

mekanismer i hjärnan också kan vara påverkade hos personer med olika kroniskt 

inflammatoriska sjukdommar. Detta skulle kunna vara en av orsakerna till att hjärnrelaterade 

symptom är så svårbehandlade. 

Även hos helt friska personer är immunförsvaret ett tveeggat svärd och måste noga 

kontrolleras så att inflammatorisk aktivitet inte pågår längre än nödvändigt. Detta eftersom 

det under inflammation kan uppstå skada även på frisk vävnad. Kroppen är dock smart och 

har utvecklat en rad olika kontrollmekanismer. En av dessa kontrollmekanismer kallas 

kolinerg anti-inflammatorisk signallering (KAS) och utförs av vagusnerven som även sysslar 

med att kontrollera t.ex. våra hjärtslag eller matsmältning. En aktiverad KAS leder till att 

immunceller i mjälten hämmas i sin inflammatoriska aktivitet som annars bidrar till 

inflammation i hela kroppen. KAS fungerar därmed som en broms på immunförsvaret och 

kan på så vis dämpa inflammation. Forskare har nyligen kommit på att med hjälp av svaga 

elektriska impulser kan vagusnerven stimuleras och därmed aktivera KAS hos personer med 

kronisk inflammatoriska sjukdommar som inte svarar på befintliga behandlingar, för att på 

så vis minska deras inflammation. Trots att KAS är en relativt ny upptäckt och vi fortfarande 

inte vet allt om hur KAS fungerar eller hur bred effekt den har på immunförsvaret så har 

kliniska prövningar med elektrisk aktivering av KAS hos ledgångsreumatiker visat sig vara 

ett lovande koncept. 

Mot bakgrund av detta ämnar arbetena beskrivna i den här avhandlingen att utröna om det 

finns en aktivering av immun-påverkande mekanismer i hjärnan hos individer med 

ledgångsreumatism eller allergi och om det finns ett samband mellan dessa mekanismer och 

hjärnrelaterade symptom hos dessa patienter. Att ytterligare studera hur hjärnan påverkas av 

inflammation hos reumatiker genom att kartlägga proteiner i ryggmärgsvätska och hur de 

förändras av behandling. Och till sist att utöka förståelsen för hur KAS fungerar med hjälp av 

inflammatoriska djurmodeller. 

I denna avhandling finner vi indirekt ytterligare stöd för pågående inflammatorisk aktivitet i 

hjärnan hos reumatiker. Dessutom visar vi att det finns ett samband mellan minskad 

vagusnervaktivitet och ökad perifer inflammatorisk aktivitet vilket är i linje med tidigare 

forskningsresultat. För första gången påvisar vi även att modern antiinflammatorisk 



 

 

behandling, vilken har större effekt på hjärnrelaterade symptom än tidigare behandlingar, 

inte bara påverkar perifer inflammation utan även har effekter centralt i hjärnan. Vi kan även 

peka ut ett antal proteiner som är särskilt intressanta att studera vidare för att ta reda på 

deras roll vid inflammatorisk aktivitet i hjärnan och hjärnrelaterade symptom. Vi har även 

lyckats slå fast att KAS påverkar fler immunceller än vad som tidigare visats och att 

immuncellerna i mjälten är beroende av prostaglandiner, små substanser producerade i 

kroppen vid inflammation som bland annat ger upphov till feber, för att KAS-bromsen ska 

fungera korrekt.  

Sammantaget bidrar forskningsrönen från den här avhandlingen till en utökad förståelse för 

vilken roll inflammation i hjärnan spelar vid kroniskt inflammatoriska sjukdomar, hur 

moderna behandlingsstrategier påverkar hjärnan samt nervsytemets förmåga att kontrollera 

inflamation. I framtiden förväntas dessa forskningsrön att bidra till utvecklingen av nya och 

bättre anpassade behandlingsmetoder för personer med kroniskt inflammatoriska 

sjukdommar. 
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1 INTRODUCTION 

For a long period of time being diagnosed with a chronic inflammatory disease could mean a 

life in constant pain, disability and an early death. With the understanding of the concept of 

autoimmunity and development of more efficient treatment strategies a chronic 

inflammatory diagnosis in the 21st century no longer carries such burdens. However, in spite 

of an increasing amount of research being done in this field, there are still numerous aspects 

of autoimmunity and mechanisms of specific chronic inflammatory diseases that remain 

elusive. In addition, although current treatment strategies are vastly improved, they are 

sometimes expensive and may still not be able to efficiently tackle every symptom associated 

with chronic inflammatory diseases, especially symptoms related to the central nervous 

system. Consequently, hospitalization and care of patients with such diseases remain a 

considerable economic burden for society. It is therefore vital to continue research to 

improve patient quality of life as well as to reduce the burden of patient care on society. 

1.1 A BRIEF LOOK AT THE IMMUNE SYSTEM 

Throughout history, the constant arms race between host and invading pathogens has led to 

the evolution of the ever more sophisticated defence mechanisms that we today know as our 

immune system. 

1.1.1 Innate and adaptive immunity 

The immune system is generally divided into two parts, innate and adaptive immunity. The 

innate immunity is considered the main provider of a quick but unspecific first line of 

defence against invading pathogens. Adaptive immunity instead predominantly gives rise to 

a slow but highly specialised second line of defence. Adaptive immunity may also give rise to 

immunologic memory, thus providing a highly efficient counter-attack system to combat re-

infection. 

The innate immune system is comprised of several cell types e.g. neutrophils and 

macrophages, detecting threats via specific pattern recognition receptors (PRRs) such as 

toll-like receptor (TLR) family members1,2. These receptors indiscriminately recognize highly 

conserved structures on e.g. invading pathogens, so called pathogen-associated molecular 

patterns (PAMPs), e.g. lipopolysaccharides (LPS), or signs of tissue damage via damage-

associated molecular patterns (DAMPs)3. Tissue resident macrophages are usually the first 

cells to detect threats via their PRRs which may then trigger a pro-inflammatory response 

program. Circulating neutrophils and monocytes provide a reservoir of immune cells that can 

quickly be recruited to sites of inflammation to aid in the assault on the pathogen by 

phagocytosis and the release of toxic mediators such as microbicidal agents, H2O2 or NO4,5. 

At the battlefield pathogens and resulting debris is efficiently cleared by macrophages as well 

as neutrophils4,5. The innate immune system does not only consist of cells, but is also 

accompanied by a protein based system - the complement system.  
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The complement system consists of an array of proteins with inherent proteolytic capacity, 

predominantly produced by the liver and then released into circulation 6. The proteolytic 

activity of circulating complement proteins may be triggered through three distinct 

pathways via interactions mediated by antibodies (classical pathway), lectins (lectin 

pathway) or by self activation of C3 convertase (alternative pathway)6. Activation of the 

complement system via any of these pathways promotes a cleavage cascade of the 

complement proteins into their active components 6. Some complement components (e.g. 

C1q and C4b) can attach to antigens on the surface of pathogens or damaged cells 

(opsonisation) to guide and assist clearance by neutrophils and macrophages 6. The 

complement components C5b, C6, C7 and C9 may instead together form pore structures 

known as the membrane attack complex (MAC) on the cell membrane of infected cells or 

invading pathogens, thus subjecting them to free diffusion 6,7. When enough MACs are 

accumulated on the target cell surface it can no longer cope with the stress of free diffusion 

and dies 6,7 

The adaptive immune system is primarily comprised of a group of highly specific immune 

cells where each cell may recognise a unique peptide sequence. The major players in the 

league of adaptive immunity are different subtypes of T cells and the antibody producing B 

cells. This wide selection of specificities in the adaptive immune cell pool allows immune 

responses to become tailored to different pathogens. It also provides the ability for formation 

of an immunological memory which will lead to a quicker adaptive immune response upon 

reinfection with the same pathogen8.  

The unique specificities of the adaptive immune system are mediated by B- and T cell 

receptors as well as major histocompatibility complexes (MHCs) which in humans are 

referred to as human leukocyte antigen (HLA)9. Activation of adaptive immune cells occur 

when the B- or T cell receptor recognises their specific target peptide sequence as it is 

presented on one of the two MHCs10-13. MHC-I is expressed on the cell surfaces of all kinds 

of cells in the surrounding tissues while MHC-II is predominantly expressed on specialised 

antigen presenting cells (APCs)12. Upon activation B- and T cells start to proliferate and at 

the same time undergo adaptation, a process termed affinity maturation, to fine tune its 

respective pathogen recognition and subsequent effector response 10,14,15. 

An efficient immune response where innate and adaptive immunity effortlessly work 

together is orchestrated via a host of inflammatory mediators, known as cytokines and 

chemokines, which are small proteins produced and released into the microenvironment by 

immune cells as well as cells in the inflamed or damaged tissue16.  

Although effective at keeping infection at bay, especially the inflammatory innate immune 

responses may often cause substantial damage also to healthy cells and tissues in the vicinity 

of an ongoing immune response17. It is therefore important that such inflammatory processes 

are ended as soon as the threat is neutralised to limit tissue damage and to prevent the 

development of chronic inflammatory states18. Resolution of inflammation is considered an 

active process involving a variety of mechanisms contributing to shifting a pro-inflammatory 
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microenvironment into an anti-inflammatory/healing microenvironment18. Such mechanisms 

include transformation of macrophages into anti-inflammatory/healing phenotypes, limiting 

neutrophil recruitment into inflammatory sites and their inflammatory activity, release of 

pro-resolving mediators e.g. resolvins and importantly immune suppression via neural 

pathways18. 

1.1.2 Cells of the immune system 

The cells of the immune system are produced in the bone marrow from common 

haematopoietic stem cells through a set of developmental stages termed haematopoiesis.19.  

 

Figure 1 Schematic overview of the haematopoietic development and differentiation of immune cells 
of interest for this thesis. HPC: Haematopoietic stem cell, CLP: Common lymphoid progenitor, LPs: 
Lymphoid Progenitors, CMP: Common Myeloid Progenitor, GMP: Granulocyte Monocyte Progenitor, 
RBC: Red Blood Cell, MΦ: Macrophage. Adapted from 

4,20-22
. 
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As can be discerned from figure 1 our immune system is an exceedingly complex network 

including many types of cells, each with its specialised function and responsibility, all highly 

interdependent on each other. All immune cells may be equally important since they are in 

one way or another involved in every aspect of immune responses in both health and disease. 

However, in the following section only the immune cells of particular relevance for the works 

in this thesis are briefly introduced. 

1.1.2.1 Granulocytes 

Many of the cell-types included in the innate immune system contain intracellular granules 

filled with various microbicidal agents ready to be released to the demise of any invading 

pathogen. They are therefore collectively called granulocytes and consist of neutrophils, 

eosinophils, basophils and mast cells. 

Eosinophils, basophils and mast cells are normally involved in immune responses to 

parasites by releasing various parasitocidal proteins and enzymes such as proteoglycans and 

histamine stored in their intracellular granules4,23. However, they have also been shown to 

readily produce other immunoregulatory mediators such as prostaglandins and cytokines 

indicating that they also may play a role in directing the immune response4,23,24. Eosinophils 

and basophils are recruited to inflamed tissues from the blood while mast cells are tissue 

resident cells. Interestingly, mast cells are closely involved with the nervous system and have 

been shown to express receptors for neurotransmitters e.g. acetylcholine, and can be found 

in abundance in certain areas of the central nervous system (CNS) such as the thalamus25. 

They have additionally been suggested to play a part in pain transmission 26. 

Eosinophils, basophils and mast cells also have the ability to react to immunoglobulin (Ig) E, 

the principal antibody involved in allergy and asthma27. Together with their inherent 

histamine production they are consequently highly involved in various aspects of allergy and 

asthma pathogenesis 4,23,24. 

1.1.2.2 Monocytes and Macrophages 

Monocytes are innate immune cells which circulate in the blood and upon infection migrate 

to sites of inflammation in response to interferon gamma (IFNγ). At the inflammatory site 

monocytes may differentiate and adopt characteristics of macrophages or dendritic cells 

depending on the local cytokine microenvironment 28. Monocyte derived macrophages have 

been shown to be avid phagocytosers and producers of pro-inflammatory cytokines such as 

tumour necrosis factor alpha (TNFα)
28  

Macrophages residing in tissues are under normal conditions predominantly contributing to 

the maintenance of homeostasis and continuously sample the tissue in search for threats4 

Monocyte derived- as well as tissue resident macrophages are highly plastic and upon 

activation can transform into a variety of different phenotypes with specialised functions 

depending on the current cytokine environment4,20. The phenotypes are ranging in a broad 

spectrum from the classically activated pro-inflammatory (M1) macrophages producing large 
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quantities of e.g. TNFα, promoting Th1 and Th17 responses, to the regulatory IL-10 

producing macrophages and the suppressive alternatively activated anti-inflammatory (M2) 

macrophages 4,20. Macrophages are one of the cell types that transcend the boundaries of 

innate/adaptive immunity with important functions in both systems 4. Additionally, splenic 

macrophages have been shown to be essential players in neural regulation of inflammation29. 

1.1.2.3 Natural killer (NK) cells 

NK cells are important players of innate immunity, efficiently killing infected, foreign or 

tumour cells. In addition, NK cells are also avid cytokine producers and are considered an 

important source of cytokines, particularly IFNγ, in the early immune response30. The 

activation of NK cells is determined via a delicately balanced interaction of activating and 

inhibitory surface receptors that are skewed towards activation by e.g. recognition of 

infected cells31,32. Intriguingly, a potential involvement of NK cells in contributing to disease 

pathology is discussed in several autoimmune diseases including different forms of arthritis 
33-35 as well as depression36. 

1.1.2.4 CD4+ T cells 

T cells are known to be produced in the bone marrow and to continue their development in 

the thymus, entering the blood as antigen inexperienced (naïve) cells21. Following activation 

naïve cells may differentiate into their effector function and upon clearance of the threat 

most effector cells are reported to die, leaving only a small number of cells (memory cells) to 

rapidly generate an already fine-tuned response upon re-encountering the same threat37.  

T cells are generally divided based on their surface expression of CD8 and CD4 molecules38. 

CD8+ T cells display cytotoxic properties and are principally involved in immune responses 

directed toward intracellular pathogens38. CD4+ T cells may instead upon activation give rise 

to a plethora of specialized effector cells predominantly involved in different aspects 

pathogen immune responses and immune regulation39. Like for macrophage phenotypes, 

regulation of CD4+ effector T cell differentiation and subsequent function may be attributed 

to the nature of the activation stimulus and the cytokine environment39.  

Th1 cell differentiation is shown to be dependent on a cytokine environment containing IL-

12 and IFNγ
21,40. Once differentiated, Th1 cells predominantly take part in combating 

intracellular pathogens by production of large quantities of IFNγ
40

. Elevated levels of IFNγ 

are shown to contribute to the maintenance of the response of phagocytosing innate immune 

cells20,40. IFNγ expression is mediated via the lineage specific transcription factor T-bet21.  

Th2 cell differentiation has instead been shown to be dependent on IL-4 and IL-2 in the local 

environment21,39. Differentiated Th2 cells are predominantly involved in responses against 

parasites and allergens via the transcription factor GATA3 mediated IL-4 production21,39. 

Th17 cell differentiation is furthermore shown to depend on the presence of IL-21 as well as 

IL-6, IL-23 and TGFβ
21. The main effector cytokine of Th17 cells is reported to be IL-17 with 

expression mediated via the Th17 principal transcription factor RORγt21,41. Th17 cells are 
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described to be particularly adept at helping to combat fungal or extracellular bacterial 

infections21 but may also be closely linked with autoimmunity. For example, Th17 cells have 

been shown to be involved in bone destruction in an experimental model of rheumatoid 

arthritis (RA)42.  

Regulatory T cells (Tregs) are generally divided into natural Tregs developing in the 

thymus and induced Tregs developing in the periphery from ordinary naïve CD4+ T cells43. 

Tregs are principally inhibitory and are thus described to be important in suppressing illicit 

pro-inflammatory responses to self43. This inhibitory function may be exerted on the immune 

system through several processes including production of potent anti-inflammatory 

cytokines such as IL-10 and TGFβ
43. Because of their important immunosuppressive 

function, dysregulation of Tregs are often ascribed as one of the contributing factors to the 

development of chronic inflammation and autoimmunity43.  

1.1.2.5 B cells 

Unlike T cells, B cells are known to undergo development in the bone marrow through a set 

of developmental stages and then migrate into lymphoid tissues44. In lymphoid tissues B cells 

mostly reside in special areas termed B cell follicles where they largely depend both upon 

having antigen transported to them and T cell help for activation44. The process of B cell 

transformation into actively antibody releasing plasma cells involves antibody class 

switching and affinity maturation and the characteristic formation of germinal centres44. 

Fully activated B cells may then respond by proliferation and production of antigen specific 

antibodies44. Like T cells, after resolution of inflammation a minority of adapted B cells are 

shown to remain to build up the memory pool45. Many autoimmune diseases, including 

arthritis, are characterised by autoantibodies46. However, the pathogenicity of the respective 

autoantibodies is not fully determined. Furthermore, B cell contribution in allergy via 

production of IgE antibodies is well established27. Consequently B cells are an important cell 

type to consider for many chronic inflammatory conditions. 

1.2 A DISTURBANCE IN THE SYSTEM - CHRONIC INFLAMMATION AND 

AUTOIMMUNE DISEASE 

To have such a delicately balanced immune system is a true evolutionary advantage to 

protect us from harm. However, the capacity for specific recognition and the ability to mount 

a perfectly tailored response to a wide variety of distinct pathogens and threats increase the 

risk of creating autoreactive immune cells47. It was long believed that it was impossible for 

the immune system to break tolerance and turn on the host48. As science progressed it soon 

became evident that even though rigorous control checkpoints are in place throughout both 

T- and B cell development, autoreactive cells may escape and in a susceptible host contribute 

to the development of autoimmunity and chronic inflammation45,49. Although the exact 

pathways leading to autoimmunity and chronic inflammation are incompletely understood 

and likely vary between diseases, several possible mechanisms for triggering cells initially 

considered non-autoreactive at the checkpoints have been suggested50. During e.g. bacterial 

infection concentration of self-antigens normally not seen in the extracellular environment 



 

 7 

may become increased, often as a result of tissue damage50. In a process termed bystander 

activation, elevated levels of self-antigen coinciding with an environment of strong pro-

inflammatory signals may lead to the activation of autoreactive immune cells50 (figure 2). 

Immune cells may additionally come across pathogen derived peptides that share 

resemblance with self-peptides51. During such situations autoreactive immune cells that 

target host tissues may become activated by the cross reactive antigen and start responding 

to host tissue after clearance of the initial infection, a mechanism termed molecular mimicry51 

(figure 2). During infection with some pathogens post-translational changes of native 

proteins may be induced by the pathogen. For example, during periodontal infection with p. 

gingivalis citrullination (i.e. the enzymatic transformation of arginine into citrulline) has been 

shown to increase locally52. This process of exacerbated citrullination is discussed as one of 

the driving factors of RA development53. Such processes may lead to immune recognition of 

the same type of post-translational modification not only on the initial protein but also on 

other non-related proteins via a mechanism termed epitope spreading54.  

 

Figure 2 Examples of circumstances that may lead to activation of autoreactive immune cells during 
inflammatory events including A) Molecular mimicry and D) Bystander activation. Reprinted by 

permission from Journal of Leukocyte Biology 
55

 

Together, these mechanisms provide potential pathways where failure of resolving the 

immune response may lead to a state where the immune system is constantly triggered may 

lead to the development of various chronic inflammatory diseases such as allergy and 

arthritis. With chronic inflammatory conditions on the rise in the developed world further 

investigation into disease etiology is warranted. 
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1.2.1 Seasonal Allergy (Allergic Rhinitis) 

Seasonal allergy is reportedly increasing, reaching a prevalence of around 30% in Sweden56 

and between 10-40% world-wide 57,58, however, regional variation has been shown to be 

high59. Seasonal allergy is commonly characterised by symptoms such as sneezing, itchy eyes 

and nose and rhino conjunctivitis likely caused by local mucosal inflammation initiated by 

the inhalation of allergens58,60. Risk factors for developing seasonal allergy include both 

environmental (e.g. western lifestyle, reduced childhood infections, exposure to airborne 

pollutants and altered gut microbiota) and genetic risk factors (e.g.polymorphisms in IL-4 

and IgE receptor genes and the HLA-DR locus)61.  

Seasonal allergy is considered a Th2 driven disease mediated by defective IgE antibody 

production leading to mucosal inflammation and influx of eosinophils and basophils58,60. 

Allergens have been shown to drive differentiation of Th2 cells which via IL-4 excretion may 

promote IgE production from B cells58,60. IgE may then be captured by the numerous Fc 

receptors expressed on the surfaces of mast cells, eosinophils and basophils58,60. During 

exposure to allergen, i.e. to pollen during pollen season, the allergen can crosslink the 

surface-bound IgE on mast cells, eosinophils and basophils and may thus induce histamine 

release and an inflammatory response58,60. Developing allergy is considered a two-step 

process with a hypersensitivity reaction during the first encounter with the antigen and 

allergic response during the subsequent allergen encounters58,60. Treatment for seasonal 

allergy was long consisting only of avoiding allergen exposure and pharmacotherapy 

targeting histamine release (i.e. anti-histamines) or corticosteroids targeting local 

inflammation62. Recent advances in immunotherapy provide an attractive treatment strategy 

whereby the immune system is slowly desensitised to the allergen leaving a majority of 

subjects free of symptoms58,63. 

1.2.2 Rheumatoid arthritis (RA) 

Rheumatoid arthritis is a chronic inflammatory disease characterised by joint swelling and 

subsequent joint destruction due to synovial inflammation64. RA mainly affects the smaller 

joints in the hands although involvement of the large joints such as knees and shoulders are 

also frequent. RA is one of the more common autoimmune diseases with an overall incidence 

of 41/100,000 in Sweden and a world-wide prevalence of around 1%64-66. Autoantibodies are 

considered a frequent feature in RA, where the RA-specific anti citrullinated protein 

antibodies (ACPAs) are associated with more severe disease67,68.  

In RA, major risk factors include both genetic and environmental contributors. For example, 

a genetic risk factor attribution of about 50-60% is inferred from twin studies65. Among the 

strongest genetic risk factors associated with RA development are specific RA associated 

HLA alleles (e.g. HLA.DRB1 and PTPN22), affecting both disease susceptibility and disease 

severity65,69. Furthermore, both viral (e.g. Epstein-Barr70) and bacterial (e.g. P. gingivalis71) 

infections as well as exposure to small particular substances (e.g. textile dust72 or cigarette 

smoking53) have been reported as environmental factors contributing to the risk of 

developing RA65. Interestingly, risk factors are not fully shared between ACPA+ and ACPA- 
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disease, as illustrated by the risk of cigarette smoking which is only an important risk factor 

for the development of ACPA+ RA53.  

The underlying mechanisms driving the disease are still not completely understood, but are 

gradually becoming clearer and growing evidence indicate that both innate (e.g. NK cells73) 

and adaptive (T- and B cells74,75) immune cells contribute to disease pathogenesis. 

Involvement of many pro-inflammatory cytokines such as TNFα produced by innate immune 

cells are additionally considered important69,76. It is further understood that the triggering 

event most likely takes place in the mucosal tissues and probably happen several years before 

disease onset, as a rise in autoantibody titres is detectable long before diagnosis77,78.  

Treatment strategies for RA include both pharmacological and biological approaches 

directed to immune suppression with the goal of reaching inflammatory remission and 

symptom relief. The first-line approach is the use of methotrexate, a synthetic disease 

modifying anti-rheumatic drug (DMARD). If methotrexate is found to be inefficient other 

DMARDs and biologic treatments are tried. Biologic treatments were introduced in the form 

of TNF blocking antibodies in the 90’s and to date five such biologic drugs (infliximab, 

etanercept, adalimumab, golimumab and certolizumab pegol) are available on the market79. 

These biologics have been shown to have similar efficacy in RA79. Additional biologic 

treatments include abatacept inhibiting T cell co-stimulation, tocilizumab inhibiting the IL-

6 receptor, rituximab depleting B cells and anakinra blocking the IL-1β receptor.80,81 

Furthermore, the targeted synthetic DMARDS baracitinib and tofacitinib which are 

inhibiting janus kinase (JAK), one of the key proteins in the signalling pathway of pro-

inflammatory cytokine production, have been recently added to the pool of available anti-

rheumatic drugs82. 

In addition, concomitant therapies such as corticosteroids which can be administered orally 

or locally via intra-articular injection83, pain relieving non-steroidal anti-inflammatory drugs 

(NSAIDs) such as ibuprofen as well as physical exercise are pivotal in the optimal 

management of RA. Interestingly, a higher degree of physical activity before RA diagnosis is 

likely beneficial for the outcome of the disease84
.  

With all these treatments at hand severe joint destruction and deformation traditionally 

associated with longstanding RA has become a rare phenomenon. Despite the availability of 

these treatments some symptoms such as pain and fatigue remain elusive and difficult to 

treat despite being frequently reported in RA patients, although, TNF-blockade is able to 

ameliorate these symptoms to some extent85,86. 

1.2.3 Other arthropaties 

Several autoimmune diseases affecting joints exist beside rheumatoid arthritis. In this section 

the arthropaties important for the work in this thesis are briefly introduced. 
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1.2.3.1 Psoriatic arthritis (PsA) 

PsA patients show psoriatic skin involvement in addition to joint inflammation, however, 

PsA can present with a wide variety of symptoms that together with the lack of specific 

biomarkers makes diagnosis challenging87. Incidence rates of PsA of around 6/100,000 have 

been reported88. There seem to be a strong genetic component of PsA, since family history 

generates an increased risk for development of PsA, and some HLA alleles are indicated87. 

Also environmental risk factors such as viral infection are discussed, although the specific 

nature of genetic and environmental factors remains to be discovered87.  

PsA is associated with a substantial effect on the patient’s quality of life, predominantly 

attributed by the patients’ own assessment to chronic pain and fatigue89. As many as 50% of 

PsA patients have been reported to suffer from fatigue90. Together with chronic pain being a 

common feature in PsA, the need to further understand PsA pathophysiology is illustrated87. 

1.2.3.2 Ankylosing spondylitis (AS) 

In ankylosing spondylitis it is mainly the sacroiliac joints in the hip bone and vertebrae of the 

lower back that are subjected to inflammation which subsequently can lead to bone 

formation along the spine as the disease progesses91. Prevalence of AS varies substantially 

depending on country, with a prevalence reported between 0.1 and 1.4%92. Although, AS is 

generally reported more frequently in males than females a Canadian study report a recent 

increase in females diagnosed with AS93.  

AS have for a long time been known to have a genetic predisposition connected to the HLA-

B27 loci with an excess of 90% of patients being reported as HLA-B27 positive91. The 

underlying mechanisms driving AS are poorly understood. One of the possible mechanisms 

discussed is molecular mimicry between Chlamydia94 and enterobacterial95 peptides and the 

self-peptide cytokeratin96. Another possibility put forward is related to the deposition of the 

HLA-I associated molecule beta-2-microglobulin (B2M) in synovial tissues97. In this model 

increased release of B2M from AS associated HLA-B27 sybtypes in complex with peptide is 

suggested, leading to increased B2M levels which may accumulate in synovia there 

contributing to an inflammatory response97. Treatment of AS include NSAIDs as a fist-line 

strategy and when these drugs are insufficient, TNF-blockers have provided efficient 

treatment effects in a majority of patients98. 

AS is commonly associated with physical as well as centrally associated symptoms such as 

fatigue, extensive pain and depression99. In a Scottish cohort moderate pain was reported in 

70% of patients and severe pain in 15%99. In this cohort, fatigue was identified as one of five 

potentially modifiable factors contributing significantly to patient poor quality of life99. A 

study by Brophy and colleagues report that fatigue in AS is primarily associated to pain and 

that both pain and fatigue levels are reduced after initiating anti-TNF therapy100. 
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1.2.3.3 Juvenile chronic arthritis (JCA) 

While RA presents predominantly in middle aged women, Juvenile chronic arthritis is a 

heterogeneous group of diseases affecting joints in children under the age of 16 and has a 

reported prevalence of 33/100,000101. Since there is such large heterogeneity in JCA genetic 

risk factors are complex with many genes involved, but a strong association is reported to 

the HLA genes HLA-DR/DQ and HLA-DP88. Furthermore, seasonal variation in disease 

development suggests additional environmental involvement88.  

Fatigue as well as persistent pain are symptoms frequently reported also in JCA patients and 

are reported to be important contributors to a lower quality of life102. Interestingly, a 

correlation has been shown between measures of pain and fatigue in JCA102. In a study by 

Bromberg et.al. where JCA patients completed a one month symptom diary, it is revealed 

that none of the patients were completely free of pain during the study period with up to 

86% of participants reporting at least one entry of high pain103. Interestingly, there were no 

reported difference in either pain or fatigue levels between patient groups receiving biologic 

treatments compared to conventional DMARD treatment, highlighting the difficulty of 

conventional treatments to sufficiently deal with these symptoms103. 

It is important to note that although disease pathology/etiology may differ between the 

arthropaties here presented, important features such mechanisms linked to fatigue and pain 

and a substantial involvement of TNFα have been described in all of them. On the basis of 

TNF involvement in the pathogenesis of these diseases, use of TNF-blockade generally show 

good efficacy on disease progression, and CNS related symptoms such as fatigue has also 

been proven to be relieved to some extent104,105. Together this indicates a possible role of TNF 

driven peripheral and/or central inflammation in part driving CNS related pathology in these 

diseases. 

1.3 A BRIEF LOOK AT THE NERVOUS SYSTEM 

The nervous system is vital for our body to function properly. It is generally divided into the 

peripheral nervous system (PNS) including the peripheral nerves and the central nervous 

system (CNS) including the brain and the spinal cord. The peripheral nerves are either 

afferent, i.e. leading information from the periphery to the CNS or efferent, i.e. 

communicating information from the CNS to the periphery. The CNS is organised into 

different structures and brain centres each highly interconnected and each specialised at 

processing information and directing response actions regarding respective organs or 

functions 106.  

The PNS can in turn be additionally divided into two sections. The somatic nervous system 

handling voluntary movements via innervation of skeletal muscles and the autonomic 

nervous system (ANS) handling and directing involuntary bodily functions106. 
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1.3.1 The autonomic nervous system (ANS) 

The peripheral nerves of the ANS are described to innervate most of our internal organs 

including the smooth muscle cells of the heart as well as secretory glands106,107. The main 

function of the ANS is considered to be maintenance of bodily homeostasis. Typically 

homeostasis of any given organ or process is maintained by a reflex arch. The universal reflex 

arch generally consists of visceral afferent neurons together with efferent preganglionic 

neurons synapsing on post ganglionic neurons that are innervating the target organ or 

tissue106,107. The afferent neurons are able to sense the state of the organ and this information 

is then relayed to the corresponding control centres in the CNS. In the CNS the incoming 

information is processed and information about the appropriate response to take to restore 

homeostasis is communicated to the organ107. The ANS can be further divided into the 

parasympathetic nervous system (PNS) and the sympathetic nervous system (SNS)107. The 

two systems are each considered responsible for a variety of autonomic functions relating 

either to a body at rest or a body at an alerted state often termed the “rest and digest” and 

“fight or flight” responses. The PNS mainly governs rest and digest responses such as 

reduction of heart rate and release of digestive enzymes while the SNS mainly governs the 

fight or flight responses such as elevated heart rhythm and adrenaline release.  

Neurotransmitters released at nerve terminals and synapses ensure quick and accurate signal 

transduction between neurons. Acetylcholine (ACh) is the principal neurotransmitter of the 

preganglionic neural communication in both PNS and SNS, however, SNS post ganglionic 

signal transduction is mainly mediated via noradrenaline (NA) while PNS post ganglionic 

signalling continues to be principally mediated by ACh107,108. The effect of NA and ACh 

release in the target tissues can then be further fine-tuned by an array of respective receptors. 

For NA two subtypes of receptors have been described, the α- and β adrenergic receptors, 

each family consisting of further subdivisions based on receptor location, function and 

intracellular signalling pathway 107. Two families of receptors are described also for ACh, the 

nicotinic and muscarinic receptors. The muscarinic receptors are mainly found in target 

tissues where they are involved in intracellular signalling processes mediating the target 

response107. The nicotinic receptors are instead predominantly found on post ganglionic 

neurons, there important for mediating signal transduction via regulation of intracellular ion 

levels (Na+ and Ca2+)107. To maintain a tight control of the effector tissue, the 

neurotransmitters are quickly cleared after release, either by degradation (ACh) or by 

reuptake (NA) 107. 

The organs controlled by the ANS are for the major part innervated by neurons of both PNS 

and SNS origin as illustrated in figure 3. These two systems, often providing opposite 

responses, are working together in a finely balanced fashion to regulate and maintain 

homeostasis 108. 
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Figure 3 Overview of the organisation of the sympathetic and parasympathetic efferent arms of the 
autonomic nervous system with characteristic dual innervation of multiple internal organ systems. 
Parasympathetic vagus nerve (X) innervation is including the heart (8) and intestine (14). Sympathetic 
innervation is including the heart (8), intestine (14) and the spleen (10). Reprinted by permission from 
Autonomic Neuroscience

106
. 

1.3.2 Protecting the CNS 

The neurons in the CNS are largely taking care of the processes keeping us alive. For optimal 

signal transduction and functioning a highly specialised microenvironment is required. It is 

thus essential for the body to protect not only the neurons but also the CNS 

microenvironment to ensure that any of our vital functions are not compromised. 

1.3.2.1 The blood brain barrier (BBB) 

The blood brain barrier (BBB) initially evolved to provide and maintain a highly controlled 

ionic microenvironment for optimal neural communication within the CNS, and is now 

integral for maintaining CNS micro environmental homeostasis. The BBB is comprised of the 

endothelial cells, and the specialised tight junctions between them, forming the capillaries 

supplying the CNS with oxygen and nutrients. The tight junctions provide a barrier for 

larger water-soluble blood borne molecules such as cytokines as well as cells and pathogens, 

effectively blocking their entry to the CNS. The endothelial cells are in turn encapsulated by 

a layer of extracellular matrix proteins forming the basement membrane which is produced 

in part by the endothelial cells themselves and in part by astrocytes. The BBB capillary is 

then hugged by the different cell types of the CNS, primarily pericytes and astrocytes which 

are involved in regulating BBB function and permeability, but also including microglia and 

neurons. 109 

To not deprive the CNS of essential nutrients and ions required for optimal performance, 

there are a variety of BBB transport systems in place for ions and macromolecules needed by 
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the CNS. Lipid soluble molecules may however diffuse freely into the CNS across the 

endothelial cells109. Transport across the BBB of lipid mediators with poorer diffusion 

qualities e.g. being acidic, may be facilitated via active efflux carriers while larger water 

soluble macromolecules can be transported via solute carriers as well as receptor mediated or 

adsorptive mediated vesicular transport systems109,110. For example, the presence of saturable 

transportations systems across the BBB for cytokines such as TNFα as well as interferons has 

been reported111. However, some substances do not have to cross the BBB to have an effect on 

the CNS. For example, binding of some cytokines or PAMPs such as IL-1β or LPS to 

receptors on the blood facing side of the endothelial cell has been shown to induce 

endothelial cell production of small inflammatory mediators such as NO or prostaglandins 

which easily diffuse through the BBB112,113. It has also been shown that the BBB endothelial 

cells can be induced by LPS on the blood facing side to produce and release pro-

inflammatory cytokines at the CNS facing side114. Additionally, pathways for cellular entry 

across the BBB have been described including modified permeability at tight junctions 

(paracellular pathway) or directly through the endothelial cells, a process called 

diapedesis109,110. The permeability of the tight junctions of the BBB may quickly be controlled 

either by factors circulating in the blood or factors being locally produced in the CNS to 

modify entry via the paracellular pathway109,110. There are also specialised areas of the CNS 

where the permeability of the BBB is found to be increased through fenestration allowing 

larger molecules such as cytokines, or as demonstrated by Carrithers et.al lymphocytes, to 

pass through115,116. Such areas are found in the circumventricular organs and the choroid 

plexus115. BBB structure and transport systems are summarised in figure 4. 

 

Figure 4 Schematic overviewshowing blood-brain barrier structure and transport systems. A) BBB 
structure. B) Pathways across the BBB including: 1. Receptor mediated induction of polar endothelial 
cell inflammatory mediator production, 2. Transport via efflux or solute carriers, 3. Diffusion, 4. 
Receptor mediated transcytosis 5. Paracellular pathway, 6. Diapedesis. Adapted from 

109
 

There are a number of pathologic conditions where the integrity of the BBB is reported to be 

affected ranging from mild disruption (e.g. during episodes of epilepsy) to complete BBB 

breakdown (e.g. amylotrophic lateral sclerosis)109,110. Although not leading to BBB integrity 

loss, some conditions may affect the transport systems instead. One such condition is 

Alzheimer’s disease where the amyloid-β protein transport system is shown to be up 
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regulated110. Interesting to note is that certain PAMPs such as LPS and pro-inflammatory 

cytokines such as TNFα and IL-6 have been shown to be able to alter BBB 

permeability109,117,118. Consequently, alterations in BBB functionality may contribute to CNS 

inflammation and is something that should be considered for further investigation in chronic 

inflammatory conditions. 

1.3.2.2 Immunoreactive cells in the CNS 

The CNS was initially described to be an immune privileged site, where the immune system 

was denied entry due to the highly impermeable nature of the BBB. However, the CNS is not 

left unprotected and the presence of microglia cells, a CNS resident cell type with immune 

functions was described during the 1930’s by Pio del Rio-Hortega119.  

Microglia belong to the group of cells known as glial cells, whose main function is to 

maintain homeostasis in the CNS and act as supporter cells for neurons ensuring and 

maintaining appropriate neuronal function110. Microglia closely shares ancestry with 

macrophages and have been shown to arise from a common myeloid progenitor residing in 

the yolk sack during embryonic development120. During normal conditions microglia are 

predominantly present in a “resting state” where they are easily recognisable with long thin 

processes protruding from a small cellular body121. In this resting state microglia are primarily 

involved in controlling neuronal proliferation, differentiation, novel synaptic formation and 

modification of existing synapses122. In accordance with its myeloid origin microglia are also 

constantly surveying the environment for threats121. If a threat is encountered, e.g. through 

recognition via DAMPs, microglia may quickly become activated and changes phenotype to 

an amoeboid shape indistinguishable from macrophages 121 Activated microglia reportedly 

start phagocytosing pathogens and debris, excrete toxic substances such as nitric oxide and 

pro-inflammatory cytokines such as TNFα, IL-1β and IL-12 but also IFNγ to recruit more 

immune cells from the circulation and coordinate phagocytosis123. Like macrophages the 

effector function of microglia has been shown to vary depending on the stimuli and it is likely 

that a similar spectrum of effector phenotypes exist121. After an insult is cleared microglia and 

blood derived monocytes/macrophages are also found to be involved in tissue regeneration123. 

Due to their quick action and prompt inflammatory response microglia are highly involved in 

CNS pathology and are thus commonly used as markers for ongoing inflammation in the 

CNS124. Interestingly, data from in vitro as well as animal studies identify the translocator 

protein (TSPO) as upregulated primarily on microglia subjected to pro-inflammatory 

activation, and to a lower extent on astrocytes and macrophages, indicating TSPO as a useful 

marker of microglia activation125,126. This led to development of radioactive tracers directed 

against TSPO for the use of in vivo positron emission tomography (PET) imaging of central 

glia activation127. TSPO upregulation and glial activation has since been shown in a variety of 

acute and chronic inflammatory settings including peripherally induced endotoxaemia in 

non-human primates128 and humans129, human alzheimer’s disease 130, stroke in animal 

models131 and humans132 as well as experimental arthritis133. Although, microglial activation is 

gaining interest in relation to inflammatory diseases, further research is needed to fully 
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elucidate the role of microglial activation in inflammatory conditions and relations to CNS 

related symptoms and pathologies. 

Astrocytes are another type of glial cells with the ability to respond to insults134. In healthy 

CNS two phenotypes of astrocytes have been described, protoplasmic and fibrous, 

distinguished by morphology and location135. With their processes they reportedly form 

close connections to the CNS vasculature and make contact with neighbouring astrocytes 

and neurons135. Their main function at homeostasis is to supply the neurons with all the 

nutrients and components they need as well as regulating blood flow and synaptic 

transmission135. Astrocytes are shown to readily respond to injury or pathogenic derived 

threats, and like microglia responses are ranging from pro-inflammatory to anti-

inflammatory depending on strength and type of stimuli134. The inflammatory functions of 

astrocytes are not fully understood but include: 1) formation of a tight barrier creating 

containment of the affected area, thus protecting neighbouring healthy CNS tissues, and 2) 

modulation of the inflammatory response exerted by microglia and incoming immune cells 

via production of pro- or anti-inflammatory mediators such as TNFα and IL-6 or TGFβ
134. 

In contrast to microglia, astrocytes (together with polydendrocytes, oligodendrocytes and 

neurons) originate from a neural progenitor22. 

It has become evident that the immune system and the CNS is intricately linked and 

immune cells are to some extent allowed to cross the BBB to perform immunosurveillance of 

the CNS, however, in a healthy state this migration is considered to be tightly controlled and 

kept at a low frequency136. Immune cells are also regularly found crossing the part of the BBB 

protecting the cerebrospinal fluid (CSF) and in CSF of healthy individuals a cell count of 

approximately 3000 cells/ml can be expected including cells of both innate and adaptive 

immunity136,137. 

1.4 NEUROIMMUNE REGULATION 

As described, the CNS is constantly subjected to immune surveillance and any subsequent 

immune responses are normally tightly controlled by the cells in the CNS. However, the CNS 

has been shown to not only have the ability control the immune system at home ground, but 

also to have the ability to regulate peripheral immune responses. This central control of 

inflammation is mainly directed via two pathways, the hormone mediated Hypothalamic-

Pituitary-Adrenal (HPA) axis and the neuronally mediated inflammatory reflex. Like big 

brother watching, having additional central control systems in place may thus provide a 

safeguard against over activation of the immune response and a prolonged state of 

inflammation. 

1.4.1 The HPA-Axis and the role of prostaglandins 

The HPA axis is a feedback regulated neuroendocrine system influencing homeostasis of for 

example digestive and cardiovascular systems via controlled release of glucocorticoids such 

as cortisol from the adrenal glands138. The glucocorticoids induced by induction of the HPA-
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axis may also exert important immunosuppressive functions138. Initiation of the HPA-axis 

involves signalling by neurons innervating the paraventricular nucleus of the hypothalamus 

resulting in the release of corticotrophin releasing hormone (CRH) and arginine vasopressin 

(AVP) into the circulation138. CRH is in turn described to act in concert with AVP on the 

pituitary gland triggering the release of adrenocorticotrophic hormone (ACTH), involved in 

the release of glucocorticoids such as cortisol from the adrenal glands138. The 

immunosuppressive properties of glucocorticoids are well established and exert its effect via 

widely expressed glucocorticoid receptors on the immune cells138. The immunosuppressive 

effects on immune cells include inhibition of pro-inflammatory cytokine release which may 

instead favour generation of anti-inflammatory immune cell phenotypes and thus promotes 

resolution138.  

It has become established that the HPA-axis may effectively be triggered by inflammatory 

mediators such as cytokines and prostaglandins139. However, inflammatory induction of the 

HPA-axis may also be provided via direct input from immunosensory afferent vagal neurons 
140 as illustrated in figure 5. Interestingly, it has been demonstrated that there may be 

dysfunction of the HPA-axis in chronic inflammatory conditions including RA where the 

amount of glucocorticoids released is not enough to counteract the ongoing inflammatory 

response141. 

 

Figure 5 Schematic overview of the HPA-axis and relation to inflammatory events. Engagement of the 
HPA-axis leads to release of glucocorticoids from the adrenal gland. Glucocorticoids feeds into the 
negative feedback loop inhibiting the HPA-axis response (pink lines). HPA axis can be initiated by 
peripheral production of cytokines in part sensed via the vagus nerve as well as via central production 
of pro-inflammatory cytokines and prostaglandins (purple arrows). Glucocorticoids additionally 
promote a shift toward anti-inflammatory cytokine production which negatively regulates the HPA axis 
response (pink lines) Adapted from 

142
 

1.4.1.1 Prostaglandins 

Prostaglandins are a group of small lipid molecules produced from arachidonic acid by a 

number of cell types and are shown to be involved in many different processes including 
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release of neurotransmitters143. They are predominantly constitutively expressed in the CNS 

and tissues, where synthesis is mainly mediated via the constitutively expressed enzyme 

cyclooxygenase-1 (COX-1)143,144. Importantly, prostaglandin production (particularly 

prostaglandin E2 (PGE2)) may readily be induced by inflammatory stimuli such as LPS or 

pro-inflammatory cytokines in a range of cells including macrophages and endothelial 

cells143,144. In such cases PGE2 production is mediated by the inducible COX-2 and 

subsequent processing by the microsomal prostaglandin E synthase-1 (mPGES-1)144,145. There 

are four receptors capable of binding PGE2 described, namely EP1-4, each with a variety of 

subtypes that may affect the response outcome146.  

Inflammatory induced PGE2 may reach the CNS, either entering via circumventricular organs 

or through induced production by BBB endothelial cells147. In the CNS PGE2 has been shown 

to be involved in induction of fever and pain responses as well as CRH release via EP3 

receptor interaction on neurons in the hypothalamus139,148,149. Prostaglandins are also shown 

to be important for the induction of “sickness-syndrome”, i.e. inflammatory mediated 

behavioural changes such as reduced food intake and reduced social encounters illustrating 

the ability of the immune system to induce behavioural changes in the host150.  

 

Figure 6 Schematic overview of prostaglandin synthesis and reported PGE2 effect on immune cells. 

Adapted from 
143,151

 

Prostaglandins may also exert direct effects on the immune cells themselves such as CD4+ T 

cells, B cells and APCs which by individual effects are seemingly driving the immune system 

toward a Th2 or Th17 response143,152. However, PGE2 mediated immunomodulation is 

exceedingly complex with sometimes opposing effects on immune cells reported. Although 

immunomodulatory effects of PGE2 is intensely studied much remain to be elucidated 

regarding mechanisms of actions152.  

In different disease pathologies, prostaglandins may have a pronounced pro-inflammatory 

role, as exemplified by Rheumatoid arthritis. In RA mPGES-1 is reported to be upregulated 

in the cells of the synovial membrane (i.e. fibroblasts and macrophages) in active disease and 

PGE2 production is readily induced by pro-inflammatory cytokines in these cells144. 
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Exacerbated prostaglandin production in the synovium is thus thought to be one of the 

contributing factors leading to disease pathology in RA.  

Blocking prostaglandin production via specific COX2 or general COX1/2 inhibitors 

(NSAIDs) are commonly used to treat febrile, inflammatory or painful conditions146. COX 

inhibitors often provide efficient symptom relief in chronic inflammatory conditions such as 

arthritis153. However, chronic use of NSAIDs is associated with elevated risk for severe side 

effects such as gastrointestinal ulcers (though this side effect is reduced in modern selective 

COX2 inhibitors), predisposing to thrombus formation and cardiovascular events154,155. 

Together with emerging evidence that prostaglandins also may have beneficial anti-

inflammatory functions, the use of COX inhibitors may have to be re-evaluated when used as 

an anti-inflammatory treatment option146. 

1.4.2 Immunomodulation by the SNS 

To date no major parasympathetic innervation has been found reaching the primary (bone 

marrow and thymus) and secondary (spleen, lymph nodes, mucosa associated lymphoid 

tissue) immune organs.156 Instead these sites are shown to be richly innervated by NA 

releasing sympathetic neurons 156. Several studies have reported sympathetic nerve endings 

in close proximity to many types of immune cells including lymphocytes and macrophages156. 

Interestingly, in the spleen sympathetic innervation (via the splenic nerve) is highly localised 

with nerve terminals focusing in the reactive T- and B cell zones156. NA released by the 

splenic nerve may act on either α- or β NA receptors on the local immune cells. However, it is 

generally the β2AR that is expressed on immune cells and the effect of physiological NA 

concentrations on splenic immune cells has been shown to be predominantly anti-

inflammatory156. This effect includes suppression of cellular cytotoxic activity and by shifting 

cytokine production from the Th1 driving TNFα and IL-1 towards Th2 driving IL-4 and IL-

10156. 

 

Figure 7 Effects of NA engagement of α2AR or β2AR on immune cells. Adapted from 
157

. 



 

20 

LPS has been shown to induce activity in the splanchnic as well as splenic nerves generating 

an elevation of circulating levels of NA158,159. NA released by the splenic nerve has 

furthermore been shown to induce anti-inflammatory effects in activated splenic 

macrophages expressing the β2AR160.  

1.4.3 Immunomodulation by the PNS - The vagus nerve and the 

inflammatory reflex 

As any function mediated by the ANS is generally regulated by both SNS and PNS input 

logic would dictate the presence also of parasympathetic immunomodulation.  

The largest nerve of the PNS is the Xth cranial nerve, also known as the vagus nerve, 

accounting for roughly three quarters of the parasympathetic neurons (most being afferent 

fibres) and is innervating most internal organs107,161. As the vagus is part of the “rest and 

digest” responses its main function entails inhibition of stress induced actions (e.g. to 

dampen inflammation) and induction of resting responses (e.g. decrease heart rate). In 

contrast to the SNS, post ganglionic neurons in the PNS are generally located within the 

target tissue and PNS mediated effects thus tend to be localised to the specific target 

tissue107.  

Afferent vagal neurons have been demonstrated to terminate in the nucleus tractus solitaries 

(NTS), a small nucleus in the brain stem associated with reflex control108. The central 

projections of the vagus nerve were largely elucidated in the 70’s and 80’s by a series of 

animal experiments108. From the NTS neurons project to many brain centres, including the 

hypothalamus and locus coeruleus, in an intricate network as depicted by figure 8. Efferent 

vagal outflow is primarily generated from the nucleus ambiguous and the dorsal motor 

nucleus of the vagus, both located in the caudal medulla of the brain stem108,161. Importantly, 

while no direct parasympathetic innervation to immune organs to date has been 

demonstrated, the vagus has been shown to innervate sympathetic ganglia as well as the 

adrenal gland162. This supports more indirect routes of efferent vagal immunomodulation e.g. 

mediated via controlling sympathetic innervation of immune organs or by modulating HPA-

axis output162. 
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Figure 8 Central projections of the vagus nerve in the human CNS. The afferent vagus nerve projects 
to several control centres deep in the brain including the Locus Coeruleus (LC), Thalamus (Thal) and 
Hippocampus (Hp). The efferent projections driving vagal outflow originates from structures such as 
nucleus basalis of Meynert (NBM) and Pedunculopontine tegmental nucleus (PPTg). CTX: Cortex, 
Cc: Corpus callosum, Cd: Caudate nucleus, Gp: Globus Pallidus, Msn: Medial septal nuclei, SSN: 
Superior salivatory nucleus, DRN: dorsal raphe nucleus, NTS: Nucleus tractus solitarius. Modified 
from 

163
. 

Neurons have been shown to sense and become activated by inflammatory mediators such as 

IL-1β or LPS leading to induction of sickness syndrome responses 113,164,165
. Investigations of a 

neuronally mediated immune-to-brain axis of communication was initiated based on a 

growing amount of evidence showing that such neuronal functions was blockable by 

vagotomy164,165. 

Together with the finding that an inflammatory response could be abrogated by electrical 

stimulation of the vagus nerve (VNS) a reflex based model of vagal immunomodulation was 

ultimately put forward by Tracey and co-workers under the name of the inflammatory 

reflex166-168. In this model afferent vagal neurons sense peripheral inflammation and relay this 

information to the NTS where efferent vagal neurons are engaged. Efferent vagal activity in 

turn leads to an attenuation of the inflammatory response by suppression of pro-

inflammatory cytokine production by macrophages in the spleen166,167. 

1.4.3.1 Cholinergic anti-inflammatory pathway (CAP) 

By further investigations into the mechanism of the inflammatory reflex it was determined 

that its anti-inflammatory effect was mediated via ACh, since TNFα production was 

effectively reduced in endotoxaemic wild type (WT) mice but not in mice deficient in 

nicotinic α7 acetylcholine receptor (α7AChR)169,170. The efferent arm of the inflammatory 

reflex was thus named the cholinergic anti-inflammatory pathway (CAP). Further in vitro 

investigation led to the conclusion that the nicotinic receptors mediating this response was 

present on macrophages since nicotinic agonists could block TNFα release in WT but not 

α7AChR deficient macrophages169. Furthermore, important studies demonstrated a 
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dependency of the spleen for a functional CAP171,172. Splenectomy was shown to not only 

revoke induced anti-inflammatory effects of CAP, but to also be the main contributor to 

circulating levels of cytokines produced during endotoxaemia171,172. Importantly, further 

studies also showed the significance of the splenic nerve in the CAP, because by cutting it 

the anti-inflammatory properties of CAP were abolished thus demonstrating a connection 

between the PNS and SNS in regulation of peripheral inflammatory responses173. The splenic 

nerve is part of the SNS and subsequently releases NA. Macrophages are known to express 

receptors for both ACh (α7AChR) and for NA (β2AR) and both receptors have been shown 

to be able to suppress pro-inflammatory cytokine production29,168,169,174. Further scrutiny of 

the splenic events leading to attenuation of cytokine production was able to identify the 

origin of splenic ACh to a subset of CD4+ memory T cells testing positive for choline acetyl 

transferase (ChAT), the enzyme responsible for ACh production175. Rosas-Ballina and 

colleagues showed that anti-inflammatory CAP responses were un-effective in mice lacking 

these T cells, but that it can be partially restored by adoptive transfer175. Based on these 

findings, a model of CAP was presented where efferent vagal signalling initiates NA release 

in the spleen via the splenic nerve. NA engages with α7AChR on a subset of splenic memory 

T cells, which respond by upregulation of ChAT expression and ACh production. ACh in 

turn act on splenic macrophages inhibiting their production of pro-inflammatory 

cytokines175. However, the exact mechanism whereby efferent vagal signalling leads to 

splenic NA release is yet to be fully understood and alternative mechanisms have been 

suggested159. 

 

Figure 9 Autonomic control of inflammation. A) Systemic and local inflammation is controlled via 
autonomic innervation of the spleen and other organs including the intestine. Reprinted by permission 
from Immunity

176
. B) Schematic overview of anti-inflammatory effects mediated via the vagus nerve 

where efferent signalling involving the spleen represents the CAP. Reprinted by permission from 
nature neuroscience

177
. 
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The molecular events of CAP in splenocytes are comparably well established. In 

macrophages, ACh interaction via the α7AChR has been shown to affect several internal 

signalling pathways, each affecting the pro-inflammatory response to LPS. For example, 

treatment with ACh or the ACh agonist nicotine was shown to promote the ability of 

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibito (IκB) to block 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) mediated 

transcription of pro-inflammatory genes leading to reduced TNFα release in monocytes, and 

to limitation of leukocyte recruitment ability in endothelial cells178,179. Furthermore, 

engagement of the α7AChR is known to affect the Jak2-STAT3 signalling pathway and in 

macrophages has been shown to induce STAT3 activation leading to inhibition of NFκB 

mediated production of pro-inflammatory cytokines180,181. In addition to limiting production 

of pro-inflammatory cytokines, engagement of α7AChR has been shown to inhibit 

expression of several surface proteins involved in driving the inflammatory response in 

immune cells182.These proteins including CD14, TLR-4, intercellular adhesion molecule-1 

(ICAM-1), B7.1 and CD40, which are all LPS inducible182. It is thus indicated that the anti-

inflammatory effect extend beyond reducing splenic pro-inflammatory cytokine production, 

highlighting the need for extensive studies on CAP effects in a broader context. 

 

Figure 10 Schematic overview of intracellular signalling events leading from neuronal NA release to 
the inhibition of pro-inflammatory cytokines in macrophages. NA is released from splenic neurons 
following efferent vagal nerve activity. NA binds to β2AR on ChAT

+
 T cells which leads to upregulation 

of ChAT and subsequent increase in ACh production. Elevated levels of ACh in turn engages 
α7nAChR on macrophages initiating intracellular signalling events leading to the promotion of factors 
which inhibit NFκB mediated pro-inflammatory cytokine production. Reprinted by permission from 
BioMed research international

183
. 
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While many aspects of neuroimmune regulation via the inflammatory reflex remain to be 

studied, altogether, the CAP makes a promising pathway to target in the quest for new anti-

inflammatory treatment strategies. By better understanding the mechanism behind the 

inflammatory reflex and the CAP we may also increase our understanding of mechanisms 

leading to disease pathogenesis in chronic inflammatory conditions.  

1.5 CNS RELATED SYMPTOMS 

Apart from the disease specific symptoms, patients with chronic inflammatory disorders 

such as arthritis and allergy are often reported to suffer from more diffuse symptoms that can 

be attributed to the CNS such as altered pain perception, autonomic dysfunction, severe 

fatigue, and cognitive or mood alterations. These symptoms are often hard to treat and 

commonly the regular disease controlling treatment has little or no effect on these types of 

symptoms, causing a substantial reduction in quality of life for these patients. 

1.5.1.1 Pain  

In rheumatic disease, inflammation of the affected joint gives rise to pain and stiffness. 

Frequently the presence of pain persist in the patient despite achieving good inflammatory 

control by medication86. Generally, pain is a physiological response to harmful stimuli that 

evolved to protect us from harm. Inflammation is one of the stimuli shown able to trigger 

pain via receptors recognising pro-inflammatory mediators (e.g. cytokines or PAMPs) on 

nociceptive neurons184. An additional physiologic response of inflammatory pain is a 

sensitisation of nociceptive neurons for a period of time after the inflammatory stimulus has 

disappeared to ensure that the injured area is protected from further damage 184. This process 

of sensitisation is complex and shown to involve many mechanisms and players resulting in 

an altered pain perception controlled both locally and centrally185. Ordinarily, such adaptive 

sensitisation returns to normal after a period of time, however in some conditions this state 

of pain sensitisation may become chronic184. It has been shown that RA patients display 

altered pain perception, reacting to normally non-painful stimuli in an area unaffected by 

inflammation, typical of central sensitisation186. Together with evidence of central 

sensitisation in animal models of arthritis 187 and the reported increased incidence of 

fibromyalgia during the course of RA188 a substantial involvement of central sensitisation in 

arthritis pain pathology is suggested. However, the exact nature of events leading to pain 

sensitisation is still incompletely understood.  

1.5.1.2 Fatigue 

Fatigue is a common symptom in chronic inflammatory diseases, including arthritis and 

seasonal allergy, and is reported by patients as one of the key factors negatively affecting 

their quality of life189-192. The prevalence of fatigue is high, with reports of more than 40% of 

arthritis patients being affected and remains one of the most important symptoms in allergic 

rhinitis189,192. The mechanism(s) behind fatigue is to date poorly understood, but emerging 

evidence suggests complex interactions between a number of different factors. Studies in 

Sjögren’s syndrome suggest a genetic component as well as involvement of the IL-1β 
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system193,194. Moreover, several studies in arthritis show relationship between fatigue and 

parameters such as functional health status, mental status and level of pain85,190. In these 

studies, there was no clear relation between fatigue and systemic inflammation, however, the 

role of inflammation in fatigue is controversial and other investigations have proven that 

immune-suppressive treatments are effective to ameliorate fatigue. For example, biologic 

agents targeting TNFα have been shown to alleviate fatigue to some extent 85,195 and there 

have been additional reports of substantial decrease in fatigue following treatment with IL-

1β receptor blockade196. Furthermore, it was previously shown that elevated IL-1β levels in 

CSF of RA patients correlated positively with fatigue197. Together this indicates that 

although the pathogenesis of fatigue is multifactorial, certain inflammatory mediators may 

contribute in driving this symptom. Additionally, work by Hifinger and colleagues and 

Feldhusen et.al. shows that both country of residence and season of the year affects fatigue 

severity, demonstrating increased fatigue rate scores during wintertime and in wealthier 

countries respectively198,199. Moreover, a recent metabolomic study performed by Surowiec 

and colleagues instead show a strong association between fatigue and patterns related to 

oxidative stress200 all together shedding light on the complexity of the pathogenesis of 

fatigue. 

In allergic rhinitis fatigue is generally attributed to treatment side effects and the symptom of 

a blocked nose which is shown to severely affect sleep quality 201. However, when dissecting 

the exact nature of fatigue using multidimensional questionnaires Marshall and colleagues 

show that only mental fatigue parameters are affected in allergy, suggesting CNS 

involvement202. Further studies are thus needed to explore the connection between fatigue 

and CNS in allergy disorders. 

1.5.1.3 Altered autonomic activity 

Dysfunction of the autonomic nervous system is recognized as a trait for several chronic 

inflammatory diseases including RA203. It is well established that RA patients have an 

increased risk of early mortality due to cardiovascular events such as myocardial infarction or 

stroke which has a reported worldwide prevalence of almost 10% in RA pateints204. The 

increased risk of cardiovascular events is considered to be an effect of a dysregulation in the 

autonomic cardiovascular reflexes and heart rate variability (HRV)205. HRV is a measure of 

autonomic balance between the PNS and the SNS which can be calculated from an ordinary 

electrocardiography (ECG) recording206. Several studies confirm that not only RA patients 

and patients with other arthropaties, but also allergy patients as well as patients suffering 

from other chronic inflammatory diseases such as SLE or multiple sclerosis display 

autonomic dysfunction, although subtle differences between the diseases are reported205,207-

210. For example, RA patients are shown to have elevated basal heart rate and reduced vagal 

(parasympathetic) tone205,211. This autonomic imbalance may not only contribute to the 

increased risk of cardiovascular events, but may also contribute to the development of the 

chronic inflammatory state via impaired neuro-immunoregulatory functions212. Together this 

indicates that altered autonomic function may be connected to the inflammatory status 

rather than with any particular inflammatory disease. This has recently been reported in 
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general population where decreased parasympathetic activity associates with measures of 

systemic inflammation213. In contrast, patients suffering from allergic rhinitis is reported to 

have a dysfunction in the sympathetic regulation210. However, it is yet to be discovered what 

this means for the inflammatory status in allergy patients. 

1.5.2 The role of inflammatory mediators 

There is a growing amount of evidence pointing toward an ongoing inflammatory response in 

the CNS in both arthritis and allergy which may contribute to the development of CNS 

related symptoms and associated pathologies.  

In allergic rhinitis CNS related symptoms are well documented but poorly understood and 

have been sparsely studied202. However, emerging evidence from animal studies point 

towards CNS involvement at multiple levels of allergic rhinitis. For example, in the brains of 

allergic mice IgE and IgG levels has been shown to be elevated214. Additionally, microarray 

assessment has shown altered expression patterns of inflammation related genes in the CNS 

of allergic mice215. 

In mouse models of arthritis upregulation of pro-inflammatory cytokines in the spinal cord, 

including TNFα, IL-6 and IL-1β, is reported by several studies197,216. These cytokines together 

with PGE2 are furthermore implicated in the process of pain sensitisation184. Additionally, 

activation of glial cells in the spinal cord has been linked to pain sensitisation via cytokine 

(e.g. TNFα) dependant mechanisms in murine experimental arthritis 217,218. Interestingly, 

experimental arthritis can be ameliorated by blocking central TNFα or IL-1β production 

indicating a strong relationship between centrally produced inflammatory mediators and 

disease pathology219,220. Furthermore, central production of cytokines and PGE2 are 

discussed in the pathogenesis of fatigue221. 

Also in a human setting involvement of inflammatory mediators in the CNS are indicated. 

For example, previous work in our group has demonstrated elevated levels of IL-1β in CSF of 

RA patients that also were shown to correlate with measures of fatigue in these patients197. 

We have also demonstrated that elevated CSF IL-1β levels is associated inversely with heart 

rate variability parameters describing autonomic function in RA patients222. Similarly, 

associations between HRV parameters and the pro-inflammatory mediators HMGB-1 and 

IL-6 has also been reported in RA patients by other investigators212,223. Intriguingly, 

functional magnetic resonance imaging studies on arthritis patients receiving TNF-blocking 

treatment furthermore reveal a normalisation of neuronal activation patterns in response to 

painful stimuli 224. Thus further strengthening the theory that (inflammatory) agents 

targeted either directly or indirectly by anti-TNF therapy is contributing to altered pain 

perception 

Together with studies investigating anti-inflammatory effects of central muscarinic ACh 

receptor engagement in a CAP context a potentially strong connection between central and 

peripheral inflammation and CNS related symptoms is implicated225 . 
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1.5.3 Vagus nerve stimulation (VNS) as a treatment strategy 

Since a suppressed or dysfunctional CAP is linked to chronic inflammatory conditions, 

treatment strategies aimed at stimulating or restoring this pathway should be able to 

alleviate disease in a significant number of patients. In light of this, electrical stimulation of 

the vagus nerve is gaining influence as a promising treatment strategy for reducing 

inflammation in chronic as well as acute inflammatory conditions. VNS by external or 

implantable devices has already been used in humans for several years for treatment of severe 

depression and drug-resistant epilepsy and is considered safe with only few side effects226,227.  

VNS has been shown to have a wide range of beneficial effects in various animal models of 

disease. For instance, in a model of colitis central activation of the cholinergic system was 

shown to decrease colitis related inflammation via pathways dependent on intact vagus and 

splenic nerve signalling as well as cellular events in the spleen228. By implantation of a 

neurostimulatory device, Levine and colleagues furthermore demonstrated that VNS is able 

to ameliorate disease severity in experimental arthritis in rats, in part via reduced systemic 

levels of pro-inflammatory cytokines229. Despite these studies being very recent, already 

implantable devices for VNS mediated activation of CAP are being tested in pilot clinical 

trials. In a study following a small group of epilepsy patients having VNS devices implanted, 

it was shown that release of the pro-inflammatory cytokines TNFα as well as IL-6 and IL-1β 

by LPS stimulation of peripheral blood cells was attenuated by CAP activation thus 

confirming the anti-inflammatory abilities of CAP in a human setting230. In the same study it 

was demonstrated that VNS by implantable devices in RA patients was able to effectively 

reduce TNFα production from peripheral blood cells as well as reducing disease activity 

scores230. A pilot trial of VNS for the treatment of patients suffering from Crohn’s disease, a 

chronic inflammatory autoimmune disease affecting the gut, has also showed good results 

with reduced measures of disease activity231. Interestingly, VNS in the Crohn’s patients was 

also shown to push HRV measures toward expected values in the healthy population231. 

Together this demonstrates the diversity of the beneficial potential of CAP activation in 

different chronic inflammatory conditions and the potential of CAP activation to be useful in 

many more diseases. However, it is also important to remember that VNS is a relatively new 

technique and we don’t yet know the consequences (beneficial or harmful) of long term 

modulation of the immune system. 

In summary, there is great interplay and interdependence between the nervous and immune 

system, a delicate balance that can become dysregulated leading to chronic inflammatory 

conditions connected with different comorbidities and CNS related symptoms. The CNS is 

thought to be a central player in contributing to this neuro-immune dysregulation and 

already neuro-immunomodulation is targeted as a successful treatment strategy in chronic 

inflammatory diseases. However, much research remains to be done to completely 

understand the inner workings of neuro-immune regulation in health and its contribution to 

disease pathologies during dysregulation. Continued research in this field is therefore of 

outmost importance to be able to efficiently and safely use current treatment strategies as 

well as developing new ones for the benefit of the patients.  





 

 29 

2 THE WORKS – AN OVERVIEW OF THE CURRENT STUDIES 

2.1 OBJECTIVE 

The work presented in this thesis use both human and animal settings to study different 

aspects of neuroimmune mechanisms in a translational manner. 

2.1.1 General objective of the thesis 

The overall aim of this thesis is to increase our understanding of neuroimmune 

communication and connections to CNS related symptoms in chronic inflammatory 

conditions.  

2.1.2 Specific study objectives 

1. To explore patterns of glial activation in the CNS of patients with chronic 

inflammatory conditions (RA and severe seasonal allergy) by means of positron 

emission tomography (PET) and associations to CNS related symptoms, autonomic 

activity and peripheral inflammation. (Study I and II) 

2. To evaluate the effects of anti-TNF treatment on the CSF proteome in arthritis 

patients and subsequent associations to disease activity, CNS related symptoms and 

peripheral inflammation. (Study III) 

3. To investigate the immunomodulatory effects of VNS on early immune responses by 

means of flow cytometry in a murine model of acute endotoxaemia. (Study IV) 

4. To decipher the mPGES-1 dependent prostaglandin involvement in the 

neuromodulatory ability of the CAP via VNS by in vivo/ex vivo and in vitro studies of 

murine splenocytes as well as human peripheral blood mononuclear cells (PBMCs) 

subjected to endotoxaemia. (Study V) 

By achieving these goals, small steps forward are taken on the ultimate journey leading 

towards new and/or improved treatment strategies for the benefit of patients suffering from 

chronic inflammatory diseases. 
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2.2 METHODOLOGICAL OVERVIEW 

This section is meant to provide an overview of the experimental setup used in each study. 

More detailed descriptions of the specific methods used can be found in the respective 

method section of each paper or manuscript. 

2.2.1.1 Study I 
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2.2.1.2 Study II 
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2.2.1.3 Study III 

 

  



 

 33 

2.2.1.4 Study IV 
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2.2.1.5 Study V 
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2.3 METHODOLOGICAL CONSIDERATIONS 

A detailed description of the methods used will not account for the considerations relating to 

each method. In this section such considerations are discussed shedding light on current 

methodological advantages, issues and limitations. 

2.3.1 Human subjects 

In study I, II and III samples from human subjects were used. These studies were approved 

by the local ethics committee at Karolinska university hospital and subjects provided 

informed written consent. A summary of demography and characteristics of subjects 

included in these three studies are presented in table 1. 

 

RA Control Allergy Control Arthritis Control

Demographics

N 15 15 18 13 10 10

Sex (% female) 13 (86.7) 13 (86.7) 8 (44.4) 5 (38.5) 10 (100.0) 10 (100.0)

Age (median ± SD) 53 ±11.5 52 ±11.5 34 ±9.9 34 ±10.8 42 ±14.8 14.6

Diagnoses (n) ACPA+ RA (15) Healthy (15) Allergy (18) Healthy (13) RF+ RA (3)

RF- RA (2)

JCA (2)

PsA (2)

AS (1)

Psychosis (3)

Vertigo (2)

Migraine (1)

Tension 

Headhache (1)

Paresthesia (1)

Paraparesis (1)

Trigeminal 

Neuralgia (1)

TSPO genotype

High affinity binders N (%) 9 (60.0) 9 (60.0) 7 (38.9) 8 (61.5) N/A N/A

Mixed affinity binders N (%) 6 (40.0) 6 (40.0) 9 (50.0) 5 (38.5) N/A N/A

Low affinity binders N (%) 0 (0) 0 (0) 2 (1.1) 0 (0) N/A N/A

Disease characteristics

DAS28 score (median ± SD) 3.2 ±1.4 N/A N/A N/A 5.1 ±1.6 N/A

SJC (median ± SD) 1 ±3 N/A N/A N/A 4 ±5 N/A

TJC (median ± SD) 5 ±3 N/A N/A N/A 6 ±6 N/A

ESR  ≥ 20 (mm) N (%) 6 (42.9) 0 (0.0) N/A N/A 6 (60) N/A

CRP  ≥ 3 (mg/L)  N (%) 6 (40.0) 2 (28.5) N/A N/A 10 (100) N/A

Treatment

DMARD (MTX) N (%) 11 (73.3) N/A N/A N/A 10 (100.0) N/A

Biologics N (%) 12 (80.0) N/A N/A N/A 0 (0) N/A

          TNF-blocker N (%) 9 (60.0) N/A N/A N/A 0 (0) N/A

          B cell blocker N (%) 1 (6.7) N/A N/A N/A 0 (0) N/A

          T cell blocker N (%) 2 (13.3) N/A N/A N/A 0 (0) N/A

NSAID N (%) 7 (46.7) N/A N/A N/A 8 (80.0) N/A

          Daily 1 (6.7)* N/A N/A N/A 7 (87.5) N/A

          If needed 6 (40.0)* N/A N/A N/A 1 (12.5) N/A

Corticosteroids N (%) 0 (0.0) N/A N/A N/A 4 (40.0) N/A

Study I Study I I Study I I I

Table 1 Demography and baseline characteristics of study subjects included in study I, II and III

AS, Ankylosing spondylitis; CRP, C-reactive protein; DAS28, Disease activity score 28; DMARD, disease modifying anti-rheumatic 

drug; ESR, Erythrocyte sedimentation rate; JCA, Juvenile chronic arthritis; MTX, Metotrexate; NSAID, Non steroidal anti-inflammatory 

drug; N/A, Not assessed; PsA, Prosiatic arthritis; RA, Rheumatoid  arthritis; RF, Rheumatoid factor; SJC, swollen joint count; TJC, 

tender joint count; TNF, Tumour necrosis factor; TSPO, Translocator protein. * Patients were instructed not to take any NSAIDs two 

days prior to the study visit.
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2.3.2 Evaluation of patient clinical characteristics 

2.3.2.1 Disease activity  

In RA, disease activity is measured using a standardized index, the disease activity score 28 

(DAS28). DAS28 is calculated using the 28 tender joint count (TJC) and the 28 swollen joint 

count (SJC) results as well as ESR and patient global assessment (PGA)232. The cut-off 

points for disease activity characterization are classified as low (DAS28 ≤ 3.2), moderate (3.2 

< DAS28 ≤ 5.1) or high (DAS28 > 5.1) with a cut-off point of DAS28 < 2.6 considered as clinical 

remission. In this thesis, DAS28 was used for assessment of disease activity in study I and 

III. For allergic subjects in Study II asthmatic symptoms was assessed using the validated 

asthma control questionnaire (ACQ)233 and allergy symptoms were monitored by daily 

scoring of eye redness, itchy eyes, itchy nose, loss of smell, nasal congestion, runny eyes, 

runny nose, sneezing and swollen eyes during 7 days prior to the study visits. 

2.3.2.2 Health assessment questionnaire (HAQ) 

The HAQ is a validated questionnaire that in its full form covers the five dimensions of 

patient reported outcomes disability, pain, medication effects, cost of care and mortality234. 

In study III the short form HAQ only assessing disability was used. 

2.3.2.3 Pain 

There are several pain assessment methods described in the literature, including multi item 

and multidimensional tools235,236. In study I and III pain was assessed on a visual analogue 

scale (VAS). The pain VAS has been validated in RA237 and comprises an accurate and easy to 

use tool in daily rheumatologic practice as well as research. 

2.3.2.4 Fatigue 

A number of methods of evaluation have been used to investigate fatigue in chronic 

inflammatory diseases. In study I we have used the VAS assessment validated in RA238 and in 

study II we have used the validated multidimensional fatigue inventory 20 item general 

(MFI-20) 239 to evaluate fatigue. VAS fatigue provides a simple, but useful evaluation of 

fatigue. This single item scale has earlier been validated and described as more sensitive than 

longer scales240. On the other hand, the MFI-20 covers five dimensions of fatigue, namely 

general fatigue, physical fatigue, mental fatigue, reduced motivation and reduced activity 

providing an opportunity to assess different aspects of fatigue. 

2.3.3 Positron emission tomography (PET) 

Direct studies of the human CNS have historically been limited to post-mortem samples thus 

greatly restricting the types of research questions that can be asked and answered. With the 

emergence of PET in the second half of the 20th century, researchers were provided with a 

window into the brain, enabling investigation of its cerebral processes in vivo in a non-

invasive manner. In this work PET is used in study I and II to assess translocator protein 

(TSPO) binding in the brains of RA patients, allergic subjects and healthy controls. 
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Selecting an appropriate radiotracer is essential for adequate PET analysis. In study I and II 

the radioactive tracer [11C]PBR28 was used which has been shown to be upregulated on 

activated microglia in response to peripheral inflammation in both human and animal 

settings125,128,129. Importantly, [11C]PBR28 has been shown to reflect activation of peripheral 

macrophages in a model of experimental arthritis133 indicating functional use in human 

disease. In this tracer the radioactive carbon isotope 11C is incorporated into a protein that 

will bind to the peripheral benzodiazepine receptor (PBR), now known as TSPO, upon 

injection into the study participants. It has however been shown that there exist a point 

mutation in TSPO at the binding site of the PBR28 tracer, giving rise to three groups with 

different binding affinity for [11C]PBR28241. Mixed affinity binders will generate a lower 

radiation signal than high affinity binders, while non-binders will produce no detectable 

signal at all241. To compensate for binding affinity differences TSPO genotype was assessed in 

study I and II participants, and patients and controls were matched according to genotype. 

Furthermore, to protect study participants from being subjected to unnecessary risks non-

binders were excluded from participation. 

During a PET scan participants are subjected to ionising radiation which always generates a 

risk for mutagenesis, however, radiation levels in study I and II are low (equivalent of a 

year’s worth of background radiation) and well within the safety recommendations of the 

Swedish radiation safety authority. The half-life of the [11C]PBR28 traces is approximately 

20 min compared to other commonly used tracers utilising e.g. 18F which has a half-life of 110 

min242. On one hand this quick radiation decay of the [11C]PBR28 tracer is beneficial for the 

participant as that means the tracer will become harmless in the body a few hours after its 

injection. On the other hand it can cause trouble for the researchers as injection of the tracer 

must be timed precisely with its production, which takes place on site. 

The PET images are the result of radiation produced by the radioactive tracer as its emitted 

positrons decays in the target tissue in a burst of gamma radiation242. The radiation is 

captured by an array of detectors in the tomograph and by computer modelling is rendered 

into an analysable image. As with any imaging technique resolution is always an important 

issue to consider. In general PET is considered to have relatively low resolution limiting 

studies of individual small brain structures. As we were interested to study particular nuclei 

of the brainstem linked to the vagus nerve, which are small, we were unable to study them 

directly. To overcome that limitation, larger areas of interest known to be activated 

(cerebellum, insula, orbitofrontal cortex, temporal pole and thalamus) or deactivated 

(amygdala and hippocampus) by the vagus nerve were instead identified and combined 

together respectively and analysed as larger regions of interest.  

In study I and II radiation in blood samples was continuously measured at set time intervals 

throughout the 90 min duration of each PET scan. This was done since the brain is supplied 

with large quantities of blood containing circulating levels of the tracer in an intricate 

network of blood vessels, to ensure that PET image analysis is not obscured by blood borne 

tracer interference. 
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2.3.4 Heart rate variability (HRV) 

Heart rate is controlled by influences of both sympathetic and parasympathetic (vagal) 

nature. Therefore, by mathematical analysis of the distance between consecutive heart beats 

on an ECG recording, information can be inferred about HRV and the overall sympathovagal 

balance. This technique is used in study I to assess the autonomic activity in RA patients 

compared to controls. 

HRV is measured in two different domains, the time domain and the frequency domain, each 

giving rise to several parameters reflecting specific aspects of the sympathovagal balance. The 

resulting parameters and their interpretation are highly complex since many parameters are 

related to each other. To assist analysis international guidelines regarding definition of HRV 

parameters, ECG recording equipment standards and standards of presenting HRV results 

were put together in the mid 90’s 206. Although very helpful in standardizing HRV 

measurement and interpretation, the guidelines do not cover all aspects of HRV. For 

instance, the circumstances which the ECG is to be recorded under is not discussed and it is 

up to each researcher to decide what conditions best fit their setting. This has led to ECGs 

being recorded under many different conditions making it challenging to directly compare 

HRV between published studies.  

The HRV measurement is a robust strategy that has proven useful in a clinical setting e.g. to 

identify patients at risk of cardiac mortality or diagnosing neuropathies in diabetic patients 

and is also in a research setting providing substantial insight about autonomic regulation in 

health and disease206. HRV heavily rely on correct identification of individual heart beats. In 

study I the ECGs were therefore visually inspected and corrected manually to ensure that 

each heart beat is identified properly. Furthermore, ectopic heart beats and areas of 

interference was excluded which would otherwise influence the HRV outcome. 

In study I HRV measurements were calculated from 24h ambulatory ECG recordings, a 

setup used previously by our group222, which has the advantage that it minimizes the risk of 

detecting only occasional variations in heartbeat. Study participants were instructed to lead 

their lives as normal during the ECG recording sessions but to refrain from strenuous 

physical activity. Since everyone has a different life routine this may increase the variability 

of the HRV measures in our study, but in using this setup we would also get the HRV results 

giving the most truthful reflection of each person’s individual HRV measures. However, we 

have previously demonstrated that this method showed comparable results on HRV in for 

example RA with earlier studies222.  

2.3.5 Mass Spectrometry (MS) 

In study III two different MS based approaches were employed, a label-based and a label 

free approach, providing a wide protein detection range to identify as many TNF-blockade 

associated proteins in CSF of arthritis patients as possible. 

Mass spectrometry has emerged as a useful tool for analysis of complex samples such as 

biological fluids. It has undergone a rapid evolution in recent years greatly improving its 
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performance rates, including resolution and development of adequate strategies for 

efficiently coping with false discovery rates243. Like any other biological fluid, CSF is a 

complex mixture of proteins, some more abundant and some more rare. Compared to fluids 

like serum, CSF has a considerable lower protein concentration which may influence the 

number of proteins detectable and biologically important low abundance proteins may 

therefore undergo detection. However, in study III we compared our MS results with 

published data on CSF protein concentrations revealing that we are able to detect proteins 

with a concentration as low as 4 ng/ml in our material. 

It is always important to find ways to validate MS results. Since our CSF samples have been 

stored for a long time they have inevitably been subjected to some extent of protein decay. 

This is not a problem in MS since samples are trypsinated as part of the preparation process. 

However, it makes validation by common antibody based techniques such as sandwich 

based assays unreliable. In study III extensive literature studies were therefore performed 

comparing our findings to results of other human CSF proteomic studies as well as 

experimental data, ultimately confirming the reasonability and supporting the validity of our 

findings.  

2.3.6 Vagus nerve stimulation (VNS) 

Studying the mechanism and properties of the CAP in animals has been essential for 

understanding its anti-inflammatory potential and led to the development of VNS-devices 

for trial in human use in the treatment of chronic inflammatory diseases177. In this thesis the 

anti-inflammatory properties of CAP has been studied via VNS in endotoxaemic mice (study 

IV and V).  

When studying the inflammatory responses in mice (or other organisms) it is important to 

remember that there are a number of aspects that can influence their inflammatory 

responses. For instance strain differences exist, making it important to choose the 

appropriate strain for the experimental setup. In study IV we chose to work with C56BL/6 

mice. C57BL/6 mice are widely used in immunologic research and cover many well 

established disease models for numerous chronic inflammatory diseases including 

arthritis244. These mice are prone to a Th1 rather than a Th2 directed response which is 

better reflecting human arthritis considered being a Th1 driven disease69,244. Since 

prostaglandin deficiency in connection to immune regulation was to be studies in study V 

we chose to work with DBA/1lacJ mice because in this strain there was an in-house 

prostaglandin deficient mPGES-1 ko model validated in previous research245. Like C57BL/6 

mice the DBA/1lacJ strain is commonly used in immunologic research and inflammatory 

disease models are well established.  

Also external factors exist which may influence the inflammatory responses of the mice 

during experimentation. In study IV and V animals undergoing surgery were anesthetized 

by inhalation of a controlled isoflurane breathing mix. Isoflurane is known to reduce 

inflammatory responses246. To control for isoflurane effects all animals, including WT 
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controls, always underwent similar periods of anaesthesia during experimentation ensuring 

the validity of our results. Additionally, NSAIDs and other pain reducing drugs are known to 

influence the inflammatory response via effects on prostaglandin production. Since we are 

studying prostaglandin involvement in the CAP (study V) we cannot therefore administer 

these types of drugs to our animals undergoing surgery. For ethical reasons this means we 

cannot keep the animals after experimentation for extended periods of time thus limiting us 

to study short term effects in in vivo and ex vivo settings. 

Importantly, using this setup we have previously reported clear effects of LPS on cytokine 

production that is significantly attenuated following VNS in line with reports on VNS in 

severe endotoxaemia168,247. In addition, we have also tested this VNS setup in different mouse 

strains including C57BL/6 and DBA/1lacJ showing similar immune responses, indicating that 

this VNS setup in our studies are not influenced by strain differences. 

2.3.7 Flow Cytometry 

Flow cytometry is a versatile tool that has become a widely used technique in research as 

well as hospital settings aiding e.g. with diagnosis. Study IV is primarily based on flow 

cytometric analysis investigating the effects of CAP on immune cells and in study V flow 

cytometry is used to assess adrenergic receptor expression on CD4+ T cells. 

By staining a selection of antigens either on the cell surface or in the intracellular milieu by 

fluorescently labelled antibodies targeting the antigens of choice, flow cytometry allows 

recognition of multiple targets in a complex mixture of cells. Each cell in the sample is 

assessed individually for its pattern of emitted light as it passes through an array of laser 

beams and light detectors. Flow cytometry thus enables identification and subsequent 

analysis of multiple targets on the same cell as well as several parameters including relative 

number (or exact number if count beads are included in the sample) of specific subtypes or 

phenotypes of cells and their expression levels of selected antigens. 

Flow cytometry has greatly contributed to the advancement of our understanding 

particularly of the field of immunology. However, there are some technical challenges that 

should be considered for optimal performance. These include planning your antibody panel 

to avoid spectral overlap and usage of control samples to ensure proper compensation and 

gating. In most cases there will likely be some spectral overlap which has to be compensated 

for. In study IV and V single stained samples with clear positive/negative population 

distinction was used in each run to generate a high quality compensation matrix. 

Furthermore, to assist with gating fluorescence minus one (FMO) samples were always 

included for antigens with an expected pattern of continuous expression. Additionally, to 

limit unspecific binding samples were always incubated with Fc receptor blocking 

antibodies prior to staining. Study IV and V consist of pooled data obtained on different 

dates. The experiments were therefore carefully setup so that on each date there was always 

one sample per study group. 
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2.3.8 Immunofluorescence (IF) 

Like flow cytometry IF utilises fluorochrome coupled antibodies reacting to a light source. 

Similar pitfalls exist for IF regarding antibody panel selection, however, since the number of 

combined antibodies that can be used at once is greatly limited in IF, panel setup is less 

complicated. The complication may instead lay in limited availability of appropriate 

antibodies, non-specific binding and photostability of the fluorochromes used. 

Immunofluorescence has a lot in common with flow cytometry wherefore many challenges 

and limitations to consider are similar. Contrary to flow cytometry, IF allow assessment of 

individual cells in its parent tissue enabling visualisation of cell interaction and co-

localisation of expressed antigens of interest. Furthermore, IF allows assessment of cell types 

with complex morphology such as neurons as well as providing a useful alternative to 

studying antigens lacking appropriate antibodies for flow cytometry as is the case for ChAT. 

IF is used in study V to visualize and assess the in vitro expression of ChAT in splenocytes. 

2.4 STATISTICAL CONSIDERATIONS 

During the course of the PhD, the student learns about statistical methods and the 

importance of their appropriate use. Through hands on data analysis it is soon discovered 

that choosing the appropriate statistical method is not always straight forward and that 

sometimes different statistical approaches may present equally suitable tests. 

To be able to choose an appropriate statistical approach it is vital to know the characteristics 

of the data set to be analysed. This is important since different statistical tests base analysis 

on certain assumptions about the data set that needs to be met for correct analysis. 

A variety of different statistical tests, reflecting the different requirements of the hypotheses 

and data set characteristics, have been utilised in the studies encompassed by this thesis.  

 In Study I group differences were assessed by repeated measures analysis of variance 

(ANOVA) (Bonferroni corrected) or Mann Whitney U test. Associations between 

parameters were investigated with partial correlate analysis (normally distributed data) or 

Spearman correlation (non-normally distributed data). Distribution of parameters in the 

data set was assessed by Shapiro Wilk’s test of normality and visual inspection of Q-Q plots. 

In Study II group differences and the effect of pollen season was investigated by means of 

mixed effect models where TSPO genotype and sex were always taken into account as 

covariates. Normality of distribution was assessed by visual inspection of histograms. 

In Study III both univariate and multivariate analysis strategies were employed. Univariate 

analysis consisted of Wilcoxon signed rank test comparing arthritis CSF at baseline and 

after infliximab treatment. Mulitvariate approaches consisted of unsupervised principal 

component analysis (PCA) and assisted partial least squares discriminant analysis (PLS-

DA). Furthermore, associations between proteomics and clinical data were assessed by 

Spearman correlation. 



 

42 

In Study IV group differences were assessed by either Wilcoxon signed rank test (related 

data) or Mann-Whitney U test (un-related data). Normal distribution was assessed by 

Shapiro Wilk’s test of normality and visual inspection of Q-Q plots. 

In Study V group differences were assessed by one way ANOVA (Tukey’s post-hoc test) or 

student’s t-test. 

2.5 ETHICAL CONSIDERATIONS 

Throughout the PhD education we are taught the importance of considering the ethical 

implications of our work. The work that has gone into this thesis has encompassed both 

human and animal studies wherefore I find it essential, as it should be to any researcher, to 

address the respective ethical considerations.  

2.5.1 Human studies 

Although humans and animals share many physiological processes, there are also substantial 

differences that should be taken into account when translating research from animals to 

humans. Most research performed, this work included, is ultimately designed to benefit 

humankind. I therefore believe it is only fair that as much research as possible is performed 

on human subjects. Both because humans have the ability to actively choose to consent to a 

study and because the risk of studying processes and responses that are only present in 

animals is eliminated. 

Having stated this, proper care must always be taken to ensure the health and safety of the 

test subjects, and to ensure that individuals are never coerced or exploited in research. In the 

wake of the second world war global guidelines, the Helsinki declaration, was established in 

order to protect study participants in human research from unethical practices and 

misconduct. The experimental setup of any study using human participants is subjected to 

rigorous scrutiny regarding ethical considerations, necessity and potential gain of knowledge 

or benefit by an ethical committee before being allowed (or rejected).  

When recruiting participants to the studies, it is important to ensure that the individual 

considering participation is given sufficient information to be able to make a well informed 

decision before signing the consent form. Ensuring proper information and understanding of 

what participation in the study entails is also beneficial for the researcher as I believe this 

minimizes mid-study drop outs.  

Importantly, participants are always instructed that they can abort each test and withdraw 

from the study whenever they want to. Ultimately care is always taken to ensure that the 

risks of the study are outweighed by the importance of the study.  

Another thing to reflect upon is how to handle any abnormal findings of the participants 

which might need further investigation in the regular health care system. In such situations 

we made it our responsibility to refer any such individuals to experts for further testing, 

thereby enabling early discovery and treatment of disease conditions. 
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To ensure the well fare of the participants in our studies experimental procedures were 

always performed by trained and experienced personnel. To ensure that no unnecessary 

experimentation was performed, procedures such as genotyping and quick assessment of 

CRP was performed before allowing the participant to be tested. 

All studies in this work using human study participants or human samples (Study I, II, III 

and IV) are following the Helsinki declaration and was approved by the regional ethics 

committee of Stockholm, Sweden. Study subjects gave written informed consent to 

participate in these studies. 

2.5.2 Animal studies 

The work in study IV and V is predominantly based on investigations in mice. Since mice 

are not able to consent to their participation in our experimentation, considerable care is and 

must be taken to ensure the best possible well fare of the research animals. To safeguard 

animal well fare stringent systems have been put in place where all experimentation 

involving research animals must be approved by an ethical board following national and 

international ethical guidelines on animal research. All animal experimentation in this work 

was approved by the local ethics committee in Stockholm, Sweden.  

In addition, when planning the experiments the guidelines of the three R’s (replacement, 

reduction and refinement) are always kept in mind to minimize the number of animals used 

and to reduce the suffering they are subjected to. In both study IV and V we perform VNS, a 

procedure that require surgery, as well as using i.p. administered LPS to be able to study the 

mechanism of the CAP and its effect on acute inflammatory responses. The cholinergic 

inflammatory pathway is a complex structure involving many different organ systems and 

cell types 176. This makes it difficult to study the entirety of this pathway without using 

research animals, thus limiting us in the R of Replacement. Efforts have instead been made in 

the R’s of reduction and refinement to ensure maximal well fare of our animals. Even though 

the VNS surgery protocol was developed in consultation with the animal facility veterinarian 

and is performed by a skilled researcher considerable suffering for the animals is still 

associated with this technique. Firstly, to study VNS in the context of inflammatory 

responses, mice are subjected to LPS induced inflammation causing fever and flu-like 

symptoms in the animals causing them some discomfort. Secondly, we are not able to 

administer pain relief to the animals after surgery since NSAID’s and other drugs are known 

to interfere with the inflammatory responses and would thus compromise our studies. To 

reduce animal suffering experiments are always acute and animals are never kept beyond 6h 

after surgery. Moreover, before starting routine VNS experimentation the LPS dosage was 

titrated down in order to discover the lowest usable dose with a maintained readout quality 

to further reduce the discomfort of our animals. This illustrates our work to continuously 

refine our experimental models for the benefit of the research animals. Reduction can be 

illustrated in study V where VNS is mimicked by in vitro treatment with NA and other 

substances to study splenocyte responses in PGE2 deficient mice. This allows us to spare 

animals from the suffering associated with VNS. 
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The animals are kept at the animal facility at the Karolinska University hospital, Stockholm, 

Sweden in cages meeting stringent KI standards following the EU regulations regarding cage 

size, availability of food and water as well as bedding and nesting materials. Animals are 

cared for by highly trained staff and any researcher expected to work with animals are 

required to undergo extensive training. Further measures are taken such as use of protective 

gear and allowing animals to acclimatise to their new environment for at least one week 

before experimentation can start to ensure health and low stress levels in animals. 

As a researcher, it is then my responsibility to make sure that the animals I use are always 

handled with the care and respect they deserve. Therefore, I always try to handle them 

calmly, considerately, competently and quickly. 

Despite extensive guidelines being in place both for animal and human studies, ethical 

standards will always be subjective to the current societal norms. As society evolves ethical 

practices will evolve with it, and what is accepted as ethical today may very well not be so in 

the future. 
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3 RESULTS AND DISCUSSION 

3.1 STUDY I AND II 

Symptoms that can be attributed to the CNS are frequently reported in both RA and allergic 

rhinitis patients and may persist in spite of controlling the disease with medications, 

representing a considerable burden for the patient. In RA the most important CNS related 

symptoms consist of fatigue and altered pain processing, but also include altered autonomic 

activity186,189,205. In allergy the most important CNS related symptoms are related to fatigue 
191. Although the mechanisms behind these symptoms are largely unknown, a growing 

amount of evidence point toward an ongoing inflammatory response in the CNS in these 

diseases, which may drive the associated CNS related symptoms.  

In RA patients, we have previously shown elevated CSF levels of the pro-inflammatory 

cytokine IL-1β that furthermore revealed an association to fatigue measurements, indicating 

a possible connection between the two197. In allergic rhinitis, studies of CNS involvement is 

limited to animal investigations showing e.g. elevated levels of central IgE and a CNS gene 

expression pattern altered towards inflammation, indicating substantial CNS involvement 

also in allergic inflammation214,215. Interestingly, microglia activation in the spinal cord in 

response to inflammation has been shown to associate with pain sensitisation in animal 

models of arthritis217,248 and allergy249. 

In light of this, a hypothesis was put forward suggesting that compared to controls RA 

patients and allergic subjects during pollen season would show increased microglial activity 

in the CNS. We additionally sought to investigate relations between microglial activity and 

peripheral inflammation as well as autonomic activity and CNS related symptoms.  

3.1.1 No evidence of brain glial activation in either RA or allergic subjects 

To test this hypothesis a study was initiated exploring in vivo glia activation as measured by 

PET using the radiotracer [11C]PBR28 in RA patients and allergic subjects compared to 

controls. Allergy patients and their respective controls were studied both in and out of pollen 

season. [11C]PBR28 is binding to TSPO, a membrane protein which has been shown to be 

upregulated on activated glial cells in chronic inflammatory settings in both animal and 

human studies125,131,241. It should however be noted that PET scan using TSPO as a ligand is 

complex and provide several challenges. For example, the ligand binding of [11C]PBR28 is 

genetically regulated, warranting comparisons between high, mixed and low affinity binders 

respectively241. 

Contrary to our hypothesis, as shown in figure 11 no increase of TSPO expression was 

discernible in whole brain or selected brain regions of interests for either RA patients or 

allergic subjects either in or out of season as compared to controls in our studies (p>0.05).  
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Figure 11 Brain TSPO levels in A) representative RA patient and respective healthy subject and B) 

representative allergic and respective healthy subjects both in and out of pollen season. 

It has become evident that the retest performance of PBR28 is relatively high250,251 and with 

the additional need to control for variation of genetically high or mixed PBR28 binding 

affinity226 large study cohorts may be needed to generate reliable results. It may thus be 

argued that our study cohort was underpowered. However, we found similar results of no 

increased TSPO binding in RA as well as seasonal allergy, suggesting that in both these 

chronic inflammatory diseases brain glial activation, as measured by TSPO expression, may 

not be a prominent feature. A further possible confounding factor is that TSPO has been 

reported to not be exclusively expressed by microglia, but has also been detected in other 

immune responsive cells such as astrocytes and macrophages252. Interestingly, recent reports 

reveal that TSPO upregulation may be more complex than previously thought. For example, 

it has been shown that there is a discrepancy in the level of TSPO expression between 

different activation states of murine microglia with higher levels displayed in pro- than in 

anti-inflammatory microglia253. Furthermore, in some human inflammatory settings 

microglia reveal no pro-inflammatory upregulation of TSPO254. Even decreased TSPO 

expression has been reported in human pro-inflammatory macrophages, including 

macrophages derived from RA synovium255. Since the phenotype of microglia and central 

macrophages are unknown in RA and allergy this complicates the interpretation of the lack 

of TSPO increase here reported. It is however plausible that there may exist a skewed central 

microglial and/or macrophage response. In support of this animal studies have reported the 

ability of infiltrating immune cells to be able to affect microglia polarization256. In further 

support, we have previously reported that the IL-1 system is activated in RA CSF197 which 

together may create a polarizing microenvironment for driving microglia differentiation 

toward a certain phenotype. In line with this and with our current observations, PET studies 

investigating glial activation via TSPO has reported lower TSPO levels in schizophrenia, a 

neurologic condition with expected central inflammatory activation126,257. Finally, there are 
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other radiotracers in use, and an ongoing discussion on the comparable performance and 

sensitivity for detecting significant activation of microglia in different parts of the brain258. 

In conclusion, we found no increased TSPO-binding in RA or seasonal allergy which could 

indicate that brain microglia activity is not upregulated in these diseases. However, with the 

known other neuro-inflammatory features of chronic inflammatory disease and potential 

considerations with the [11C]PBR28 tracer, investigations with alternative ligands should be 

performed before excluding a role of microglia activation in central nervous mechanism of 

RA and seasonal allergy. 

3.1.2 Markers of peripheral inflammation are associated with measures of 

autonomic function in RA 

In RA patients (Study I) the peripheral cytokine levels as well as the CNS related features of 

altered autonomic activity as measured by HRV and VAS assessed fatigue was investigated. 

In study I, RA patients displayed increased peripheral levels of TNFα, IFNγ, IL-6 and IL-10 

compared to controls as shown in table 2, in concurrence with RA being considered an 

inflammatory disease259. RA patients also displayed increased levels of fatigue compared to 

controls. 

Table 2 Differences in cytokine serum levels between RA 
and HC tested with Mann Whitney U test. Values are 
presented as mean ± SD.  

    RA   HC   p 

IL-6 (pg/ml) 4.3 ± 9.4 
 

0.5 ± 0.3 
 

0.021 

IL-8 (pg/ml) 8.0 ± 3.2  8.0 ± 2.0 
 

0.993 

IL-10 (pg/ml) 0.7 ± 0.5 
 

0.4 ± 0.3 
 

0.014 

IFNγ (pg/ml) 10.4 ± 6.0 
 

6.5 ± 4.1  0.027 

MCP-1 (pg/ml) 307.9 ± 72.1 299.3 ± 89.0 0.782 

TNFα (pg/ml) 24.0  ± 30.6 2.1 ± 0.3   0.001 

HC, Healthy control; RA, Rheumatoid arthritis 

Furthermore, several significantly (p<0.05) decreased measures of autonomic activity, 

primarily in the time domain features known to be more robust during long term (i.e. 24h) 

ECG recordings, was demonstrated in RA patients in accordance with literature206,212,260. 

Contrary to our initial hypothesis, no relation was shown between brain TSPO expression 

levels and either measures of HRV, peripheral inflammation or fatigue. 

Interestingly, circulating levels of the pro-inflammatory cytokine IFNγ was shown to 

inversely correlate to root mean square of successive differences (RMSSD), a time domain 

HRV measure reflecting vagal activity (figure 12). With the close connection between the 

vagus nerve and peripheral inflammation as highlighted by the inflammatory reflex and its 

efferent cholinergic anti-inflammatory pathway261 a relation between RMSSD and IFNγ is 

thus not surprising. In fact, inverse relation between another pro-inflammatory cytokine, IL-

6, and RMSSD has previously been reported in RA212,223. Since IFNγ is primarily produced by 
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Th1 cells and to some extent by NK cells as well as microglia a question regarding their 

connection to the vagus nerve and CAP ability to influence their activity is raised, something 

that is beginning to be investigated in an animal setting in study IV.  

 

Taken together, while brain TSPO expression on microglia may not be associated with 

autonomic dysfunction, fatigue or peripheral inflammation in RA, we provide further 

evidence that there is a strong link between autonomic activity and peripheral inflammatory 

levels. Together with substantial evidence pointing toward central neuro-immune 

involvement in CNS-related features of RA, this indicates that alternative neuro-immune 

mechanisms independent of microglia activation may be at play. 

3.1.3 Markers of peripheral inflammation are elevated in allergic subjects 

both in and out of pollen season 

In Study II the peripheral cytokine levels, measures of sleep as well as the CNS related 

symptom of fatigue as measured by the validated multidimensional fatigue inventory (MFI-

20)262, was investigated both in and out of pollen season in allergic and healthy subjects. 

Allergic subjects displayed increased serum levels of TNFα and IL-5 during pollen season 

compared to controls as shown in figure 13, confirming the chronic inflammatory nature of 

allergy as described previously263. Interestingly, IL-5 serum levels were also elevated in 

allergic subjects compared to controls out of pollen season. Allergic subjects also reported 

increased sleep disturbance during pollen season, in line with litterature263, as well as shorter 

sleep time irrespective of season.  

Figure 12 Correlation plot showing 
inverse correlation between RMSSD 
measured by 24h HRV and IFNγ 
assessed by multiplex sandwich assay 
in RA patients and matched controls. 
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Figure 13 Cytokine serum levels in allergic (blue) and healthy (red) subjects in and out of pollen 

season. Dotted lines represent paired individual measures and solid lines represent group average. 

In concordance with previous studies on allergy and fatigue202, allergic subjects reported 

elevated levels of fatigue during pollen season, primarily driven by general fatigue. However, 

no relations were shown between brain expression levels of TSPO and peripheral cytokine 

levels, sleep as well as measures of fatigue, either in or out of pollen season, also in study II.  

While the exact mechanism of fatigue is unknown several possible immune-to-brain 

communication routes, including vagal signalling and HPA-axis engagement, favours 

peripheral and/or central inflammation as a highly potential driving factor264. For example, 

associations between peripheral inflammation and fatigue in cancer survivors are frequently 

reported264. Contrastingly, no relation between measures of fatigue and peripheral levels of 

cytokines was observed for allergy patients (in or out of season) in study II. However, the 

multidimensional aspect of fatigue is rarely taken into account in studies exploring relation 

to inflammation and different aspects of fatigue is likely affected differently by 

inflammation264. If fatigue is associated with central rather than peripheral inflammation, it 

is possible that such relations go undetected in this study as glial TSPO levels may not reflect 

the full spectrum of all central inflammatory events. 

In conclusion, also in seasonal allergy brain levels of TSPO may not be a feature associating 

with CNS-related symptoms (fatigue), peripheral inflammation or sleep. In light of 

numerous reports of a possible central neuronal inflammatory component in fatigue, together 

with suggestions of serotonin system involvement in allergic inflammation263, other aspects 

of brain neuro-immune involvement than microglia activation should also be explored.   
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3.2 STUDY III 

To investigate the relationship between possible central nervous inflammation in arthritis 

and CNS related symptoms from a different perspective, the proteome of CSF samples from a 

small but unique cohort of patients (n=10) with different arthropaties were analysed using 

MS. In this cohort, patients are assessed and sampled once at baseline (BL) and once eight 

weeks after initiating the anti-TNF therapy infliximab (IFX). By exploring this unique 

cohort we are thus able to ascertain IFX related changes of individual proteins detected by 

MS. This further enabled us to infer information about central inflammation and how it is 

affected by treatment, additionally shedding light on new candidate proteins to study more 

closely in relation to arthritis, inflammation and CNS related symptoms. 

3.2.1 Proteins affected by anti-TNF therapy in CSF are predominantly 

related to inflammatory processes 

Following eight weeks of infliximab treatment patients displayed significantly lower 

measurements of DAS28, levels of pain as measured on a visual analogue scale (VAS-pain) 

and peripheral inflammation (C-reactive protein (CRP) and erythrocyte sedimentation rate 

(ESR)) indicating a positive treatment response in accordance with literature265-268.  

In line with these observations univariate analysis of data from two independent MS 

experiments revealed 35 candidate proteins, a majority with immune related function, that 

were reduced in CSF of the arthritis patients following anti-TNF therapy. Further 

multivariate analysis identifies 11 of the 35 significantly reduced proteins as additionally 

significantly contributing to the separation of samples at BL and after treatment. 

Interestingly, as shown in table 3 a majority of these 11 proteins have neuro-inflammatory 

properties. In concordance with this observation, anti-TNF treatment is additionally used as 

a treatment strategy in the neuroinflammatory Behcet’s disease, where lower levels of IL-6 

are reported both in the periphery and in CSF following treatment269,270. Importantly, studies 

of anti-TNF therapy in experimental models of arthritis also indicate beneficial central 

effects on e.g. pain218,271. 

It is currently unknown if BBB function is concomitantly attenuated in arthritis. In our 

cohort of arthritis patients BBB integrity was assessed by albumin ratio and found to be 

intact. However, as elevated levels of circulating pro-inflammatory cytokines are able to 

affect the CNS via alternate routes such as the vagus nerve or via interaction with the 

endothelial cells of the BBB111,177 significant central responses are thus plausible even with an 

intact BBB. 
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Protein Name Gene Symbol Accession Fold change† Z score p value VIP p(corr) Process Suggested function(s)*

Cell Adhesion Molecule 3 CADM3 Q8N126 -0.68 -1.992 0.046 2.0 0.7 Cell adhesion Overexpressed in murine microglia after bacterial challenge and may be 

involved in development of depressive symptoms following immune 

challenge. [46]

Insulin Like Growth Factor 

Binding Protein 7

IGFBP7 Q16270 -0.50 -2.201 0.028 1.6 0.7 Cell adhesion Upregulated in spinal cord during EAE and suggested to be a regulator of 

oligodendrocyte differentiation. [57]

Protein Tyrosine 

Phosphatase, Receptor Type 

N

PTPRN Q16849 -0.49 -2.201 0.028 1.6 0.6 Cell signalling
Important for proper secretion of hormones (insulin) and 

neurotransmitters [58]

Apolipoprotein H APOH P02749 -0.32 -1.992 0.046 1.7 0.8 Coagulation May be associated with brain atrophy in healthy individuals [59]. Is the 

main antigen in antiphospholipid syndrome and may be associated with 

CNS related disease in these patients [60]

Fibrinogen gamma chain FGG P02679 -0.61 -2.201 0.028 1.5 0.5 Immune response, 

Acute phase protein
Important for proper T cell functioning and neutrophil pathogen clearance 

[40]. Regulator of microglia activation which may be important in 

pathogenesis of experimental  autoimmune encephalomyelitis [61]

Alpha-1-B Glycoprotein A1BG P04217 -0.39 -2.201 0.028 2.6 0.7 Immune response, 

Acute phase protein
-

Beta-2-Microglobulin B2M P61769 -0.44 -1.992 0.046 1.7 0.8 Immune response, 

Adaptive immuntity

Increased in circulation in chronic fatigue syndrome [62] and identified as 

important in CSF of female chronic widespread pain patients [63]. CSF 

levels of B2M is suggested to reflect immune activation and lymphoid cell 

turnover in the CNS [64]

Complement C7 C7 P10643 -0.48 -2.201 0.028 2.1 0.5 Immune response, 

Innate immunity
-

Complement Factor B CFB P00751 -0.38 -1.992 0.046 1.7 0.6 Immune response, 

Innate immunity
Differentially expressed in AD CSF [65]

Complement C4B (Chido 

Blood Group)

C4B P0C0L5 -0.37 -2.201 0.028 2.1 0.5 Immune response, 

Innate immunity

Differentially expressed in CSF of AD patients [65] and elevated in CSF of 

MS pateints with active disease [66]

Hemopexin HPX P02790 -0.33 -1.992 0.046 1.7 0.7 Oxidative stress 

protection

Neuroprotective in stroke and intracerebral haemorrhages [67]. Increase 

in CSF following yeast-induced inflammation [68]

Table 3 Proteins important for separation between patients before and after infliximab treatment. Proteins were identified in CSF of polyarthritis patients using label free proteomics and uni- and multivariate 

data analysis.

Univariate analysis
Multivariate 

analysis

† Fold change is calculated as "(sample after infliximab - baseline sample)/baseline sample" * References are refering to reference list in study III manuscript.
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3.2.2 CSF candidate proteins affected by IFX associate with clinical 

measures of inflammation and disease activity 

Although, all the infliximab reactive proteins are of considerable interest to explore further 

for their role in inflammation and arthritis, a selection was made to form the initial focus of 

investigation. Of the 11 aforementioned proteins, seven were selected based on their 

significant contribution in multivariate analysis, significant reduction by IFX and having 

known associations to arthritis for closer scrutiny with regards to relations to clinical data. 

Of these, fibrinogen gamma chain (FGG), complement factor B (CFB), cell adhesion 

molecule 3 (CADM3) and contactin-1 (CNTN-1) were found to have significant correlations 

with clinical measures of inflammation, functionality and pain. The respective correlations 

for FGG and CFB were very similar and closely followed each. The fold changes in FGG and 

CFB each correlated to the fold change in ESR as shown in figure 14 as well as fold changes 

in health assessment questionnaire score (HAQ score), a questionnaire measuring the 

functional abilities of the patients.  

 

Figure 12 Correlation plots between selected CSF candidate proteins FGG and CFB affected by anti-
TNF treatment and ESR in arthritis patients assessed at baseline (BL) and after eight weeks of 
infliximab treatment.  

Fibrinogen is normally involved in coagulation, but is recognized as a marker for 

inflammation in several chronic inflammatory diseases including RA, Alzheimer’s disease and 

multiple sclerosis272. In line with our observation of decreased FGG in arthritis CSF and 

correlation between FGG and ESR, FGG reduction has been reported in plasma of an 

arthritis patient after anti-TNF therapy273. Moreover, a neuro-immunoregulatory role for 

FGG, mediated via interaction with the macrophage antigen complex-1 (Mac-1) present on 

immune cells such as microglia, is suggested by animal experimental data274,275. The 

modulation of microglial function by blocking Mac-1 has been reported to be 

neuroprotective by inhibition of microglial H2O2 and PGE2 production respectively276,277. In 

addition, blockade of CFB has been reported to have neuroprotective effects in a murine 

experimental model of experimental autoimmune encephalomyelitis (EAE)278. CFB is one of 

the key players in the alternative complement pathway and its expression has been reported 
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to be regulated dose dependently by TNFα in circulating human immune cells279. Thus, both 

FGG and CFB in CSF may play a possible role for central inflammatory responses and may 

therefore be involved in CNS related symptom pathology. 

Interestingly, correlations to VAS-pain were observed for both CNTN1 and CADM3. CNTN-

1 and CADM3 are both involved in cell adhesion and has both been reported in relation to 

depressive states in experimental settings280,281 demonstrating their potential for central 

effects. Importantly, in line with our observations of CNTN-1 correlation to pain, CNTN-1 

has been reported to play a role in the sodium channel Nav1.3 mediated neuronal pain 

signaling282. CNTN-1 is additionally reported to be increased in the CSF of neuropathic pain 

patients following analgesic spinal cord stimulation, further supporting the involvement of 

CNTN-1 in pain processing although the exact nature of involvement remains to be 

elucidated.  

Although using a small material the unique samples enabled investigation of the proteome in 

arthritis patient CSF for the first time, revealing that anti-TNF effects extend to the CSF 

which may help explain the beneficial treatment effects on select CNS related symptoms. 

Furthermore, we here identify FGG and CFB as potential mediators of central nervous 

inflammation, and CADM3 and CNTN-1 with possible roles in pain processing which should 

be investigated further. 
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3.3 STUDY IV AND V 

The pronounced anti-inflammatory potential of VNS together with an inability of current 

treatment strategies to sufficiently reduce disease activity in a number of patients suffering 

from chronic inflammatory diseases, including RA, swiftly initiated clinical trials to harness 

the anti-inflammatory power of CAP in such patients230. However, the exact mechanism of 

action for CAP is still being discovered and the full extent of CAP mediated effects is rarely 

studied. In study IV and V investigations into the inner workings of the CAP is initiated to 

contribute to a more complete understanding of vagally mediated neural inflammatory 

regulation. Because, by understanding the mechanism better, we enable CAP activation to be 

used more efficiently and to its full potential as a treatment strategy in patients likely in a 

plethora of different inflammatory settings.  

3.3.1 VNS decrease CD69 expression in CD4+ T cells and NK cells in spleen 

of endotoxaemic mice without apparent effects of cell trafficking 

(study IV) 

In our setup of VNS in endotoxaemic mice, a clear anti-inflammatory effect was observed 

with significantly decreased levels of TNFα as well as IFNγ in VNS compared to Sham 

animals in accordance with the pivotal CAP study by Borovikova et.al.168. In the present 

experimental setup cells were collected 6h after VNS or Sham surgery limiting us to study 

the early inflammatory responses. 

The bacterial endotoxin LPS, is known to induce a clear activation of immune cells resulting 

in avid cytokine production both in mice and men283. In accordance, we observe a clear 

increase in CD69 in both NK and all T cell subsets in groups receiving LPS compared to 

control groups not receiving LPS, indicating a LPS driven immunoreactivity in our model.  

Populations of different immune cell types of both innate and adaptive origin were identified 

by commonly used extra- or intracellular markers. While both relative and absolute cell 

numbers remained largely constant in identified cell populations indicating little effect of 

VNS on cell trafficking, CD69 expression was readily reduced by VNS in both splenic and 

circulating CD4+T cells. As shown in figure 15, when dissecting the contribution of different 

CD4+T cell phenotypes or subtypes to this observation, it was revealed that VNS mediated 

decrease in CD69 extend to T cells of both memory and naïve phenotype but not regulatory 

T cells or Th17 cells although a tendency was observed in Th1 cells. In blood CD69 reduction 

in VNS groups is largely reflecting observations is spleen. Interestingly, also splenic NK cells 

displayed reduced CD69 expression in the VNS group compared to sham, an effect that was 

not extended into blood (figure 16). It will thus be interesting to explore what CAP 

mediated CD69 reduction means in terms of functionality of the affected cells.  

Interestingly, we report similar tendencies of decreased CD69 expression in T cells also in 

the mesenteric lymph nodes (MLN). In contrast to the observations in spleen and blood a 

significant increase in relative CD4+ T cell numbers was observed in MLNs indicating that 

cells T cells may be sequestered there and illustrating that CAP effects may be organ specific.  
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Figure 13 CD69 surface expression as measured by flow cytometry on T cell subsets from C57BL/6 
endotoxaemic mice 6h following VNS or Sham surgery. Sham treated animals not receiving LPS 
(Sham no LPS) and untreated animals (WT) were used as control groups. A) Representative 
histograms of CD69 staining in spleen (left) and blood (right). B) Geometric mean fluorescence 
intensity (MFI) of CD69 in CD4 T cells (CD4

+
), CD4 memory T cells (CD4

+
, CD44

high
, CD62L

low
), CD4 

naïve T cells (CD4
+
, CD44

low
, CD62L

high
), regulatory T cells (CD4

+
, FoxP3

+
), Th1 cells (CD4

+
, IFNγ

+
) 

and Th17 cells (CD4
+
, IL-17

+
). Each dot represents one animal. * indicates p<0.05. 
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Figure 14 Surface expression of CD69 as measured by flow cytometry on non-T cells from C57BL/6 
endotoxaemic mice 6h following VNS or Sham surgery. Sham treated animals not receiving LPS 
(Sham no LPS) and untreated animals (WT) were used as control groups. A) Representative 
histograms of CD69 staining in spleen (left) and blood (right). B) Geometric mean fluorescence 
intensity (MFI) of CD69. Each dot represents one animal. * indicates p<0.05. 

The efficacy of VNS to limit pro-inflammatory cytokine production is well established in 

both human and animal models168,230. However, only Mihaylova and co-workers have so far 

investigated the effect of VNS on immune cells in a broader perspective, reporting no effects 

on cell trafficking284, further supporting our observations. Contrasting to our observations of 

VNS mediated reduction of CD69, Mihaylova et.al. detects no effect of VNS on cell 

activation284. Several reasons for this discrepancy may be related to differences in 

experimental setup between our two studies. First, Mihaylova’s study is conducted in rats 

and although mice and rats are closely related, species differences may exist. Secondly, a 

higher dose of LPS is used in Mihaylova’s study, which may overpower the VNS ability to 

fine tune the immune response. Third, and most importantly, whereas Mihaylova and 

colleagues use CD134 as a marker of activation, CD69 is used in our study. While CD69 

upregulation is reported to be detectable already 1h after activation with full expression 

plateauing around 6h, CD134 upregulation after activation may take up to 12h, but can be re-

expressed in memory subsets as early as 1h after activation285,286. The different temporal 

dynamics in expression pattern after activation, may thus explain why we are able to observe 

VNS effects on activation in contrast to Mihaylova’s study.  

Finally, study IV show for the first time that CAP effects extend also to NK cells. NK cells 

are not only important for cell mediated killing, but may also be key players in directing both 

T and B cell responses and have gained interest as mediators in several autoimmune diseases 

including rheumatoid arthritis287. In RA an accumulation of primarily cytotoxic NK cells are 
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found in the synovial fluid, where these cells are reported to express increased levels of CD69 

and produce greater amounts of pro-inflammatory cytokines compared to their circulating 

counterparts287. Accumulation of such NK cells may thus be contributing to the pro-

inflammatory environment in the arthritic joint. This is further supported by an 

experimental animal model of arthritis reporting beneficial effects of NK cell depletion on 

bone erosion and arthritis severity287. However, it is important to note that the nature of NK 

cell involvement may be beneficial since NK depletion has also been reported in 

experimental arthritis to exacerbate disease and autoantibody production287. 

In light of this, activation of CAP to may therefore be beneficial in inflammatory conditions 

where dysactivation of NK cells is driving pathology.  

3.3.2 The anti-inflammatory potential of CAP is dependent on functional 

PGE2 synthesis in murine and human immune cells subjected to 

endotoxaemia 

In a previous study from our group it was revealed that CAP in PGE2 deficient mPGES-1 ko 

mice were unable to reproduce the evident anti-inflammatory effects seen in mPGES-1 wt 

counterparts245. There are several steps in splenic events of the CAP response where PGE2 

involvement may play an important role, including NA release, β2AR expression and 

synthesis of ACh. In study V PGE2 involvement is therefore investigated in each of these 

steps. 

The first two steps of splenic events following initiation of CAP is NA release into the spleen 

mediated by splenic nerve activity and engagement of β2AR on ACh producing T cells of 

memory phenotype177. Signaling in the splenic nerve has been shown to be initiated also by 

peripheral LPS and to depend on central PGE2 involvement158. Since mPGES-1 deficiency 

display reduced PGE2 levels in the CNS, NA release in the spleen may be affected in mPGES 

ko mice although anti-inflammatory signaling in the splenic nerve in this study is mainly 

attributed to VNS. PGE2 is also an important modulator of T cell activation, differentiation 

and function288, wherefore PGE2 deficiency may affect splenic T cell β2AR expression or 

functionality. However, as shown in figure 17 NA release was found to be increased after 

VNS in both mPGES-1 ko and wt mice. Furthermore, β2AR expression as well as relative cell 

numbers of CD4+ T cell memory, naïve and effector subsets were normal following VNS in 

both mPGES-1 ko and wt mice. PGE2 mediated NA and β2AR deficiency as the reason for 

impaired CAP in mPGES-1 ko mice was thus ruled out. It is important to point out that 

while β2AR expression was normal on splenic CD4+ T cells, we are not able to disclose if its 

function is normal in mPGES-1 ko mice. 
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Figure 15 Noradrenaline measured in spleen extract of mPGES-1 ko and wt mice subjected to VNS 

or sham surgery following i.p. LPS (2mg/kg). 

In vitro studies of splenocytes from mPGES-1 ko and wt mice reveal intact ability of both ko 

and wt splenocytes to produce pro-inflammatory cytokine in response to LPS. However, the 

anti-inflammatory effect of NA treatment, mimicking splenic nerve signaling, was observed 

in mPGES-1 wt splenocytes but impaired in mPGES-1 ko splenocytes. Thus, it is indicated 

that PGE2 dependence is mediated at a cellular level. With the knowledge that immune cells 

must depend on upregulation of the ChAT enzyme for their ACh production289 and LPS 

treatment is known to induce ChAT expression in immune cells290 PGE2 may affect this 

process. As shown in figure 18 mPGES-1 ko and wt derived splenocytes displayed similar 

levels of ChAT expression during unstimulated conditions. However, when splenocytes 

were stimulated with LPS an increase of ChAT expression was seen in mPGES-1 wt but not 

ko derived splenocytes. Thus the PGE2 dependent step in the anti-inflammatory response of 

CAP is attributed to ChAT induction. In accordance, studies of a human T cell line report 

induced ACh synthesis via ChAT expression instigated by engagement of prostaglandin 

receptor EP4291. This illustrates that a role for PGE2 in mediating a proper anti-inflammatory 

CAP response upon VNS could be important also in a human setting. 
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Figure 16 ChAT expression in splenocytes from mPGES-1 ko and wt mice after 20h in vitro exposure 
to LPS (10ng/ml). A) Representative images of immunofluorescent staining of ChAT (green) and DAPI 
(blue) of cultured mPGES-1 ko and wt splenocytes. B) Quantification of ChaT expression in LPS 
treated or unstimulated mPGES-1 ko or wt splenocytes. 

 

Importantly, engagement of the cholinergic receptor α7nAChR is not only an integral part of 

the CAP, but has been shown to diminish pro-inflammatory cytokine production of immune 

cells in both human and animal settings in its own right292,293. In line with this, a nicotine 

mediated inhibition of pro-inflammatory cytokine production in response to LPS was 

demonstrated both in mPGES-1 wt splenocytes and human PBMCs (figure 19). This anti-

inflammatory response was not seen in mPGES-1 ko splenocytes and was abolished in 

human PBMCs after pharmacologic blockade of PGE2 synthesis.  

 

Figure 17 TNFα release in splenocytes treated with nicotine under endotoxaemic condition. A) 
Percent decrease of TNFα in nicotine pre-treated condition vs LPS only in mPGES-1 ko and wt 
mouse splenocytes. B) TNFα release measured in supernatant from cultures of human PBMCs pre-
treated with nicotine and stimulated by LPS in conditions with and without mPGES-1 inhibitor. 
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Together, these results indicate that PGE2 may be important for proper CAP-mediated anti-

inflammatory regulation at the level of ACh production as well as α7nAChR dependent pro-

inflammatory cytokine regulation. These results furthermore illustrate that the PGE2 

dependence is also present in humans warranting careful consideration of NSAIDs in 

persons depending on the anti-inflammatory properties of CAP.  
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4 GENERAL DISCUSSION 

Several routes whereby the CNS can be made aware of peripheral inflammation, including 

afferent vagus nerve signalling and cytokine meditated prostaglandin production at the BBB 

interface, has been discovered in recent years147,177. Together with the discovery of active 

neuronal control of inflammation via the vagus nerve in the form of the CAP177 it was 

established that the CNS plays an important role in directing inflammatory responses. 

Intriguingly, animal studies of vagotomy show reduction in the production of pro-resolving 

mediators and a delay of resolution294 further strengthening the importance of functional 

vagal signalling to properly control inflammation. In light of this, it is interesting to note that 

autonomic activity is often reported to be altered in different chronic inflammatory 

conditions which may contribute to a dysregulated immune response perpetuating 

inflammation. In RA patients, measurements of HRV reveal a consistent reduction in 

parasympathetic (vagal) signalling211 which was also observed in our patients in study I. The 

close connection between vagal signalling and peripheral inflammatory mediators is 

illustrated by a frequently reported inverse relationship between HRV measures and 

peripheral HMGB1, IL-6, IL-8, IL-13 as well as IL-10 levels in inflammatory conditions such as 

RA212,223, encephalopathy in newborns295, sepsis296, cardiovascular disease297 and type-1 

diabetes298. While the HRV relation to IL-6 is reported in multiple conditions, the HRV 

relationship to other cytokines may be disease specific reflecting the inflammatory nature of 

the respective diseases. In study I we report a similar relationship between autonomic 

activity and IFNγ. In support of this, data from animal sepsis studies report that LPS 

administration induced a reduction in HRV which was related to increased peripheral 

cytokine levels299. Interestingly, mouse studies of pulmonary inflammation, known to be 

associated with altered breathing patterns (i.e. altered autonomic activity), identifies a 

connection between elevated TNFα and IL-1β levels in lung and elevated IL-1β levels in the 

NTS, the primary brainstem nucleus controlling vagal signalling 300. Interestingly, Ek et.al. 

has previously shown that neurons terminating in the NTS are highly responsive to 

peripheral IL-1β301
. Together this underscores the potential involvement of central nervous 

inflammation in autonomic functionality in particular and CNS related symptoms in general.  

Supporting this notion, we have previously reported elevated central cytokine levels in both 

RA patients and experimental arthritis models and shown that CSF cytokine profile differs 

between RA (IL-1β) and fibromyalgia (IL-8) patients197,222. Interestingly, the source of CSF 

IL-1β was indicated to be locally produced in the CNS since CSF levels was found to exceed 

plasma levels197. The central cytokine profile of allergic subjects remains unknown. However, 

both IL-6, TNFα and IFNγ were detectable in CSF of allergic patients with different types of 

cognitive impairment although no differences were observed in cytokine levels compared to 

non-allergic cognitively impaired subjects302. 

Pain sensitisation which is one of the CNS related symptoms frequently associated with RA 

and other arthropaties has been found to be connected to microglia as well as astrocyte 

activation in the spinal cord in several models of experimental arthritis217,218,248. It has further 
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been shown that inflammatory mediators such as prostaglandins and TNFα are closely 

linked to microglia associated pain217,218,303. Interestingly, a recent report by Yamasaki and co-

workers suggest that similar actions may be seen also during allergy. They similarly 

demonstrate an activation of astrocytes and microglia in spinal cord of allergic mice relating 

to allodynia, furthermore describing a shift in spinal microglia phenotype toward pro-

inflammatory M2 in the allergic mice249. Activated microglia has been shown in various 

animal and experimental models to play an important part in CNS cytokine production as 

well as behavioural changes such as infection driven delirium304.  

Microglial activation detected by PET has been shown to be induced by peripheral 

inflammation129 and is reported in a growing number of acute and chronic inflammatory 

conditions such as stroke132, Alzheimer’s disease130 and multiple sclerosis305. Since activated 

microglia are a considerable source of cytokines in the CNS306 they are likely important 

players involved in CNS-related pathology in chronic inflammatory diseases. 

However, we found no relation between HRV and glial activation as assessed by central 

TSPO levels in either RA (Study I) or allergy patients (Study II). Recent contradictory 

reports of reduced central TSPO levels despite evidence of elevated central cytokine levels in 

schizophrenia patients initiated a suggestion by Notter and colleagues that TSPO may not 

accurately reflect low grade central inflammation126. Such a theory seems likely considering 

the high plasticity of microglial phenotypes and their strong dependence on 

microenvironmental ques to direct differentiation and thus their response. The nature of the 

potentially disease specific central cytokine profile222 may therefore also contribute to the 

discrepancy in microglial TSPO response. This may provide an explanation for the lack of 

association between central TSPO levels and CNS related symptoms observed in study 1 and 

II. However, in support of our results, a study in an allergic mouse model report decreased 

microglial activation and increased neurogenesis in hippocampus of allergic mice307 

suggesting that there may indeed be no association between central glial activation and 

allergy or RA.  

It is however conceivable that also other centrally induced/elevated mediators exert 

substantial effects on central inflammation and CNS related symptoms. As shown in study 

III several proteins related to inflammatory processes identified in CSF of arthritis patients, 

including fibrinogen gamma, was shown to be down regulated after TNF-blockade. 

Fibrinogen gamma was shown to be related to the reduction in peripheral inflammation. The 

vagus nerve also innervates the liver, the principal site of production of fibrinogen, and has 

there been reported to exert anti-inflammatory effects after VNS176. Whether or not this anti-

inflammatory effect extends to fibrinogen production is unknown, however a hint is 

provided by Carney et.al and Cooper et.al. They report an inverse relationship between HRV 

and peripheral fibrinogen levels in general population308 and in coronary heart disease 

patients with depression309 respectively. In line with this, elevated levels of circulating 

fibrinogen are reported in arthritis310. Whether elevated peripheral levels of fibrinogen are 

reflected in the CSF of arthritis patients remains unknown. However, as CSF fibrinogen 

gamma levels are reducible by TNF-blockade (study III) it is conceivable. We suggest a role 
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for central FGG in modulating central inflammation in accordance with reports of FGG 

involvement in microglial activation via MAC-1 complex in an EAE model311.  

Although a successful treatment strategy, TNF-blockade and other biologic treatments are 

not able to help all patients and symptoms may persist. Together with the conceivable risk of 

the patient developing anti-drug antibodies312 there is a need for the development of 

alternative treatment strategies. One such promising alternative is activation of the CAP via 

VNS, which has been proven effective in mouse models of e.g. sepsis, RA, colitis and 

postoperative ileus229,313-315. Autonomic dysregulation is described in many patients with 

different chronic and acute inflammatory disorders including RA205, systemic lupus 

erythematosus316, allergy317 and sepsis296. In RA, autonomic dysfunction is characterised by 

decreased vagal signalling205, indicating that the CAP in these patients may also be impaired 

and may thus contribute to the exacerbated inflammation. Activation of the CAP in RA 

patients via VNS could then provide an important tool to restore autonomic function to a 

certain extent and provide increased ability for neuro-immunoregulation. Intriguingly, pilot 

clinical trials are showing promising results in RA and Crohn’s disease with indications also 

in postoperative ileus230,231,315. However, a lot remain unknown regarding the exact 

mechanism and extent of the CAP mediated anti-inflammatory properties as illustrated by 

the failure of VNS to reduce inflammation in human endotoxaemia318. Therefore it is 

important to continue to explore the mechanism and effects of CAP to ensure continued safe 

and optimal use of VNS as a treatment strategy. 

As the CAP is increasingly investigated, a growing amount of studies report CAP effects 

beyond reduced pro-inflammatory cytokine production from macrophages in the spleen. For 

example, vagal projections to the gut are found to influence muscularis macrophages via 

enteric neurons in a mechanism independent of the spleen319. Furthermore, CAP has been 

shown to affect expression of the surface adhesion protein CD11b on endothelial cells 

reducing leukocyte migration320. In line with this, in study IV we extend the observations of 

VNS mediated effects to reduction of CD69 expression on NK cells in spleen and effects on 

CD4+ T cell trafficking in the MLN. Additionally, in study V a prostaglandin dependence for 

intact anti-inflammatory effects on pro-inflammatory cytokine production is demonstrated, 

together adding to the constantly broadening scope of CAP mediated effects to consider in 

therapeutic settings. 

Emerging evidence point toward an additional role for VNS in central inflammation and the 

control of cognitive function. Meneses and co-workers for instance describe a role for VNS in 

neuronal inflammation, where central cytokine levels and microglial activation as measured 

by Iba-1 expression is attenuated by VNS in a model of intrathecal endotoxaemia321. In line 

with this, VNS has also been shown to reduce inflammatory mediated recruitment of 

neutrophils into areas of the CNS with BBB fenestration, thus controlling pro-inflammatory 

cytokine levels in the brain322.  
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Together these data highlight the extensive ANS involvement and detrimental impact of 

ANS dysregulation in the control of inflammatory responses. The potential contribution of 

neuroinflammation on burdensome CNS-related symptoms and the importance of continued 

investigation into all these aspects of neuroimmune mechanisms in chronic inflammatory 

disease conditions. 
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5 CONCLUDING REMARKS 

With chronic inflammatory conditions being a considerable burden for society as well as the 

patient it is essential to make every effort to better understand the underlying disease 

pathology. The work of this thesis has investigated the role of central inflammation in disease 

pathology and connection to CNS related symptoms as well as explored mechanisms of 

neuroimmune regulation. 

Based on evidence pointing toward presence of central inflammatory involvement in both RA 

and allergy pathogenesis, we sought to confirm this hypothesis in study I and II by 

investigating microglia activation in the CNS of RA patients and allergic subjects using PET. 

We were not able to confirm this hypothesis as no difference in microglia activation was 

detected between either RA patients or allergic subjects and their controls. Furthermore, no 

relation was found between central microglia activation and peripheral inflammation or 

fatigue  in RA or allergy, autonomic dysfunction in RA patients or sleep measures in allergic 

subjects. However, it remains to be noted that low grade central inflammatory events may 

not be reflected by increased glial activation as measured by TSPO expression leaving the 

question of central inflammation in RA and Allergy and relations to CNS related symptoms 

to be conclusively answered in future investigations. In study I we provide further evidence 

of the close relation between ANS dysfunction and circulating levels of inflammatory 

mediators. In study II we provide evidence that allergen exposure is associated with 

increased levels of not only circulating IL-5 but also TNFα and that being allergic is 

associated with higher IL-5 levels even when not exposed to allergen. 

In study III we sought out to investigate central inflammation and relation to CNS related 

symptoms from a different angle in arthritis patients. This was done by exploring proteomic 

changes in CSF of arthritis patients treated with biologic blockade of TNFα since this 

treatment strategy is known to be able to ameliorate certain CNS related symptoms. We 

demonstrate for the first time that TNF-blockade exerts considerable effects on the 

proteome in CSF of arthritis patients and identify 35 CSF proteins decreased by treatment. 

Of these proteins, the majority show involvement in inflammatory processes, thus adding to 

the growing expanse of circumstantial evidence supporting central inflammatory 

involvement in arthritis. Furthermore, we identify fibrinogen gamma and complement factor 

B as a likely important players in central nervous inflammation, as well as contactin-1 and 

cell adhesion molecule 3 as potentially involved in pain sensitisation/regulation which 

should be investigated further. 

Since one of the CNS related features associated with RA is reduced vagal activity, VNS is 

tested as a feasible treatment strategy to restore parasympathetic, i.e. CAP, function 

although much remain to be understood about CAP mechanism of action. In study IV we 

therefore explore the extent of CAP mediated effects on the immune system and in study V 

investigate mechanistic involvement of PGE2 in the CAP. We here provide the first evidence 

that CAP mediated effects extend to NK cells. Additionally, we provide evidence that CAP 

effects are not limited to the spleen and that those effects may be organ specific. We also 
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demonstrate for the first time that a functional mPGES-1 and subsequent PGE2 production is 

essential for ChAT upregulation following engagement of β2AR as well as for inhibition of 

pro-inflammatory cytokine release following engagement of α7nAChR in splenocytes 

subjected to endotoxaemia. 

Although not confirmed in study I and II we provide further evidence of central 

inflammatory involvement in arthritis in study III, pinpointing several proteins likely 

involved in this central inflammatory response and CNS related symptoms. Using 

experimental murine models in study IV and V we extend our mechanistic insight into the 

anti-inflammatory properties of the CAP important to consider when applying VNS as an 

anti-inflammatory treatment strategy in human chronic inflammatory diseases. 
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6 FUTURE PERSPECTIVE 

A big step forward for a PhD student is a small step forward for the scientific community 

towards understanding neuroimmune involvement in chronic inflammatory diseases. Thus, 

even though this thesis has led to an advancement of our current understanding of neuro-

immune mechanisms it has also pin-pointed several questions in wanting of answers from 

future research projects.  

For example, so far only few studies have considered altered HRV in allergy patients hinting 

at withdrawal of sympathetic activity and increased vagal activity210,317. Could allergy 

patients then have an abnormally active CAP? Engagement of β2AR on immune cells is 

known to promote a Th2 environment156,157. Together with the fact that PGE2 also has the 

capacity to shift an immune response toward not only Th2 but also B cell IgE 

production143,152 and our report of a functional CAP depending on PGE2 (study V), could an 

overactive CAP thus provide an environment suitable for initiation/sustention of allergen 

reactive Th2 and B cells? Could a side effect of chronic VNS be increased predisposition to 

allergy? Could allergy itself be treated by sympathetic stimulation or inhibition of vagal or 

β2AR activity? How is PGE2 involved in allergy? Do allergy patients have altered PGE2 levels 

and in such a case would that relate to peripheral inflammation, central inflammation and 

symptoms?  

Furthermore, CAP effects were shown in study IV to be extended to NK cells and possibly 

Th1 cells, both important sources of IFNγ and both indicated in RA disease pathology. 

Together with our reports in study I of increased peripheral levels of IFNγ in RA patients 

and an overall inverse relation between IFNγ and vagal activity raise questions about the 

status of circulating Th1 and NK cells in RA patients and possible relations to autonomic as 

well as disease activity. Interestingly , in study III one of the proteins identified as down 

regulated in CSF of arthritis patients after TNF-blockade was NCAM-1, which is also 

known as CD56, the primary surface marker used to identify human NK cells 30. Is there an 

inflammatory driven influx of NK and other immune cells into arthritis CSF? Could such an 

influx explain generation of CNS related symptoms?  

Data sets and a number of parameters collected from study I, II and III are considerably 

large and the work of analysing all aspects of these data sets has only just begun. With HRV 

measurements recorded also from allergy patients and their controls in and out of pollen 

season, investigations are currently underway to address some of the questions raised 

regarding HRV involvement in allergy. Furthermore, potential associations between 

additional aspects of fatigue measurements and microglia activity in brain regions of interest 

in RA remain to be investigated. Study I and II additionally included flow cytometric 

analysis data of blood cells, which is currently investigated to address some of the questions 

regarding circulating immune cells and relations to disease symptoms and activity in RA and 

allergy. Furthermore, a project to investigating immune cell status in CSF in RA has been 

initiated. 
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Regarding the proteins identified as decreased in CSF of IFX treated arthritis patients 

(study III) only a minority has so far been thoroughly investigated and continued efforts 

with the rest of the identified proteins will surely reveal many more interesting candidates. 

And much more work remains to further investigate these in arthritis and inflammatory 

models to pinpoint their specific function and contribution to arthritis, inflammation and 

CNS related symptoms. 

Answering all of these questions and more inevitably raised along the way will go far 

towards understanding disease initiation and progression of disease pathology as well as 

indicating new and improved treatment strategies in chronic inflammatory conditions. 

 



 

 69 

7 ACKNOWLEDGEMENTS 

To me, doing a PhD has been a lot like a rollercoaster ride with all its ups and downs, twists 

and turns.. It would have been a lot more difficult to be on this PhD rollercoaster without the 

love and support of so many people; family, friends and co-workers alike.  

First of all I would like to acknowledge my main supervisor Jon Lampa. Thank you for this 

opportunity to be a part of your research vision and for believing in me. And thank you for 

the support and guidance on my journey to become an independent researcher. Your 

enthusiasm for research, especially for keeping it translational has been very inspirational. 

Erwan Le Maître, thank you for being a great co-supervisor and colleague. I have learned a 

lot from your expertise in the lab and I always enjoyed our discussions and working together 

with you. 

Thank you also to Eva Kosek, I am happy to have had such a strong female scientist as co-

supervisor. I am inspired by your scientific drive that is always keeping the patient interest in 

mind.  

I would also like to extend a big thank you to Lars Klareskog and Ingrid Lundberg for 

building such a warm, inspiring and collaborative work environment at the Rheumatology 

unit through your excellent leadership. I will always be inspired by your curiosity, kindness 

and passion for science that will benefit the patients. Thanks also to Anca Catrina for 

continuing to lead in their spirit and to continue the evolution of our Rheumatology unit. 

Thank you also Cecilia Carlens for creating a highly collaborative environment between the 

clinic and research unit, promoting recruitment of patients into our studies. 

I would furthermore like to give a big thank you to all my fellow co-authors. Thank you for 

sharing your expertise, valuable constructive criticisms and support with me. I have learned 

so many valuable lessons from you. A special thank you to Johan, Anton, Elena, Helena and 

Karine for taking the time to explain and discuss different aspects of PET, MS, multivariate 

analysis and flow cytometry with me. And to Mohsen for your expertise and care of the CSF 

samples and for always making time for my questions and sample requests. 

Ulf, thank you for your mentorship, for passing on your extensive knowledge to me with 

such enthusiasm and for introducing me to the world of mucosal immunology during my 

master thesis. 

To all my colleagues involved one way or another in the RAALLPET project, especially 

Mats, Lisa, Karin S, Benita, Karin O, Nina, Eva K, Caroline O, Sandra, Maria, Mantas, 

Sofia and Philip. It was a long road, quite a bit of it uphill, but we reached our final 

destination in the end! With you as fellow travellers the journey was worth wile. Karin S, 

Benita and Maria, without you this journey would have been considerably more difficult so 

an extra thank you for your support throughout. 



 

70 

My fellow past and present Neurorheumatology group members, Reem, Priya, Joakim, 

Johan, Elena and Helga, Thank you! I enjoyed very much being a part of this team and have 

learnt a lot from each of you.  

My past and present office mates; Johanna S, Ragnhild, Natalie, Khaled, Fiona, Espen, 

Peter and Phil, sharing office with you was always fun and a very giving experience. Thank 

you also Vlad, Katy, Uta, Yan, Caroline G, Radha, Diana and all the people down at L5:02 

for spicing up lunch time and coffee (read tea) breaks, making them so interesting and full of 

laughter.  

Thank you all working in the Histolab for contributing to such a fun, open and friendly 

work environment. A special thank you to Eva L and Marianne for sharing your expertise 

and for your unlimited kindness. Thanks Heidi for your support and for always spreading 

positive energy where ever you go, no matter what. Thanks Vijay and Akilan for never 

hesitating to lending me a helping hand or reagent. Thanks also Julia S for sharing mPGES1 

mice with me and for companionship and discussions in the animal facility and cell culture 

room. 

I would also like to thank everyone working in the Human lab, especially Eva J, Gull-Britt, 

Gloria, Julia N and Susanna for taking such good care of our precious research samples, for 

making mail delivery a breeze and for being great persons in general. 

I would also like to extend a big and heartfelt thank you to all my Rheumatology colleagues 

for contributing to the positive work environment. Thank you for all the quick and 

interesting corridor discussions and all the fun times at friday fikas and Christmas parties! 

A very special thank you to our wonderful administrators Veronica, Stina, Gunnel and 

Sanna. Always helpful in any situation and always with a smile on your face. You make our 

unit run smoothly despite the rocks, big or small, us researchers end up putting in your way. 

Without the help of all the research nurses at the rheumatology clinic, we would not be able 

to do such great research. I admire your humanity and humility. Always willing to help 

whenever I needed it. A big thank you to Seija, Christina O, Lena, Eva W and Anna-Maria 

who I have worked with the most. 

Helena and Jan-Alvar, thank you for initiating the research school, it has contributed in so 

many ways to my life both professionally and personally and has made my PhD journey extra 

memorable. To my NCRSCID classmates - We always had so much fun during retreats 

discussing our work, science and life in general. Every one of you is in her or his own way a 

fantastic person and I know you are all destined for greatness.  

To my parents Iréne and Peter, and my siblings Fredrik and Sofia; even though you do not 

always understand what it is I do, you are always interested in my work and support me in 

every possible way. Just being there when I need you means everything to me. I am proud of 

you. You are the best family a PhD student could ever want. I know we don’t say it often 

enough, but I love you! 



 

 71 

Kerstin and Sven, Aina and Åke, my fantastic grandparents, thank you for all the joy you 

brought to my childhood. In you I see parts of myself – my creativity, my love for music and 

nature, my serious as well as mischievous side. In my heart, I carry you with me. 

Ingela, thanks for your invaluable help with finding a fantastic place of my own in 

Stockholm. And thanks also to my cousins Josefin, Erik and Calle for always livening up 

family occasions. Thank you Johan E and my other cousins Victor and Oscar for support 

throughout the years. 

To all my friends, both old and new – thank you for always trying to be there for me, know 

that I will always try to be there for you. 

Thank you Jessica for all the fantastic moments we have shared ever since we met and 

became friends that first day in the sandbox some 30 years ago. It was a fantastic journey 

growing up with you – a journey that I hope we will continue to share for a long time still.  

Maja, thank you for all the movies and all the fika. For all our museum visits and all our 

traditional BFQOTY nights and for making my time at university such a fun one.  

Sara J, I am glad I found a friend in you and I hope we will share many more volunteering 

experiences (Stockholm 2026?) and maybe even do some more awesome Olympic trips.  

Monica, Andreas, Emil and Anders thank you for bringing adventure into my life, both irl 

and in the realm of my imagination. 

Thank you Lisa A for always staying true to yourself. You are an inspiration.  

Sarah B, I admire your ambition and I am absolutely certain that you will reach the very top 

doing great things in your life. Just remember to give yourself a break sometimes. 

To my German gang, Lara, Christina, Sabrina, Tina, Natalie, Uta and Florian, thanks for 

all the fun times we’ve had during all our after works, ski trips, midsummer celebrations, 

photography walks and dinners. Thanks for all the interesting discussions we always have 

about work, life, the universe and everything… When I hang out with you I feel like an 

honorary German. 

To my fellow pseudo Germans Angeles, Lina, Karine and Kinga, thank you for being such 

lovely, caring and positive people. Together you all brighten my day whenever I bump in to 

any of you. 

Lastly I want to thank all individuals who participated in our clinical studies. Without your 

curiosity and interest in scientific research this thesis would not have been possible. The 

world is a better place because of you. 

Thank You! 





 

 73 

8 REFERENCES 
1 Kawai, T. & Akira, S. Toll-like receptors and their crosstalk with other innate 

receptors in infection and immunity. Immunity 34, 637-650 (2011). 

2 Takeda, K., Kaisho, T. & Akira, S. Toll-like receptors. Annu. Rev. Immunol. 21, 335-376 
(2003). 

3 Kolaczkowska, E. & Kubes, P. Neutrophil recruitment and function in health and 
inflammation. Nat. Rev. Immunol. 13, 159-175 (2013). 

4 Galli, S. J., Borregaard, N. & Wynn, T. A. Phenotypic and functional plasticity of 
cells of innate immunity: macrophages, mast cells and neutrophils. Nature 
Immunology 12, 1035-1044 (2011). 

5 MacMicking, J., Xie, Q. W. & Nathan, C. Nitric oxide and macrophage function. 
Annu. Rev. Immunol. 15, 323-350 (1997). 

6 Ricklin, D., Hajishengallis, G., Yang, K. & Lambris, J. D. Complement: a key system 
for immune surveillance and homeostasis. Nature Immunology 11, 785-797 (2010). 

7 Morgan, B. P., Walters, D., Serna, M. & Bubeck, D. Terminal complexes of the 
complement system: new structural insights and their relevance to function. 
Immunol. Rev. 274, 141-151 (2016). 

8 Luckey, C. J. et al. Memory T and memory B cells share a transcriptional program 
of self-renewal with long-term hematopoietic stem cells. Proc. Natl. Acad. Sci. U. S. A. 
103, 3304-3309 (2006). 

9 Hirano, M., Das, S., Guo, P. & Cooper, M. D. The evolution of adaptive immunity in 
vertebrates. Adv Immunol 109, 125-157 (2011). 

10 Maclennan, I. C. M. Germinal-centers. Annu. Rev. Immunol. 12, 117-139 (1994). 

11 Corse, E., Gottschalk, R. A. & Allison, J. P. Strength of TCR-Peptide/MHC 
Interactions and In Vivo T Cell Responses. J. Immunol. 186, 5039-5045 (2011). 

12 Parham, P. MHC class I molecules and KIRs in human history, health and 
survival. Nat. Rev. Immunol. 5, 201-214 (2005). 

13 Bromley, S. K. et al. The immunological synapse. Annu. Rev. Immunol. 19, 375-396 
(2001). 

14 Di Noia, J. M. & Neuberger, M. S. Molecular mechanisms of antibody somatic 
hypermutation. Annual Review of Biochemistry 76, 1-22 (2007). 

15 Margulies, D. H. TCR avidity: it's not how strong you make it, it's how you make 
it strong. Nature Immunology 2, 669-670 (2001). 

16 Balkwill, F. R. & Burke, F. The Cytokine Network. Immunol. Today 10, 299-303 
(1989). 

17 Weiss, S. J. Tissue destruction by neutrophils. N. Engl. J. Med. 320, 365-376 (1989). 

18 Headland, S. E. & Norling, L. V. The resolution of inflammation: Principles and 
challenges. Seminars in immunology 27, 149-160 (2015). 

19 Wang, L. D. & Wagers, A. J. Dynamic niches in the origination and differentiation 
of haematopoietic stem cells. Nature reviews. Molecular cell biology 12, 643-655 (2011). 

20 Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage 
activation. Nat. Rev. Immunol. 8, 958-969 (2008). 

21 Luckheeram, R. V., Zhou, R., Verma, A. D. & Xia, B. CD4(+)T cells: differentiation 
and functions. Clinical & developmental immunology 2012, (epub) 925135 (2012). 



 

74 

22 Ransohoff, R. M. & Cardona, A. E. The myeloid cells of the central nervous system 
parenchyma. Nature 468, 253-262 (2010). 

23 Rigoni, A., Colombo, M. P. & Pucillo, C. Mast cells, basophils and eosinophils: 
From allergy to cancer. Seminars in immunology 35, 29-34 (2018). 

24 Galli, S. J. & Tsai, M. Mast cells in allergy and infection: versatile effector and 
regulatory cells in innate and adaptive immunity. Eur. J. Immunol. 40, 1843-1851 
(2010). 

25 Theoharides, T. C. Neuroendocrinology of mast cells: Challenges and 
Controversies. Experimental dermatology, 751-759 (2017). 

26 Heron, A. & Dubayle, D. A focus on mast cells and pain. J. Neuroimmunol. 264, 1-7 
(2013). 

27 Gould, H. J. & Sutton, B. J. IgE in allergy and asthma today. Nat. Rev. Immunol. 8, 205-
217 (2008). 

28 Sprangers, S., de Vries, T. J. & Everts, V. Monocyte Heterogeneity: Consequences 
for Monocyte-Derived Immune Cells. J Immunol. Res., (epub) 1475435 (2016). 

29 Olofsson, P. S. et al. alpha7 nicotinic acetylcholine receptor (alpha7nAChR) 
expression in bone marrow-derived non-T cells is required for the inflammatory 
reflex. Mol Med 18, 539-543 (2012). 

30 Guo, Y., Patil, N. K., Luan, L., Bohannon, J. K. & Sherwood, E. R. The biology of 
natural killer cells during sepsis. Immunology 153, 190-202 (2018). 

31 Lanier, L. L. Up on the tightrope: natural killer cell activation and inhibition. Nat 
Immunol 9, 495-502 (2008). 

32 Boudreau, J. E. & Hsu, K. C. Natural Killer Cell Education and the Response to 
Infection and Cancer Therapy: Stay Tuned. Trends in Immunology 39, 222-239 (2018). 

33 Ahern, D. J. & Brennan, F. M. The role of Natural Killer cells in the pathogenesis of 
rheumatoid arthritis: Major contributors or essential homeostatic modulators? 
Immunology Letters 136, 115-121 (2011). 

34 Al-Mossawi, M. H., Ridley, A., Kiedel, S. & Bowness, P. The role of natural killer 
cells, gamma delta T-cells and other innate immune cells in spondyloarthritis. 
Current opinion in rheumatology 25, 434-439 (2013). 

35 Avau, A., Put, K., Wouters, C. H. & Matthys, P. Cytokine balance and cytokine-
driven natural killer cell dysfunction in systemic juvenile idiopathic arthritis. 
Cytokine & Growth Factor Reviews 26, 35-45 (2015). 

36 Blume, J., Douglas, S. D. & Evans, D. L. Immune suppression and immune 
activation in depression. Brain, behavior, and immunity 25, 221-229 (2011). 

37 Jaigirdar, S. A. & MacLeod, M. K. Development and Function of Protective and 
Pathologic Memory CD4 T Cells. Frontiers in immunology 6, (epub) 456 (2015). 

38 Seder, R. A. & Ahmed, R. Similarities and differences in CD4+ and CD8+ effector 
and memory T cell generation. Nat Immunol 4, 835-842 (2003). 

39 Zhu, J., Yamane, H. & Paul, W. E. Differentiation of effector CD4 T cell populations 
(*). Annu Rev Immunol 28, 445-489, (2010). 

40 Mosmann, T. R. & Sad, S. The expanding universe of T-cell subsets: Th1, Th2 and 
more. Immunol. Today 17, 138-146 (1996). 

41 Weaver, C. T., Harrington, L. E., Mangan, P. R., Gavrieli, M. & Murphy, K. M. Th17: 
an effector CD4 T cell lineage with regulatory T cell ties. Immunity 24, 677-688 
(2006). 



 

 75 

42 Sato, K. et al. Th17 functions as an osteoclastogenic helper T cell subset that links 
T cell activation and bone destruction. J. Exp. Med. 203, 2673-2682 (2006). 

43 Sakaguchi, S., Yamaguchi, T., Nomura, T. & Ono, M. Regulatory T cells and 
immune tolerance. Cell 133, 775-787 (2008). 

44 Pieper, K., Grimbacher, B. & Eibel, H. B-cell biology and development. J.AllergyClin. 
Immunol. 131, 959-971 (2013). 

45 Melchers, F. Checkpoints that control B cell development. J. Clin. Invest. 125, 2203-
2210 (2015). 

46 Corsiero, E., Pitzalis, C. & Bombardieri, M. Peripheral and synovial mechanisms of 
humoral autoimmunity in rheumatoid arthritis. Drug Discov. Today 19, 1161-1165 
(2014). 

47 Good-Jacobson, K. L. & Groom, J. R. Tailoring Immune Responses toward 
Autoimmunity: Transcriptional Regulators That Drive the Creation and 
Collusion of Autoreactive Lymphocytes. Front.Immunol. 9, (epub) 482 (2018). 

48 Mackay, I. R. Travels and travails of autoimmunity: a historical journey from 
discovery to rediscovery. Autoimmunity reviews 9, A251-258 (2010). 

49 Koch, U. & Radtke, F. Mechanisms of T Cell Development and Transformation. 
Annual Review of Cell and Developmental Biology 27, 539-562 (2011). 

50 Floreani, A., Leung, P. S. C. & Gershwin, M. E. Environmental Basis of 
Autoimmunity. Clin. Rev. Allergy Immunol. 50, 287-300 (2016). 

51 Rose, N. R. Negative selection, epitope mimicry and autoimmunity. Current Opinion 
in Immunology 49, 51-55 (2017). 

52 Wegner, N. et al. Peptidylarginine Deiminase From Porphyromonas gingivalis 
Citrullinates Human Fibrinogen and alpha-Enolase Implications for 
Autoimmunity in Rheumatoid Arthritis. Arthritis Rheum. 62, 2662-2672 (2010). 

53 Klareskog, L. et al. A new model for an etiology of rheumatoid arthritis: Smoking 
may trigger HLA–DR (shared epitope)–restricted immune reactions to 
autoantigens modified by citrullination. Arthritis & Rheumatism 54, 38-46 (2006). 

54 Vanderlugt, C. L. & Miller, S. D. Epitope spreading in immune-mediated diseases: 
implications for immunotherapy. Nat. Rev. Immunol. 2, 85 (2002). 

55 Sfriso, P. et al. Infections and autoimmunity: the multifaceted relationship. Journal 
of Leukocyte Biology 87, 385-395 (2010). 

56 Nihlen, U. et al. Incidence and remission of self-reported allergic rhinitis 
symptoms in adults. Allergy 61, 1299-1304 (2006). 

57 Pawankar, R., Canonica, G. W., Holgate, S. T. & Lockey, R. F. Allergic diseases and 
asthma: a major global health concern. Curr. Opin. Allergy Clin. Immunol. 12, 39-41 
(2012). 

58 Bernstein, D. I., Schwartz, G. & Bernstein, J. A. Allergic Rhinitis: Mechanisms and 
Treatment. Immunology and Allergy Clinics of North America 36, 261-278 (2016). 

59 Aberg, N., Hesselmar, B., Aberg, B. & Eriksson, B. Increase of asthma, allergic 
rhinitis and eczema in Swedish schoolchildren between 1979 and 1991. Clin. Exp. 
Allergy 25, 815-819 (1995). 

60 Corry, D. B. & Kheradmand, F. Induction and regulation of the IgE response. 
Nature 402, B18-B23 (1999). 

61 Kay, A. B. Advances in immunology - Allergy and allergic diseases - First of two 
parts. N. Engl. J. Med. 344, 30-37 (2001). 



 

76 

62 Wallace, D. V. et al. The Diagnosis and Management of Rhinitis: An Updated 
Practice Parameter. J. Allergy Clin. Immunol. 122, S1-84 (2008). 

63 Durham, S. R. et al. Long-term clinical efficacy of grass-pollen immunotherapy. N. 
Engl. J. Med. 341, 468-475 (1999). 

64 Scott, D. L., Wolfe, F. & Huizinga, T. W. J. Rheumatoid arthritis. The Lancet 376, 
1094-1108 (2010). 

65 Gibofsky, A. Overview of epidemiology, pathophysiology, and diagnosis of 
rheumatoid arthritis. Am J Manag Care 18, S295-302 (2012). 

66 Eriksson, J. K. et al. Incidence of Rheumatoid Arthritis in Sweden: A Nationwide 
Population-Based Assessment of Incidence, Its Determinants, and Treatment 
Penetration. Arthritis Care Res 65, 870-878 (2013). 

67 Huizinga, T. W. J. et al. Refining the complex rheumatoid arthritis phenotype 
based on specificity of the HLA–DRB1 shared epitope for antibodies to 
citrullinated proteins. Arthritis & Rheumatism 52, 3433-3438 (2005). 

68 van der Helm-van Mil, A. H., Verpoort, K. N., Breedveld, F. C., Toes, R. E. & 
Huizinga, T. W. Antibodies to citrullinated proteins and differences in clinical 
progression of rheumatoid arthritis. Arthritis Research & Therapy 7, 1-10 (2005). 

69 McInnes, I. B. & Schett, G. MECHANISMS OF DISEASE The Pathogenesis of 
Rheumatoid Arthritis. N. Engl. J. Med. 365, 2205-2219 (2011). 

70 Balandraud, N., Roudier, J. & Roudier, C. Epstein-Barr virus and rheumatoid 
arthritis. Autoimmunity reviews 3, 362-367 (2004). 

71 Sakkas, L. I., Daoussis, D., Liossis, S. N. & Bogdanos, D. P. The Infectious Basis of 
ACPA-Positive Rheumatoid Arthritis. Frontiers in microbiology 8, (epub)1853 (2017). 

72 Too, C. L. et al. Gene-Environment Interaction Between HLA-DRB1 Shared 
Epitope and Occupational Textile Dust Exposure In The Risk Of ACPA-Positive 
Rheumatoid Arthritis In Female Patients: Evidence From The Malaysian 
Epidemiological Investigation Of Rheumatoid Arthritis Case-Control Study. 
Arthritis Rheum. 65, S457-S458 (2013). 

73 Söderström, K. et al. Natural killer cells trigger osteoclastogenesis and bone 
destruction in arthritis. Proc Natl Acad Sci U S A 107, 13028-13033 (2010). 

74 Komatsu, N. et al. Pathogenic conversion of Foxp3(+) T cells into T(H)17 cells in 
autoimmune arthritis. Nat. Med. 20, 62-68 (2014). 

75 Magalhaes, R., Stiehl, P., Morawietz, L., Berek, C. & Krenn, V. Morphological and 
molecular pathology of the B cell response in synovitis of rheumatoid arthritis. 
Virchows Archiv : an international journal of pathology 441, 415-427 (2002). 

76 Espersen, G. T., Vestergaard, M., Ernst, E. & Grunnet, N. Tumor-necrosis-factor-
alpha and interleukin-2 in plasma from rheumatoid-arthritis patients in relation 
to disease-activity. Clin. Rheumatol. 10, 374-376 (1991). 

77 Brink, M. et al. Rheumatoid factor isotypes in relation to antibodies against 
citrullinated peptides and carbamylated proteins before the onset of rheumatoid 
arthritis. Arthritis Research & Therapy 18, (epub)43 (2016). 

78 Catrina, A. I., Deane, K. D. & Scher, J. U. Gene, environment, microbiome and 
mucosal immune tolerance in rheumatoid arthritis. Rheumatology 55, 391-402 
(2016). 

79 Ma, X. & Xu, S. TNF inhibitor therapy for rheumatoid arthritis. Biomedical reports 1, 
177-184 (2013). 



 

 77 

80 McInnes, I. B., Buckley, C. D. & Isaacs, J. D. Cytokines in rheumatoid arthritis - 
shaping the immunological landscape. Nat. Rev. Rheumatol. 12, 63-68 (2016). 

81 Cohen, S. B. et al. Rituximab for rheumatoid arthritis refractory to anti-tumor 
necrosis factor therapy - Results of a multicenter, randomized, double-blind, 
placebo-controlled, phase III trial evaluating primary efficacy and safety at 
twenty-four weeks. Arthritis Rheum. 54, 2793-2806 (2006). 

82 Iwata, S. & Tanaka, Y. Progress in understanding the safety and efficacy of Janus 
kinase inhibitors for treatment of rheumatoid arthritis. Expert review of clinical 
immunology 12, 1047-1057 (2016). 

83 Smolen, J. S. et al. EULAR recommendations for the management of rheumatoid 
arthritis with synthetic and biological disease-modifying antirheumatic drugs: 
2016 update. Ann. Rheum. Dis. 76, 960-977 (2017). 

84 Sandberg, M. E. et al. Patients with regular physical activity before onset of 
rheumatoid arthritis present with milder disease. Annals of the rheumatic diseases 73, 
1541-1544 (2014). 

85 Louati, K. & Berenbaum, F. Fatigue in chronic inflammation - a link to pain 
pathways. Arthritis Research & Therapy 17, 1-10 (2015). 

86 Altawil, R. et al. Remaining Pain in Early Rheumatoid Arthritis Patients Treated 
With Methotrexate. Arthritis care & research 68, 1061-1068 (2016). 

87 Mahmood, F., Coates, L. C. & Helliwell, P. S. Current concepts and unmet needs in 
psoriatic arthritis. Clin. Rheumatol. 37, 297-305 (2018). 

88 Gabriel, S. E. & Michaud, K. Epidemiological studies in incidence, prevalence, 
mortality, and comorbidity of the rheumatic diseases. Arthritis Research & Therapy 
11, (epub)229 (2009). 

89 Gossec, L. et al. A patient-derived and patient-reported outcome measure for 
assessing psoriatic arthritis: elaboration and preliminary validation of the 
Psoriatic Arthritis Impact of Disease (PsAID) questionnaire, a 13-country 
EULAR initiative. Ann. Rheum. Dis. 73, 1012-1019 (2014). 

90 Reygaerts, T., Mitrovic, S., Fautrel, B. & Gossec, L. Effect of biologics on fatigue in 
psoriatic arthritis: A systematic literature review with meta-analysis. Joint, bone, 
spine : revue du rhumatisme, epub ahead of print (2018). 

91 Kim, T.-H., Uhm, W.-S. & Inman, R. D. Pathogenesis of ankylosing spondylitis and 
reactive arthritis. Current opinion in rheumatology 17, 400-405 (2005). 

92 Reveille, J. D. & Weisman, M. H. The epidemiology of back pain, axial 
spondyloarthritis and HLA-B27 in the United States. The American journal of the 
medical sciences 345, 431-436 (2013). 

93 Haroon, N. N., Paterson, J. M., Li, P. & Haroon, N. Increasing proportion of female 
patients with ankylosing spondylitis: a population-based study of trends in the 
incidence and prevalence of AS. BMJ Open 4, e006634 (2014). 

94 Ramos, M. et al. Molecular mimicry of an HLA-B27-derived ligand of arthritis-
linked subtypes with chlamydial proteins. The Journal of biological chemistry 277, 
37573-37581 (2002). 

95 Scofield, R. H., Kurien, B., Gross, T., Warren, W. L. & Harley, J. B. HLA-B27 binding 
of peptide from its own sequence and similar peptides from bacteria: 
implications for spondyloarthropathies. Lancet 345, 1542-1544 (1995). 



 

78 

96 Wildner, G., Diedrichs-Mohring, M. & Thurau, S. R. Induction of arthritis and 
uveitis in Lewis rats by antigenic mimicry of peptides from HLA-B27 and 
cytokeratin. European journal of immunology 32, 299-306 (2002). 

97 Uchanska-Ziegler, B. & Ziegler, A. Ankylosing spondylitis: a beta2m-deposition 
disease? Trends Immunol 24, 73-76 (2003). 

98 Moon, K.-H. & Kim, Y.-T. Medical Treatment of Ankylosing Spondylitis. Hip & 
Pelvis 26, 129-135 (2014). 

99 Dean, L. E., Macfarlane, G. J. & Jones, G. T. Five Potentially Modifiable Factors 
Predict Poor Quality of Life in Ankylosing Spondylitis: Results from the 
Scotland Registry for Ankylosing Spondylitis. J. Rrheumatol. 45, 62-69 (2018). 

100 Brophy, S. et al. Fatigue in ankylosing spondylitis: treatment should focus on pain 
management. Seminars in arthritis and rheumatism 42, 361-367 (2013). 

101 Thierry, S., Fautrel, B., Lemelle, I. & Guillemin, F. Prevalence and incidence of 
juvenile idiopathic arthritis: A systematic review. Joint, bone, spine : revue du 
rhumatisme 81, 112-117 (2014). 

102 Butbul Aviel, Y. et al. Sleep and fatigue and the relationship to pain, disease 
activity and quality of life in juvenile idiopathic arthritis and juvenile 
dermatomyositis. Rheumatology  50, 2051-2060 (2011). 

103 Bromberg, M. H., Connelly, M., Anthony, K. K., Gil, K. M. & Schanberg, L. E. Self-
reported pain and disease symptoms persist in juvenile idiopathic arthritis 
despite treatment advances: an electronic diary study. Arthritis & rheumatology 66, 
462-469 (2014). 

104 De Filippis, L. et al. Improving outcomes in tumour necrosis factor alpha 
treatment: comparison of the efficacy of the tumour necrosis factor alpha 
blocking agents etanercept and infliximab in patients with active rheumatoid 
arthritis. Panminerva Medica 48, 129-135 (2006). 

105 Stone, M. et al. Clinical and imaging correlates of response to treatment with 
infliximab in patients with ankylosing spondylitis. J. Rheumatol. 28, 1605-1614 
(2001). 

106 Furness, J. B. The organisation of the autonomic nervous system: Peripheral 
connections. Auton. Neurosci-Basic Clin. 130, 1-5 (2006). 

107 McCorry, L. K. Physiology of the autonomic nervous system. Am. J. Pharm. Educ. 71, 11 
(2007). 

108 Shields, R. W. Functional-anatomy of the autonomic nervous-system. J. Clin. 
Neurophysiol. 10, 2-13 (1993). 

109 Abbott, N. J., Patabendige, A. A. K., Dolman, D. E. M., Yusof, S. R. & Begley, D. J. 
Structure and function of the blood-brain barrier. Neurobiol. Dis. 37, 13-25 (2010). 

110 Zlokovic, B. V. The blood-brain barrier in health and chronic neurodegenerative 
disorders. Neuron 57, 178-201 (2008). 

111 Pan, W., Banks, W. A. & Kastin, A. J. Permeability of the blood–brain and blood–
spinal cord barriers to interferons. J. Neuroimmunol. 76, 105-111 (1997). 

112 O'Carroll, S. J. et al. Pro-inflammatory TNF alpha and IL-1 beta differentially 
regulate the inflammatory phenotype of brain microvascular endothelial cells. J. 
Neuroinflamm. 12, (epub)131 (2015). 

113 Watkins, L. R., Maier, S. F. & Goehler, L. E. Cytokine-to-brain communication - A 
review and analysis of alternative mechanisms. Life Sci. 57, 1011-1026 (1995). 



 

 79 

114 Fabry, Z. et al. Production of the cytokines interleukin 1 and 6 by murine brain 
microvessel endothelium and smooth muscle pericytes. J Neuroimmunol 47, 23-34 
(1993). 

115 Banks, W. A., Kastin, A. J. & Broadwell, R. D. Passage of cytokines across the 
blood-brain barrier. Neuroimmunomodulation 2, 241-248 (1995). 

116 Carrithers, M. D., Visintin, I., Viret, C. & Janeway, C. A. Role of genetic background 
in P selectin-dependent immune surveillance of the central nervous system. J. 
Neuroimmunol. 129, 51-57 (2002). 

117 Banks, W. A. et al. Lipopolysaccharide-induced blood-brain barrier disruption: 
roles of cyclooxygenase, oxidative stress, neuroinflammation, and elements of 
the neurovascular unit. J Neuroinflammation 12, (epub)223 (2015). 

118 Pan, W., Banks, W. A., Kennedy, M. K., Gutierrez, E. G. & Kastin, A. J. Differential 
permeability of the BBB in acute EAE: enhanced transport of TNT-alpha. The 
American journal of physiology 271, E636-642 (1996). 

119 Rio-Hortega, P. The microglia. The Lancet 233, 1023-1026 (1939). 

120 Ginhoux, F. et al. Fate Mapping Analysis Reveals That Adult Microglia Derive 
from Primitive Macrophages. Science 330, 841-845 (2010). 

121 Hanisch, U. K. & Kettenmann, H. Microglia: active sensor and versatile effector 
cells in the normal and pathologic brain. Nat. Neurosci. 10, 1387-1394 (2007). 

122 Ginhoux, F., Lim, S., Hoeffel, G., Low, D. & Huber, T. Origin and differentiation of 
microglia. Front. Cell. Neurosci. 7, (epub)45 (2013). 

123 Colton, C. A. Heterogeneity of Microglial Activation in the Innate Immune 
Response in the Brain. J. Neuroimmune Pharm. 4, 399-418 (2009). 

124 Block, M. L., Zecca, L. & Hong, J. S. Microglia-mediated neurotoxicity: uncovering 
the molecular mechanisms. Nat. Rev. Neurosci. 8, 57-69 (2007). 

125 Venneti, S., Lopresti, B. J. & Wiley, C. A. Molecular imaging of 
microglia/macrophages in the brain. Glia 61, 10-23 (2013). 

126 Notter, T. et al. Translational evaluation of translocator protein as a marker of 
neuroinflammation in schizophrenia. Molecular psychiatry 23, 323-334 (2018). 

127 Vivash, L. & O'Brien, T. J. Imaging Microglial Activation with TSPO PET: 
Lighting Up Neurologic Diseases? Journal of nuclear medicin 57, 165-168 (2016). 

128 Hannestad, J. et al. Endotoxin-induced systemic inflammation activates microglia: 
[(1)(1)C]PBR28 positron emission tomography in nonhuman primates. 
NeuroImage 63, 232-239 (2012). 

129 Sandiego, C. M. et al. Imaging robust microglial activation after lipopolysaccharide 
administration in humans with PET. Proc Natl Acad Sci U S A 112, 12468-12473 
(2015). 

130 Kreisl, W. C. et al. In vivo radioligand binding to translocator protein correlates 
with severity of Alzheimer's disease. Brain 136, 2228-2238 (2013). 

131 Toth, M. et al. Acute neuroinflammation in a clinically relevant focal cortical 
ischemic stroke model in rat: longitudinal positron emission tomography and 
immunofluorescent tracking. Brain structure & function 221, 1279-1290 (2016). 

132 Gulyas, B. et al. Visualising neuroinflammation in post-stroke patients: a 
comparative PET study with the TSPO molecular imaging biomarkers 
[11C]PK11195 and [11C]vinpocetine. Current radiopharmaceuticals 5, 19-28 (2012). 



 

80 

133 Shao, X. et al. Imaging of carrageenan-induced local inflammation and adjuvant-
induced systemic arthritis with [(11)C]PBR28 PET. Nuclear medicine and biology 40, 
906-911 (2013). 

134 Sofroniew, M. V. Astrocyte barriers to neurotoxic inflammation. Nature reviews. 
Neuroscience 16, 249-263 (2015). 

135 Sofroniew, M. V. & Vinters, H. V. Astrocytes: biology and pathology. Acta 
Neuropathol. 119, 7-35 (2010). 

136 Engelhardt, B. & Ransohoff, R. M. Capture, crawl, cross: the T cell code to breach 
the blood-brain barriers. Trends Immunol 33, 579-589 (2012). 

137 Kivisakk, P. et al. Human cerebrospinal fluid central memory CD4(+) T cells: 
Evidence for trafficking through choroid plexus and meninges via P-selectin. 
Proc. Natl. Acad. Sci. U. S. A. 100, 8389-8394 (2003). 

138 Bellavance, M.-A. & Rivest, S. The HPA – Immune Axis and the 
Immunomodulatory Actions of Glucocorticoids in the Brain. Frontiers in immunology 
5, (epub)136 (2014). 

139 Elander, L. et al. Inducible Prostaglandin E-2 Synthesis Interacts in a Temporally 
Supplementary Sequence with Constitutive Prostaglandin-Synthesizing 
Enzymes in Creating the Hypothalamic-Pituitary-Adrenal Axis Response to 
Immune Challenge. J. Neurosci. 29, 1404-1413 (2009). 

140 Tracey, K. J. Reflex control of immunity. Nat Rev Immunol 9, 418-428 (2009). 

141 Spies, C. M., Straub, R. H., Cutolo, M. & Buttgereit, F. Circadian rhythms in 
rheumatology - a glucocorticoid perspective. Arthritis Research & Therapy 16, 
(epub)S3 (2014). 

142 Walker, D. J. & Spencer, K. A. Glucocorticoid programming of neuroimmune 
function. General and comparative endocrinology 256, 80-88 (2018). 

143 Harris, S. G., Padilla, J., Koumas, L., Ray, D. & Phipps, R. P. Prostaglandins as 
modulators of immunity. Trends in Immunology 23, 144-150 (2002). 

144 Park, J. Y., Pillinger, M. H. & Abramson, S. B. Prostaglandin E-2 synthesis and 
secretion: The role of PGE(2) synthases. Clin. Immunol. 119, 229-240 (2006). 

145 Jakobsson, P. J., Thoren, S., Morgenstern, R. & Samuelsson, B. Identification of 
human prostaglandin E synthase: a microsomal, glutathione-dependent, 
inducible enzyme, constituting a potential novel drug target. Proc Natl Acad Sci U S 
A 96, 7220-7225 (1999). 

146 Hata, A. N. & Breyer, R. M. Pharmacology and signaling of prostaglandin 
receptors: multiple roles in inflammation and immune modulation. Pharmacology 
& therapeutics 103, 147-166 (2004). 

147 Engblom, D. et al. Prostaglandins as inflammatory messengers across the blood-
brain barrier. Journal of molecular medicine 80, 5-15 (2002). 

148 Zhang, Z. H. et al. EP3 receptors mediate PGE(2)-induced hypothalamic 
paraventricular nucleus excitation and sympathetic activation. Am. J. Physiol.-Heart 
Circul. Physiol. 301, H1559-H1569 (2011). 

149 Samad, T. A., Sapirstein, A. & Woolf, C. J. Prostanoids and pain: unraveling 
mechanisms and revealing therapeutic targets. Trends Mol.Med. 8, 390-396 (2002). 

150 Saper, C. B., Romanovsky, A. A. & Scammell, T. E. Neural circuitry engaged by 
prostaglandins during the sickness syndrome. Nat Neurosci 15, 1088-1095 (2012). 



 

 81 

151 Ricciotti, E. & FitzGerald, G. A. Prostaglandins and inflammation. Arteriosclerosis, 
thrombosis, and vascular biology 31, 986-1000 (2011). 

152 Kalinski, P. Regulation of Immune Responses by Prostaglandin E-2. J. Immunol. 188, 
21-28 (2012). 

153 Bijlsma, J. W. J. Patient benefit-risk in arthritis-a rheumatologist's perspective. 
Rheumatology 49, ii11-ii17 (2010). 

154 FitzGerald, G. COX-2 and beyond: Approaches to prostaglandin inhibition in 
human disease. Nat. Rev. Drug Discov. 2, 879-890, (2003). 

155 McGettigan, P. & Henry, D. Cardiovascular risk and inhibition of cyclooxygenase 
- A systematic review of the observational studies of selective and nonselective 
inhibitors of cyclooxygenase.J. Am. Med. Assoc. 296, 1633-1644 (2006). 

156 Bellinger, D. L. & Lorton, D. Autonomic regulation of cellular immune function. 
Auton Neurosci 182, 15-41 (2014). 

157 Lubahn, C. L., Lorton, D., Schaller, J. A., Sweeney, S. J. & Bellinger, D. L. Targeting 
alpha- and beta-Adrenergic Receptors Differentially Shifts Th1, Th2, and 
Inflammatory Cytokine Profiles in Immune Organs to Attenuate Adjuvant 
Arthritis. Frontiers in immunology 5, (epub)346 (2014). 

158 MacNeil, B. J., Jansen, A. H., Janz, L. J., Greenberg, A. H. & Nance, D. M. Peripheral 
endotoxin increases splenic sympathetic nerve activity via central prostaglandin 
synthesis. The American journal of physiology 273, R609-614 (1997). 

159 Martelli, D., McKinley, M. J. & McAllen, R. M. The cholinergic anti-inflammatory 
pathway: a critical review. Auton Neurosci 182, 65-69 (2014). 

160 Vida, G. et al. beta2-Adrenoreceptors of regulatory lymphocytes are essential for 
vagal neuromodulation of the innate immune system. FASEB j. 25, 4476-4485 
(2011). 

161 Kenney, M. J. & Ganta, C. K. Autonomic Nervous System and Immune System 
Interactions. Comprehensive Physiology 4, 1177-1200 (2014). 

162 Nance, D. M. & Sanders, V. M. Autonomic innervation and regulation of the 
immune system (1987-2007). Brain, behavior, and immunity 21, 736-745 (2007). 

163 Cheyuo, C. et al. The parasympathetic nervous system in the quest for stroke 
therapeutics. J Cereb Blood Flow Metab. 31, 1187-1195 (2011). 

164 Goehler, L. E. et al. Interleukin-1beta in immune cells of the abdominal vagus 
nerve: a link between the immune and nervous systems? The Journal of neuroscience 
19, 2799-2806 (1999). 

165 Fleshner, M. et al. Thermogenic and corticosterone responses to intravenous 
cytokines (IL-1 beta and TNF-alpha) are attenuated by subdiaphragmatic 
vagotomy. J. Neuroimmunol. 86, 134-141 (1998). 

166 Tracey, K. J. The inflammatory reflex. Nature 420, 853-859 (2002). 

167 Andersson, U. & Tracey, K. J. Neural reflexes in inflammation and immunity. J. 
Exp.Med. 209, 1057-1068 (2012). 

168 Borovikova, L. V. et al. Vagus nerve stimulation attenuates the systemic 
inflammatory response to endotoxin. Nature 405, 458-462 (2000). 

169 Wang, H. et al. Nicotinic acetylcholine receptor alpha 7 subunit is an essential 
regulator of inflammation. Nature 421, 384-388 (2003). 



 

82 

170 Vida, G., Pena, G., Deitch, E. A. & Ulloa, L. alpha7-cholinergic receptor mediates 
vagal induction of splenic norepinephrine. Journal of immunology 186, 4340-4346 
(2011). 

171 Huston, J. M. et al. Splenectomy inactivates the cholinergic antiinflammatory 
pathway during lethal endotoxemia and polymicrobial sepsis. J. Exp. Med. 203, 
1623-1628 (2006). 

172 Huston, J. M. et al. Splenectomy protects against sepsis lethality and reduces 
serum HMGB1 levels. Journal of immunology 181, 3535-3539 (2008). 

173 Rosas-Ballina, M. et al. Splenic nerve is required for cholinergic antiinflammatory 
pathway control of TNF in endotoxemia. Proc Natl Acad Sci U S A 105, 11008-11013 
(2008). 

174 Izeboud, C. A., Mocking, J. A., Monshouwer, M., van Miert, A. S. & Witkamp, R. F. 
Participation of beta-adrenergic receptors on macrophages in modulation of 
LPS-induced cytokine release. J.Rrecept. SignalTtransduct. Res. 19, 191-202 (1999). 

175 Rosas-Ballina, M. et al. Acetylcholine-Synthesizing T Cells Relay Neural Signals in 
a Vagus Nerve Circuit. Science 334, 98-101 (2011). 

176 Chavan, S. S., Pavlov, V. A. & Tracey, K. J. Mechanisms and Therapeutic Relevance 
of Neuro-immune Communication. Immunity 46, 927-942 (2017). 

177 Pavlov, V. A. & Tracey, K. J. Neural regulation of immunity: molecular 
mechanisms and clinical translation. Nat. Neurosci. 20, 156-166 (2017). 

178 Saeed, R. W. et al. Cholinergic stimulation blocks endothelial cell activation and 
leukocyte recruitment during inflammation. J. Exp. Med. 201, 1113-1123 (2005). 

179 Yoshikawa, H. et al. Nicotine inhibits the production of proinflammatory 
mediators in human monocytes by suppression of I-kappaB phosphorylation and 
nuclear factor-kappaB transcriptional activity through nicotinic acetylcholine 
receptor alpha7. Clinical and experimental immunology 146, 116-123 (2006). 

180 de Jonge, W. J. et al. Stimulation of the vagus nerve attenuates macrophage 
activation by activating the Jak2-STAT3 signaling pathway. Nat Immunol 6, 844-
851 (2005). 

181 Maldifassi, M. C. et al. A new IRAK-M-mediated mechanism implicated in the 
anti-inflammatory effect of nicotine via alpha7 nicotinic receptors in human 
macrophages. PloS one 9, e108397 (2014). 

182 Pereira, M. R. & Leite, P. E. The Involvement of Parasympathetic and Sympathetic 
Nerve in the Inflammatory Reflex. Journal of cellular physiology 231, 1862-1869 (2016). 

183 Wu, H., Li, L. & Su, X. Vagus nerve through alpha7 nAChR modulates lung 
infection and inflammation: models, cells, and signals. BioMed research international 
2014, (epub)283525 (2014). 

184 Latremoliere, A. & Woolf, C. J. Central Sensitization: A Generator of Pain 
Hypersensitivity by Central Neural Plasticity. J. Pain 10, 895-926 (2009). 

185 Woolf, C. J. Evidence for a central component of post-injury pain 
hypersensitivity. Nature 306, 686-688 (1983). 

186 Leffler, A. S., Kosek, E., Lerndal, T., Nordmark, B. & Hansson, P. Somatosensory 
perception and function of diffuse noxious inhibitory controls (DNIC) in 
patients suffering from rheumatoid arthritis. Eur. J. Pain  6, 161-176 (2002). 

187 Nieto, F. R. et al. Neuron-immune mechanisms contribute to pain in early stages of 
arthritis. J. Neuroinflamm. 13, (epub)96 (2016). 



 

 83 

188 Wolfe, F., Hauser, W., Hassett, A. L., Katz, R. S. & Walitt, B. T. The development of 
fibromyalgia - I: Examination of rates and predictors in patients with 
rheumatoid arthritis (RA). Pain 152, 291-299 (2011). 

189 Overman, C. L., Kool, M. B., Da Silva, J. A. & Geenen, R. The prevalence of severe 
fatigue in rheumatic diseases: an international study. Clin Rheumatol 35, 409-415 
(2016). 

190 Wolfe, F., Hawley, D. J. & Wilson, K. The prevalence and meaning of fatigue in 
rheumatic disease. J. Rheumatol. 23, 1407-1417 (1996). 

191 Benninger, M. S. & Benninger, R. M. The impact of allergic rhinitis on sexual 
activity, sleep, and fatigue. Allergy and asthma proceedings 30, 358-365 (2009). 

192 Meltzer, E. O. Allergic Rhinitis: Burden of Illness, Quality of Life, Comorbidities, 
and Control. Immunol Allergy Clin North Am 36, 235-248 (2016). 

193 Norheim, K. B. et al. A possible genetic association with chronic fatigue in primary 
Sjogren's syndrome: a candidate gene study. Rheumato. Int. 34, 191-197 (2014). 

194 Harboe, E. et al. Fatigue in primary Sjogren's syndrome--a link to sickness 
behaviour in animals? Brain, behavior, and immunity 23, 1104-1108 (2009). 

195 Minnock, P., Veale, D. J., Bresnihan, B., FitzGerald, O. & McKee, G. Factors that 
influence fatigue status in patients with severe rheumatoid arthritis (RA) and 
good disease outcome following 6 months of TNF inhibitor therapy: a 
comparative analysis. Clin Rheumatol 34, 1857-1865 (2015). 

196 Omdal, R. & Gunnarsson, R. The effect of interleukin-1 blockade on fatigue in 
rheumatoid arthritis--a pilot study. Rheumatology international 25, 481-484 (2005). 

197 Lampa, J. et al. Peripheral inflammatory disease associated with centrally 
activated IL-1 system in humans and mice. Proc Natl Acad Sci U S A 109, 12728-12733 
(2012). 

198 Hifinger, M. et al. In rheumatoid arthritis, country of residence has an important 
influence on fatigue: results from the multinational COMORA study. 
Rheumatology 55, 735-744 (2016). 

199 Feldthusen, C., Grimby-Ekman, A., Forsblad-d'Elia, H., Jacobsson, L. & 
Mannerkorpi, K. Seasonal variations in fatigue in persons with rheumatoid 
arthritis: a longitudinal study. BMC Musculoskelet Disord 17, (epub)59 (2016). 

200 Surowiec, I. et al. Metabolomics study of fatigue in patients with rheumatoid 
arthritis naive to biological treatment. Rheumatology international 36, 703-711 (2016). 

201 Craig, T. J., Teets, S., Lehman, E. B., Chinchilli, V. M. & Zwillich, C. Nasal 
congestion secondary to allergic rhinitis as a cause of sleep disturbance and 
daytime fatigue and the response to topical nasal corticosteroids. The Journal of 
allergy and clinical immunology 101, 633-637 (1998). 

202 Marshall, P. S., O'Hara, C. & Steinberg, P. Effects of seasonal allergic rhinitis on 
fatigue levels and mood. Psychosom. Med. 64, 684-691 (2002). 

203 Toussirot, E., Serratrice, G. & Valentin, P. Autonomic nervous system involvement 
in rheumatoid arthritis - 50 cases. J. Rheumatol. 20, 1508-1514 (1993). 

204 Naranjo, A. et al. Cardiovascular disease in patients with rheumatoid arthritis: 
results from the QUEST-RA study. Arthritis Research & Therapy 10, (epub)R30 
(2008). 

205 Janse van Rensburg, D., Ker, J. A., Grant, C. C. & Fletcher, L. Autonomic 
impairment in rheumatoid arthritis. International journal of rheumatic diseases 15, 419-
426 (2012). 



 

84 

206 Electrophysiology, T. F. o. t. E. S. o. C. a. t. N. A. S. o. P. a. Heart rate variability: 
standards of measurement, physiological interpretation and clinical use. . 
Circulation 93, 1043-1065 (1996). 

207 Syngle, A., Verma, I., Garg, N. & Krishan, P. Autonomic dysfunction in psoriatic 
arthritis. Clin. Rheumatol. 32, 1059-1064 (2013). 

208 Kaya, M. G. et al. Abnormal heart rate recovery on exercise in ankylosing 
spondylitis. Int. J. Cardiol. 169, 215-218 (2013). 

209 Poliwczak, A. R., Waszczykowska, E., Dziankowska-Bartkowiak, B., Kozirog, M. & 
Dworniak, K. The use of heart rate turbulence and heart rate variability in the 
assessment of autonomic regulation and circadian rhythm in patients with 
systemic lupus erythematosus without apparent heart disease. Lupus 27, 436-444 
(2018). 

210 Lan, M. Y., Lee, G. S., Shiao, A. S., Ko, J. H. & Shu, C. H. Heart Rate Variability 
Analysis in Patients with Allergic Rhinitis. Sci. World J. 2013, (epub)947385 (2013). 

211 Adlan, A. M., Lip, G. Y., Paton, J. F., Kitas, G. D. & Fisher, J. P. Autonomic function 
and rheumatoid arthritis: a systematic review. Seminars in arthritis and rheumatism 44, 
283-304 (2014). 

212 Goldstein, R. S. et al. Cholinergic anti-inflammatory pathway activity and High 
Mobility Group Box-1 (HMGB1) serum levels in patients with rheumatoid 
arthritis. Mol Med 13, 210-215 (2007). 

213 Ackland, G. L. et al. Autonomic regulation of systemic inflammation in humans: A 
multi-center, blinded observational cohort study. Brain Behav. Immun. 67, 47-53 
(2018). 

214 Sarlus, H. et al. Allergy influences the inflammatory status of the brain and 
enhances tau-phosphorylation. J. Cell. Mol. Med. 16, 2401-2412 (2012). 

215 Sarlus, H., Wang, X., Cedazo-Minguez, A., Schultzberg, M. & Oprica, M. Chronic 
airway-induced allergy in mice modifies gene expression in the brain toward 
insulin resistance and inflammatory responses. J Neuroinflammation 10, (epub)99 
(2013). 

216 Bao, L. et al. Adjuvant-induced arthritis: IL-1 beta, IL-6 and TNF-alpha are up-
regulated in the spinal cord. Neuroreport 12, 3905-3908 (2001). 

217 Bas, D. B. et al. Collagen antibody-induced arthritis evokes persistent pain with 
spinal glial involvement and transient prostaglandin dependency. Arthritis Rheum 
64, 3886-3896 (2012). 

218 Inglis, J. J. et al. Collagen-induced arthritis as a model of hyperalgesia: functional 
and cellular analysis of the analgesic actions of tumor necrosis factor blockade. 
Arthritis Rheum 56, 4015-4023 (2007). 

219 Boyle, D. L. et al. TNF-alpha blockade in the central nervous system (CNS) 
inhibits inflammatory arthritis. Arthritis Rheum. 52, S158-S158 (2005). 

220 Fiorentino, P. M. et al. Spinal interleukin-1beta in a mouse model of arthritis and 
joint pain. Arthritis Rheum 58, 3100-3109 (2008). 

221 Dantzer, R., Heijnen, C. J., Kavelaars, A., Laye, S. & Capuron, L. The neuroimmune 
basis of fatigue. Trends in neurosciences 37, 39-46 (2014). 

222 Kosek, E. et al. Evidence of different mediators of central inflammation in 
dysfunctional and inflammatory pain - Interleukin-8 in fibromyalgia and 
interleukin-1 beta in rheumatoid arthritis. J. Neuroimmunol. 280, 49-55 (2015). 



 

 85 

223 Adlan, A. M. et al. Cardiovascular autonomic regulation, inflammation and pain in 
rheumatoid arthritis. Auton. Neurosci-Basic Clin. 208, 137-145 (2017). 

224 Hess, A. et al. Blockade of TNF-alpha rapidly inhibits pain responses in the central 
nervous system. Proc. Natl. Acad. Sci. U. S. A. 108, 3731-3736 (2011). 

225 Rosas-Ballina, M. et al. Xanomeline suppresses excessive pro-inflammatory 
cytokine responses through neural signal-mediated pathways and improves 
survival in lethal inflammation. Brain, behavior, and immunity 44, 19-27 (2015). 

226 Morris, G. L., Mueller, W. M. & Vagus Nerve Stimulation Study, G. Long-term 
treatment with vague nerve stimulation in patients with refractory epilepsy. 
Neurology 53, 1731-1735 (1999). 

227 Sackeim, H. A. et al. Vagus nerve stimulation (VNS (TM)) for treatment-resistant 
depression: Efficacy, side effects, and predictors of outcome. 
Neuropsychopharmacology 25, 713-728 (2001). 

228 Ji, H. et al. Central cholinergic activation of a vagus nerve-to-spleen circuit 
alleviates experimental colitis. Mucosal immunology 7, 335-347, (2014). 

229 Levine, Y. A. et al. Neurostimulation of the cholinergic anti-inflammatory pathway 
ameliorates disease in rat collagen-induced arthritis. PloS one 9, e104530 (2014). 

230 Koopman, F. A. et al. Vagus nerve stimulation inhibits cytokine production and 
attenuates disease severity in rheumatoid arthritis. Proc. Natl. Acad. Sci. U. S. A. 113, 
8284-8289 (2016). 

231 Bonaz, B. et al. Chronic vagus nerve stimulation in Crohn's disease: a 6-month 
follow-up pilot study. Neurogastroenterol. Motil. 28, 948-953 (2016). 

232 Prevoo, M. L. et al. Modified disease activity scores that include twenty-eight-
joint counts. Development and validation in a prospective longitudinal study of 
patients with rheumatoid arthritis. Arthritis Rheum 38 (1995). 

233 Juniper, E. F., O'Byrne, P. M., Guyatt, G. H., Ferrie, P. J. & King, D. R. Development 
and validation of a questionnaire to measure asthma control. The European 
respiratory journal 14, 902-907 (1999). 

234 Bruce, B. & Fries, J. F. The Health Assessment Questionnaire (HAQ). Clinical and 
experimental rheumatology 23, S14-18 (2005). 

235 Melzack, R. The McGill Pain Questionnaire: major properties and scoring 
methods. Pain 1, 277-299 (1975). 

236 Jensen, M. P., Turner, L. R., Turner, J. A. & Romano, J. M. The use of multiple-item 
scales for pain intensity measurement in chronic pain patients. Pain 67, 35-40 
(1996). 

237 Wolfe, F. & Michaud, K. Assessment of pain in rheumatoid arthritis: minimal 
clinically significant difference, predictors, and the effect of anti-tumor necrosis 
factor therapy. The Journal of rheumatology 34, 1674-1683 (2007). 

238 Wolfe, F. Fatigue assessments in rheumatoid arthritis: comparative performance 
of visual analog scales and longer fatigue questionnaires in 7760 patients. The 
Journal of rheumatology 31, 1896-1902 (2004). 

239 Smets, E. M., Garssen, B., Bonke, B. & De Haes, J. C. The Multidimensional Fatigue 
Inventory (MFI) psychometric qualities of an instrument to assess fatigue. Journal 
of psychosomatic research 39, 315-325 (1995). 

240 Hewlett, S., Hehir, M. & Kirwan, J. R. Measuring fatigue in rheumatoid arthritis: a 
systematic review of scales in use. Arthritis Rheum 57, 429-439 (2007). 



 

86 

241 Kreisl, W. C. et al. A genetic polymorphism for translocator protein 18 kDa affects 
both in vitro and in vivo radioligand binding in human brain to this putative 
biomarker of neuroinflammation. J. Cereb. Blood Flow Metab. 33, 53-58 (2013). 

242 Shukla, A. K. & Kumar, U. Positron emission tomography: An overview. Journal of 
Medical Physics 31, 13-21 (2006). 

243 The, M., Tasnim, A. & Kall, L. How to talk about protein-level false discovery 
rates in shotgun proteomics. Proteomics 16, 2461-2469 (2016). 

244 Inglis, J. J. et al. Collagen-induced arthritis in C57BL/6 mice is associated with a 
robust and sustained T-cell response to type II collagen. Arthritis Res Ther 9, 
(epub)R113 (2007). 

245 Le Maitre, E. et al. Impaired vagus-mediated immunosuppression in microsomal 
prostaglandin E synthase-1 deficient mice. Prostaglandins Other Lipid Mediat 121, 155-
162 (2015). 

246 Picq, C. A., Clarencon, D., Sinniger, V. E., Bonaz, B. L. & Mayol, J. F. Impact of 
Anesthetics on Immune Functions in a Rat Model of Vagus Nerve Stimulation. 
PloS one 8, e67086 (2013). 

247 Le Maitre, E., Revathikumar, P., Estelius, J. & Lampa, J. Increased Recovery Time 
and Decreased LPS Administration to Study the Vagus Nerve Stimulation 
Mechanisms in Limited Inflammatory Responses. J. Vis. Exp., e54890 (2017). 

248 Agalave, N. M. et al. Spinal HMGB1 induces TLR4-mediated long-lasting 
hypersensitivity and glial activation and regulates pain-like behavior in 
experimental arthritis. Pain 155, 1802-1813 (2014). 

249 Yamasaki, R. et al. Allergic Inflammation Leads to Neuropathic Pain via Glial Cell 
Activation. The Journal of neuroscience 36, 11929-11945 (2016). 

250 Collste, K. et al. Test-retest reproducibility of [(11)C]PBR28 binding to TSPO in 
healthy control subjects. Eur. J. Nucl. Med. Mol. Imaging. 43, 173-183 (2016). 

251 Owen, D. R. et al. Mixed-affinity binding in humans with 18-kDa translocator 
protein ligands. Journal of nuclear medicine 52, 24-32 (2011). 

252 Cosenza-Nashat, M. et al. Expression of the translocator protein of 18 kDa by 
microglia, macrophages and astrocytes based on immunohistochemical 
localization in abnormal human brain. Neuropathol. Appl. Neurobiol. 35, 306-328 
(2009). 

253 Beckers, L. et al. Increased Expression of Translocator Protein (TSPO) Marks Pro-
inflammatory Microglia but Does Not Predict Neurodegeneration. Molecular 
imaging and biology 20, 94-102 (2018). 

254 Owen, D. R. et al. Pro-inflammatory activation of primary microglia and 
macrophages increases 18 kDa translocator protein expression in rodents but not 
humans. J. Cereb. Blood Flow Metab. 37, 2679-2690 (2017). 

255 Narayan, N. et al. The macrophage marker translocator protein (TSPO) is down-
regulated on pro-inflammatory 'M1' human macrophages. PloS one 12, e0185767 
(2017). 

256 Zhou, K. et al. Regulatory T cells ameliorate intracerebral hemorrhage-induced 
inflammatory injury by modulating microglia/macrophage polarization through 
the IL-10/GSK3beta/PTEN axis. J. Cereb. Blood Flow Metab. 37, 967-979 (2017). 



 

 87 

257 Collste, K. et al. Lower levels of the glial cell marker TSPO in drug-naive first-
episode psychosis patients as measured using PET and [(11)C]PBR28. Molecular 
psychiatry 22, 850-856 (2017). 

258 Alam, M. M., Lee, J. & Lee, S. Y. Recent Progress in the Development of TSPO PET 
Ligands for Neuroinflammation Imaging in Neurological Diseases. Nuclear medicine 
and molecular imaging 51, 283-296 (2017). 

259 Hueber, W. et al. Proteomic analysis of secreted proteins in early rheumatoid 
arthritis: anti-citrulline autoreactivity is associated with up regulation of 
proinflammatory cytokines. Annals of the rheumatic diseases 66, 712-719 (2007). 

260 Aydemir, M. et al. Cardiac autonomic profile in rheumatoid arthritis and systemic 
lupus erythematosus. Lupus 19, 255-261 (2010). 

261 Huston, J. M. & Tracey, K. J. The pulse of inflammation: heart rate variability, the 
cholinergic anti-inflammatory pathway and implications for therapy. J Intern Med 
269, 45-53 (2011). 

262 Ericsson, A. & Mannerkorpi, K. Assessment of fatigue in patients with 
fibromyalgia and chronic widespread pain. Reliability and validity of the 
Swedish version of the MFI-20. Disability and rehabilitation 29, 1665-1670 (2007). 

263 Trikojat, K. et al. "Allergic mood" - Depressive and anxiety symptoms in patients 
with seasonal allergic rhinitis (SAR) and their association to inflammatory, 
endocrine, and allergic markers. Brain, behavior, and immunity 65, 202-209 (2017). 

264 Karshikoff, B., Sundelin, T. & Lasselin, J. Role of Inflammation in Human Fatigue: 
Relevance of Multidimensional Assessments and Potential Neuronal 
Mechanisms. Frontiers in immunology 8, 21 (2017). 

265 Braun, J. et al. Treatment of active ankylosing spondylitis with infliximab: a 
randomised controlled multicentre trial. Lancet  359, 1187-1193 (2002). 

266 Antoni, C. E. et al. Sustained benefits of infliximab therapy for dermatologic and 
articular manifestations of psoriatic arthritis - Results from the Infliximab 
Multinational Psoriatic Arthritis Controlled Trial (IMPACT). Arthritis Rheum. 52, 
1227-1236 (2005). 

267 Lahdenne, P., Vahasalo, P. & Honkanen, V. Infliximab or etanercept in the 
treatment of children with refractory juvenile idiopathic arthritis: an open label 
study. Annals of the rheumatic diseases 62, 245-247 (2003). 

268 Charles, P. et al. Regulation of cytokines, cytokine inhibitors, and acute-phase 
proteins following anti-TNF-alpha therapy in rheumatoid arthritis. J. Immunol. 
163, 1521-1528 (1999). 

269 Kikuchi, H., Aramaki, K. & Hirohata, S. Effect of infliximab in progressive neuro-
Behcet's syndrome. J Neurol Sci 272, 99-105 (2008). 

270 Hibi, T. et al. Infliximab therapy for intestinal, neurological, and vascular 
involvement in Behcet disease: Efficacy, safety, and pharmacokinetics in a 
multicenter, prospective, open-label, single-arm phase 3 study. Medicine  95, e3863 
(2016). 

271 Boyle, D. L. et al. Regulation of peripheral inflammation by spinal p38 MAP kinase 
in rats. PLos Med. 3, 1616-1624 (2006). 

272 Davalos, D. & Akassoglou, K. Fibrinogen as a key regulator of inflammation in 
disease. Semin. Immunopathol. 34, 43-62 (2012). 

273 Chen, Y. C., Wang, P. W., Pan, T. L., Bazylak, G. & Shen, J. J. Proteomic Analysis of 
Plasma to Reveal the Impact of Short-Term Etanercept Therapy in Pediatric 



 

88 

Patients with Enthesitis-Related Arthritis: A Case Report. Comb. Chem. High 
Throughput Screen 13, 469-481 (2010). 

274 Takada, Y. et al. A T cell-binding fragment of fibrinogen can prevent 
autoimmunity. J. Autoimmun. 34, 453-459 (2010). 

275 Galatro, T. F. et al. Transcriptomic analysis of purified human cortical microglia 
reveals age-associated changes. Nat. Neurosci. 20, 1162-1171 (2017). 

276 Levesque, S. et al. The role of MAC1 in diesel exhaust particle-induced microglial 
activation and loss of dopaminergic neuron function. J. Neurochem. 125, 756-765 
(2013). 

277 Hu, X. M. et al. Macrophage Antigen Complex-1 Mediates Reactive Microgliosis 
and Progressive Dopaminergic Neurodegeneration in the MPTP Model of 
Parkinson's Disease. J. Immunol. 181, 7194-7204 (2008). 

278 Alexander, J. J. et al. Absence of functional alternative complement pathway 
alleviates lupus cerebritis. European journal of immunology 37, 1691-1701 (2007). 

279 Goring, K. et al. Mechanisms of human complement factor B induction in sepsis 
and inhibition by activated protein C. Am. J. Physiol.-Cell Physiol. 296, C1140-C1150 
(2009). 

280 Gonzalez-Pena, D. et al. Microglia Transcriptome Changes in a Model of 
Depressive Behavior after Immune Challenge. PloS one 11, e0150858 (2016). 

281 Dityatev, A., Bukalo, O. & Schachner, M. Modulation of synaptic transmission and 
plasticity by cell adhesion and repulsion molecules. Neuron Glia Biology 4, 197-209 
(2008). 

282 Shah, B. S. et al. Contactin associates with sodium channel Na(v)1.3 in native 
tissues and increases channel density at the cell surface. J. Neurosci. 24, 7387-7399 
(2004). 

283 Copeland, S., Warren, H. S., Lowry, S. F., Calvano, S. E. & Remick, D. Acute 
inflammatory response to endotoxin in mice and humans. Clinical and diagnostic 
laboratory immunology 12, 60-67 (2005). 

284 Mihaylova, S., Schweighofer, H., Hackstein, H. & Rosengarten, B. Effects of anti-
inflammatory vagus nerve stimulation in endotoxemic rats on blood and spleen 
lymphocyte subsets. Inflamm Res 63, 683-690 (2014). 

285 Craston, R. et al. Temporal dynamics of CD69 expression on lymphoid cells. J 
Immunol Methods 209, 37-45 (1997). 

286 Croft, M. Control of Immunity by the TNFR-Related Molecule OX40 (CD134). 
Annu. Rev. Immunol. 28, 57-78 (2010). 

287 Fogel, L. A., Wayne, Y. M. & French, A. R. Natural killer cells in human 
autoimmune disorders. Arthritis Res Ther 15, 216-225 (2013). 

288 Sreeramkumar, V., Fresno, M. & Cuesta, N. Prostaglandin E2 and T cells: friends or 
foes? Immunology And Cell Biology 90, 579-586 (2011). 

289 Fujii, T. et al. Physiological functions of the cholinergic system in immune cells. 
Journal of pharmacological sciences 134, 1-21 (2017). 

290 Vijayaraghavan, S. et al. Regulated Extracellular Choline Acetyltransferase 
Activity— The Plausible Missing Link of the Distant Action of Acetylcholine in 
the Cholinergic Anti-Inflammatory Pathway. PloS one 8, e65936 (2013). 



 

 89 

291 Suenaga, A. et al. Up-regulation of lymphocytic cholinergic activity by ONO-4819, 
a selective prostaglandin EP4 receptor agonist, in MOLT-3 human leukemic T 
cells. Vasc. Pharmacol. 41, 51-58 (2004). 

292 Takahashi, H. K. et al. Effect of nicotine on IL-18-initiated immune response in 
human monocytes. Journal of Leukocyte Biology 80, 1388-1394 (2006). 

293 De Simone, R., Ajmone-Cat, M. A., Carnevale, D. & Minghetti, L. Activation of alpha 
7 nicotinic acetylcholine receptor by nicotine selectively up-regulates 
cyclooxygenase-2 and prostaglandin E-2 in rat microglial cultures. J. Neuroinflamm. 
2, (epub)4 (2005). 

294 Mirakaj, V., Dalli, J., Granja, T., Rosenberger, P. & Serhan, C. N. Vagus nerve 
controls resolution and pro-resolving mediators of inflammation. J. Exp. Med. 211, 
1037-1048 (2014). 

295 Al-Shargabi, T. et al. Inflammatory cytokine response and reduced heart rate 
variability in newborns with hypoxic-ischemic encephalopathy. Journal of 
perinatology 37, 668-672 (2017). 

296 Tateishi, Y. et al. Depressed heart rate variability is associated with high IL-6 
blood level and decline in the blood pressure in septic patients. Shock 28, 549-553 
(2007). 

297 Papaioannou, V., Pneumatikos, I. & Maglaveras, N. Association of heart rate 
variability and inflammatory response in patients with cardiovascular diseases: 
current strengths and limitations. Frontiers in physiology 4, 174 (2013). 

298 Gonzalez-Clemente, J. M. et al. Lower heart rate variability is associated with 
higher plasma concentrations of IL-6 in type 1 diabetes. European journal of 
endocrinology 157, 31-38 (2007). 

299 Fairchild, K. D. et al. Endotoxin depresses heart rate variability in mice: cytokine 
and steroid effects. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 297, R1019-R1027 (2009). 

300 Jacono, F. J., Mayer, C. A., Hsieh, Y. H., Wilson, C. G. & Dick, T. E. Lung and 
brainstem cytokine levels are associated with breathing pattern changes in a 
rodent model of acute lung injury. Respir. Physiol. Neuro. 178, 429-438 (2011). 

301 Ek, M., Kurosawa, M., Lundeberg, T. & Ericsson, A. Activation of vagal afferents 
after intravenous injection of interleukin-1beta: role of endogenous 
prostaglandins. The Journal of neuroscience 18, 9471-9479 (1998). 

302 Sarlus, H., Eyjolfsdottir, H., Eriksdotter, M., Oprica, M. & Schultzberg, M. Influence 
of Allergy on Immunoglobulins and Amyloid-beta in the Cerebrospinal Fluid of 
Patients with Alzheimer's Disease. Journal of Alzheimer's disease48, 495-505 (2015). 

303 Bas, D. B. et al. Spinal release of tumour necrosis factor activates c-Jun N-terminal 
kinase and mediates inflammation-induced hypersensitivity. Eur. J. Pain 19, 260-
270 (2015). 

304 Hoogland, I. C., Houbolt, C., van Westerloo, D. J., van Gool, W. A. & van de Beek, D. 
Systemic inflammation and microglial activation: systematic review of animal 
experiments. J Neuroinflammation 12, (epub)114 (2015). 

305 Oh, U. et al. Translocator protein PET imaging for glial activation in multiple 
sclerosis. Journal of neuroimmune pharmacology 6, 354-361 (2011). 

306 Smith, J. A., Das, A., Ray, S. K. & Banik, N. L. Role of pro-inflammatory cytokines 
released from microglia in neurodegenerative diseases. Brain research bulletin 87, 10-
20 (2012). 



 

90 

307 Klein, B. et al. Allergy Enhances Neurogenesis and Modulates Microglial 
Activation in the Hippocampus. Front Cell Neurosci 10, (epub)169 (2016). 

308 Cooper, T. M. et al. Heart rate variability predicts levels of inflammatory markers: 
Evidence for the vagal anti-inflammatory pathway. Brain, behavior, and immunity 49, 
94-100 (2015). 

309 Carney, R. M. et al. Heart rate variability and markers of inflammation and 
coagulation in depressed patients with coronary heart disease. Journal of 
psychosomatic research 62, 463-467 (2007). 

310 Rooney, T. et al. Levels of plasma fibrinogen are elevated in well-controlled 
rheumatoid arthritis. Rheumatology 50, 1458-1465 (2011). 

311 Adams, R. A. et al. The fibrin-derived gamma(377-395) peptide inhibits microglia 
activation and suppresses relapsing paralysis in central nervous system 
autoimmune disease. J. Exp. Med. 204, 571-582 (2007). 

312 Moots, R. J. et al. The impact of anti-drug antibodies on drug concentrations and 
clinical outcomes in rheumatoid arthritis patients treated with adalimumab, 
etanercept, or infliximab: Results from a multinational, real-world clinical 
practice, non-interventional study. PloS one 12, e0175207 (2017). 

313 Huston, J. M. et al. Tyanscutaneous vagus nerve stimulation reduces serum high 
mobility group box 1 levels and improves survival in murine sepsis. Crit. Care Med. 
35, 2762-2768 (2007). 

314 Meregnani, J. et al. Anti-inflammatory effect of vagus nerve stimulation in a rat 
model of inflammatory bowel disease. Auton. Neurosci-Basic Clin. 160, 82-89 (2011). 

315 Stakenborg, N. et al. Abdominal vagus nerve stimulation as a new therapeutic 
approach to prevent postoperative ileus. Neurogastroenterol. Motil. 29, e13075 (2017). 

316 Matusik, P. S., Matusik, P. T. & Stein, P. K. Heart rate variability in patients with 
systemic lupus erythematosus: a systematic review and methodological 
considerations. Lupus, (epub ahead of print)961203318771502 (2018). 

317 Rajcani, J., Solarikova, P. & Brezina, I. Allergy and high trait anxiety are related to 
increases in heart rate variability: results of naturalistic long-term design study. 
Eur. Ann. Allergy Clin. Immunol. 50, 19-27 (2018). 

318 Kox, M. et al. Transvenous vagus nerve stimulation does not modulate the innate 
immune response during experimental human endotoxemia: a randomized 
controlled study. Arthritis research & therapy 17, (epub)150 (2015). 

319 Matteoli, G. et al. A distinct vagal anti-inflammatory pathway modulates 
intestinal muscularis resident macrophages independent of the spleen. Gut 63, 
938-948 (2014). 

320 Huston, J. M. et al. Cholinergic neural signals to the spleen down-regulate 
leukocyte trafficking via CD11b. Journal of immunology  183, 552-559 (2009). 

321 Meneses, G. et al. Electric stimulation of the vagus nerve reduced mouse 
neuroinflammation induced by lipopolysaccharide. Journal of inflammation 13, 
(epub)33 (2016). 

322 Schweighofer, H., Rummel, C., Roth, J. & Rosengarten, B. Modulatory effects of 
vagal stimulation on neurophysiological parameters and the cellular immune 
response in the rat brain during systemic inflammation. Intensive care medicine 
experimental 4, (epub)19 (2016). 

 


