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ABSTRACT 

 

Multiple sclerosis (MS) is the leading cause of non-traumatic neurological disability in young 

adults. Although the cause of the disease is unknown, several genetic and environmental risk 

factors have been identified. By studying these risk factors in experimental systems we can 

learn more about the biological events that precede overt disease and then use this knowledge 

in the development of better and safer MS treatments. 

The aim of the work presented in this thesis is to shed light on one of the established genetic 

risk factors, the single nucleotide polymorphism (SNP) rs17066096. Since this SNP is 

positioned close to the gene IL22RA2, we hypothesize that IL22RA2 mediates the effect on 

MS susceptibility. The gene product of IL22RA2 is interleukin-22 binding protein (IL-22BP), 

a soluble IL-22 antagonist. Consequently, in study I-IV below, we focus on the role of the IL-

22-system in MS and experimental inflammation models. 

In study I we reveal the role of IL-22BP in MS animal model experimental autoimmune 

encephalomyelitis (EAE). Il22ra2-deleted mice have less severe paralysis, immune cell 

infiltration, and demyelination compared to wild type mice.  

In study II we further investigate the biology of IL-22BP in inflammation. We use the mouse 

strain from study I, but now in two skin inflammation models: contact hypersensitivity and an 

imiquimod-induced psoriasis model. In contrast to EAE, the Il22ra2-deleted mice have more 

severe disease in both skin inflammation models. 

In study III we show that the risk genotype of rs17066096 is associated with higher 

expression of IL22RA2 in monocyte-derived dendritic cells from healthy blood donors and 

that MS patients with more lesions on magnetic resonance imaging have higher cerebrospinal 

fluid levels of IL-22BP. Using an inducible Il22ra2-knockdown rat strain we show that a 

relatively modest decrease in Il22ra2 expression is enough to make the rats resistant to EAE. 

Similarly, heterozygous deletion of Il22ra2 in mice is sufficient to achieve a protective effect. 

Furthermore, we establish that the protective effect in Il22ra2-deleted mice is dependent on 

the presence of IL-22. 

In study IV we investigate the effect of IL-22 signaling on the initiation of an adaptive 

immune response. Using the rat strain from study III, we show that knockdown of Il22ra2 

expression just prior to immunization causes a reduction in lymphocyte expansion, 

preferentially affecting B cells, as well as a reduction in antigen specific effector functions in 

B cells and Th1 cells. 

In conclusion, we present data in support of a disease-promoting role for IL-22BP in 

neuroinflammation in three species. We show that the effect is dependent on IL-22, which 

consequently has a therapeutic potential. 
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1 INTRODUCTION 

 

The work presented in this thesis stems from previous studies by our group that gave rise to 

the following question:  How does the interleukin-22 binding protein (IL-22BP) influence 

multiple sclerosis (MS) and its experimental models? The following section will provide 

background before proceeding with a discussion of the results. Topics covered will be: the 

biology and genetic variation of the immune system, interleukin-22 (IL-22) physiology and 

pathophysiology, neuroinflammation with focus on MS, and other inflammation models. 

 

1.1 NEUROINFLAMMATION 

1.1.1 Neuroimmunology  

Clinical neuroimmunology encompasses the study of immune mediated neurological 

disorders, which are set apart from other inflammatory disorders by the following three 

characteristics: i) immune privilege, ii) limited tissue regeneration and iii) limited access by 

therapeutic agents. 

1.1.1.1 Immune privilege 

The concept of immune privilege was first described after experiments conducted by Peter 

Medawar in the 1940’s1. It is based on the observation that tissue grafts placed in certain 

tissue environments fail to elicit an immune response and are not rejected. Organs that are 

considered immune privileged include the brain, eyes, testes and uterus. In the brain, the 

features that classically are proposed to constrain the activity of the immune system include:  

- The blood-brain barrier (BBB) that keeps immune cells outside the CNS 

- Limited lymphatic drainage 

- Few antigen-presenting cells in the brain parenchyma 

- Limited expression of major histocompatibility complex (MHC) molecules.  

The BBB restricts the passage of cells, antibodies and other molecules from the circulating 

blood to the extracellular space in the CNS. It is formed by endothelial cells with tight 

junctions, even around the capillaries2,3. Apart from these endothelial cells, the BBB also 

consists of an endothelial basement membrane, scattered contractile cells called pericytes, a 

parenchymal basement membrane and finally a layer of astrocytic foot processes also known 

as the glia limitans. Many gases and lipid soluble molecules can diffuse freely across the 

BBB but other molecules essential for neural function – e.g. glucose and amino acids - are 

taken up by selective transport mechanisms4,5. 

The BBB is not an absolute immune cell barrier. Experiments in rodents show that 

encephalitogenic T cells transferred to the peripheral circulation of healthy animals do cross 

the BBB and enter the CNS where they cause neuroinflammation6. Furthermore, immune cell 
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surveillance has been shown to occur in the healthy CNS7,8. Parts of the intracerebral blood 

vessels, such as the circumventricular organs and the choroid plexus9,10, more readily allow 

the passage of immune cells. 

Lymphatic drainage from the cerebrospinal fluid (CSF) to the peripheral circulation has 

recently been well characterized in mice using modern microscopy technology11,12. 

Lymphatic vessels line the dural sinuses and drain to the deep cervical lymph nodes. These 

vessels give the immune cells in the CNS a route to travel to deep cervical lymph nodes, 

where an immune response can be elicited. It may be so that CNS antigens rather induce 

tolerance under these circumstances13. This conclusion recently became contested, however14. 

Interestingly, myelin-specific T cells are not only found in MS patients, but also in healthy 

individuals and naïve mice, in which case they do not cause disease15,16. 

The brain parenchyma is largely devoid of efficient antigen-presenting cells in the steady 

state. However, these cells do exist in the meninges and in association with blood vessels, 

where they are thought to activate T cells at initiation of disease17–20. 

1.1.1.2 CNS response to injury 

Any form of significant injury to the CNS will result in a coordinated response from local 

cells, i.e. neurons and glia, and in most instances also from infiltrating immune cells21,22. The 

immune cells have a critical role in the defense against microbial pathogens, but also in 

clearing up debris that would otherwise interfere with the normal functions of the nervous 

tissue23–25. Fine-tuning this inflammatory immune response is very important in the CNS - 

perhaps more so than in other organs, because excessive activation will lead to damage that is 

likely to be irreversible, due to the very limited regenerative potential of neurons in the CNS. 

However, there are reports showing reversible axon damage in MS and EAE26. Primarily 

microglia, but to some extent also astrocytes, act as sensors of damage and recruiters of 

leukocytes to the CNS27–30. Astrocytes also respond in a characteristic way to limit the 

collateral damage to neighboring parenchyma by proliferating to enclose the lesion in a 

process called astrogliosis, similar to scar formation. This phenomenon was recognized early 

by histopathological studies and was for a long time viewed simply as a harmful response 

that limited synapse sprouting and axon growth. However, a large number of experimental in 

vivo studies have now shown that astrogliosis in many cases improves outcomes through 

what is interpreted as promotion of wound closure, neuroprotection, restoration of the BBB 

and resolution of inflammation30,31. 

1.1.2 MS - introduction 

MS is a chronic inflammatory disease of the CNS and is the second most common cause of 

neurological disability in the young, after traumatic injuries32. It is typically characterized by 

recurring bouts of motor and/or sensory deficits, which are manifestations of immunological 

attacks on the myelin sheaths that surround axons in the CNS. If the axons remain intact after 

inflammation has resolved, the symptoms will remit after remyelination has taken place 

(Figure 1). Subclinical attacks on the CNS take place even before the initial presentation of 



 

 3 

neurological symptoms. These can be demonstrated radiologically by magnetic resonance 

imaging (MRI). It is currently discussed whether radiologically isolated syndrome (RIS) is a 

useful term for this situation, which in extension would encourage a more active management 

of these patients33. The first clinical presentation consistent with MS is called clinically 

isolated syndrome (CIS), assuming that the diagnostic criteria for MS are not already 

fulfilled. Relapsing remitting MS (RRMS) is the classical disease phenotype, characterized 

by bouts of neurological symptoms followed by remissions that may be complete or 

incomplete. After approximately 10-15 years most RRMS have converted to secondary 

progressive MS (SPMS), characterized by a steady decline of neurological functions with or 

without superimposed relapses. However, this may no longer be the case with the more 

efficacious treatments that have become available in the last few years. Furthermore, 

approximately 5-10% of MS patients present with progressive disease directly from the 

outset, called primary progressive MS (not shown in Figure 1.). Brain atrophy can be 

detected early but accelerates as disease advances.  

              

 

 

Figure 1. Clinical phenotypes of MS.  

 

The prevalence of MS in Scandinavia is particularly high, at approximately 1-2 per 100034,35. 

The worldwide prevalence of MS is much lower but it is difficult to arrive at an accurate 

number. Like most autoimmune diseases, there is a gender bias. In the case of MS, there are 

approximately 2-3 affected females per male. The explanation could be multi-factorial but a 

strong case has been built implicating sex hormones36,37. Females generally have higher 

antibody responses than males, a fact that is reflected by the strikingly higher incidence in 

females of the antibody-driven autoimmune disease systemic lupus erythematosus (SLE). 

During pregnancy there is a shift away from Th1 type immunity, further favoring Th2 and 

antibody responses, presumably for the purpose of promoting tolerance to the fetus38.  This 

general shift in the immune system is believed to underlie the observed pregnancy-related 
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increase in relapse frequency for antibody-driven autoimmune disease (e.g. SLE and systemic 

sclerosis) and a decrease in relapse frequency for Th1/Th17-driven autoimmune diseases (e.g. 

MS and rheumatoid arthritis)38, as well as the phenomenon of postpartum relapses39. 

Additionally, for MS the gender bias has increased over time, which may be an effect of 

changes in sunlight exposure and/or vitamin D levels40,41.  

1.1.3 MS - genes and environment 

1.1.3.1 Genetic risk factors 

The cause of MS is not known but it is believed that the disease is initiated in individuals for 

which the combination of genetic predisposition and environmental exposures reaches a 

threshold42. According to this model, there can be many different causes of MS. A simplified 

example: in one MS patient, genetic risk factors 1 and 2 in combination with environmental 

risk factor A was sufficient to reach the threshold of disease initiation and in another MS 

patient, genetic risk factor 3 in combination with environmental risk factors B and C was 

sufficient to cause the disease. A large amount of knowledge has accumulated about the 

genetic and environmental risk factors that influence susceptibility but those that influence 

severity and subphenotype are much less understood43–48. This, in turn is a consequence of a 

lack of good methods to assess severity, subphenotype and disease progression.  

Familial clustering of MS was recognized early and the recurrence risk for first-degree 

relatives has previously been reported at approximately 3-5 %, 30-50 times the risk in the 

general population49–52. However, more recent data, without some of the bias inherent to the 

previous studies, estimate the recurrence risk at approximately 7 times the population risk for 

first-degree relatives53. From this observation alone, one cannot distinguish the relative 

importance of shared genetics or shared environment. The concordance rate for monozygotic 

twins has been reported at approximately 30 %, which is comparable to many other 

autoimmune diseases, e.g. rheumatoid arthritis and psoriasis49–51,54,55. Heritability, classically 

defined by comparing concordance rate in monozygotic and dizygotic twins, has been 

difficult to estimate with precision for MS, mainly due to relatively low prevalence56. 

Moreover, twin studies are generally problematic owing to small study groups and inability to 

distinguish genetic causes from intrauterine environmental causes. Stronger evidence for a 

genetic contribution comes from studies of adoptees and half-siblings. The susceptibility for 

first-degree non-biological relatives living with a person with MS is the same as for the 

general population57. The risk for siblings is approximately doubled compared to half-

siblings58.  

Once a significant genetic contribution to disease susceptibility has been demonstrated the 

next step is to identify the genes, or more specifically the genomic sequence variants that 

mediate these effects. Disease associated variants can be classified as those that directly cause 

the disease, which result in Mendelian inheritance patterns, or those that just modulate a 

person’s resistance to environmental disease triggers. The first type of variant is by necessity 

rare. Any de novo germline mutation having a large impact on MS susceptibility would 
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quickly have been lost because the carriers would not have been able to successfully produce 

and care for offspring. Consequently, it is perhaps not surprising that the identified genetic 

risk factors individually all have relatively small effects on MS susceptibility.  

Early population based studies focused on candidate genes that were chosen based on the 

hypothesis of T cell mediated autoimmune demyelination. The first identified genetic risk 

factor mapped to MHC class I, which was later extended to class II as well59,60. Due to strong 

linkage disequilibrium (LD) in this region it has, to this day, not been possible to isolate the 

primary allele for this association. A haplotype including the DRB1*1501 allele is by far the 

most important genetic risk factor identified61,62. Interestingly, the MHC also includes the 

genes for the central driver of inflammation tumor necrosis factor (TNF) and MS autoantigen 

candidate myelin oligodendrocyte glycoprotein (MOG), none of which have however shown 

convincing associations to MS that are independent of MHC class II. The HLA molecules in 

the MHC region present antigens to the T cell receptor (TCR). However, studies of germline 

sequence variation in the TCR α and β chain genes have given little support for the 

involvement of the TCR in genetic predisposition to MS63. Similarly studies focusing on 

immunoglobulins have yielded inconsistent observations.  

Association studies are hypothesis-driven population-based studies of candidate genes. An 

alternative approach is linkage studies, which are performed on MS families and identifies 

susceptibility loci in an unbiased manner. However, with the advent of high throughput SNP-

genotyping, association studies are now performed that are essentially hypothesis-free. The 

genotyped SNPs are chosen based on strong LD with neighboring SNPs, thus serving as 

markers for haplotype blocks64. In these studies a few hundred thousand so called tagging-

SNPs are genotyped from which one can, with reasonable certainty, assume the alleles of 

neighboring untyped SNPs. One distinct difference between these two approaches is that 

association studies will only be able to identify common variants. Linkage studies are 

required to identify rare variants. Now that several very large genome wide associations 

studies have been finalized it has become clear that the identified risk variants, now more 

than a hundred, all have small effects on disease susceptibility and the combined effects of 

these do not seem to correspond to the observed heritability44,45,65. Two hypotheses about the 

genetic determinants of MS susceptibility have been discussed i) common variants with small 

effects, which are the ones identified by performing association studies and ii) rare variants 

with large effects, which can only be identified by performing linkage studies. The later 

scenario, sometimes called the mutation-selection hypothesis, proposes that much 

susceptibility is due to variants of recent origin. These would exhibit great allelic 

heterogeneity, but perhaps not as pronounced locus heterogeneity. For comparison, the severe 

but fairly common Mendelian disease cystic fibrosis is due to single mutations in one gene, 

CFTR, but the number of known mutations add up to more than a thousand. These would not 

be identified by association studies. Resequencing of candidate regions, or perhaps of entire 

genomes, would be needed. Other hypotheses for the ”missing heritability” are epistatic 

effects, i.e. the effect of a risk factor may be much larger in the presence of another risk 

factor, or epigenetic effects. 
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1.1.3.2 Molecular characterization of genetic risk factors 

To date, more than a hundred SNPs have been associated with MS susceptibility and the 

number is expected to increase as further studies are published. Molecular characterization of 

these genetic risk factors has made relatively slow progress, however. Examples for which 

significant progress has been made include: the IL-7 receptor alpha chain (IL7R)66, TNF 

superfamily 1A (TNFRSF1A)67, the IL-2-receptor alpha chain (IL2RA)68,69, and Tyrosine 

kinase 2 (TYK2)70. 

IL7R 

The IL-7 receptor is a dimer of the IL-7 receptor alpha chain and the common gamma chain. 

IL-7 is important for differentiation and homeostasis of all lymphoid cells. Exaggerated IL-7 

signaling has been shown to promote autoimmunity71–74.An alternatively spliced, soluble 

form of the IL-7 receptor exists, which is produced by skipping exon 6. The risk-allele of the 

MS-associated SNP rs6897932, located in exon 6 of IL7R, results in a higher proportion of 

the soluble form of the IL-7 receptor being produced66. A proposed mechanism for the effect 

of an increase of the soluble IL-7 receptor on MS-risk is by its competition with the 

membrane bound receptor for circulating IL-7, thus leading to overall lower consumption of 

the cytokine. This in turn, increases concentrations of circulating IL-7, which has the 

potential to promote autoimmune processes.  

TNFSF1A 

TNFRSF1A encodes TNF receptor 1. The MS-risk allele of the intronic SNP rs1800693 leads 

to a skipped exon during splicing, which produces a soluble form of the receptor that blocks 

TNF-signaling67. The SNP is not associated with any of the other autoimmune diseases, like 

rheumatoid arthritis, psoriasis, Crohn’s disease. This is mirrored by the treatment response to 

TNF-blockade, an established treatment for these diseases, but that exacerbates MS75. 

IL2RA 

The IL-2-receptor alpha chain, also known as CD25, forms the high-affinity IL-2 receptor 

when incorporated with IL-2 receptor beta and the common gamma chain76. The MS-

associated allele of the intronic rs2104286 increases cell surface expression of CD25, which 

results in more production of GM-CSF upon IL-2 stimulation68,69. 

TYK2 

TYK2 is associated with the cytoplasmic tail of many cytokine receptors and is involved in 

signal transduction upon activation. MS-associated SNP rs3456443 causes a missense 

mutation in exon 21 of the gene TYK2 that results in a change from a proline to an alanine. It 

does not affect TYK2 expression levels but does change activity of the gene70. The protective 

allele reduces TYK2 activity in T cells and results in a shift towards Th2 cytokine production. 
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1.1.3.3 Environmental risk factors 

Environmental risk factors are more difficult to identify without bias. The most well 

established factors that increase the risk of MS on a population level are: smoking, late 

Epstein-Barr virus (EBV) infection, obesity, low vitamin D levels, and a striking geographic 

distribution that may be caused by variations in exposure to sunlight42,77–82. Although a large 

body of data exists on the matter, the underlying pathogenic mechanisms are largely 

unresolved. 
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Locus                                       Gene(s) p-value Odds ratio 

1p36.32 MMEL1 1.3 x 10-26 1.14 

1p22.3 DDAH1 4.4 x 10-9 1.09 

1p22.1 EVI5, RPL5 1.4 x 10-26 1.19 

1p21.2 VCAM1 1.9 x 10-16 1.10 

1p13.1 CD58 5.0 x 10-42 1.29 

1q31.2 RGS1 4.8 x 10-20 1.15 

1q32.1 C1orf106 4.0 x 10-19 1.13 

2p13.3 PLEK 1.2 x 10-13 1.10 

2q37.1 SP140 4.2 x 10-23 1.16 

3p24.1 EOMES 1.5 x 10-15 1.10 

3q13.33 CD86, TIMMDC1, IQCB1 1.2 x 10-24 1.13 

3q25.33 IL12A 1.1 x 10-18 1.11 

5p13.2 IL7RA 4.3 x 10-17 1.12 

5p13.1 PTGER4 6.9 x 10-16 1.21 

5q31.3 NDFIP1 3.6 x 10-9 1.07 

5q35.3 RGS14 4.4 x 10-18 1.12 

6p21.32 HLA-DRB1 
1.0 x 10-

225 
2.75 

6q15 BACH2 1.5 x 10-15 1.14 

6q23.3 OLIG3, TNFAIP3, IL22RA2, AHI1 1.6 x 10-23 1.14 
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6q25.3 TAGAP 8.0 x 10-21 1.12 

8q24.21 MYC, MIR1204, MIR1205, PVT1, MIR1208, MIR3686 4.3 x 10-16 1.12 

10p15.1 IL2RA 2.3 x 10-47 1.22 

10q22.3 ZMIZ1 2.5 x 10-15 1.10 

10q23.33 HHEX 4.3 x 10-17 1.11 

11q12.2 CD6 3.7 x 10-23 1.13 

11q23.3 CXCR5 3.0 x 10-15 1.10 

12p13.31 TNFRSF1A 6.7 x 10-28 1.14 

12q14.1 METTL1, CYP27B1 5.0 x 10-11 1.23 

14q24.1 ZFP36L1 9.3 x 10-12 1.11 

14q31.3 GALC 2.4 x 10-20 1.32 

16p13.31 CLEC16A 6.4 x 10-46 1.20 

16q24.1 IRF8 5.9 x 10-12 1.15 

17q21.2 STAT3 3.7 x 10-20 1.12 

19p13.3 TNFSF14 1.7 x 10-24 1.16 

19p13.2 TYK2 1.8 x 10-14 1.29 

19q13.33 DKKL1 5.7 x 10-15 1.11 

20q13.2 CYP24A1 2.0 x 10-13 1.09 

20q13.12 CD40 7.7 x 10-16 1.11 

22q11.21 MAPK1 5.5 x 10-16 1.10 
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Table 1. The most well-established MS-associated loci. The following loci have been 

identified in at least two independent genome-wide studies. One or several genes are listed 

for each locus, based on proximity to the associated SNP. The SNP with the highest p-value 

after combining available datasets is listed for each loci. All listed SNPs are intronic or 

intergenic, with the exception of rs41286801, which is located in the 3’ untranslated region of 

EVI5. Adapted from Bashinskaya, et al.83. 

1.1.4 MS - pathogenesis 

MS is widely regarded as a primary immune mediated disease84, a hypothesis supported 

among other things by: 

- MS lesions are characterized by early T cell infiltration85,86, 

- the vast majority of associated genetic variants are in close proximity to immune 

genes, 

- and successful MS treatments all target the immune system. 

Furthermore, MS is considered a primary autoimmune disease, supported among other things 

by: 

- the most influential genetic risk factor is localized to the MHC, 

- autoreactive T and B cells are frequently identified in MS patient blood samples, 

- the many observed similarities to the autoimmune disease model EAE. 

 

However, the primary autoantigen or antigens responsible for MS onset are not known. 

Unlike established autoimmune diseases like myasthenia gravis and neuromyelitis optica, 

which are known to be caused by autoreactive antibodies to acetylcholine receptors at the 

neuromuscular junction87,88 and astrocytic water channel, aquaporin-489,90, respectively, MS 

can formally not be defined as a primary autoimmune disease. For the sake of discussion, an 

alternative hypothesis states that the disease trigger is neurodegeneration followed by 

secondary inflammation and autoimmunity. Any autoreactive T or B cells detected could be a 

result of bystander activation and may not even be driving the disease at all. 

Histopathological analysis of some of the earliest available MS lesions demonstrate cases of 

oligodendroglial pathology in the complete absence of immune infiltration91. 

Assuming a primary immunological trigger, two hypotheses exist regarding its nature: The 

immune system is triggered in the CNS or in the periphery. Postulated CNS triggers include a 

local viral infection. The hypothesis of a peripheral immune cell activation followed by 

trafficking to and reactivation in the CNS is analogous to the pathogenesis of the MS disease 

model EAE. Postulated peripheral triggers are viral or bacterial infection leading to cross-

reactive immune cell specificities by molecular mimicry92–94, bystander activation95,96 or T 

cells bearing dual TCRs97. The case of Human herpes virus-6 (HHV-6) is interesting. Virions 

have been identified in MS lesions and sequence similarities with myelin basic protein 

(MBP) have experimentally been shown to result in T cell cross-reactivity94. This is example 

of molecular mimicry. Moreover, HHV-6 and other enveloped viruses have the capacity to 
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take up host proteins, which is another plausible mechanism how tolerance to self may be 

broken98. 

The primary feature of MS neuropathology is the MS plaque or lesion. These are confluent 

areas of demyelination, inflammation, oligodendrocyte and neuronal degeneration, and 

astrogliosis99–102. The lesions are found in both white and grey matter in the brain as well as 

in the optic nerves and the spinal cord. The inflammatory component, driven by adaptive 

immunity, is most pronounced in the early stages of disease. Early lesions are characterized 

by a permeable BBB, of which the radiologic correlate is contrast-enhancing lesions on MRI. 

These lesions tend to be dominated by macrophages and T cells, with CD8+ T cells 

outnumbering CD4+ T cells. It has, furthermore, been shown that CD8+ T cells isolated from 

MS lesions exhibit clonal expansion more frequently than CD4+ T cells103. B cells and 

plasma cells are also identified but to a lesser extent.  

As the disease progresses, inflammation becomes less pronounced and fewer new lesions 

appear. At this stage, neuropathology is primarily characterized by brain atrophy and an 

cortical lesions, possibly driven by innate immunity and/or dysfunction in the neurons 

themselves104–106. Neuroaxonal loss is eventually noticeable also in so called normal 

appearing white matter and general brain atrophy accelerates seemingly independently of 

lesions and clinical relapses107–110. Measurement of brain atrophy has become an important 

parameter in clinical trials but can be to some degree confounded by the reduction in white 

matter volume due to resolution of inflammation, termed pseudoatrophy111. The proportion of 

B cells and plasma cells also increase during the later stages of disease112,113. Tertiary 

lymphoid structures in the meninges become more prevalent as well. In late disease 

inflammation appears to be contained within the CNS, as few immune cells are recruited 

from the periphery. This development mirrors the clinical transition from relapsing remitting 

disease to progressive disease. The CNS-intrinsic inflammatory component and the 

associated brain atrophy are essentially not influenced by established MS treatments. This 

lack of effective treatment options for progressive MS is one of the biggest and most pressing 

challenges facing research in this field as well as clinical practice.  

Moreover, there are other neurological symptoms associated with MS that are not purely 

focal in nature and therefore somewhat neglected, perhaps due to difficulties in objectively 

assessing them. A form of primary fatigue is commonly seen which can be very 

debilitating114. Interestingly, also symptoms like fatigue and depression may be a 

manifestations of immunological processes in the CNS115,116. 
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Figure 2.  The current view of MS pathogenesis 
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1.1.5 Experimental autoimmune encephalomyelitis (EAE) 

Many pathophysiological research questions regarding MS have been addressed primarily in 

animal models. This has been necessitated by: the very limited access to human CNS tissue, 

large disease heterogeneity, and long preclinical disease stage. The most common disease 

model is EAE, which is induced in susceptible laboratory animals by breaking 

immunological tolerance to a CNS autoantigen.  

EAE can be viewed as a group of models with differing characteristics depending on for 

example the species used, the autoantigen used, if active or passive immunization is 

performed. Several of the candidate autoantigens for MS have been used to induce EAE, for 

example MBP, myelin oligodendrocyte glycoprotein (MOG), and proteolipid protein (PLP). 

Interestingly, different peptides from these proteins can vary greatly in their encephalitogenic 

potential117–119. In work presented in this thesis, active immunization with MOG in C57BL/6 

mice or Dark Agouti (DA) rats were used. Compared to most other proposed autoantigens in 

MS, MOG is a minor component of myelin. However, it is highly encephalitogenic in most 

laboratory animals and induction of EAE with whole myelin in MOG-deficient mice gives 

mild disease, showing that it is a major pathogenic component in autoimmunity towards 

myelin in mice120. Study results are inconclusive regarding the role of reactivity to MOG in 

MS patients121–123.  

To induce EAE, the autoantigen is emulsified in oil and injected subcutaneously to produce 

local slow release of antigen in a pro-inflammatory environment. C57BL/6 mice are 

relatively resistant to disease induction and MOG-EAE in this strain requires addition of 

heat-killed mycobacteria in the adjuvant as well as systemic administration of pertussis toxin, 

the latter repeated after 2 days. Mycobacteria are a classic inducer of Th1 type immunity. 

Interestingly, EAE can also be induced with the mycobacteria exchanged for Citrobacter 

rodentium, an inducer of Th17 type immunity, yielding a less severe disease course124. 

Proposed mechanisms of action for the pertussis injections in the context of EAE include: i) 

transiently opening the BBB, ii) inhibition of regulatory T cell activity, and iii) promotion of 

Th17 differentiation125–127. Once the emulsion is injected, dendritic cells (DC) take up the 

antigen, are activated by ligation of pattern recognition receptors (PRR), upregulate MHC 

class II, and migrate to the draining lymph nodes where they present the antigen to circulating 

CD4+ T cells. The T cells are activated, expand in numbers, reenter the circulation, and 

infiltrate the CNS where they are reactivated by local APCs.  The resulting inflammation 

leads to recruitment of monocytes, neutrophils, CD4+ T cells, and CD8+ T cells. Naïve T cells 

with other specificities are also recruited, which can become activated through epitope 

spreading128,129. EAE can also be passively induced by adoptive transfer of activated 

encephalitogenic T cells.   
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1.1.6 T and B lymphocyte effector mechanisms in MS and EAE 

Although many immune cells have been shown to influence EAE and similarly been 

implicated in MS, CD4+ T cells have received the most attention. The relative importance of 

T helper cell subsets and their effector molecules in EAE and MS has been debated for some 

time130.  

EAE was initially believed to be driven by Th1 cells and the signature cytokine IFNγ. This 

was partly based on the ability of Th1 cells to induce passive EAE131, identification of IFNγ 

secretion from T cells infiltrating the CNS, and the observed resistance to EAE in mice with 

targeted deletion of tbet, master transcription factor for Th1 cells, as well as mice with 

deletion or antibody-mediate neutralization of subunit p40 of Th1 promoting cytokine IL-

12132–134. Consequently, MS has also been viewed upon as a Th1 mediated disease, which is 

supported by the detection of IL-12 and IFNγ in lesions and CSF from MS patients135,136. 

Furthermore, administration of IFNγ to MS patients in the setting of a small trial caused 

disease exacerbation137. It was therefore surprising when subsequent studies showed that the 

other IL-12 subunit, p35, as well as IFNγ was redundant or even protective in EAE138–141. The 

explanation for these contradictory findings came when it was shown that IL-12p40 was a 

common subunit for both IL-12 and IL-23, the latter a factor that promotes Th17 

differentiation142. Mice deficient in IL-23 subunit p19 were shown to be resistant to EAE 

induction, which ignited great interest in Th17 cells in EAE and MS. Just like IFNγ, none of 

the signature cytokines of the Th17 subset is necessary for EAE induction143–145.  

There is currently renewed interest in the cytokine granulocyte-macrophage colony-

stimulating factor (GM-CSF), which appears to be critical for EAE induction146,147. More 

recent reports have shown that GM-CSF production by both Th1 and Th17 is necessary for 

disease induction148,149.  However, in C3HeB/Fej mice, which differently from other mouse 

strains develop inflammation in both spinal cord and brain, full EAE susceptibility has been 

reported despite absence of GM-CSF150. It may be so, that no single mediator is completely 

necessary for EAE or MS to develop.  

In contrast, an increasing number of reports suggest that the balance between 

encephalitogenic Th1 and Th17 responses influences the pathological manifestations of EAE 

and MS151. In EAE, an increased Th17:Th1 ratio is associated with inflammation 

predominantly in the brain and a decreased Th17:Th1 ratio favors inflammation in the spinal 

cord152. Several studies in mouse EAE have later shown that IFNγ acts to suppress 

inflammation in the brain but not in the spinal cord153,154. In contrast, a recent study showed 

that myelin specific peripheral blood T cells from MS patients with predominant spinal cord 

inflammation had higher Th17:Th1 compared to patients with predominant brain 

inflammation155. It is still unclear whether the T cell phenotype in the periphery accurately 

reflects that in the CNS or is inverted as Th1 cells are mobilized to brain, in which case the 

human data would be consistent with previous mouse data. It is also not known whether the 

spinal cord and brain have different susceptibility to Th1 and Th17 responses or if the T cells 

locally are differentially polarized by the respective microenvironment. There is mouse data 
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that support the first scenario, using the C3HeB/Fej mice. After immunization the CD4+ T 

cells in these mice recognize two distinct MOG epitopes, MOG79-90 and MOG97-114. Adoptive 

transfer of only MOG79-90 specific T cells predominantly yields inflammation in the spinal 

cord whereas transfer of MOG97-114 T cells predominantly results in inflammation in the 

brain156. Moreover, the MOG97-114 specific T cells displayed a higher Th17:Th1 ratio after in 

vitro stimulation, compared to the MOG79-90 specific T cells. When drawing conclusions 

regarding the effects of IFNγ and IL-17 in EAE one must bear in mind the plasticity of T 

helper cells in general and in particular that there seems to be a switch from Th17 to Th1 

polarization after entry in to the CNS157. 

The involvement of B cell in MS has not been studied to the same extent as that of T cells. 

Observations that support a role for B cells in MS pathogenesis include: 

- identification of myelin specific antibodies in CSF and blood from MS patients158,159, 

- presence of oligoclonal intrathecal antibodies in most MS patients, which serves as a 

useful diagnostic biomarker, 

- and evidence for clonal expansion of B cells in the CNS of MS patients160,161, 

- depletion of B cells using anti-CD20 monoclonal antibodies is one of the most 

effective treatments for both RRMS and progressive MS162–166. 

Interestingly, anti-CD20 treatment does not deplete plasma cells, making it plausible that the 

B cells influence MS by other mechanisms than production of antibodies, for example 

cytokine production or antigen presentation. Both of these explanations have received 

experimental support. The effect of anti-CD20 treatment in mice is dependent on B cell IL-6 

production, which promotes Th7 responses167. B cells are the most abundant MHC class II-

expressing cell in the naïve mouse CNS168. In the same report, it is further shown that in the 

absence of B cells, adoptively transferred T cells infiltrate the CNS but have a diminished 

capacity to recruit more cells from the periphery. 

1.1.7 MS - treatments 

After interferon beta-1a was approved in the mid-nineties, as the first drug to treat MS169, the 

treatment options have expanded greatly. More than 10 disease-modifying drugs have been 

approved to date. 

Interferon beta-1a is a naturally occurring cytokine with antiviral and anti-proliferative 

effects. It is available as subcutaneous or intramuscular injections for the treatment of MS. A 

pegylated form is now available that only needs to be administered every two weeks170. Many 

immunological effects of Interferon beta-1a treatment have been observed but their relative 

contribution to the treatment effect is not known171–174. It has a modest effect on relapse rate 

and MRI activity but no effect on disease progression. Side effects are mild and mainly 

involve influenza-like symptoms and skin-reactions at the injection site. 

Glatiramer acetate is a mixture of polypeptides that includes four amino acids that recur in 

the MS candidate autoantigen MBP. Several mechanisms of action have been proposed e.g. 

partial induction of tolerance in MBP-specific T cells, thus acting as an altered peptide 
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ligand175,176, and induction of glatiramer acetate-reactive Th2 T cells177. Glatiramer acetate is 

administered daily as a subcutaneous injection and the efficacy and safety profile is similar to 

interferon beta-1a178. 

Teriflunomide is taken orally and inhibits dihydro-orotate dehydrogenase, a key enzyme in 

the de novo pyrimidine synthesis pathway. It is believed to inhibit proliferation of activated T 

and B cells without affecting the homeostatic proliferation of resting lymphocytes179. As a 

result, it does not increase occurrence of serious infections180. It also induces an anti-

inflammatory shift in T cell polarization and immunoglobulin isotypes. The efficacy and 

safety profile is similar to interferon beta-1a181. 

Dimethyl fumarate is a small molecule derived from fumaric acid, an intermediate in the 

citric acid cycle. The mechanism of action is not clear but may involve an antioxidant effect 

by activation of the transcription factor nuclear factor E2 related factor 2 (Nrf2) and also an 

anti-inflammatory effect through inhibition of the transcriptional regulator NF-κB. It is taken 

orally and reduces relapse rate and MRI activity182,183. A reduction in disease progression, i.e. 

increased time to disability, was shown in one trial182. A small number of cases of 

progressive multifocal leukoencephalopathy (PML), an adverse effect with high mortality 

caused by reactivation of latent John Cunningham (JC) virus infection in the CNS, has been 

reported in the treatment of MS patients with dimethyl fumarate184. 

Fingolimod is a sphingosine-1-phosphate analogue that is taken orally. It acts as an antagonist 

of sphingosine-1-phosphate receptors. Fingolimod ligation leads to the receptor being 

internalized and degraded. As lymphocytes depend on cell surface expression of sphingosine-

1-phosphate receptors to egress from lymphoid tissue, this treatment result in them being 

trapped and consequently less lymphocytes will be present in the circulation. Like dimethyl 

fumarate, fingolimod has been shown to reduce disease progression in one trial185,186. In a 

head to head comparison with interferon beta-1a, fingolimod treatment resulted in 

approximately half the number of relapses per year187. But fingolimod treatment is on the 

other hand associated with more disconcerting side effects, like bradycardia, heart block, 

macular edema, and infections as well as some very serious rare adverse effects, most 

notably, generalized varicella zoster infection, herpes encephalitis and PML. 

Natalizumab is a humanized monoclonal antibody that blocks α-4 integrin, which is a 

component of very late antigen 4 (VLA-4) present on lymphocytes. It is given intravenously 

every 4 weeks. Natalizumab inhibits the interaction between VLA-4 and its ligand, vascular 

cell adhesion molecule 1 (VCAM-1), expressed on endothelial cells, thus preventing 

lymphocytes from crossing the blood-brain barrier. It is one of the most effective disease 

modifying treatments for MS with a clear effect on disease progression shown in one trial188. 

However, more than 600 MS patients have developed PML during natalizumab treatment 

with a mortality rate of more than 20 %189. By excluding patients with high JC virus-antibody 

blood titers or increasing monitoring by MRI, the risk of PML has significantly been 

reduced190,191. 
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Alemtuzumab is a humanized monoclonal antibody directed against CD52, which is 

expressed on lymphocytes and monocytes. It is given intravenously for five consecutive days 

and then another three consecutive days a year later. This results in a very long-lasting 

reduction in B and T cells, with T cells recovering slower than B cells. One trial has shown a 

significant effect on disease progression192. The safety profile is an issue, however, which 

makes frequent clinical monitoring necessary. Apart from an expected increase in 

susceptibility to infections, approximately 30 % develop secondary autoimmune disorders, 

primarily affecting the thyroid gland192,193.  

Daclizumab is a humanized monoclonal antibody directed against CD25, a component of the 

IL-2 receptor, thus acting as an IL-2 antagonist. It not only reduces the circulating levels of 

CD4+ and CD8+ T cells but also expands a population of CD56bright natural killer (NK) cells, 

which may be more important for the clinical effect in MS194. Monthly subcutaneous 

injections of daclizumab has been shown to be superior to interferon beta-1a but does not 

reduce disease progression. It is a relatively new drug that has recently been approved in the 

USA and Europe for the treatment of MS173. 

Ocrelizumab is a monoclonal antibody directed against CD20, which is expressed on B cells. 

It was developed in light of the efficacy of rituximab in MS162,164,195 and the CD20 epitopes 

of the two antibodies overlap. It acts by depleting CD20-expressing cells, i.e. B cells but not 

plasma cells. Ocrelizumab is a humanized antibody, thus expected to be less immunogenic 

compared to rituximab, which is a mouse chimeric antibody. Ocrelizumab is recently 

approved in the USA for the treatment of MS and is also the first treatment approved for the 

treatment of primary progressive MS165,196. 

 

1.2 IMMUNOLOGY 

The research presented in this thesis is mainly within the field of immunology, in regards to 

questions addressed and methods used. Now follows an overview of the immunological 

scope of the work. 

The immune system consists of a network of specialized cells and molecules that have 

evolved to protect multicellular organisms from pathogens. These cells and molecules 

typically interact in complex and dynamic ways, of which our understanding is far from 

complete, despite having accumulated a tremendous amount of detailed knowledge. In 

addition to fighting off infections, the immune system suppresses the development of cancer 

and has also been shown to interact with other body systems, such as the metabolic, 

endocrine, and nervous system. However, the work discussed in this thesis will be centered 

on the situation when disease is caused by the immune system itself i.e. inflammatory and 

autoimmune diseases. 

It is useful to think of the immune system as consisting of two lines of defense against 

invading pathogens - innate and adaptive immunity. Adaptive immunity is more effective at 
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clearing infections but takes several days to develop. In the meantime, innate immune 

mechanisms will attempt to stop or at least delay the infection and simultaneously start the 

process of mounting an adaptive immune response directed specifically to the invading 

microorganism. The two systems do not work in isolation, however. Signals from the innate 

immune system activate and shape the adaptive immune response and a major part of 

adaptive effector mechanisms is to focus and amplify the activities of innate immune cells.  

1.2.1 Innate immunity 

Key elements included in the concept of innate immunity are:  

- Physical barriers – most prominently the epithelial layers lining surfaces facing the 

outside world, 

- Chemical and mechanical barriers - such as acidic pH, antimicrobial peptides, and 

secretions with directional flow that wash away invaders.  

- Inflammatory response – characterized by recruitment of fluid, molecules, and cells to 

the site, thus signaling to the rest of the body that a threat is present, 

- Phagocytosis – rapid ingestion of bacteria by cells such as neutrophils and 

macrophages. 

1.2.1.1 Epithelial barrier of the skin 

The skin consists of the epidermis and underneath it, the dermis. The epidermis is composed 

of several layers of tightly packed cells of which the outermost layers are dead cells filled 

with keratin that makes the skin a waterproof barrier. The dermis is mostly connective tissue 

and contains blood and lymphatic vessels, hair follicles, sweat and sebaceous glands, as well 

as immune cells such as DCs, macrophages, and mast cells. 

1.2.1.2 Antimicrobial proteins and peptides 

Epithelial cells at barrier surfaces constitutively produce a broad range of molecules that kill 

or inhibit growth of bacteria or fungi. These show some degree of specificity, seen for 

example in the case of psoriasin, which is expressed in the skin. This antimicrobial protein 

does not affect skin commensal Staphylococcus aureus but rapidly kills intestinal commensal 

Escherichia coli if it happens to end up on the skin. The related antimicrobial, also from the 

family of S-100 proteins, does however kill both bacterial species197. Antimicrobial peptides 

are generally smaller than 100 amino acids and are a primitive form of innate immunity even 

found in plants and some fungi. The main types found in humans are the defensins and 

cathelicidin. They can disrupt membranes of bacteria and fungi and then enter the cell where 

they exert other effects such as inhibiting the synthesis of DNA, RNA, and proteins198. 

1.2.1.3 Toll-like receptors 

Inflammation and phagocytosis depend on the recognition of conserved structural elements 

present on pathogens but absent in humans, so called pathogen associated molecular patterns 

(PAMP). PAMPs are recognized by a wide range of extracellular and intracellular pattern 

recognition receptors (PRR), that help the immune system to distinguish between what is self 

(part of the body) and non-self (an invader that should be eradicated). There are a number of 
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PRR-families but the best characterized are the toll-like receptors (TLR)199,200. Ten TLRs 

have been identified in humans, each with specificity for certain conserved microbial 

elements. The TLRs are either cell surface receptors or localized to intracellular vesicles and 

they are most highly expressed by sentinel cells like macrophages and dendritic cells. TLRs 

are expressed in the CNS by microglia, the primary resident sentinel cell, but also by 

astrocytes, oligodendrocytes and neurons201. 

1.2.1.4 Chemokines 

The chemokines are a family of small proteins that are secreted into the extracellular space 

for the purpose of attracting other cells. A concentration gradient is established from the site 

of production that attracts cells bearing the corresponding chemokine receptor, a process 

called chemotaxis. Specificity of leukocyte chemotaxis is achieved by the existence of many 

different chemokines and chemokine receptors that are selectively expressed in a dynamic 

way. The chemokines are divided into two groups: the homeostatic chemokines, which are 

continuously secreted in certain tissues and facilitate immune cell surveillance in the steady 

state, and the inflammatory chemokines, which are induced as a part of an inflammatory 

response. The B cell-attracting chemokine CXCL13 has attracted much attention as a 

potential biomarker for MS and may promote the formation or tertiary lymphoid follicles in 

the CNS characteristic of progressive disease202–206. 

1.2.1.5 Innate immune cells 

All immune cells as well as erythrocytes and thrombocytes develop from the same origin, the 

hematopoietic stem cell, which resides in the bone marrow. When a hematopoietic stem cell 

starts differentiating, the first fate-determining step is to become either a common myeloid 

progenitor that later gives rise to erythrocytes, granulocytes, monocytes, and macrophages or 

to become a common lymphoid progenitor that later gives rise to T cells, B cells, and NK 

cells. Myeloid cells and NK cells are part of the innate immune system. 

Neutrophilic granulocytes (neutrophils) constitute the majority of circulating immune cells. 

They are the first cells to be recruited during an immune response and the rapid increase in 

circulating granulocytes is used clinically as an indication of infection. Neutrophils have in 

their cytoplasm granules that contain various preformed proteins ready to be expelled, some 

resulting in direct damage to pathogens and others resulting in recruitment of other cells, for 

example macrophages and more neutrophils. 

Monocytes constitute 5-10 % of circulating cells. They are a heterogeneous population that 

can be divided into inflammatory monocytes, which enter tissues rapidly and can differentiate 

into macrophages with high phagocytic capacity, and patrolling (non-classical) monocytes, 

which may in contrast act to dampen inflammation207. DCs are also a heterogeneous 

population of cells that can develop from either the myeloid progenitor, lymphoid progenitor 

or directly from monocytes. They phagocytose pathogens in the tissues, migrate to secondary 

lymphoid organs and present antigens to CD4+ T cells to initiate an adaptive immune 

response. Other cells that can act as APCs are macrophages and B cells.  
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1.2.2 Adaptive immunity 

The T and B lymphocytes are the orchestrators of adaptive immune responses. They have 

several important features in common. Randomly assembled antigen-receptors, stringent 

selection to exclude autoreactive clones, high threshold of activation, and immunological 

memory that enables a more rapid and effective response the next time the same antigen is 

encountered. 

1.2.2.1 T cells 

T cells are divided into T helper (Th) cells, distinguished by cell surface expression of CD4 

and cytotoxic T cells (Tc) distinguished by cell surface expression of CD8. Th cells recognize 

antigens bound to MHC class II on APCs and primarily act by releasing cytokines that 

activate other cells of the immune system. Tc cells recognize antigens bound to MHC class I 

on most nucleated cells and primarily act by killing the cells displaying the antigen. Th cells 

have been the subject of intense research aiming to characterize distinct subsets based on the 

cytokines they produce and the signaling events that lead to their differentiation. In relation to 

autoimmune disease, the Th1 and Th17 subsets are most frequently discussed and are 

generally regarded as pathogenic. In relation to protective immunity to infection, Th1 cells 

mount immune responses to intracellular pathogens and Th17 appears to be important for 

extracellular pathogens and fungi. 

Another group of T cells frequently discussed in relation to autoimmune disease is the 

regulatory T cells, which by different means act to suppress lymphocyte activation and 

consequently inflammation. 

All the T cells discussed so far have a TCR that is composed of an alpha chain and a beta 

chain, sometimes called αβT cells to distinguish them from T cells with a TCR composed of 

a gamma chain and a delta chain. The γδT cells have features of both adaptive and innate 

immune cells and are currently the subject of much research but their role in autoimmune 

disease is only beginning to be elucidated. 

1.2.2.2 B cells 

B cells include B-1 B cells, B-2 B cells, marginal zone B cells, and regulatory B cells. B-2 B 

cells are by far the most common B cell, and is usually implied when discussing simply B 

cells. Although B cells also secrete cytokines and act as antigen presenting cells, the major 

activity is to produce antibodies. They display on their surface a B cell receptor, which has 

the same specificity as the antibodies that they will produce if activated. Once B cells exit the 

bone marrow they are directed towards secondary lymphoid organs as a consequence of their 

expression of the chemokine receptor CXCR5 whose ligand, CXCL13, is constitutively 

secreted there by follicular dendritic cells. The B cell receptors bind antigens independently 

of any other cell type but in general they need help from T cells that recognize epitopes from 

the same microbe/source, to become activated. Once activated, some B cells will go through 
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a processes in the lymphoid organ to optimize antibody specificity (somatic hypermutation) 

and to change the type of antibody produced (isotype switching). 

 

1.3 INTERLEUKIN-22 

1.3.1 The IL-22-system 

Cytokines are soluble mediators that all cells of the immune system use to some extent to 

shape the immune response. The term interleukin was proposed in 1979 as a classification of 

cytokines that are secreted by leukocytes and mediate signals to other leukocytes208. As new 

cytokines were discovered that fit this criterion they were named interleukin and a number, 

based on the order they were discovered. The definition of interleukins is however somewhat 

outdated, because as more knowledge has been gained about these cytokines it has become 

clear that also other cells produce them and respond to them. 

1.3.1.1 IL-22 

IL-22 was described in 2000 as a cytokine expressed by T cells209. It is now known that many 

immune cells of both the innate and adaptive immune system produce IL-22210. Most well 

studied is the contribution from Th17211–214 cells and innate lymphoid cells215–218. Moreover, 

a distinct T helper subset that expresses IL-22 but not IFNγ, IL-4, or IL-17 has been 

described, termed Th22219–221. Fate-mapping shows that in vitro generated Th22 cells have 

not previously expressed IL-17222. They have a marked plasticity towards IFNγ production 

under Th1 polarizing conditions. IL-22 expression in non-hematopoietic cells has been 

reported as well223. Unlike most other cytokines, IL-22 acts primarily on non-hematopoietic 

cells224,225.  

1.3.1.2 IL-22R 

The IL-22 receptor (IL-22R) is a heterodimer consisting of the subunit IL-22R1 (transcribed 

from the gene IL22RA1) and the ubiquitously expressed IL-10R2 (transcribed from the gene 

IL10RB)226–230. The receptor is expressed on epithelial and parenchymal cells in a range of 

organs, most notably the barrier surfaces skin, lungs and gastrointestinal tract, but also other 

organs like kidney, pancreas, thymus, liver and synovial tissue217,231–234. There are also 

reports of IL-22R expression on immune cells but these findings need further confirmation 

and characterization before the significance of this can be appropriately assessed235–242. 

1.3.1.3 IL-22BP 

The soluble binding protein IL-22BP binds to IL-22 with very high affinity243,244. The binding 

site of IL-22BP on IL-22 overlaps with that of IL-22R1, thus effectively stopping IL-22 from 

activating the receptor230. IL-22 is one of few cytokines that have a dedicated inhibitor, 

implying that it has been particularly important for the organism to be able to turn off 

unwarranted IL-22 signaling at certain time points of an immune reaction or at certain 
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locations245. The cellular source of IL-22BP has mostly been reported as being APCs, but 

recently also T cells and eosinophils have been shown to express IL-22BP specifically in the 

gut246–250. 
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Figure 3. IL-22 signaling 

  

1.3.2 IL-22 physiology and pathophysiology   

Typically, the effects of IL-22 on tissues can be summarized as proliferative, regenerative, 

and tissue protective but it also induces innate immune mechanisms such as anti-microbial 

peptides and chemokines210,251.  IL-22 levels have been correlated to many inflammatory 

states and expression is essentially always upregulated in these studies. 

1.3.2.1 skin 

There is great interest in the role of IL-22 in the skin and all the effects mentioned above have 

been demonstrated in IL-22-stimulated keratinocytes. Moreover, IL-22 results in delayed 

keratinocyte differentiation, which is one of the hallmarks of the pathology of psoriasis212,252–

255.  

1.3.2.2 liver 

In the liver, IL-22 has been shown to induce production of acute phase reactants by the 

hepatocytes but also confers upon them protective and regenerative effects in several 

experimental models of injury such as infection, alcohol mediated damage, autoimmunity, 

and ischemia256–262.  
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1.3.2.3 thymus 

After radiation injury to the thymus IL-22 acts to regenerate the tissue and restore function 

relating to T cell development263.  

1.3.2.4 gastrointestinal tract 

In the gastrointestinal tract, IL-22 has an important role in maintaining epithelial barrier 

integrity. One study show that innate lymphoid cell (ILC) derived IL-22 contains Alcaligenes 

species in the gut and thus prevents systemic inflammation217. However, the consequences of 

IL-22 deficiency is much greater in the context of intestinal inflammatory pathology, 

exemplified by markedly exacerbated colitis in Il22-/- mice infected with Citrobacter 

rodentium compared to wild type mice264–268. IL-22 supports the epithelial cells lining the 

gastrointestinal tract by inducing expression of genes that regulate proliferation, wound 

healing, and apoptosis. If the proliferative effect of inflammation-induced IL-22 is not limited 

by IL-22BP neoplasia can result, as shown in a mouse model of inflammation induced 

tumorigenesis248. IL-22 may also regulate tight junctions between the epithelial cells269. 

1.3.2.5 CNS 

The potential effect on tight junction integrity is interesting in relation to neuroinflammation. 

One report has shown that both IL-17 and IL-22 are able to disrupt BBB tight junctions270. 

This implies that IL-22 may act to increase susceptibility to and/or severity of 

neuroinflammation. However, IL-22 deficient mice have the same disease course of EAE as 

wild type mice145. Another report has shown that astrocytes express IL-22R and receive 

trophic support from IL-22 and yet another reports IL-22R expression on oligodendrocytes 

and increased apoptosis upon IL-22 stimulation271,272. So, the role of IL-22 in 

neuroinflammation is still very much unclear. 

 

1.4 SKIN INFLAMMATION 

1.4.1 Structure of the skin 

The skin consists of three layers: epidermis, dermis, and subcutis. The epidermis is mainly 

composed of keratinocytes with the important addition of Langerhans cells, a population of 

skin-resident DCs. Keratinocytes differentiate as they move from the most basal layer of the 

epidermis towards the surfaces of the skin at which point they lose their nuclei and organelles 

and become interlocked with each other in a highly hydrophobic matrix. The dermis consists 

mostly of collagenous connective tissue interspersed with blood vessels, immune cells, hair 

follicles, sweat glands and sebaceous glands. Subcutis, also called hypodermis, is a layer of 

fat that makes up the innermost layer of the integumentary system. 
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1.4.2 Immune system of the skin 

Skin associated lymphoid tissue, just like its counterpart in the intestines, is in a state of 

relative tolerance necessitated by symbiosis with abundant microbiota273. A prominent 

feature of the immune compartment of the skin is a population of resident effector memory T 

cells that are believed to be non-recirculating. They bear the skin migratory receptor 

cutaneous lymphocyte antigen (CLA), which binds to E-selectin on cutaneous blood vessels. 

Furthermore, expression of chemokine receptor CCR10 enables homing towards CCL27 

produced by keratinocytes during non-inflammatory states. Keratinocytes are major 

producers of chemokines upon inflammation. In the case of a Th1 response, IFNγ induces 

keratinocyte production of CXCL9, CXCL10, and CXCL11, which recruit more Th1 cells. 

Similarly, IL-17 yields production of CCL20, CXCL1, CXCL2, and CXCL8, which recruit 

Th17 cells and neutrophils. The major APCs of the skin are Langerhans cells and myeloid 

DCs.  

1.4.3 Psoriasis 

The prevalence of psoriasis shows great regional variability but is approximately 2-3 % in 

Europe and North America273. Psoriasis vulgaris is the most common type and presents with 

large plaques of erythematous desquamating lesions characterized by infiltration of immune 

cells. The severity of psoriasis is commonly assessed by approximating the percentage of the 

body surface that is affected. The disease etiology is complex and not fully understood. 
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2 AIMS OF THE THESIS 

 

When the work included in this thesis started in 2010, rat Il22ra2 had attracted our interest as 

the possible mediator of an effect on EAE mapped to a locus on chromosome 1246. Moreover, 

IL22RA2 had also been defined as the candidate gene for the MS-associated SNP 

rs1706609644. The literature on IL22RA2 and its gene product IL-22BP was scarce and no 

other links to neuroinflammation had been reported. The literature on IL-22 was much more 

extensive, but still only a few indications of what role this cytokine may have in MS or EAE 

were available. Most notably, there was the negative report in which Il22-deletion was shown 

to have no effect on EAE in mouse145, which suggested IL-22 independent effects of IL-22BP 

in the context of neuroinflammation. 

The overall aim of this thesis was to understand the role of IL-22BP in MS pathogenesis. 

 

The specific aims were: 

1. to determine if deletion of Il22ra2 or specific reduction of its expression influence 

EAE, 

 

2. to determine if any such influence is dependent on the presence of IL-22, 

 

3. to characterize IL-22BP/IL-22-mediated effects on the immune system, 

 

4. and to detemine if the genotype of MS-risk variant rs17066096 influences 

IL22RA2 expression. 

 

 

 

 

Figure 4. MS-associated SNP rs17066096 is located approximately 14 kb downstream from 

IL22RA2. Blue bars represent exons.
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3 METHODOLOGICAL CONSIDERATIONS 

 

A discussion of the methods that were used in this thesis follows below. Detailed descriptions 

are found in the respective materials and methods sections of paper I-IV. 

 

Ethics statement 

All procedures performed using animals, human samples, or clinical data were approved by 

the appropriate ethical review boards. All human subjects that have contributed samples to 

these studies have given their written or oral consent prior to inclusion. 

 

Mouse and rat strains 

Specific disruption of a gene or gene product of interest, while keeping all else equal is a 

well-tried principal of experimental research aiming to understand biological processes. With 

such tools at your disposal, you can address the role of a biomolecule or cell type in specific 

contexts. There are a number of principally different genetic models available with distinct 

advantages and disadvantages, meaning that careful attention must be paid to the 

requirements of the project.  

In our laboratory, we have a long tradition of working with rats, mainly for the purpose of 

locating and studying natural genetic variants that influence EAE. This can be done by 

intercrossing inbred rat strains with different susceptibility to EAE, thus producing 

heterogeneous offspring as a result of random recombinations during meiosis. Inducing EAE 

in a large number of offspring enables linkage analysis in a way similar to how genes 

responsible for Mendelian genetic diseases are localized to a specific region of a 

chromosome. The effect of the linked region can then be confirmed by producing a congenic 

strain. This is done by intercrossing the two parental strains and repeatedly selecting 

offspring with the chromosomal fragment of interest and backcrossing these with wild type 

rats of the other parental strain. Using this approach, we reported an effect on EAE that came 

from a region in the beginning of chromosome 1 including the gene Il22ra2. This was 

published before the work on this thesis started246.  

For the follow-up studies included in this thesis, we commissioned a company to produce an 

inducible Il22ra2-knockdown rat strain that makes use of tetracycline-controlled 

transcriptional activation. Administration of the tetracycline-analogue doxycycline in the 

drinking water induces expression of a short hairpin RNA (shRNA) that specifically 

hybridizes with Il22ra2 mRNA that subsequently becomes degraded by the cellular 

microRNA machinery. This results in a significant drop in Il22ra2-mRNA levels within 1-2 
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days after the start of doxycycline administration yielding knockdown efficiencies in the 

range of 50-90 %. From our perspective, the advantages of this genetic model were:  

- that we continued working with a rat strain of the same genetic background as the one 

in which we had observed an effect on EAE coming from chromosome 1, 

- we avoided potential compensatory effects by the complete lack of Il22ra2 from 

conception to adult rat, 

- we could study the role of Il22ra2 at different time points during the disease course, 

- reducing expression of a gene rather than deleting it completely more closely 

resembles the situation of human natural genetic variation that we ultimately want to 

understand, 

- and that gene targeting in rat was not available at the time.  

The major disadvantage of working with rats in general when investigating disease 

mechanisms is the scarcity of reagents and commercially available transgenic strains. 

Moreover, the literature is dominated by information from studies of mice, which can not 

always be extrapolated to rat. 

To expand the number of tools available to us, we decided to also study Il22ra2 using mice in 

parallel and acquired a conventional Il22a2 knockout mouse strain. This enabled us to later 

also acquire an Il22 conditional knockout mouse strain and produce the Il22ra2/Il22 double 

knockout used in paper III. 

 

EAE 

EAE is a disease model with several similarities to MS. Various autoantigens can be used to 

induce EAE but in this thesis we have used only MOG. For EAE in rat, MOG is emulsified in 

incomplete Freund’s adjuvant and injected subcutaneously at the tail base. For EAE in 

mouse, MOG is emulsified in complete Freund’s adjuvant, i.e. it also includes heat killed 

mycobacteria, and is injected similarly, followed by an intraperitoneal injection of pertussis 

toxin, which is repeated on day 2. 

 

Skin inflammation models 

Oxazolone model: The small molecule oxazolone is an irritant that is often used to induce 

delayed type hypersensitivity (hypersensitivity type IV) in experimental animals, which is 

regarded as a model of atopic dermatitis. Mice are sensitized by applying oxazolone on 

shaved skin of the back. After 6 days, an immune reaction is elicited by applying oxazolone 

on one of the ears. The degree of inflammation is quantified by measuring the ear thickness 

24 hours later with a high precision caliper. 
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Imiquimod model: One of the more frequently used murine models of psoriasis is induced by 

daily applications of imiquimod cream on shaved skin274. The main readout is thickening of 

the epidermis, which is assessed on histological sections. Imiquimod is a small molecule that 

is used as a topical treatment of various skin conditions including cancerous and 

precancerous lesions. It is an immune modifier that acts by activating TLR7 on innate 

immune cells. 

 

In vivo cytokine treatment 

As a confirmatory experiment, recombinant rat IL-22 or PBS was injected subcutaneously 

and the effects were compared to those seen when knocking down Il22ra2.  

 

Real-time quantitative PCR 

Gene expression has been used extensively throughout the thesis to assess cellular responses 

in experimental settings. It is assumed that a change in mRNA quantities for a particular gene 

also will be reflected on the protein level. Comprehensive studies have shown a moderate 

correlation between mRNA and protein copy numbers when broadly assessing several tissues 

and cell lines with a median Pearson correlation coefficient of 0.6275. However if a gene-

specific factor is introduced the same value increases to 0.93. This means that mRNA levels 

reflect changes in protein levels well in qualitative terms, i.e. let us know if there is an 

increase or decrease in translation, but less well in quantitative terms275. Naturally, having 

data on protein levels is generally preferred. But protein quantification methods are often 

associated with significant obstacles and therefore need more extensive protocol 

optimization, for example regarding sample preparation or antibody staining, making them 

impractical in certain circumstances. In this thesis, real-time quantitative PCR has been used 

as a screening tool or when protein quantification has not been attainable or practical.  

 

Flow cytometry 

Although any cell can potentially be analyzed by flow cytometry, it requires that you can 

prepare a single cell suspension, which imposes a challenge when investigating most tissues. 

Immune cells are more or less migratory and therefore only have loose attachments to their 

surroundings. For this reason, lymphoid tissue can easily be disintegrated yielding free single 

cells. However, light treatment with enzymes may be needed to increase the yield of certain 

cells, such as APCs. Getting immune cells from other tissues generally requires more 

extensive mechanical and enzymatic manipulation, both of which compromise cell viability 

and cell surface marker integrity. In this thesis digestion of CNS, lymphoid and skin tissue 

has been used for analysis by flow cytometry. 
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Cell sorting 

Antibody based sorting of cells has been performed using the technologies fluorescence-

activated cell sorting (FACS) or the simplified magnetic-activated cell sorting (MACS). 

FACS makes use of a flow cytometer and allows for a large degree of control over the 

sorting. It is indispensable when complex gating is required to define the population of 

interest or to get accurate information regarding sorting purity. MACS uses magnetically 

labeled antibodies that can be separated using simple equipment. It allows for less control but 

is simple and can more easily be performed in sterile conditions, important if the cells are to 

be cultured afterwards. 

 

Isolation of peripheral blood mononuclear cells and in vitro stimulation 

Peripheral blood mononuclear cells were isolated from heparinized blood samples or buffy 

coats using Ficoll gradient centrifugation. CD14+ monocytes were isolated using MACS 

beads followed by differentiation in vitro using recombinant cytokines and other stimuli. 

 

ELISA 

Enzyme-linked immunosorbent assay (ELISA) has been used to determine the concentration 

of circulating antibodies or other proteins in serum, plasma, or CSF.  

 

Western blot 

In paper II, changes in mRNA expression of Il1b and Cxcl2 in skin biopsies were confirmed 

on the protein level using western blot. 

 

Histopathology and immunofluorescence  

To corroborate the difference in EAE severity in paper I, mouse spinal cord was stained with 

hematoxylin and eosin to assess inflammation and Luxol fast blue to assess demyelination. 

Immunofluorescence staining of mouse IL-22BP was performed on naïve lymph nodes. In 

paper II, hematoxylin and eosin staining was performed on skin biopsies from the two disease 

models. In paper III, immunocytochemistry was performed on cultured mouse 

oligodendrocytes to visualize cell surface expression of IL-22R. In paper IV, 

immunofluorescence staining was performed on draining lymph nodes from MOG-

immunized rats to visualize T cells, B cells, and germinal centers. 
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SNP genotyping 

In paper II, SNP-genotyping was performed using TaqMan SNP-genotyping assays.  
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4 RESULTS AND DISCUSSION 

 

The results of papers I-IV will be discussed in the following section. 

4.1 IL-22BP INCREASES SEVERITY OF MURINE NEUROINFLAMMATION 

Background: We had previously reported a quantitative trait locus (QTL) on rat chromosome 

1 with influence on EAE severity246. In that study, a congenic rat strain was created, to 

confirm the effect of the QTL, by breeding so that the chromosomal fragment of interest from 

the relatively EAE-resistant PVG strain was isolated on DA genetic background. This 

congenic strain has milder EAE compared to wild type DA rats, consistent with the linkage 

data. The congenic fragment includes several genes, of which Il22ra2 appeared as the most 

plausible gene responsible for the observed effect on EAE. This was based on lower Il22ra2-

expression in the protected congenic strain compared to wild type DA rats as well as reports 

of its involvement in innate immunity. Furthermore, we showed, in a Nordic cohort, that 

SNPs near IL22RA2 associate with MS risk. Shortly after, data from a large scale GWAS 

performed by the International MS Genetics Consortium (IMSGC) were made public 

showing that rs17066096, a SNP 14 kb downstream of IL22RA2 strongly associate with MS 

susceptibility44. The role of IL22RA2 in MS warranted further investigations and the next step 

was to definitely confirm the involvement of Il22ra2 in EAE. 

 

Hypothesis: Mice with a complete deletion of Il22ra2 have less severe EAE. 

 

Main results: Il22ra2-/- mice subjected to MOG-induced EAE had a slightly earlier onset of 

disease and a similar severity at peak of disease compared to littermate wild type controls. In 

contrast, after the peak of disease the knockout mice had a better recovery. We did not see 

any changes in the cellular composition of secondary lymphoid organs in untreated mice or 

significant effects on T cell phenotype in draining lymph nodes during priming, day 7. 

However, Il22ra2-/- mice had less demyelination and inflammation on spinal cord 

histopathology and assessment of CNS infiltrating cells by flow cytometry showed a 

significant decrease in Ly6C+ inflammatory monocytes. 
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Figure 5. Il22ra2-/- mice had less severe clinical signs of EAE and less demyelination in the 

spinal cord compared to wild type mice. * denotes a p-value < 0.05 and ** is a p-value < 0.01 

using Mann-Whitney U test. 

 

IL22RA2 codes for the soluble protein IL-22BP, which acts as an IL-22 antagonist by binding 

tightly to it so that it cannot dock with the signaling membrane-bound IL-22R. When the 

work started for this paper Th17 cells had relatively recently been identified as an important 

pathogenic factor for EAE142,276,277. IL-17 and IL-22 are signature cytokines of Th17 cells, 

which had spurred a few investigations into the role of IL-22 in EAE and MS145,270. Most 

notably, one paper had shown that mice with a constitutive deletion of Il22 have no apparent 

EAE phenotype. The authors for that paper correctly concluded that IL-22 is not necessary 

for IL-22 induction but in the literature the message tended to be skewed towards IL-22 not 

having any role in EAE and initially that was also how I regarded those results. To try to 

reconcile these findings with the protective effect of IL-22BP-deletion we postulated the 

existence of an alternate ligand for IL-22BP and proceeded by trying to find evidence for this 

using immunoprecipitation. Recombinant mouse IL-22BP or antibodies for mouse IL-22BP 

were used as bait and lymph node tissue lysate or serum were added, using various 

immunoprecipitation reagents. The goal was to catch proteins that interacted specifically with 

IL-22BP or already formed IL-22BP-ligand complexes, which then could be eluted, 

visualized on a protein gel, and identified by mass spectrometry. These were exciting 

experiments to perform considering the potential implications of any positive results. 

However, after a few months without progress the research question was abandoned. 

Nevertheless, the experience gave me valuable insight into protein chemistry and some of the 

specific challenges inherent to methodologies in that field. 

 

WT 

Il22ra2-/- 
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Similarly, the question of what cell type(s) express IL-22BP was not easily answered. In a 

first screen of Il22ra2 mRNA expression in a panel of tissues in wild type mice we observed 

highest expression in lymphoid organs and we proceeded to define the cellular source. For 

soluble proteins, such as IL-22BP, antibody staining tends to be more challenging and if 

positive staining is achieved it may not clearly indicate which cell is the producer. 

Furthermore, no IL-22BP-antibody staining had been reported in the literature at this time. 

We therefore initially attempted to localize Il22ra2 expression in rat lymph node using in situ 

hybridization. Despite some promising initial results, a robust assay could not be established. 

Instead, we chose a different strategy and FACS-sorted cell populations from mouse lymph 

nodes based on expression of various combinations of cell surface markers. This way, 

Il22ra2 expression was localized to both the CD11b+ CD11c+ as well as the CD11b+ CD11c- 

populations, which can be broadly interpreted as myeloid cells. Although positive antibody 

staining of mouse IL-22BP in lymph node section was achieved later and included in the 

paper, co-staining for CD11b was not possible due to protocol incompatibilities. 

 

4.2 IL-22BP DECREASES SEVERITY OF MURINE SKIN INFLAMMATION 

 

Background: We had now shown that Il22ra2-/- mice have less severe disease in EAE, 

suggesting a protective role for IL-22278. In contrast, there is strong evidence for IL-22 having 

a disease-driving influence on psoriasis, through its direct effects on keratinocytes251,252. The 

role of IL-22BP in skin inflammation had not previously been investigated. Paradoxical 

effects of cytokines on different inflammatory diseases have been observed previously, most 

notably for TNF. TNF-neutralization is a very successful treatment for rheumatoid arthritis 

and inflammatory bowel disease but increases disease activity in MS75. 

 

Hypotheses: 1) Mice with a complete deletion of Il22ra2 will have increased severity of 

disease in experimental models of skin inflammation and 2) The MS-risk associated allele of 

rs17066096, which is located near IL22RA2, will have a protective influence on psoriasis.  

 

Main results: Il22ra2-/- mice had more severe disease in oxazolone-induced contact 

hypersensitivity. To investigate the generalizability of this observation we included also the 

psoriasis model imiquimod-induced psoriasiform inflammation. Similarly, the Il22ra2-/- mice 

had more severe disease, evidenced by increased epidermal thickness but also more 

infiltrating neutrophils, and higher expression of neutrophil attracting factors in the skin, such 

as IL-1β and CXCL2. In the oxazolone-model we did not see any difference in immune cell 

infiltration, suggesting that different pathways are involved in the two models. We performed 

a genetic association study but could not demonstrate an opposite influence of rs17066096 on 
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MS and psoriasis. However, a trend was observed suggestive of reduced severity of psoriasis 

in carriers of the MS risk allele.  

 

 

                            

 

Figure 6. Il22ra2-/- mice had more severe histopathological manifestations of imiquimod-

induced psoriasiform inflammation, assessed by measuring epidermal thickness. P-values 

were calculated using unpaired Student’s t test. Representative images of hematoxylin and 

eosin stained skin is shown. Scale bar is 100 μm. 
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Figure 7. Il22ra2-/- mice had more infiltration of neutrophils in the inflamed skin in the 

context of imiquimod-induced inflammation. Live CD45+ cells were separated into CD11b+ 

Ly6G- monocytes/macrophages, CD11b+ Ly6G+ neutrophils, CD3+ γδTCR- αβT cells, and 

CD3+ γδTCR- γδT cells. P-values were calculated using unpaired Student’s t test. 

 

Our study of the role of IL-22BP in skin inflammation started with a number of small 

experiments using the oxazolone-model. These experiments were primarily motivated as a 

form of control of our genetic model - if IL-22BP is successfully deleted in the Il22ra2-/- mice 

we expect to see increased severity of IL-22-driven pathology. Although there was little 

information on IL-22 in relation to contact hypersensitivity, we chose this model as it was 

easy to perform. The results clearly showed increased severity of disease in the Il22ra2-/- 

mice, as expected. Considering that the role of IL-22BP in regulating the pathological effects 

of IL-22 in any model of skin inflammation had not been addressed, we started collaboration 

with a skin inflammation research group to investigate this further. 

 

We could show that IL-22BP is an important regulator of inflammation in mouse models of 

psoriasis and atopic dermatitis. It was satisfying to see that the effect of IL-22BP on 

imiquimod-induced psoriasiform inflammation was later confirmed in a report published 

shortly after ours279,280. This is important information in relation to psoriasis and other 

inflammatory disorders of the skin, in which inhibition of IL-22 is discussed as therapy, 

suggesting another way of modulating the effects of this cytokine.  
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There are a limited number of cytokines that are known to have a dedicated antagonist 

molecule. One can speculate that evolutionary pressure has resulted in the use of IL-22BP as 

an important break in the IL-22-system, as too much will lead to pathology exemplified by 

psoriasis and to little will increase to risk of other pathologies exemplified by MS. It would 

not be surprising then if the expression of IL-22BP was genetically regulated, resulting in 

genotypes with opposite risk of psoriasis and MS. However, we could not provide strong 

evidence for this hypothesis but this does not exclude that such relationships exist. A larger 

cohort of psoriasis samples and more sub-phenotypes of both diseases may be necessary and 

possibly genotyping of other SNPs. 

 

                     

Table 2. Carriers of the MS-risk associated (minor) allele of rs17066096 were less frequent 

in psoriasis patients with severe disease in the studied sample but not to the degree that 

statistical inference could be made. Abbreviations: a/b, number of minor/major alleles; OR, 

odds ratio; CI, confidence interval. P-values were calculated using the Chi-square test.. 

 

4.3 IL-22BP LEVELS ARE ASSOCIATED WITH MS RISK 

 

Background: IL22RA2 is the candidate gene for an MS-risk locus defined by genetic marker 

rs1706609644,45. The gene product IL-22BP promotes disease severity in mouse EAE278. 

 

Hypotheses: 1) The disease predisposing G allele of rs17066096 will give higher expression 

of IL-22BP and 2) the protective effect of Il22ra2-deletion in mouse is dependent on IL-22. 

 

Main results: Although human circulating immune cells did not express IL22RA2 ex vivo, 

monocytes differentiated in vitro with IL-4 and GM-CSF did. This combination of cytokines 

is known to result in a DC-like phenotype. Interestingly, the expression of IL22RA2 was 

amplified even further by the addition of the retinoic acid receptor agonist AM580 

throughout the differentiation process. Using this in vitro expression system, we saw that 
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cells from healthy blood donors that carry the disease predisposing G allele of rs17066096 

had higher expression of IL22RA2. No significant differences were observed when 

performing the experiment on samples from MS patients, however. To link subtle changes in 

IL22RA2 expression to neuroinflammation we performed EAE in a rat strain that enables 

inducible knockdown of Il22ra2 through doxycycline controlled expression of a gene-

specific shRNA in vivo. Knockdown of Il22ra2 had a dose-dependent protective effect on 

EAE. Using mouse strains with deletion of Il22ra2, Il22, or both genes, we saw that the 

protective effect of Il22ra2-deletion was indeed lost in the absence of Il22. IL-22BP protein 

was present in rat and human CSF and levels correlated with disease course and number of 

MRI lesions, respectively. By sorting CNS cells from naïve mouse brains we saw that 

Il22ra2 was expressed by microglia. 

 

In this paper we addressed all stated aims of this thesis. First off, rs17066096 is located 14 kb 

downstream of IL22RA2 and is associated with MS risk - but does it influence IL22RA2 

expression? This is a key question in the thesis but two aspects in particular made it difficult 

to address: 1) IL22RA2 is not expressed in cells that are easily accessible for study and 2) the 

minor allele frequency of this SNP is relatively low (≈ 0.23) with only about 5 % in a 

randomly selected group of individuals being homozygous carriers. To circumvent this, we 

wanted to establish an in vitro assay to study IL22RA2 expression in peripheral blood cells. 

By searching the gene expression omnibus (GEO) DataSets, a searchable database that 

contains curated datasets from gene expression studies, we found that human monocytes 

differentiated with GM-CSF and IL-4 express IL22RA2 and that expression is amplified by 

including retinoic acid receptor agonist AM580. After some optimizations we chose this as 

our assay. Next step was to collect blood samples and freeze the cells to be able to run all 

samples in parallel. However, we needed to preselect individuals based on rs17066096 

genotype to have sufficient numbers of homozygous carriers of the risk allele. This could 

fortunately be arranged because many MS patients that regularly come to the neurology clinic 

have contributed samples for genomic studies and therefore already have been genotyped for 

rs17066096. Recruitment was done by research nurses and the collection of blood samples 

from 10 homozygous individuals took more than 6 months. Similar logistics were needed to 

collect samples from healthy individuals but this time collaboration was set up with the 

neighboring city Uppsala. An infrastructure was in place there in which individuals who were 

regular blood donors also had been densely genotyped, including rs17066096. Whenever an 

individual with the right genotype came to donate blood, a buffy coat was sent to our lab. 
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Figure 8. Monocytes from healthy blood donors carrying MS-risk allele rs17066096G 

expressed more IL22RA2 after in vitro differentiation with GM-CSF, IL-4, and AM580. P-

values were calculated using unpaired Student’s t test. 

 

We next resolved the question that arose in the beginning of the project - is the protective 

effect of knocking out Il22ra2 in EAE mediated by IL-22? The available literature on IL-22 

offered very little that could explain the disease course seen in the Il22ra2-/- mice in paper I, 

which had spurred our attempts to find other ligands for IL-22BP. But by also deleting Il22 

we could see that the protective effect of Il22ra2 deletion was lost.  

 

                  

 

Figure 9. The protective effect of Il22ra2-deletion was lost in the absence of Il22. 
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Some inconsistencies are apparent when comparing the EAE disease course in the rat and 

mouse experiments in this paper as well as in previous papers. In paper I, the Il22ra2-/- mice 

had a slightly earlier onset that was statistically significant. At peak of disease the two groups 

are equal but right after that, the knockout mice clearly have a better recovery. This disease 

course was consistently seen, and although only data from male mice are reported in the 

paper, the same pattern was seen in experiments using females. Two plausible explanations 

for the earlier onset are 1) IL-22 is often regarded as a pro-inflammatory cytokine and could 

therefore boost or accelerate immune cell priming and 2) IL-22 has been suggested to open 

the blood brain barrier in the setting of a human in vitro model, which could explain the 

earlier onset of paralysis. The question of the blood brain barrier was intriguing but the 

observed effect was deemed to be too small to be feasible to investigate further. We wanted 

to address the issue of immune cell priming by adoptive transfer EAE but had at that time 

difficulties setting up the model in the lab. However, in paper III the EAE disease course in 

the Il22ra2-/- mice looks different. The onset is the same as wild type mice and the protective 

effect is apparent earlier, so that also the peak of disease is distinctly lower. The explanation 

for this difference is elusive but may involve subtle differences in several parameters such as: 

interbreeding with two other mouse strains with slightly different C57BL/6 background, an 

effect of the cre-enzyme, breeding has moved to a different room in the animal facility, or 

different MOG batch. Interestingly, the EAE disease course in these experiments is more 

similar to that seen in rats. Using the knockdown rat we see a dose-dependent effect on EAE 

severity and susceptibility, where 20 mg/l of doxycycline administered before immunization 

gives a disease course similar to the knockout mice and higher doses make the transgenic rats 

completely resistant. The reason for this dramatic effect in rats that likely still has some IL-

22BP production intact when complete knockout in mouse gives a milder phenotype is 

intriguing. Several plausible explanations can be suggested for this but perhaps most 

importantly that constitutive knockout animals develop without the targeted gene from the 

gamete stage to adulthood and have during that time the possibility to compensate for the lost 

function in ways that are difficult to predict. Other plausible explanations include the use of a 

different species and a different immunization protocol. It is interesting to compare these 

experiments with those in the previous publication using the congenic strain, Dc1P. This is 

the rat strain that included a large number of genes from the protected PVG on DA 

background, which had lower Il22ra2 expression and relatively mild EAE246. Compared to 

DA controls, disease course in Dc1P is characterized by a similar onset and then a trend for a 

lower severity during the peak of disease but significant difference only at the chronic stage 

of EAE, i.e. somewhat in between what we see in all the later experiments in mouse and rat. 

 

4.4 IL-22BP FACILITATES IMMUNE CELL PRIMING 

 

Background: IL-22 is implicated in the pathogenesis of several inflammatory diseases but its 

effect on B and T cell activation and phenotype is little studied. 
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Hypothesis: IL-22 influences the priming phase of an adaptive immune response. 

 

Main results: Il22ra2 was highly expressed in naïve lymph node tissue. Upon immunization 

of rats with MOG in incomplete Freund’s adjuvant, expression of Il22ra2 decreased reaching 

nadir at day 7, which coincided with a peak in Il22 expression. In the late stage of EAE, 

Il22ra2 expression in spleen correlated with transcripts related to B cell function, suggesting 

that common pathways are involved.  

 

 

 

Figure 10. Using the Ingenuity Pathway Analysis (IPA) software, Il22ra2 expression in rat 

splenic tissue from day 35 of EAE correlated with B cell related transcripts. P-values were 

calculated using Fisher’s exact test with Benjamini-Hochberg correction for multiple testing. 

 

Using the inducible Il22ra2-knockdown rat strain from paper III, we showed that reduced 

Il22ra2 expression during immune cell priming resulted in smaller lymph nodes with a 

proportional reduction in B cell numbers. Expression of B cell-attracting Cxcl13 and several 

other chemokines were reduced in naïve lymph nodes in rats after knockdown of Il22ra2 

expression. Injection of recombinant rat IL-22 subcutaneously during priming also reduced 

expression of lymph node Cxcl13 in the draining lymph nodes. Both B and T cell effector 

functions were affected by reduced expression of Il22ra2 during immune cell priming. There 

was a trend suggestive of less expression of activation markers CD80 and CD86 in lymph 

node B cells, and less MOG specific IgG2b in serum, both from day 7 after immunization. At 
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the same time point, we observed less IFNγ+ T cells and more Foxp+ regulatory T cells after 

in vitro restimulation of lymph node cells with MOG. 

 

                                       

 

Figure 11. Knocking down Il22ra2 expression before immunization with MOG lead to a 

reduction in Cxcl13 expression day 7 after immunization. A similar effect was seen when 

recombinant rat IL-22 was injected subcutaneously at immunization and again day 4. P-

values were calculated using one-way ANOVA and Tukey’s post hoc test. 

 

 

    

 

Figure 12. Serum anti-MOG antibodies day 7 after immunization showed a reduction 

specifically in IgG2b when Il22ra2 expression was knocked down prior to immunization. P-

values were calculated using unpaired Student’s t test. 
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Figure 13. Lymph node T cells taken day 7 after immunization and restimulated with MOG 

in vitro expressed less IFNγ when Il22ra2 expression has been knocked down prior to 

immunization. P-values were calculated using unpaired Student’s t test.                            

 

One of the first things that struck us when starting our investigations of IL-22BP is that when 

comparing the tissue distribution in naïve rats and mice, Il22ra2 expression is highest in 

lymph nodes, where we detect very little transcripts for Il22 or IL-22R subunit Il22ra1. Upon 

immunization with MOG expression of Il22ra2 decreases, which is mirrored by an increase 

in Il22 expression. It seems that an intricate system is in play allowing for IL-22 signaling to 

occur during immune cell priming, which is controlled by IL-22BP. There was no literature 

available on IL-22 mediated effects in secondary lymphoid organs so to explore this we used 

a dataset produced earlier in the lab consisting of gene array results from spleen samples 

harvested from late stage EAE from 150 rats. Surprisingly, we found that the expression of 

Il22ra2 in these samples correlated very distinctly with expression of B cell related genes. 

This seemed unrelated to the data we were getting using the knockout mouse as no striking 

differences had been seen in B cell numbers or serum antibody concentrations. Consequently, 

we decided to elaborate on this finding in a separate publication addressing the role of IL-

22BP in the priming phase of an adaptive immune response. 
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5 CONCLUDING REMARKS 

 

In this thesis, the roles of IL-22 in several inflammatory disease models have been addressed, 

for the most part indirectly by manipulating the endogenous antagonist molecule IL-22BP. 

The work was primarily motivated by MS-associated genomic variation close to its gene, 

IL22RA2. We have accumulated evidence that consistently suggest a disease-driving role for 

IL-22BP in autoimmune neuroinflammation, in three species:  

- a congenic rat strain with a natural variant of Il22ra2, which results in lower 

expression of the gene, has less severe EAE (not included in this thesis), 

- a transgenic mouse strain with a specific deletion of Il22ra2 has less severe EAE, 

- a transgenic rat strain with induced knockdown of Il22ra2 has less severe EAE 

- the protective allele of MS-associated SNP rs17066096 is associated with lower 

expression of IL22RA2, under specific circumstances in vitro. 

We also show in mice that the effect is dependent on the presence of IL-22, suggesting a 

protective role for this cytokine in EAE and possibly also MS. 

This is contrasted with psoriasis, where IL-22 directly promotes the cardinal manifestations 

of the disease. We confirm this in a mouse model of psoriasis and show that IL-22BP is an 

important regulator of skin inflammation. We could not link rs17066096 genotype to 

psoriasis susceptibility or severity, however. 

We show that IL-22BP is present in the CSF of rats and humans and that the transcript is 

expressed in microglia in mice. Suggesting a possible role in the CNS in the case of MS. An 

alternative explanation, although not mutually exclusive, is the broad dampening effect on 

adaptive immune activation in peripheral lymph nodes that we have characterized in rat. We 

have recently detected IL22RA1 expression on a subset of human T cells ex vivo and are 

currently investigating this further as a possible mechanism for the results reported in relation 

to EAE and MS. We find it plausible that IL-22 may act directly on T cells to diminish their 

encephalitogenic potential.  

 

Relatively simple experiments that could have been done for this thesis but were not due to 

time constraints include: 

- conditional knockout of Il22ra2 using cre-lines specific for immune cells, myeloid 

cells, and microglia to locate the cellular source responsible for the effect seen in 

EAE, 

- and conditional knockout of Il22ra1 using the Vav1-cre strain, to test the wide-spread 

notion that IL-22 generally does no act directly on immune cells, as well as other cre-

strains to narrow down the responding cell responsible for the effect of IL-22 seen in 

EAE. 
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We have established IL-22BP as a pathogenic factor in autoimmune neuroinflammation in rat 

and mouse, making it a potential therapeutic target for MS that warrants further investigation. 

Important outstanding questions include: 

- What pathway or mechanism is involved in the protective effect of IL-22 on EAE. 

- What would be the most appropriate strategy to achieve this effect pharmacologically, 

neutralizing IL-22BP antibody? IL-22 receptor agonist? Other targets downstream of 

the IL-22 receptor? 

Another major question is: what are the downstream signaling effects of the different alleles 

of rs17066096? Also, rs17066096 may not be the causative SNP, but in strong LD with it. 

One can argue that, as the effects of IL-22BP are unraveled and more evidence is gathered 

regarding its role in MS and EAE, the importance of getting to the bottom of this question 

may lessen. However, as a basic science question it is tremendously important. Based on the 

data available today from the very ambitious project encyclopedia of DNA elements 

(ENCODE), rs17066096 does not appear to lie in close proximity to any known regulatory 

elements281. Understanding how rs17066096, or a linked SNP, influences the risk of getting 

MS could elucidate general mechanisms of value for investigations into the genetic risk 

factors of any disease. 

  



 

 49 

6 ACKNOWLEDGEMENTS 

 

Sent: den 7 januari 2009 21:49 

Subject: forskningsprojekt 

Hej! 

 

Jag heter Hannes och är läkarstudent på 

termin 9. Jag läste neurologikursen i höstas 

och blev såld på ämnet. Skulle det vara 

möjligt att ordna ett projekt åt mig i din 

forskargrupp?  

 

Vänliga hälsningar 

Hannes 

 

 

 

 

 

Subject: RE: forskningsprojekt 

Date: Thu, 8 Jan 2009 08:35:03 +0100 

Hej, 

Går nog att ordna. 

Kom gärna hit och besök oss. 

Bästa hälsningar 

Tomas 

 

 

 

…and the rest is history. 



 

50 

Tomas Olsson. First and foremost, I want to thank you. My main supervisor. I had no idea 

what I was getting myself into when I contacted you and asked if I could come and take part 

in a research project in your lab. But, sending that e-mail in January 2009 is truly one of the 

best things that I have done. The brief but friendly correspondence really set the tone for what 

was to come. These have been the best years of my life, so far. Your generosity, warmth, and 

easy-going nature have made the Neuroimmunology Unit a wonderful place to be and to 

pursue science.  

 

 

Maja Jagodic, my co-supervisor and idol. Your passion, integrity, and unselfishness, 

inspires me. Regardless of what will become of me, I will strive to be more like you. Maybe I 

should start by arranging journal clubs with pizza and wine at my place.  Thank you! It’s 

been a pleasure. 

 

 

Andre Ortlieb, my co-supervisor on the floor. I could not have done it without you. I feel so 

much gratitude when I think about your role in this project and how much you have helped 

me in the lab. I value your deep knowledge, open-mindedness, and high standards. Having 

you around makes science fun.  

 

Together you, my three supervisors, have been a dream team. I truly could not have wished 

for more 

 

 

Thank you Magnus Andersson. My external supervisor/mentor. Meeting you has always been 

uplifting. 

 

I especially want to mention Mohsen, Venus, and Brinda. Thank you for all your hard work! 

You really have made the lab a better place for us all. 

 

 

 



 

 51 

I want to thank all current and past members of the Neuroimmunology Unit that I have had 

the pleasure to get to know over the years. I think of you with the utmost gratitude and 

respect. Thank you! (in no particular order): Xingmei, Tojo, Susanne, Susanna, Sreeni, Sohel, 

Shahin, Sevasti, Sabrina, Ruxandra, Roham, Rita, Rickard, Rasmus, Petra, Pernilla, Patrick, 

Nada, Milena, Mikael, Melanie TH, Melanie P, Mathias, Maria B, Maria N, Marie, 

Margarita, Manuel, Magnus, Magdalena, Louise, Lou, Lara, Kenny, Kelly, Karl, Jinming, 

Izaura, Ingrid, Harald, Galina, Fredrik, Faiez, Ewoud, Emelie, Eliane, Cynthia, Clas, Cecilia, 

Bob, Biborka, Andreas, Amennai, Alexandra, Alan. 

 

Thank you, everyone in the AKM-staff. Especially Sandra O, Elisabeth Q, Michelle G, and 

Björn R. 

 

Thank you Monica, Aatto, Minna, Johan, Matti, Lars, Malin, and Sebastian. 

 

 

 

 

 

And finally, from the bottom of my heart, thank you Anna and Jakob. 

 

 

  



 

52 

7 REFERENCES 

 

1  Medawar PB. Immunity to homologous grafted skin; the fate of skin homografts 

transplanted to the brain, to subcutaneous tissue, and to the anterior chamber of the 

eye. Br J Exp Pathol 1948; 129: 58–69. 

2  Pardridge WM. Drug transport across the blood-brain barrier. J Cereb Blood Flow 

Metab 2012; 32: 1959–72. 

3  Engelhardt B, Vajkoczy P, Weller RO. The movers and shapers in immune privilege 

of the CNS. Nat Immunol 2017; 18: 123–31. 

4  Simpson IA, Carruthers A, Vannucci SJ. Supply and demand in cerebral energy 

metabolism: the role of nutrient transporters. J Cereb Blood Flow Metab 2007; 27: 

1766–91. 

5  Zlokovic B V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease 

and other disorders. Nat Rev Neurosci 2011; 12: 723–38. 

6  Stone SH. Transfer of Allergic Encephalomyelitis by Lymph Node Cells in Inbred 

Guinea Pigs. Science 1961; 134: 619–20. 

7  Hickey WF. Basic principles of immunological surveillance of the normal central 

nervous system. Glia 2001; 36: 118–24. 

8  Sallusto F, Impellizzieri D, Basso C, Laroni A, Uccelli A, Lanzavecchia A, et al. T-

cell trafficking in the central nervous system. Immunol Rev 2012; 248: 216–27. 

9  Engelhardt B, Wolburg-Buchholz K, Wolburg H. Involvement of the Choroid Plexus 

in Central Nervous System Inflammation. Microsc Res Tech 2001; 52: 112–29. 

10  Reboldi A, Coisne C, Baumjohann D, Benvenuto F, Bottinelli D, Lira S, et al. C-C 

chemokine receptor 6–regulated entry of TH-17 cells into the CNS through the 

choroid plexus is required for the initiation of EAE. Nat Immunol 2009; 10: 514–23. 

11  Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. Structural 

and functional features of central nervous system lymphatic vessels. Nature 2015; 523: 

337–41. 

12  Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, Detmar M, et al. A dural 

lymphatic vascular system that drains brain interstitial fluid and macromolecules. J 

Exp Med 2015; 212: 991–9. 

13  Locatelli G, Wörtge S, Buch T, Ingold B, Frommer F, Sobottka B, et al. Primary 

oligodendrocyte death does not elicit anti-CNS immunity. Nat Neurosci 2012; 15: 

543–50. 

14  Traka M, Podojil JR, McCarthy DP, Miller SD, Popko B. Oligodendrocyte death 

results in immune-mediated CNS demyelination. Nat Neurosci 2015; 19: 65–74. 

15  Crawford MP, Yan SX, Ortega SB, Mehta RS, Hewitt RE, Price DA, et al. High 

prevalence of autoreactive , neuroantigen-specific CD8+ T cells in multiple sclerosis 

revealed by novel flow cytometric assay. Immunobiology 2017; 103: 4222–32. 



 

 53 

16  Anderson AC, Nicholson LB, Legge KL, Turchin V, Zaghouani H, Kuchroo VK. 

High frequency of autoreactive myelin proteolipid protein-specific T cells in the 

periphery of naive mice: mechanisms of selection of the self-reactive repertoire. J Exp 

Med 2000; 191: 761–70. 

17  Herz J, Filiano AJ, Smith A, Yogev N, Kipnis J. Myeloid Cells in the Central Nervous 

System. Immunity 2017; 46: 943–56. 

18  Greter M, Heppner FL, Lemos MP, Odermatt BM, Goebels N, Laufer T, et al. 

Dendritic cells permit immune invasion of the CNS in an animal model of multiple 

sclerosis. Nat Med 2005; 11: 328–34. 

19  Bartholomäus I, Kawakami N, Odoardi F, Schläger C, Miljkovic D, Ellwart JW, et al. 

Effector T cell interactions with meningeal vascular structures in nascent autoimmune 

CNS lesions. Nature 2009; 462: 94–8. 

20  Pesic M, Bartholomäus I, Kyratsous NI, Heissmeyer V, Wekerle H, Kawakami N. 2-

photon imaging of phagocyte-mediated T cell activation in the CNS. J Clin Invest 

2013; 123: 1192–201. 

21  Ransohoff RM. How neuroinflammation contributes to neurodegeneration. Science 

2016; 353: 777–83. 

22  Kipnis J. Multifaceted interactions between adaptive immunity and the central nervous 

system. Science 2016; 353: 766–71. 

23  Takahashi K, Rochford CDP, Neumann H. Clearance of apoptotic neurons without 

inflammation by microglial triggering receptor expressed on myeloid cells-2. J Exp 

Med 2005; 201: 647–57. 

24  Neumann H, Kotter MR, Franklin RJM. Debris clearance by microglia: An essential 

link between degeneration and regeneration. Brain. 2009; 132: 288–95. 

25  Lampron A, Larochelle A, Laflamme N, Préfontaine P, Plante M-M, Sánchez MG, et 

al. Inefficient clearance of myelin debris by microglia impairs remyelinating 

processes. J Exp Med 2015; 212: 481–95. 

26  Nikić I, Merkler D, Sorbara C, Brinkoetter M, Kreutzfeldt M, Bareyre FM, et al. A 

reversible form of axon damage in experimental autoimmune encephalomyelitis and 

multiple sclerosis. Nat Med 2011; 17: 495–9. 

27  Wolf SA, Boddeke HWGM, Kettenmann H. Microglia in Physiology and Disease. 

Annu Rev Physiol 2017; 79: 619–43. 

28  Moreno M, Bannerman P, Ma J, Guo F, Miers L, Soulika AM, et al. Conditional 

Ablation of Astroglial CCL2 Suppresses CNS Accumulation of M1 Macrophages and 

Preserves Axons in Mice with MOG Peptide EAE. J Neurosci 2014; 34: 8175–85. 

29  Mills Ko E, Ma JH, Guo F, Miers L, Lee E, Bannerman P, et al. Deletion of astroglial 

CXCL10 delays clinical onset but does not affect progressive axon loss in a murine 

autoimmune multiple sclerosis model. J Neuroinflammation 2014; 11: 105. 

30  Pekny M, Pekna M, Messing A, Steinhäuser C, Moo J, Vladimir L, et al. Astrocytes : 

a central element in neurological diseases. Acta Neuropathol 2016; 131: 323–45. 

31  Anderson MA, Burda JE, Ren Y, Ao Y, Coppola G, Khakh BS, et al. Astrocyte scar 



 

54 

formation aids CNS axon regeneration. Nature 2016; 532: 195–200. 

32  Noseworthy JH, Lucchinetti C, Rodriguez M, Weinshenker BG. Multiple sclerosis. N 

Engl J Med 2000; 343: 938–52. 

33  Filippi M, Rocca MA, Ciccarelli O, De Stefano N, Evangelou N, Kappos L, et al. MRI 

criteria for the diagnosis of multiple sclerosis: MAGNIMS consensus guidelines. 

Lancet Neurol 2016; 15: 292–303. 

34  Landtblom AM, Riise T, Kurtzke JF. Further considerations on the distribution of 

multiple sclerosis in Sweden. Acta Neurol Scand 2005; 111: 238–46. 

35  Ahlgren C, Odén A, Lycke J. High nationwide prevalence of multiple sclerosis in 

Sweden. Mult Scler 2011; 17: 901–8. 

36  Verthelyi D. Sex hormones as immunomodulators in health and disease. Int 

Immunopharmacol 2001; 1: 983–93. 

37  Furman D, Hejblum BP, Simon N, Jojic V, Dekker CL, Thiebaut R, et al. Systems 

analysis of sex differences reveals an immunosuppressive role for testosterone in the 

response to influenza vaccination. Proc Natl Acad Sci 2014; 111: 869–74. 

38  Piccinni M-P, Lombardelli L, Logiodice F, Kullolli O, Parronchi P, Romagnani S. 

How pregnancy can affect autoimmune diseases progression? Clin Mol Allergy 2016; 

14: 11. 

39  Portaccio E, Ghezzi A, Hakiki B, Sturchio A, Martinelli V, Moiola L, et al. 

Postpartum relapses increase the risk of disability progression in multiple sclerosis: the 

role of disease modifying drugs. J Neurol Neurosurg Psychiatry 2014; 85: 845–50. 

40  Westerlind H, Boström I, Stawiarz L, Landtblom A, Almqvist C, Hillert J. New data 

identify an increasing sex ratio of multiple sclerosis in Sweden. Mult Scler 2014; 20: 

1578–83. 

41  Sellner J, Kraus J, Awad A, Milo R, Hemmer B, Stüve O. The increasing incidence 

and prevalence of female multiple sclerosis-A critical analysis of potential 

environmental factors. Autoimmun Rev 2011; 10: 495–502. 

42  Olsson T, Barcellos LF, Alfredsson L. Interactions between genetic, lifestyle and 

environmental risk factors for multiple sclerosis. Nat Rev Neurol 2016; 13: 25–36. 

43  Hafler DA, Compston A, Sawcer S, Lander ES, Daly MJ, De Jager PL, et al. Risk 

alleles for multiple sclerosis identified by a genomewide study. N Engl J Med 2007; 

357: 851–62. 

44  International Multiple Sclerosis Genetics Consortium, Wellcome Trust Case Control 

Consortium 2, Sawcer S, Hellenthal G, Pirinen M, Spencer CCA, et al. Genetic risk 

and a primary role for cell-mediated immune mechanisms in multiple sclerosis. Nature 

2011; 476: 214–9. 

45  International Multiple Sclerosis Genetics Consortium (IMSGC), Beecham AH, 

Patsopoulos NA, Xifara DK, Davis MF, Kemppinen A, Cotsapas C, Shah TS, Spencer 

C, Booth D, Goris A, Oturai A, Saarela J, Fontaine B, Hemmer B, Martin C, Zipp F, 

D’Alfonso S, Martine MJ. Analysis of immune-related loci identifies 48 new 

susceptibility variants for multiple sclerosis. Nat Genet 2013; 45: 1353–60. 



 

 55 

46  Ramagopalan S V, DeLuca GC, Degenhardt A, Ebers GC. The genetics of clinical 

outcome in multiple sclerosis. J Neuroimmunol 2008; 201–202: 183–99. 

47  Mowry EM, Carey RF, Blasco MR, Pelletier J, Duquette P, Villoslada P, et al. 

Multiple Sclerosis Susceptibility Genes: Associations with Relapse Severity and 

Recovery. PLoS One 2013; 8: 6–11. 

48  Hilven K, Patsopoulos NA, Dubois B, Goris A. Burden of risk variants correlates with 

phenotype of multiple sclerosis. Mult Scler 2015; 21: 1670–80. 

49  Ebers GC, Bulman DE, Sadovnick AD, Paty DW, Warren S, Hader W, et al. A 

population-based study of multiple sclerosis in twins. N Engl J Med 1986; 315: 1638–

42. 

50  Willer CJ, Dyment DA, Risch NJ, Sadovnick AD, Ebers GC. Twin concordance and 

sibling recurrence rates in multiple sclerosis. Proc Natl Acad Sci U S A 2003; 100: 

12877–82. 

51  Dyment DA, Ebers GC, Sadovnick AD. Review Genetics of multiple sclerosis. Lancet 

Neurol 2004; 3: 104–10. 

52  O’Gorman C, Lin R, Stankovich J, Broadley SA. Modelling genetic susceptibility to 

multiple sclerosis with family data. Neuroepidemiology. 2012; 40: 1–12. 

53  Westerlind H, Ramanujam R, Uvehag D, Kuja-Halkola R, Boman M, Bottai M, et al. 

Modest familial risks for multiple sclerosis: A registry-based study of the population 

of Sweden. Brain 2014; 137: 770–8. 

54  Wang L, Wang FS, Gershwin ME. Human autoimmune diseases: A comprehensive 

update. J Intern Med 2015; 278: 369–95. 

55  Lønnberg AS, Skov L, Skytthe A, Kyvik KO, Pedersen OB, Thomsen SF. Heritability 

of psoriasis in a large twin sample. Br J Dermatol 2013; 169: 412–6. 

56  Hawkes CH, Macgregor AJ. Twin studies and the heritability of MS: a conclusion. 

Mult Scler 2009; 15: 661–7. 

57  Ebers GC, Sadovnick AD, Risch NJ. A genetic basis for familial aggregation in 

multiple sclerosis. Canadian Collaborative Study Group. Nature 1995; 150–1. 

58  Ebers GC, Sadovnick AD, Dyment DA, Yee IML, Willer CJ, Risch N. Parent-of-

origin effect in multiple sclerosis: Observations in half-siblings. Lancet 2004; 363: 

1773–4. 

59  Jersild C, Svejgaard A, Fog T. Hl-a Antigens and Multiple Sclerosis. Lancet 1972; 

299: 1240–1. 

60  Stewart GJ, Basten A, Kirk RL. Strong Linkage Disequilibrium between HLA-Dw2 

and BfS in Multiple Sclerosis and in the Normal Population. Tissue Antigens 1979; 14: 

86–97. 

61  Hillert J, Käll T, Vrethem M, Fredrikson S, Ohlson M, Olerup O. The HLA-Dw2 

haplotype segregates closely with multiple sclerosis in multiplex families. J 

Neuroimmunol 1994; 50: 95–100. 

62  Hollenbach JA, Oksenberg JR. The immunogenetics of multiple sclerosis : A 

comprehensive review. J Autoimmun 2015; 64: 13–25. 



 

56 

63  Kalman B, Brannagan THI. Neuroimmunology in Clinical Practice. 1st ed. Wiley-

Blackwell, 2007. 

64  International HapMap Consortium. A haplotype map of the human genome. Nature 

2005; 437: 1299–320. 

65  Sawcer S, Franklin RJM, Ban M. Multiple sclerosis genetics. Lancet Neurol 2014; 13: 

700–9. 

66  Gregory SG, Schmidt S, Seth P, Oksenberg JR, Hart J, Prokop A, et al. Interleukin 7 

receptor α chain (IL7R) shows allelic and functional association with multiple 

sclerosis. Nat Genet 2007; 39: 1083–91. 

67  Gregory AP, Dendrou CA, Attfield KE, Haghikia A, Xifara DK, Butter F, et al. TNF 

receptor 1 genetic risk mirrors outcome of anti-TNF therapy in multiple sclerosis. 

Nature 2012; 488: 508–11. 

68  Dendrou CA, Plagnol V, Fung E, Yang JHM, Downes K, Cooper JD, et al. Cell-

specific protein phenotypes for the autoimmune locus IL2RA using a genotype-

selectable human bioresource. Nat Genet 2009; 41: 1011–5. 

69  Hartmann FJ, Khademi M, Aram J, Ammann S, Kockum I, Constantinescu C, et al. 

Multiple sclerosis-associated IL2RA polymorphism controls GM-CSF production in 

human TH cells. Nat Commun 2014; 5: 5056. 

70  Couturier N, Bucciarelli F, Nurtdinov RN, Debouverie M, Lebrun-Frenay C, Defer G, 

et al. Tyrosine kinase 2 variant influences T lymphocyte polarization and multiple 

sclerosis susceptibility. Brain 2011; 134: 693–703. 

71  Walline CC, Kanakasabai S, Bright JJ. IL-7Rα confers susceptibility to experimental 

autoimmune encephalomyelitis. Genes Immun 2011; 12: 1–14. 

72  Calzascia T, Pellegrini M, Lin A, Garza KM, Elford AR, Shahinian A, et al. CD4 T 

cells, lymphopenia, and IL-7 in a multistep pathway to autoimmunity. Proc Natl Acad 

Sci U S A 2008; 105: 2999–3004. 

73  Uehira M, Matsuda H, Nakamura A, Nishimoto H. Immunologic abnormalities 

exhibited in IL-7 transgenic mice with dermatitis. J Invest Dermatol 1998; 110: 740–5. 

74  Penaranda C, Kuswanto W, Hofmann J, Kenefeck R, Narendran P, Walker LSK, et al. 

IL-7 receptor blockade reverses autoimmune diabetes by promoting inhibition of 

effector/memory T cells. Proc Natl Acad Sci U S A 2012; 109: 12668–73. 

75  Arnason B, Jacobs G, Hanlon M, Clay B, Noronha A, Auty A, et al. TNF 

neutralization in MS - Results of a randomized, placebo-controlled multicenter study. 

Neurology 1999; 53: 457–65. 

76  Boyman O, Sprent J. The role of interleukin-2 during homeostasis and activation of 

the immune system. Nat Rev Immunol 2012; 12: 180–90. 

77  Hedström AK, Bäärnhielm M, Olsson T, Alfredsson L. Tobacco smoking, but not 

Swedish snuff use, increases the risk of multiple sclerosis. Neurology 2009; 73: 696–

701. 

78  Haahr S, Koch-Henriksen N, Moller-Larsen A, Eriksen LS, K AHM. Increased risk of 

multiple sclerosis after late Epstein-Barr virus infection: a historical prospective study. 



 

 57 

Mult Scler J 1995; 1: 73–7. 

79  Munger KL, Zhang SM, O’Reilly E, Hernan MA, Olek MJ, Willett WC, et al. Vitamin 

D intake and incidence of multiple sclerosis. Neurology 2004; 62: 60–5. 

80  Munger KL, Chitnis T, Ascherio A. Body size and risk of MS in two cohorts of US 

women. Neurology 2009; 73: 1543–50. 

81  Munger KL, Bentzen J, Laursen B, Stenager E, Koch-Henriksen N, Sorensen TI, et al. 

Childhood body mass index and multiple sclerosis risk: a long-term cohort study. Mult 

Scler J 2013; 19: 1323–9. 

82  Hedström AK, Bomfim IL, Barcellos L, Gianfrancesco M, Schaefer C, Kockum I, et 

al. Interaction between adolescent obesity and HLA risk genes in the etiology of 

multiple sclerosis. Neurology 2014; 82: 865–72. 

83  Bashinskaya V V, Kulakova OG, Boyko AN, Favorov A V., Favorova OO. A review 

of genome-wide association studies for multiple sclerosis: classical and hypothesis-

driven approaches. Hum Genet 2015; 134: 1143–62. 

84  Dendrou CA, Fugger L, Friese MA. Immunopathology of multiple sclerosis. Nat Rev 

Immunol 2015; 15: 545–58. 

85  Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H, Schmidbauer M, 

et al. The relation between inflammation and neurodegeneration in multiple sclerosis 

brains. Brain 2009; 132: 1175–89. 

86  Lassmann H, Bradl M. Multiple sclerosis: experimental models and reality. Acta 

Neuropathol 2017; 133: 223–44. 

87  Patrick J, Lindstrom J. Autoimmune response to acetylcholine receptor. Science 1973; 

180: 871–2. 

88  Meriggioli MN, Sanders DB. Autoimmune myasthenia gravis: emerging clinical and 

biological heterogeneity. Lancet Neurol 2009; 8: 475–90. 

89  Lennon VA, Kryzer TJ, Pittock SJ, Verkman AS, Hinson SR. IgG marker of optic-

spinal multiple sclerosis binds to the aquaporin-4 water channel. J Exp Med 2005; 202: 

473–7. 

90  Zekeridou A, Lennon VA. Aquaporin-4 autoimmunity. Neurol Neuroimmunol 

neuroinflammation 2015; 2: e110. 

91  Barnett MH, Prineas JW. Relapsing and Remitting Multiple Sclerosis: Pathology of 

the Newly Forming Lesion. Ann Neurol 2004; 55: 458–68. 

92  Lang HLE, Jacobsen H, Ikemizu S, Andersson C, Harlos K, Madsen L, et al. A 

functional and structural basis for TCR cross-reactivity in multiple sclerosis. Nat 

Immunol 2002; 3: 940–3. 

93  Levin MC, Lee SM, Kalume F, Morcos Y, Dohan FC, Hasty KA, et al. Autoimmunity 

due to molecular mimicry as a cause of neurological disease. Nat Med 2002; 8: 509–

13. 

94  Tejada-Simon M V., Zang YCQ, Hong J, Rivera VM, Zhang JZ. Cross-reactivity with 

myelin basic protein and human herpesvirus-6 in multiple sclerosis. Ann Neurol 2003; 

53: 189–97. 



 

58 

95  Martino G, Furlan R, Brambilla E, Bergami A, Ruffini F, Gironi M, et al. Cytokines 

and immunity in multiple sclerosis: The dual signal hypothesis. J Neuroimmunol 2000; 

109: 3–9. 

96  Berer K, Krishnamoorthy G. Microbial view of central nervous system autoimmunity. 

FEBS Lett 2014; 588: 4207–13. 

97  Ji Q, Perchellet A, Goverman JM. Viral infection triggers central nervous system 

autoimmunity via activation of CD8+ T cells expressing dual TCRs. Nat Immunol 

2010; 11: 628–34. 

98  Hammarstedt M, Ahlqvist J, Jacobson S, Garoff H, Fogdell-Hahn A. Purification of 

infectious human herpesvirus 6A virions and association of host cell proteins. Virol J 

2007; 4: 101. 

99  Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H. 

Heterogeneity of multiple sclerosis lesions. Ann Neurol 2000; 47: 707–17. 

100  Lucchinetti CF, Popescu BFG, Bunyan RF, Moll NM, Roemer SF, Lassmann H, et al. 

Inflammatory Cortical Demyelination in Early Multiple Sclerosis. N Engl J Med 2011; 

365: 2188–97. 

101  Kuhlmann T, Ludwin S, Prat A, Antel J, Brück W, Lassmann H. An updated 

histological classification system for multiple sclerosis lesions. Acta Neuropathol 

2017; 133: 13–24. 

102  Filippi M, Rocca MA, Barkhof F, Brück W, Chen JT, Comi G, et al. Association 

between pathological and MRI findings in multiple sclerosis. Lancet Neurol 2012; 11: 

349–60. 

103  Friese MA, Fugger L. Autoreactive CD8+ T cells in multiple sclerosis: a new target 

for therapy? Brain 2005; 128: 1747–63. 

104  Calabrese M, Poretto V, Favaretto A, Alessio S, Bernardi V, Romualdi C, et al. 

Cortical lesion load associates with progression of disability in multiple sclerosis. 

Brain 2012; 135: 2952–61. 

105  Rissanen E, Tuisku J, Rokka J, Paavilainen T, Parkkola R, Rinne JO, et al. In Vivo 

Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using 

PET Imaging and the Radioligand 11C-PK11195. J Nucl Med 2014; 55: 939–44. 

106  Ontaneda D, Thompson AJ, Fox RJ, Cohen JA. Progressive multiple sclerosis: 

prospects for disease therapy, repair, and restoration of function. Lancet 2017; 389: 

1357–66. 

107  Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mörk S, Bö L. Axonal Transection 

in the Lesions of Multiple Sclerosis. N Engl J Med 1998; 338: 278–85. 

108  Bitsch A. Acute axonal injury in multiple sclerosis: Correlation with demyelination 

and inflammation. Brain 2000; 123: 1174–83. 

109  Bjartmar C, Kinkel RP, Kidd G, Rudick R a, Trapp BD. Axonal loss in normal-

appearing white matter in a patient with acute MS. Neurology 2001; 57: 1248–52. 

110  Bermel RA, Bakshi R. The measurement and clinical relevance of brain atrophy in 

multiple sclerosis. Lancet Neurol 2006; 5: 158–70. 



 

 59 

111  Vidal-Jordana A, Sastre-Garriga J, Pérez-Miralles F, Tur C, Tintoré M, Horga A, et al. 

Early brain pseudoatrophy while on natalizumab therapy is due to white matter 

volume changes. Mult Scler J 2013; 19: 1175–81. 

112  Kuerten S, Schickel A, Kerkloh C, Recks MS, Addicks K, Ruddle NH, et al. Tertiary 

lymphoid organ development coincides with determinant spreading of the myelin-

specific T cell response. Acta Neuropathol 2012; 124: 861–73. 

113  Pikor NB, Prat A, Bar-Or A, Gommerman JL. Meningeal Tertiary Lymphoid Tissues 

and Multiple Sclerosis: A Gathering Place for Diverse Types of Immune Cells during 

CNS Autoimmunity. Front Immunol 2016; 6: 657. 

114  Flensner G, Landtblom A-M, Söderhamn O, Ek A-C. Work capacity and health-

related quality of life among individuals with multiple sclerosis reduced by fatigue: a 

cross-sectional study. BMC Public Health 2013; 13: 224. 

115  Heesen C, Nawrath L, Reich C, Bauer N, Schulz K-H, Gold SM. Fatigue in multiple 

sclerosis: an example of cytokine mediated sickness behaviour? J Neurol Neurosurg 

Psychiatry 2006; 77: 34–9. 

116  Rossi S, Studer V, Motta C, Polidoro S, Perugini J, Macchiarulo G, et al. 

Neuroinflammation drives anxiety and depression in relapsing-remitting multiple 

sclerosis. Neurology 2017; 89: 1338–47. 

117  Adelmann M, Wood J, Benzel I, Fiori P, Lassmann H, Matthieu JM, et al. The N-

terminal domain of the myelin oligodendrocyte glycoprotein (MOG) induces acute 

demyelinating experimental autoimmune encephalomyelitis in the Lewis rat. J 

Neuroimmunol 1995; 63: 17–27. 

118  Amor S, Baker D, Groome N, Turk JL. Identification of a major encephalitogenic 

epitope of proteolipid protein (residues 56-70) for the induction of experimental 

allergic encephalomyelitis in Biozzi AB/H and nonobese diabetic mice. J Immunol 

1993; 150: 5666–72. 

119  Miller A, Al-Sabbagh A, Santos LM, Das MP, Weiner HL. Epitopes of myelin basic 

protein that trigger TGF-beta release after oral tolerization are distinct from 

encephalitogenic epitopes and mediate epitope-driven bystander suppression. J 

Immunol 1993; 151: 7307–15. 

120  Delarasse C, Daubas P, Mars LT, Vizler C, Litzenburger T, Iglesias A, et al. 

Myelin/oligodendrocyte glycoprotein-deficient (MOG-deficient) mice reveal lack of 

immune tolerance to MOG in wild-type mice. J Clin Invest 2003; 112: 544–53. 

121  Berthelot L, Laplaud DA, Pettré S, Ballet C, Michel L, Hillion S, et al. Blood CD8+ T 

cell responses against myelin determinants in multiple sclerosis and healthy 

individuals. Eur J Immunol 2008; 38: 1889–99. 

122  Kerlero de Rosbo N, Milo R, Lees MB, Burger D, Bernard CC a, Ben-Nun  a. 

Reactivity to Myelin Antigens in Multiple Sclerosis. J Clin Invest 1993; 92: 2602–8. 

123  Sun J, Link H, Olsson T, Xiao BG, Andersson G, Ekre HP, et al. T and B cell 

responses to myelin-oligodendrocyte glycoprotein in multiple sclerosis. J Immunol 

1991; 146: 1490–5. 

124  Smith AJ, Liu Y, Peng H, Beers R, Racke MK, Lovett-Racke AE. Comparison of a 

classical Th1 bacteria versus a Th17 bacteria as adjuvant in the induction of 



 

60 

experimental autoimmune encephalomyelitis. J Neuroimmunol 2011; 237: 33–8. 

125  Toft-Hansen H, Buist R, Sun X-J, Schellenberg A, Peeling J, Owens T. 

Metalloproteinases control brain inflammation induced by pertussis toxin in mice 

overexpressing the chemokine CCL2 in the central nervous system. J Immunol 2006; 

177: 7242–9. 

126  Chen X, Winkler-Pickett RT, Carbonetti NH, Ortaldo JR, Oppenheim JJ, Howard 

OMZ. Pertussis toxin as an adjuvant suppresses the number and function of 

CD4+CD25+ T regulatory cells. Eur J Immunol 2006; 36: 671–80. 

127  Chen X, Howard OMZ, Oppenheim JJ. Pertussis toxin by inducing IL-6 promotes the 

generation of IL-17-producing CD4 cells. J Immunol 2007; 178: 6123–9. 

128  Flytzani S, Guerreiro-Cacais AO, N’diaye M, Lindner M, Linington C, Meinl E, et al. 

MOG-induced experimental autoimmune encephalomyelitis in the rat species triggers 

anti-neurofascin antibody response that is genetically regulated. J Neuroinflammation 

2015; 12: 194. 

129  Kela-Madar N, de Rosbo NK, Ronen A, Mor F, Ben-Nun A. Autoimmune spread to 

myelin is associated with experimental autoimmune encephalomyelitis induced by a 

neuronal protein, beta-synuclein. J Neuroimmunol 2009; 208: 19–29. 

130  Legroux L, Arbour N. Multiple Sclerosis and T Lymphocytes: An Entangled Story. J 

neuroimmune Pharmacol 2015; 10: 528–46. 

131  Baron JL, Madri JA, Ruddle NH, Hashim G, Janeway CA. Surface expression of alpha 

4 integrin by CD4 T cells is required for their entry into brain parenchyma. J Exp Med 

1993; 177: 57–68. 

132  Bettelli E, Sullivan B, Szabo SJ, Sobel RA, Glimcher LH, Kuchroo VK. Loss of T-bet, 

But Not STAT1, Prevents the Development of Experimental Autoimmune 

Encephalomyelitis. J Exp Med 2004; 200: 79–87. 

133  Leonard JP, Waldburger KE, Goldman SJ. Prevention of experimental autoimmune 

encephalomyelitis by antibodies against interleukin 12. J Exp Med 1995; 181: 381–6. 

134  Segal BM, Dwyer BK, Shevach EM. An interleukin (IL)-10/IL-12 immunoregulatory 

circuit controls susceptibility to autoimmune disease. J Exp Med 1998; 187: 537–46. 

135  Nicoletti F, Patti F, Cocuzza C, Zaccone P, Nicoletti A, Di Marco R, et al. Elevated 

serum levels of interleukin-12 in chronic progressive multiple sclerosis. J 

Neuroimmunol 1996; 70: 87–90. 

136  Lock C, Hermans G, Pedotti R, Brendolan A, Schadt E, Garren H, et al. Gene-

microarray analysis of multiple sclerosis lesions yields new targets validated in 

autoimmune encephalomyelitis. Nat Med 2002; 8: 500–8. 

137  Panitch HS, Hirsch RL, Haley AS, Johnson KP. Exacerbations of multiple sclerosis in 

patients treated with gamma interferon. Lancet 1987; 1: 893–5. 

138  Becher B, Durell BG, Noelle RJ. Experimental autoimmune encephalitis and 

inflammation in the absence of interleukin-12. J Clin Invest 2002; 110: 493–7. 

139  Gran B, Zhang G-X, Yu S, Li J, Chen X-H, Ventura ES, et al. IL-12p35-deficient 

mice are susceptible to experimental autoimmune encephalomyelitis: evidence for 



 

 61 

redundancy in the IL-12 system in the induction of central nervous system 

autoimmune demyelination. J Immunol 2002; 169: 7104–10. 

140  Ferber IA, Brocke S, Taylor-Edwards C, Ridgway W, Dinisco C, Steinman L, et al. 

Mice with a disrupted IFN-gamma gene are susceptible to the induction of 

experimental autoimmune encephalomyelitis (EAE). J Immunol 1996; 156: 5–7. 

141  Lublin FD, Knobler RL, Kalman B, Goldhaber M, Marini J, Perrault M, et al. 

Monoclonal Anti-Gamma Interferon Antibodies Enhance Experimental Allergic 

Encephalomyelitis. Autoimmunity 1993; 16: 267–74. 

142  Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, et al. 

IL-23 drives a pathogenic T cell population that induces autoimmune inflammation. J 

Exp Med 2005; 201: 233–40. 

143  Haak S, Croxford AL, Kreymborg K, Heppner FL, Pouly S, Becher B, et al. IL-17A 

and IL-17F do not contribute vitally to autoimmune neuro-inflammation in mice. J 

Clin Invest 2009; 119: 61–9. 

144  Sonderegger I, Kisielow J, Meier R, King C, Kopf M. IL-21 and IL-21R are not 

required for development of Th17 cells and autoimmunity in vivo. Eur J Immunol 

2008; 38: 1833–8. 

145  Kreymborg K, Etzensperger R, Dumoutier L, Haak S, Rebollo A, Buch T, et al. IL-22 

is expressed by Th17 cells in an IL-23-dependent fashion, but not required for the 

development of autoimmune encephalomyelitis. J Immunol 2007; 179: 8098–104. 

146  McQualter JL, Darwiche R, Ewing C, Onuki M, Kay TW, Hamilton JA, et al. 

Granulocyte macrophage colony-stimulating factor: a new putative therapeutic target 

in multiple sclerosis. J Exp Med 2001; 194: 873–82. 

147  Ponomarev ED, Shriver LP, Maresz K, Pedras-Vasconcelos J, Verthelyi D, Dittel BN. 

GM-CSF Production by Autoreactive T Cells Is Required for the Activation of 

Microglial Cells and the Onset of Experimental Autoimmune Encephalomyelitis. J 

Immunol 2007; 178: 39–48. 

148  Codarri L, Gyülvészi G, Tosevski V, Hesske L, Fontana A, Magnenat L, et al. RORγt 

drives production of the cytokine GM-CSF in helper T cells, which is essential for the 

effector phase of autoimmune neuroinflammation. Nat Immunol 2011; 12: 560–7. 

149  El-Behi M, Ciric B, Dai H, Yan Y, Cullimore M, Safavi F, et al. The 

encephalitogenicity of TH17 cells is dependent on IL-1- and IL-23-induced production 

of the cytokine GM-CSF. Nat Immunol 2011; 12: 568–75. 

150  Pierson ER, Goverman JM. GM-CSF is not essential for experimental autoimmune 

encephalomyelitis but promotes brain-targeted disease. JCI insight 2017; 2: e92362. 

151  Pierson E, Simmons SB, Castelli L, Goverman JM. Mechanisms regulating regional 

localization of inflammation during CNS autoimmunity. Immunol Rev 2012; 248: 

205–15. 

152  Wensky AK, Furtado GC, Garibaldi Marcondes MC, Chen S, Manfra D, Lira SA, et 

al. IFN-gamma Determines Distinct Clinical Outcomes in Autoimmune 

Encephalomyelitis. J Immunol 2005; 174: 1416–23. 

153  Lees JR, Golumbek PT, Sim J, Dorsey D, Russell JH. Regional CNS responses to 



 

62 

IFN-gamma determine lesion localization patterns during EAE pathogenesis. J Exp 

Med 2008; 205: 2633–42. 

154  Mangalam AK, Luo N, Luckey D, Papke L, Hubbard A, Wussow A, et al. Absence of 

IFN-γ Increases Brain Pathology in Experimental Autoimmune Encephalomyelitis–

Susceptible DRB1*0301.DQ8 HLA Transgenic Mice through Secretion of 

Proinflammatory Cytokine IL-17 and Induction of Pathogenic Monocytes/Microglia 

into the Central Nerv. J Immunol 2014; 193: 4859–70. 

155  Johnson MC, Pierson ER, Spieker AJ, Nielsen AS, Posso S, Kita M, et al. Distinct T 

cell signatures define subsets of patients with multiple sclerosis. Neurol - 

Neuroimmunol Neuroinflammation 2016; 3: e278. 

156  Stromnes IM, Cerretti LM, Liggitt D, Harris RA, Goverman JM. Differential 

regulation of central nervous system autoimmunity by TH1 and TH17 cells. Nat Med 

2008; 14: 337–42. 

157  Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ, et al. Fate mapping of 

IL-17-producing T cells in inflammatory responses. Nat Immunol 2011; 12: 255–63. 

158  Reindl M, Linington C, Brehm U, Egg R, Dilitz E, Deisenhammer F, et al. Antibodies 

against the myelin oligodendrocyte glycoprotein and the myelin basic protein in 

multiple sclerosis and other neurological diseases: a comparative study. Brain 1999; 

122: 2047–56. 

159  Elliott C, Lindner M, Arthur A, Brennan K, Jarius S, Hussey J, et al. Functional 

identification of pathogenic autoantibody responses in patients with multiple sclerosis. 

Brain 2012; 135: 1819–33. 

160  Büdingen H-C Von, Kuo TC, Sirota M, Belle CJ Van, Apeltsin L, Glanville J, et al. B 

cell exchange across the blood-brain barrier in multiple sclerosis - Supplemental 

information. J Clin Invest 2012; 122: 24–8. 

161  Stern JNH, Yaari G, Vander Heiden JA, Church G, Donahue WF, Hintzen RQ, et al. B 

cells populating the multiple sclerosis brain mature in the draining cervical lymph 

nodes. Sci Transl Med 2014; 6: 248ra107-248ra107. 

162  Hawker K, O’Connor P, Freedman MS, Calabresi PA, Antel J, Simon J, et al. 

Rituximab in patients with primary progressive multiple sclerosis: Results of a 

randomized double-blind placebo-controlled multicenter trial. Ann Neurol 2009; 66: 

460–71. 

163  Alping P, Frisell T, Novakova L, Islam-Jakobsson P, Salzer J, Björck A, et al. 

Rituximab versus fingolimod after natalizumab in multiple sclerosis patients. Ann 

Neurol 2016; 79: 950–8. 

164  Salzer J, Svenningsson R, Alping P, Novakova L, Björck A, Fink K, et al. Rituximab 

in multiple sclerosis: A retrospective observational study on safety and efficacy. 

Neurology 2016; 87: 2074–81. 

165  Hauser SL, Bar-Or A, Comi G, Giovannoni G, Hartung H-P, Hemmer B, et al. 

Ocrelizumab versus Interferon Beta-1a in Relapsing Multiple Sclerosis. N Engl J Med 

2017; 376: 221–34. 

166  Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, et al. 

Ocrelizumab versus Placebo in Primary Progressive Multiple Sclerosis. N Engl J Med 



 

 63 

2017; 376: 209–20. 

167  Barr TA, Shen P, Brown S, Lampropoulou V, Roch T, Lawrie S, et al. B cell depletion 

therapy ameliorates autoimmune disease through ablation of IL-6–producing B cells. J 

Exp Med 2012; 209: 1001–10. 

168  Pierson ER, Stromnes IM, Goverman JM. B Cells Promote Induction of Experimental 

Autoimmune Encephalomyelitis by Facilitating Reactivation of T Cells in the Central 

Nervous System. J Immunol 2014; 192: 929–39. 

169  Jacobs LD, Cookfair DL, Rudick RA, Herndon RM, Richert JR, Salazar AM, et al. 

Intramuscular Interferon Beta-la for Disease Progression in Relapsing Multiple 

Sclerosis. Ann Neurol 1996; 39: 285–94. 

170  Calabresi PA, Kieseier BC, Arnold DL, Balcer LJ, Boyko A, Pelletier J, et al. 

Pegylated interferon beta-1a for relapsing-remitting multiple sclerosis (ADVANCE): 

A randomised, phase 3, double-blind study. Lancet Neurol 2014; 13: 657–65. 

171  de Andrés C, Aristimuño C, de Las Heras V, Martínez-Ginés ML, Bartolomé M, 

Arroyo R, et al. Interferon beta-1a therapy enhances CD4+ regulatory T-cell function: 

an ex vivo and in vitro longitudinal study in relapsing-remitting multiple sclerosis. J 

Neuroimmunol 2007; 182: 204–11. 

172  Liu Z, Pelfrey CM, Cotleur A, Lee J-C, Rudick RA. Immunomodulatory effects of 

interferon beta-1a in multiple sclerosis. J Neuroimmunol 2001; 112: 153–62. 

173  Kappos L, Wiendl H, Selmaj K, Arnold DL, Havrdova E, Boyko A, et al. Daclizumab 

HYP versus Interferon Beta-1a in Relapsing Multiple Sclerosis. N Engl J Med 2015; 

373: 1418–28. 

174  Markowitz CE. Interferon-beta: Mechanism of action and dosing issues. Neurology 

2007; 68: 8–11. 

175  Neuhaus O, Farina C, Wekerle H, Hohlfeld R. Mechanisms of action of glatiramer 

acetate in multiple sclerosis. Neurology 2001; 56: 702–8. 

176  Fridkis-Hareli M. Design of peptide immunotherapies for MHC Class-II-associated 

autoimmune disorders. Clin Dev Immunol 2013; 2013: 826191. 

177  Neuhaus O, Farina C, Yassouridis A, Wiendl H, Then Bergh F, Dose T, et al. Multiple 

sclerosis: comparison of copolymer-1- reactive T cell lines from treated and untreated 

subjects reveals cytokine shift from T helper 1 to T helper 2 cells. Proc Natl Acad Sci 

U S A 2000; 97: 7452–7. 

178  Comi G, Filippi M, Wolinsky JS. European/Canadian multicenter, double-blind, 

randomized, placebo-controlled study of the effects of glatiramer acetate on magnetic 

resonance imaging--measured disease activity and burden in patients with relapsing 

multiple sclerosis. Ann Neurol 2001; 49: 290–7. 

179  Bar-Or A, Pachner A, Menguy-Vacheron F, Kaplan J, Wiendl H. Teriflunomide and 

its mechanism of action in multiple sclerosis. Drugs 2014; 74: 659–74. 

180  Confavreux C, Li DK, Freedman MS, Truffinet P, Benzerdjeb H, Wang D, et al. 

Long-term follow-up of a phase 2 study of oral teriflunomide in relapsing multiple 

sclerosis: safety and efficacy results up to 8.5 years. Mult Scler 2012; 18: 1278–89. 



 

64 

181  O’Connor P, Wolinsky JS, Confavreux C, Comi G, Kappos L, Olsson TP, et al. 

Randomized Trial of Oral Teriflunomide for Relapsing Multiple Sclerosis. N Engl J 

Med 2011; 365: 1293–303. 

182  Gold R, Kappos L, Arnold DL, Bar-Or A, Giovannoni G, Selmaj K, et al. Placebo-

Controlled Phase 3 Study of Oral BG-12 for Relapsing Multiple Sclerosis. N Engl J 

Med 2012; 367: 1098–107. 

183  Fox RJ, Miller DH, Phillips JT, Hutchinson M, Havrdova E, Kita M, et al. Placebo-

Controlled Phase 3 Study of Oral BG-12 or Glatiramer in Multiple Sclerosis. N Engl J 

Med 2012; 367: 1087–97. 

184  Linker RA, Haghikia A. Dimethyl fumarate in multiple sclerosis: latest developments, 

evidence and place in therapy. Ther Adv Chronic Dis 2016; 7: 198–207. 

185  Kappos L, Radue E-W, O’Connor P, Polman C, Hohlfeld R, Calabresi P, et al. A 

placebo-controlled trial of oral fingolimod in relapsing multiple sclerosis. N Engl J 

Med 2010; 362: 387–401. 

186  Calabresi PA, Radue E, Goodin D, Jeffery D, Rammohan KW, Reder AT, et al. Safety 

and efficacy of fingolimod in patients with relapsing-remitting multiple sclerosis 

(FREEDOMS II): a double-blind, randomised, placebo-controlled, phase 3 trial. 

Lancet Neurol 2014; 13: 545–56. 

187  Cohen JA, Barkhof F, Comi G, Hartung H, Khatri BO, Montalban X, et al. Oral 

Fingolimod or Intramuscular Interferon for Relapsing Multiple Sclerosis. N Engl J 

Med 2010; 362: 402–15. 

188  Polman CH, O’Connor PW, Havrdova E, Hutchinson M, Kappos L, Miller DH, et al. 

A Randomized, Placebo-Controlled Trial of Natalizumab for Relapsing Multiple 

Sclerosis. N Engl J Med 2006; 354: 899–910. 

189  Clerico M, Artusi CA, Di Liberto A, Rolla S, Bardina V, Barbero P, et al. Long-term 

safety evaluation of natalizumab for the treatment of multiple sclerosis. Expert Opin 

Drug Saf 2017; 16: 963–72. 

190  Gorelik L, Lerner M, Bixler S, Crossman M, Schlain B, Simon K, et al. Anti-JC Virus 

Antibodies: Implications for PML Risk Stratification. Ann Neurol 2010; 68: 295–303. 

191  McGuigan C, Craner M, Guadagno J, Kapoor R, Mazibrada G, Molyneux P, et al. 

Stratification and monitoring of natalizumab-associated progressive multifocal 

leukoencephalopathy risk: recommendations from an expert group. J Neurol 

Neurosurg Psychiatry 2016; 87: 117–25. 

192  Coles AJ, Twyman CL, Arnold DL, Cohen JA, Confavreux C, Fox EJ, et al. 

Alemtuzumab for patients with relapsing multiple sclerosis after disease-modifying 

therapy: A randomised controlled phase 3 trial. Lancet 2012; 380: 1829–39. 

193  Cohen JA, Coles AJ, Arnold DL, Confavreux C, Fox EJ, Hartung HP, et al. 

Alemtuzumab versus interferon beta 1a as first-line treatment for patients with 

relapsing-remitting multiple sclerosis: A randomised controlled phase 3 trial. Lancet 

2012; 380: 1819–28. 

194  Bielekova B, Catalfamo M, Reichert-Scrivner S, Packer A, Cerna M, Waldmann TA, 

et al. Regulatory CD56(bright) natural killer cells mediate immunomodulatory effects 

of IL-2Ralpha-targeted therapy (daclizumab) in multiple sclerosis. Proc Natl Acad Sci 



 

 65 

U S A 2006; 103: 5941–6. 

195  Hauser SL, Waubant E, Arnold DL, Vollmer T, Antel J, Fox RJ, et al. B-Cell 

Depletion with Rituximab in Relapsing–Remitting Multiple Sclerosis. N Engl J Med 

2008; 358: 676–88. 

196  Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, et al. 

Ocrelizumab versus Placebo in Primary Progressive Multiple Sclerosis. N Engl J Med 

2017; 376: 209–20. 

197  Gläser R, Harder J, Lange H, Bartels J, Christophers E, Schröder J-M. Antimicrobial 

psoriasin (S100A7) protects human skin from Escherichia coli infection. Nat Immunol 

2005; 6: 57–64. 

198  Mahlapuu M, Håkansson J, Ringstad L, Björn C. Antimicrobial Peptides: An 

Emerging Category of Therapeutic Agents. Front Cell Infect Microbiol 2016; 6: 1–12. 

199  Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA. The dorsoventral 

regulatory gene cassette spatzle/Toll/Cactus controls the potent antifungal response in 

Drosophila adults. Cell 1996; 86: 973–83. 

200  Jiménez-Dalmaroni MJ, Gerswhin ME, Adamopoulos IE. The critical role of toll-like 

receptors - From microbial recognition to autoimmunity: A comprehensive review. 

Autoimmun Rev 2016; 15: 1–8. 

201  Trotta T, Porro C, Calvello R, Panaro MA. Biological role of Toll-like receptor-4 in 

the brain. J Neuroimmunol 2014; 268: 1–12. 

202  Serafini B, Rosicarelli B, Magliozzi R, Stigliano E, Aloisi F. Detection of Ectopic B-

cell Follicles with Germinal Centers in the Meninges of Patients with Secondary 

Progressive Multiple Sclerosis. Brain Pathol 2004; 14: 164–74. 

203  Magliozzi R, Columba-Cabezas S, Serafini B, Aloisi F. Intracerebral expression of 

CXCL13 and BAFF is accompanied by formation of lymphoid follicle-like structures 

in the meninges of mice with relapsing experimental autoimmune encephalomyelitis. J 

Neuroimmunol 2004; 148: 11–23. 

204  Sellebjerg F, Börnsen L, Khademi M, Krakauer M, Olsson T, Frederiksen JL, et al. 

Increased cerebrospinal fluid concentrations of the chemokine CXCL13 in active MS. 

Neurology 2009; 73: 2003–10. 

205  Lindén M, Khademi M, Lima Bomfim I, Piehl F, Jagodic M, Kockum I, et al. Multiple 

sclerosis risk genotypes correlate with an elevated cerebrospinal fluid level of the 

suggested prognostic marker CXCL13. Mult Scler J 2013; 19: 863–70. 

206  Marchesi F, Martin  a P, Thirunarayanan N, Devany E, Mayer L, Grisotto MG, et al. 

CXCL13 expression in the gut promotes accumulation of IL-22-producing lymphoid 

tissue-inducer cells, and formation of isolated lymphoid follicles. Mucosal Immunol 

2009; 2: 486–94. 

207  Ginhoux F, Jung S. Monocytes and macrophages: developmental pathways and tissue 

homeostasis. Nat Rev Immunol 2014; 14: 392–404. 

208  Revised nomenclature for antigen-nonspecific T cell proliferation and helper factors. J 

Immunol 1979; 123: 2928–9. 



 

66 

209  Dumoutier L, Louahed J, Renauld JC. Cloning and characterization of IL-10-related T 

cell-derived inducible factor (IL-TIF), a novel cytokine structurally related to IL-10 

and inducible by IL-9. J Immunol 2000; 164: 1814–9. 

210  Lindemans CA, Calafiore M, Mertelsmann AM, Margaret H, Connor O, Dudakov JA, 

et al. Interleukin-22: Immunobiology and Pathology. Annu Rev Immunol 2015; 528: 

747–85. 

211  Liang SC, Tan X-Y, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M, et 

al. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively 

enhance expression of antimicrobial peptides. J Exp Med 2006; 203: 2271–9. 

212  Zheng Y, Danilenko DM, Valdez P, Kasman I, Eastham-Anderson J, Wu J, et al. 

Interleukin-22, a T(H)17 cytokine, mediates IL-23-induced dermal inflammation and 

acanthosis. Nature 2007; 445: 648–51. 

213  Chung Y, Yang X, Chang SH, Ma L, Tian Q, Dong C. Expression and regulation of 

IL-22 in the IL-17-producing CD4+ T lymphocytes. Cell Res 2006; 16: 902–7. 

214  Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, et al. Induction of 

Intestinal Th17 Cells by Segmented Filamentous Bacteria. Cell 2009; 139: 485–98. 

215  Vonarbourg C, Mortha A, Bui VL, Hernandez PP, Kiss EA, Hoyler T, et al. Regulated 

expression of nuclear receptor RORγt confers distinct functional fates to NK cell 

receptor-expressing RORγt+ innate lymphocytes. Immunity 2010; 33: 736–51. 

216  Geremia A, Arancibia-Cárcamo C V, Fleming MPP, Rust N, Singh B, Mortensen NJ, 

et al. IL-23–responsive innate lymphoid cells are increased in inflammatory bowel 

disease. J Exp Med 2011; 208: 1127–33. 

217  Sonnenberg GF, Monticelli L a, Alenghat T, Fung TC, Hutnick N a, Kunisawa J, et al. 

Innate lymphoid cells promote anatomical containment of lymphoid-resident 

commensal bacteria. Science 2012; 336: 1321–5. 

218  Satpathy AT, Briseño CG, Lee JS, Ng D, Manieri NA, Kc W, et al. Notch2-dependent 

classical dendritic cells orchestrate intestinal immunity to attaching-and-effacing 

bacterial pathogens. Nat Immunol 2013; 14: 937–48. 

219  Trifari S, Kaplan CD, Tran EH, Crellin NK, Spits H. Identification of a human helper 

T cell population that has abundant production of interleukin 22 and is distinct from 

T(H)-17, T(H)1 and T(H)2 cells. Nat Immunol 2009; 10: 864–71. 

220  Duhen T, Geiger R, Jarrossay D, Lanzavecchia A, Sallusto F. Production of 

interleukin 22 but not interleukin 17 by a subset of human skin-homing memory T 

cells. Nat Immunol 2009; 10: 857–63. 

221  Eyerich S, Eyerich K, Pennino D, Carbone T, Nasorri F, Pallotta S, et al. Th22 cells 

represent a distinct human T cell subset involved in epidermal immunity and 

remodeling. J Clin Invest 2009; 119: 3573–85. 

222  Plank MW, Kaiko GE, Maltby S, Weaver J, Tay HL, Shen W, et al. Th22 Cells Form 

a Distinct Th Lineage from Th17 Cells In Vitro with Unique Transcriptional 

Properties and Tbet-Dependent Th1 Plasticity. J Immunol 2017; 198: 2182–90. 

223  Ji YW, Mittal SK, Hwang HS, Chang E, Lee JH, Seo Y, et al. Lacrimal gland–derived 

IL-22 regulates IL-17-mediated ocular mucosal inflammation. Mucosal Immunol 



 

 67 

2017; 10: 1202–10. 

224  Wolk K, Kunz S, Witte E, Friedrich M, Asadullah K, Sabat R. IL-22 increases the 

innate immunity of tissues. Immunity 2004; 21: 241–54. 

225  Kreymborg K, Becher B. IL-22 vs. IL-22: The Tissue Matters. Open Autoimmun J 

2010; 2: 181–6. 

226  Dumoutier L, Van Roost E, Colau D, Renauld JC. Human interleukin-10-related T 

cell-derived inducible factor: molecular cloning and functional characterization as an 

hepatocyte-stimulating factor. Proc Natl Acad Sci U S A 2000; 97: 10144–9. 

227  Xie MH, Aggarwal S, Ho WH, Foster J, Zhang Z, Stinson J, et al. Interleukin (IL)-22, 

a novel human cytokine that signals through the interferon receptor-related proteins 

CRF2-4 and IL-22R. J Biol Chem 2000; 275: 31335–9. 

228  Li J, Tomkinson KN, Tan X-Y, Wu P, Yan G, Spaulding V, et al. Temporal 

associations between interleukin 22 and the extracellular domains of IL-22R and IL-

10R2. Int Immunopharmacol 2004; 4: 693–708. 

229  Kotenko S V, Izotova LS, Mirochnitchenko O V, Esterova E, Dickensheets H, 

Donnelly RP, et al. Identification of the functional interleukin-22 (IL-22) receptor 

complex. The IL-10R2 chain (IL-10Rβ) is a common chain of both the IL-10 and IL-

22 (IL-10-related T cell-derived inducible factor, IL-TIF) receptor complexes. J Biol 

Chem 2001; 276: 2725–32. 

230  Jones BC, Logsdon NJ, Walter MR. Structure of IL-22 bound to its high-affinity IL-

22R1 chain. Structure 2008; 16: 1333–44. 

231  Ikeuchi H, Kuroiwa T, Hiramatsu N, Kaneko Y, Hiromura K, Ueki K, et al. 

Expression of interleukin-22 in rheumatoid arthritis: potential role as a 

proinflammatory cytokine. Arthritis Rheum 2005; 52: 1037–46. 

232  Mitra A, Raychaudhuri SK, Raychaudhuri SP. IL-22 induced cell proliferation is 

regulated by PI3K/Akt/mTOR signaling cascade. Cytokine 2012; 60: 38–42. 

233  Wolk K, Witte E, Wallace E, Döcke WD, Kunz S, Asadullah K, et al. IL-22 regulates 

the expression of genes responsible for antimicrobial defense, cellular differentiation, 

and mobility in keratinocytes: A potential role in psoriasis. Eur J Immunol 2006; 36: 

1309–23. 

234  Radaeva S, Sun R, Pan H-N, Hong F, Gao B. Interleukin 22 (IL-22) plays a protective 

role in T cell-mediated murine hepatitis: IL-22 is a survival factor for hepatocytes via 

STAT3 activation. Hepatology 2004; 39: 1332–42. 

235  Justa S, Zhou X, Sarkar S. Endogenous IL-22 plays a dual role in arthritis: regulation 

of established arthritis via IFN-γ responses. PLoS One 2014; 9: e93279. 

236  Sarkar S, Zhou X, Justa S, Bommireddy SR. Interleukin-22 reduces the severity of 

collagen-induced arthritis in association with increased levels of interleukin-10. 

Arthritis Rheum 2013; 65: 960–71. 

237  Geboes L, Dumoutier L, Kelchtermans H, Schurgers E, Mitera T, Renauld J-C, et al. 

Proinflammatory role of the Th17 cytokine interleukin-22 in collagen-induced arthritis 

in C57BL/6 mice. Arthritis Rheum 2009; 60: 390–5. 



 

68 

238  Pfeifle R, Rothe T, Ipseiz N, Scherer HU, Culemann S, Harre U, et al. Regulation of 

autoantibody activity by the IL-23-TH17 axis determines the onset of autoimmune 

disease. Nat Immunol 2017; 18: 104–13. 

239  Ke Y, Sun D, Jiang G, Kaplan HJ, Shao H. IL-22-induced regulatory CD11b+ APCs 

suppress experimental autoimmune uveitis. J Immunol 2011; 187: 2130–9. 

240  Ciccia F, Guggino G, Rizzo A, Bombardieri M, Raimondo S, Carubbi F, et al. 

Interleukin (IL)-22 receptor 1 is over-expressed in primary Sjogren’s syndrome and 

Sjögren-associated non-Hodgkin lymphomas and is regulated by IL-18. Clin Exp 

Immunol 2015; 181: 219–29. 

241  Dalmas E, Venteclef N, Caer C, Poitou C, Cremer I, Aron-Wisnewsky J, et al. T cell-

derived IL-22 amplifies IL-1β-driven inflammation in human adipose tissue: relevance 

to obesity and type 2 diabetes. Diabetes 2014; 63: 1966–77. 

242  Treerat P, Prince O, Cruz-Lagunas A, Muñoz-Torrico M, Salazar-Lezama MA, 

Selman M, et al. Novel role for IL-22 in protection during chronic Mycobacterium 

tuberculosis HN878 infection. Mucosal Immunol 2017; 10: 1069–81. 

243  Xu W, Presnell SR, Parrish-Novak J, Kindsvogel W, Jaspers S, Chen Z, et al. A 

soluble class II cytokine receptor, IL-22RA2, is a naturally occurring IL-22 antagonist. 

Proc Natl Acad Sci U S A 2001; 98: 9511–6. 

244  Dumoutier L, Lejeune D, Colau D, Renauld JC. Cloning and characterization of IL-22 

binding protein, a natural antagonist of IL-10-related T cell-derived inducible 

factor/IL-22. J Immunol 2001; 166: 7090–5. 

245  Felix J, Savvides SN. Mechanisms of immunomodulation by mammalian and viral 

decoy receptors: insights from structures. Nat Rev Immunol 2016; 17: 112–29. 

246  Beyeen AD, Adzemovic MZ, Ockinger J, Stridh P, Becanovic K, Laaksonen H, et al. 

IL-22RA2 associates with multiple sclerosis and macrophage effector mechanisms in 

experimental neuroinflammation. J Immunol 2010; 185: 6883–90. 

247  Martin JCJ, Bériou G, Heslan M, Chauvin C, Utriainen L, Aumeunier A, et al. 

Interleukin-22 binding protein (IL-22BP) is constitutively expressed by a subset of 

conventional dendritic cells and is strongly induced by retinoic acid. Mucosal Immunol 

2014; 7: 101–13. 

248  Huber S, Gagliani N, Zenewicz L a, Huber FJ, Bosurgi L, Hu B, et al. IL-22BP is 

regulated by the inflammasome and modulates tumorigenesis in the intestine. Nature 

2012; 491: 259–63. 

249  Martin JC, Bériou G, Heslan M, Bossard C, Jarry A, Abidi A, et al. IL-22BP is 

produced by eosinophils in human gut and blocks IL-22 protective actions during 

colitis. Mucosal Immunol 2015; 9: 1–11. 

250  Pelczar P, Witkowski M, Perez LG, Kempski J, Hammel AG, Brockmann L, et al. A 

pathogenic role for T cell-derived IL-22BP in inflammatory bowel disease. Science 

2016; 354: 358–62. 

251  Sabat R, Ouyang W, Wolk K. Therapeutic opportunities of the IL-22-IL-22R1 system. 

Nat Rev Drug Discov 2014; 13: 21–38. 

252  Wolk K, Haugen HS, Xu W, Witte E, Waggie K, Anderson M, et al. IL-22 and IL-20 



 

 69 

are key mediators of the epidermal alterations in psoriasis while IL-17 and IFN-

gamma are not. J Mol Med (Berl) 2009; 87: 523–36. 

253  Ma H-L, Liang S, Li J, Napierata L, Brown T, Benoit S, et al. IL-22 is required for 

Th17 cell-mediated pathology in a mouse model of psoriasis-like skin inflammation. J 

Clin Invest 2008; 118: 597–607. 

254  Van Belle  a. B, de Heusch M, Lemaire MM, Hendrickx E, Warnier G, Dunussi-

Joannopoulos K, et al. IL-22 Is Required for Imiquimod-Induced Psoriasiform Skin 

Inflammation in Mice. J Immunol 2011; 188: 462–9. 

255  Perera GK, Ainali C, Semenova E, Hundhausen C, Barinaga G, Kassen D, et al. 

Integrative biology approach identifies cytokine targeting strategies for psoriasis. Sci 

Transl Med 2014; 6: 223ra22. 

256  Pan H, Hong F, Radaeva S, Gao B. Hydrodynamic gene delivery of interleukin-22 

protects the mouse liver from concanavalin A-, carbon tetrachloride-, and Fas ligand-

induced injury via activation of STAT3. Cell Mol Immunol 2004; 1: 43–9. 

257  Zenewicz LA, Yancopoulos GD, Valenzuela DM, Murphy AJ, Karow M, Flavell RA. 

Interleukin-22 but not interleukin-17 provides protection to hepatocytes during acute 

liver inflammation. Immunity 2007; 27: 647–59. 

258  Ki SH, Park O, Zheng M, Morales-Ibanez O, Kolls JK, Bataller R, et al. Interleukin-22 

treatment ameliorates alcoholic liver injury in a murine model of chronic-binge 

ethanol feeding: role of signal transducer and activator of transcription 3. Hepatology 

2010; 52: 1291–300. 

259  Eggenhofer E, Sabet-Rashedi M, Lantow M, Renner P, Rovira J, Koehl GE, et al. 

RORγt(+) IL-22-producing NKp46(+) cells protect from hepatic ischemia reperfusion 

injury in mice. J Hepatol 2016; 64: 128–34. 

260  Liang SC, Nickerson-Nutter C, Pittman DD, Carrier Y, Goodwin DG, Shields KM, et 

al. IL-22 induces an acute-phase response. J Immunol 2010; 185: 5531–8. 

261  Hu B, Shi C, Lei R, Lu D, Luo W, Qin S, et al. Interleukin-22 ameliorates liver 

fibrosis through miR-200a/beta-catenin. Sci Rep 2016; 6: 36436. 

262  Feng D, Kong X, Weng H, Park O, Wang H, Dooley S, et al. Interleukin-22 Promotes 

Proliferation of Liver Stem/Progenitor Cells in Mice and Patients With Chronic 

Hepatitis B Virus Infection. Gastroenterology 2012; 143: 188–198.e7. 

263  Dudakov JA, Hanash AM, Jenq RR, Young LF, Ghosh A, Singer N V, et al. 

Interleukin-22 drives endogenous thymic regeneration in mice. Science 2012; 336: 91–

5. 

264  Zheng Y, Valdez P a, Danilenko DM, Hu Y, Sa SM, Gong Q, et al. Interleukin-22 

mediates early host defense against attaching and effacing bacterial pathogens. Nat 

Med 2008; 14: 282–9. 

265  Satoh-Takayama N, Vosshenrich C a J, Lesjean-Pottier S, Sawa S, Lochner M, Rattis 

F, et al. Microbial flora drives interleukin 22 production in intestinal NKp46+ cells 

that provide innate mucosal immune defense. Immunity 2008; 29: 958–70. 

266  Sonnenberg GF, Monticelli LA, Elloso MM, Fouser LA, Artis D. CD4+ Lymphoid 

Tissue-Inducer Cells Promote Innate Immunity in the Gut. Immunity 2011; 34: 122–



 

70 

34. 

267  Qiu J, Heller JJ, Guo X, Chen ZME, Fish K, Fu Y-X, et al. The Aryl Hydrocarbon 

Receptor Regulates Gut Immunity through Modulation of Innate Lymphoid Cells. 

Immunity 2012; 36: 92–104. 

268  Basu R, O’Quinn DB, Silberger DJ, Schoeb TR, Fouser L, Ouyang W, et al. Th22 

Cells Are an Important Source of IL-22 for Host Protection against Enteropathogenic 

Bacteria. Immunity 2012; 37: 1061–75. 

269  Kim CJ, Nazli A, Rojas OL, Chege D, Alidina Z, Huibner S, et al. A role for mucosal 

IL-22 production and Th22 cells in HIV-associated mucosal immunopathogenesis. 

Mucosal Immunol 2012; 5: 670–80. 

270  Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol R, Bernard M, et al. 

Human TH17 lymphocytes promote blood-brain barrier disruption and central nervous 

system inflammation. Nat Med 2007; 13: 1173–5. 

271  Perriard G, Mathias A, Enz L, Canales M, Schluep M, Gentner M, et al. Interleukin-22 

is increased in multiple sclerosis patients and targets astrocytes. J Neuroinflammation 

2015; 12: 119. 

272  Zhen J, Yuan J, Fu Y, Zhu R, Wang M, Chang H, et al. IL-22 promotes Fas expression 

in oligodendrocytes and inhibits FOXP3 expression in T cells by activating the NF-κB 

pathway in multiple sclerosis. Mol Immunol 2017; 82: 84–93. 

273  Lowes MA, Suárez-Fariñas M, Krueger JG. Immunology of psoriasis. Annu Rev 

Immunol 2014; 32: 227–55. 

274  van der Fits L, Mourits S, Voerman JS a, Kant M, Boon L, Laman JD, et al. 

Imiquimod-induced psoriasis-like skin inflammation in mice is mediated via the IL-

23/IL-17 axis. J Immunol 2009; 182: 5836–45. 

275  Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, et al. 

Tissue-based map of the human proteome. Science (80- ) 2015; 347: 1260419–

1260419. 

276  Aggarwal S, Ghilardi N, Xie MH, De Sauvage FJ, Gurney AL. Interleukin-23 

promotes a distinct CD4 T cell activation state characterized by the production of 

interleukin-17. J Biol Chem 2003; 278: 1910–4. 

277  Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S, et al. IL-17 

Plays an Important Role in the Development of Experimental Autoimmune 

Encephalomyelitis. J Immunol 2006; 177: 566–73. 

278  Laaksonen H, Guerreiro-Cacais AO, Adzemovic MZ, Parsa R, Zeitelhofer M, Jagodic 

M, et al. The multiple sclerosis risk gene IL22RA2 contributes to a more severe 

murine autoimmune neuroinflammation. Genes Immun 2014; 15: 457–65. 

279  Lindahl H, Martini E, Brauner S, Nikamo P, Gallais Serezal I, Guerreiro-Cacais AO, 

et al. IL-22 binding protein regulates murine skin inflammation. Exp Dermatol 2017; 

26: 444–6. 

280  Martin JC, Wolk K, Bériou G, Abidi A, Witte-Händel E, Louvet C, et al. Limited 

Presence of IL-22 Binding Protein, a Natural IL-22 Inhibitor, Strengthens Psoriatic 

Skin Inflammation. J Immunol 2017; 198: 3671–8. 



 

 71 

281  ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the 

human genome. Nature 2012; 489: 57–74. 

 


