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Introduction 

This thesis focuses on the cells and molecules in the initial events triggering 
an autoimmune disease. These events are very difficult to study in humans 
since the autoimmune reaction starts well before clinical symptoms of the 
autoimmune disease develop. Therefore, the investigations made herein have 
been performed with the animal model experimental autoimmune encepha-
lomyelitis (EAE). EAE is the best studied animal model for cell mediated 
autoimmunity and an animal model for the human disease multiple sclerosis 
(MS).   

The Immune system 
The task of the immune system in the preservation of the host is to provide 
protection against microorganisms and harmful substances. The immune 
system has two components innate and adaptive immunity, with distinct 
functional characteristics, the main difference being how microorganisms are 
recognised.  

Innate immunity 
The cells and molecules of the innate immune system are continuously pre-
sent in the organism and provide the host with an immediate response 
mechanism in the defence against an invading pathogen.  

The innate immune system senses microorganisms through pattern recog-
nition receptors (PRRs), whose ligands are designated pathogen-associated 
molecular patterns (PAMPs), conserved molecular patterns, unique to mi-
croorganisms and often essential for their survival [1]. These receptors are 
germline encoded and thus expressed by all cells of a given type [2].    

There are many different types of PRRs providing a diverse set of func-
tions. They facilitate phagocytosis, chemotaxis, induce innate effector 
mechanisms and shape the subsequent adaptive immune response by induc-
ing proinflammatory cytokines and costimulatory molecules on antigen (Ag) 
presenting cells (APCs). PRRs can be broadly divided into transmembrane 
receptors; the Toll-like receptors (TLRs) and dectin-1; and intracellular re-
ceptors where RIG-1, MDA-5 and DAI are involved in sensing viral nucleic 
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acids and the Nod-like receptors of which many in the NALP subgroup acti-
vate the inflammasome described below [3-4]. 

The receptors lack the specificity to individual pathogens to make the in-
nate immune system able to provide immunological memory.   

Toll-like receptor 
Twelve functional TLRs have been identified in mice and 10 in humans. 
Each recognises different PAMPs and triggers distinct immune responses.   

TLR signalling is initiated by ligand dependent dimerization of the TLRs 
and subsequent interaction of their intracellular Toll-interleukin 1 receptor 
(TIR) domain with adaptor molecules.  Four kinds of adaptor molecules 
have been discovered in mammalians so far: Myeloid differentiation pri-
mary-response protein 88 (MyD88) [5], TIR domain-containing adaptor-
inducing interferon (IFN)-β (TRIF)/TIR-containing adaptor molecule 1 [6-
7], TIR domain-containing adaptor protein (TIRAP)/MyD88 adaptor-like 
(MAL) [8-9], and TRIF-related adaptor molecule (TRAM) [10]. The 
TLR/adaptor molecule interaction results in the recruitment of protein 
kinases in the cytoplasm ultimately leading to activation of transcription 
factors.  

All TLRs utilizes the adaptor molecule MyD88, except TLR3. The main 
transcription factors activated through MyD88-dependent pathways are nu-
clear factor-κB (NF-κB) and the AP-1-family transcription factors resulting 
in expression of proinflammatory cytokine genes [11]. In a subset of den-
dritic cells (DCs) called plasmacytoid DCs (pDCs) MyD88 instead binds to 
IFN-regulatory factor (IRF)-7 after TLR7 or TLR9 ligation which results in 
type I IFN production [12].  

The MyD88-independent pathway used by TLR3 and partially by TLR4 
uses the adaptor TRIF. TRIF signalling culminates in the activation of both 
NF-κB and IRF3, the latter inducing IFN-β [13].  

Finally, TIRAP facilitates the binding of MyD88 to TLR2 and TLR4, and 
TRAM recruits TRIF to TLR4 [14].  
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Table 1. Summary of TLR signalling (adapted from [11, 14])  

Receptor 
Example of 
microbial 
ligand 

Localization Adaptor Transcription 
factor 

Immune  
response 

TLR2-TLR1 
heterodimer 

Triacyl  
lipopetide 

Cell  
membrane 

MyD88 
TIRAP 

NF-κB Inflammatory 
cytokines 

TLR2-TLR6 
heterodimer 

Diacyl  
lipopeptide 

Cell 
membrane 

MyD88 
TIRAP 

NF-κB Inflammatory 
cytokines 

TLR3 dsRNA  Intracellular 
vesicles 

TRIF NF-κB, IRF3 Inflammatory 
cytokines,  
type I IFN 

TLR41 LPS Cell  
membrane 

MyD88 
TIRAP 
TRAM 
TRIF 

NF-κB, IRF3 Inflammaory 
cytokines,  
type I IFN 

TLR5 Flagellin Cell  
membrane 

MyD88 NF-κB, IRF5 Inflammaory 
cytokines 

TLR7 ssRNA Intracellular 
vesicles 

MyD88 NF-κB, IRF5, 
IRF8, IRF7 

Inflammaory 
cytokines,  
type I IFN 

TLR8 ssRNA Intracellular 
vesicles 

MyD88 NF-κB, IRF7 Inflammaory 
cytokines,  
type I IFN 

TLR9 CpG DNA Intracellular 
vesicles 

MyD88 NF-κB, IRF5 
IRF8, IRF7 

Inflammaory 
cytokines,  
type I IFN 

TLR102 - - - - - 
TLR11 Profilin Cell  

membrane 
MyD88 ? ? 

TLR12 ? Cell  
membrane 

MyD88 ? ? 

TLR13 ? Cell  
membrane 

MyD88 ? ? 

1TLR4 together with the accessory protein MD2 recognises LPS. 
2TLR10 is non-functional in mice. 

Inflammasomes 
Besides the classic PRRs, receptors with a broader recognition repertoire 
exist within the innate immune system. These receptors recognise a diverse 
set of ligands including microbial products and stress signals from cells. The 
receptors form protein complexes called inflammasomes. Signal transduc-
tion from the inflammasome results in the activation of caspase-1 which is 
required for pyroptosis, a form of cell death with properties of both apoptosis 
and necrosis, and activates the proinflammatory cytokines IL-1β and IL-18 
[15]. As an example, one of these receptors, NALP3, is activated by reactive 
oxygen species produced during influenza A infection [16] but also senses 
mRNA of microbial origin [17]. In the latter case, the NALP3 inflammasone 
signals in a TRIF-pathway dependent manner. 
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Cytokines 
The term cytokine is used for small soluble signalling molecules secreted by 
cells in response to various stimuli that perform cell-cell communication in 
an autocrine, paracrine, juxtacrine or endocrine manner. Important cytokines 
in the immune system are the interleukin (IL) family, which facilitates com-
munication between leukocytes, and IFNs produced mainly by the innate 
immune system. 

The IFNs comprise a large family of proteins originally discovered for 
their crucial role in defence against viral infection [18]. However, it is now 
becoming clear that they can exert a diverse biological response. Pivotal for 
IFN signal transduction, after receptor ligation, is the Janus kinase-signal 
transducer and activator of transcription (JAK-STAT) pathway, activation of 
which leads to expression of several different IFN-stimulated genes [19]. 
The IFNs are divided into three families on the basis of which type of recep-
tor they engage (Table 2) [20]. The type I IFNs are the largest family and 
comprises 8 subtypes. These bind to a common receptor, known as IFN-α/β 
receptor (IFNAR). Among the type I IFNs the IFN-α and -β are the most 
ubiquitous and from now on, the term type I IFN only refers to IFN-α and -β. 
They are induced in response to viral infection and can be produced by al-
most any cell type, although the main producer is the pDC [21-22]. Type I 
IFNs contribute to viral defence in several ways: They induce expression of 
proteins in the target cell that inhibit viral replication; they increase the ex-
pression of major histocompatibility complex (MHC) class I on all cell 
types; they activate natural killer (NK) cells; they induce chemokines that 
recruit lymphocytes; and finally, they link together the innate and adaptive 
immune system by promoting the maturation and differentiation of DCs and 
increases their expression of costimulatory molecules [23]. The type II IFN 
family has only one member IFN-γ, which binds to the IFN-γ receptor 
(IFNGR). IFN-γ is also important in the defence against viral infection. It 
can inhibit virus replication directly and activate NK cells but also exhibits a 
powerful immunomodulatory role, activating macrophages and shaping the 
ensuing adaptive immune response towards a T helper (Th) type 1 (Th1) cell 
response [24]. Recently, another type of IFNs have been identified, the type 
III IFNs consisting of the IFN-λs that also protect cells against viral infection 
[25]. 
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Table 2. Summary of the IFN system, adapted from [19-20, 26-27]   

Family Member Receptor Main effect Main cell type 
Example of role 
in autoimmune 
disease 

Type I 
IFNs 

IFN-α IFNAR Antiviral pDC Promote psoria-
sis and SLE, 
IFN- α therapy 
can induce celiac 
disease and 
autoimmune 
thyroiditis  

 IFN- β IFNAR Antiviral, activates 
macrophages and 
myeloid DCs 

Hematopoetic 
cells, non-
immune cells 

IFN-β therapy 
alleviates MS 

 IFN- ω IFNAR Antiviral Leukocytes  Unknown 

 IFN- ε IFNAR Antiviral Placenta Unknown 

 IFN- κ IFNAR Antiviral Keratinocytes Unknown 

 IFN- δa IFNAR Antiviral Trophoblast Unknown 

 IFN- τb IFNAR Antiviral Trophoblast Unknown 

 
IFN-ζc IFNAR Antiviral Spleen, thymus, 

lymf node 
Unknown 

Type II 
IFN 

IFN-γ IFNGR Activates macro-
phages, promote 
Th1 cells and 
CD8+ T cells 

Activated T 
cells and NK 
cells 

Protective role in 
autoimmune 
models of type 1 
diabetes and MS 

Type III 
IFNs 

IFN-λ1-3 
(or IL28A, 
IL28B, 
IL29) 

IL28Rα/ 
IL10R2 

Antiviral Ubiquitously 
expressed 

Unknown 

aPigs and cattle 
bRuminants 
cMice 

Antigen presenting cells 
Three types of immune cells are able to present Ags on their surface to T 
cells. These cells are called APCs and consist of the macrophages, B cells 
and DCs. DCs are bone-marrow derived cells specialized in capture and 
processing of Ags. They are thought to be the key APCs for the initiation 
and regulation of the adaptive immune response and are the most potent of 
the APCs in inducing T cell responses. DCs are found in the blood, lym-
phoid organs and in many peripheral tissues [28]. In the latter they often 
reside close to the epithelium, positioning them in proximity to foreign Ags, 
for example in the skin the Langerhans cells and langerin+ dermal DCs con-
tinuously scout their environment for foreign Ags [29]. DCs present intracel-
lular Ags on MHC class I molecules and extracellular derived Ags on MHC 
class II molecules. They are also able to divert extracellular Ags to the MHC 
class I pathway in a process called cross-presentation. Two major subsets of 
DCs in mice are the myeloid DC (mDC) characterized by the cell surface 
markers CD11chiB220-Gr-1- [30] and the pDC by CD11cloB220+Gr-1+ [31-
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33]. pDCs also exclusively express mouse pDC Ag-1 (mPDCA-1), which 
has been used for recognition and depletion of pDCs [34]. In humans, there 
is preferential expression of different TLRs between subtypes of DCs [35] 
whereas in mice the dichotomy is less pronounced [36]. Although murine 
mDCs and pDCs have the same set of TLRs they respond differently to TLR 
ligation; for example TLR9 ligation leads to IL-12 production in mDCs [37] 
whereas in pDCs the result is production of large amounts of type I IFNs 
[38]. After encountering an Ag, DCs migrate to the draining lymph node 
(LN) and spleen to interact with lymphocytes. During migration they 
upregulate their expression of MHC class II molecules and change their ex-
pression of costimulatory molecules [39]. DC subtypes differentially express 
these costimulatory molecules, which make them able to further influence 
the subsequent T cell response. For example, mature pDCs express high 
levels of inducible costimulatory ligand (ICOS-L) compared to mDCs, po-
tentially resulting in high production of IL-3, IL-4 and IL-10 in T cells [40]. 
DCs are also important in the maintenance of both central and peripheral 
tolerance as discussed below.  

Adaptive immunity 
If the pathogen is not cleared by the innate immune system an adaptive im-
mune response ensues.  

The adaptive immune system consists of the lymphocytes B cells and T 
cells, mediating humoral and cellular immunity respectively. They are hema-
topoietic cells derived from the bone marrow. B cells remain in the bone 
marrow during their maturation whereas progenitors of T cells migrate to 
and mature in the thymus [41].  

For pathogen recognition the adaptive immune system uses receptors with 
high specificity. The receptors are referred to as Ag receptors and the ligand 
is consequently called Ag. Somatic recombination of the receptor gene seg-
ments gives rise to a diverse repertoire of receptors each specific for a given 
Ag. An individual lymphocyte only expresses Ag receptors with a unique 
specificity. The Ag receptor on T cells is called T cell receptor (TCR) and 
consists of two classes: α:β and γ:δ [42]. α:β T cells differentiate in the thy-
mus into two subclasses of T cells: CD4+ T cells and  CD8+ T cells [43].  

To initiate an adaptive immune response Ags must be presented to naïve 
T cells by activated APCs. The initial activation of T cells is called priming. 
During priming the TCR/CD3 complex binds, together with the coreceptor 
CD4 or CD8, to its specific peptide Ag presented on MHC molecules. 
Costimulatory signals are essential for peptide:MHC ligand activation of T 
cells [44] since without them T cells are deleted or may differentiate into 
regulatory T cells (Tregs) as discussed below [45-46]. The important 
costimulatory signal delivered by binding of CD28 on T cells to CD80 and 
CD86 on APCs, results in the production of IL-2 and the expression of the 
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IL-2 receptor on T cells resulting in T cell proliferation [47]. This process is 
known as clonal expansion (i.e. only a selected population of T cells expands 
to a pathogen). The costimulatory signals can be modified by CD28-related 
proteins. Inducible costimulator (ICOS) expressed on activated T cells binds 
to ICOS-L expressed on activated APCs, but also on other tissues, and in-
duces cytokines such as IL-10, IL-4 and IFN-γ but not IL-2 [48-49]. Cyto-
toxic T lymphocyte-associated Ag 4, induced on T cells during activation, 
binds with higher affinity to CD80 and CD86 on APCs and delivers an in-
hibitory signal to T cells, thus limiting the proliferating response [50-51]. 
Another important costimulatory pathway is the interaction of CD40L with 
CD40, expressed on naïve T cells and APCs respectively, which further acti-
vates both the T cell and APC [52].  

After priming CD4+ T cells and CD8+ T cells differentiate into effector 
cells; CD4+ Th cells and CD8+ cytotoxic T cells with distinct functions, ca-
pable of responding to their specific Ag without costimulation [53]. Impor-
tant for the differentiation is the inflammatory milieu determined by the cy-
tokine production from the activated APC as mentioned before.  

After the pathogen is cleared some T cells become memory cells [54]. 
These T cells can then expand more rapidly if the pathogen is encountered 
again. This means that the adaptive immune response is selective, specific 
and has a memory for a given pathogen. The drawback is that it takes time to 
mount an effective immune response. 

T helper cell subsets 
There are several known subsets of Th cells with unique effector functions 
and cytokine profile. 

In the presence of IL-12 and IFN-γ naïve CD4+ cells differentiate into 
Th1 cells, a process under the control of STAT1 and STAT4 and the tran-
scription factor T-bet [55-56]. Th1 cells are important in the defence against 
intracellular microorganisms and previously thought to be the mediator of 
organ-specific autoimmune disease. Mature Th1 cells mainly secrete IFN-γ 
and TNF-α. [57]. 

If naïve CD4+  T cells receive IL-4 from the innate immune system they 
develop into Th2 cells through the actions of STAT6 and the transcription 
factor GATA-binding protein 3 (GATA3) [58-59]. Th2 cells are important in 
the defence against multicellular parasites and are involved in the patho-
genesis of allergy. They mainly produce IL-4, IL-5, IL-13 and IL-25 (the 
latter also called IL-17E) [57, 60]. 

A third effector lineage called Th17 cells has recently been described. 
Th17 cells develop in the presence of soluble transforming growth factor-β1 
(TGF-β1) or CD4+CD25+ Tregs and IL-6 through the actions of STAT3, the 
transcriptional factor Batf, and retinoic acid receptor-related orphan receptor 
γt (RORγt) [61-63]. IL-23 is important for maintaining Th17 cells [64]. Th17 
cells secrete IL-17A, IL17F, granulocyte-macrophage colony-stimulating 
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factor (GM-CSF), IL-21 and/or IL-22 and are potent inducers of inflamma-
tion and are thought to be crucial in the pathogenesis of many autoimmune 
diseases [65]. 

The cytokines secreted by mature Th cells further reinforce their devel-
opment but also have reciprocal inhibitory effect on the other possible de-
velopmental pathways that Th cells can be committed to, e.g. IFN-γ inhibits 
GATA3 and thus Th2 development and IL-4 suppresses Th1 development 
[57]. Mature Th cells then recruit other effector cells of the immune system. 
Th1 cells recruit macrophages, Th2 cells recruit B cells and Th17 cells re-
cruit neutrophiles [3]. 

Many T cells with immunosuppressive properties have been described. 
One important type is a subpopulation of CD4+ cells characterized by their 
expression of CD25+ and the transcription factor Forkhead box P3 (FoxP3) 
called natural Tregs (nTregs) [66]. These cells are produced in the thymus 
and lack of these cells, as occurs in the human syndrome IPEX due to muta-
tions in the FoxP3 gene, results in early rampant autoimmunity, which illus-
trates their potent immunosuppressive capabilities. FoxP3 expression can 
also be induced upon T cell activation, which results in the differentiation of 
induced Tregs (iTregs) [67-68]. Another class of immunosuppressive CD4+ 
cells is the type 1 regulatory T cell (Tr1) characterized by production of IL-
10 but lacking FoxP3 expression [69]. Priming and differentiation of Th 
cells is summarized in Figure 1. 

 
Figure 1. Summary of Th cell priming and differentiation 
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Autoimmunity 
The consequence of the adaptive immune systems vast antigen recognition 
repertoire is a potential for reaction against host molecules. When this situa-
tion arises the result is called an autoimmune reaction, a relatively common 
event. An autoimmune reaction is identical to an immune response against 
pathogens. B cells and/or T cells become activated in the periphery by an 
Ag, in this case called autoantigen, and mount an immunological attack 
against self-tissue. 

Mechanisms of tolerance  
The immune system has evolved several mechanisms to prevent reaction 
towards self-molecules.  

Immature self-reactive lymphocytes are eliminated by deletion or inacti-
vation during their development. Self-reactive B cells are controlled through 
tolerance mechanisms in the bone marrow [70]. In the thymus self-peptides 
are being presented on MHC molecules by APCs to T cells. First, thymo-
cytes that are able to bind self-peptid:MHC molecules are positively selected 
for further differentiation. Subsequently, thymocytes that react strongly to 
self-peptide:MHC molecules are deleted in a process called negative selec-
tion. T cells with an intermediate affinity for self-Ags become nTregs [71].  

Large numbers of self-reactive lymphocytes escape the central tolerance 
mechanisms, partly because not all self-Ags are expressed in the thymus or 
bone marrow. These are controlled by peripheral tolerance mechanisms. 
Firstly, self-Ags are usually abundant and a continuously strong signal 
through the lymphocyte Ag receptor leads to tolerance to the Ag [72]. Sec-
ondly, self-reactive lymphocytes that encounter their Ag without costimula-
tory or proinflammatory signals derived from PRR activated APCs are de-
leted or become anergic. Thirdly, self-reacting T cells can differentiate into 
subsets of T cells with a non-autoimmune cytokine profile. Fourthly, in the 
periphery, self-reacting lymphocytes can be actively suppressed by Tregs 
expressing TGF-β1 as demonstrated by the observation that depletion of 
CD4+CD25+ T cells increases susceptibility to autoimmunity [73]. Fifthly, 
lymphocytes have a restricted proliferation and survival capability and are 
also prone to FAS-mediated apoptosis limiting their autoreactive potential. 
Finally, some tissues are protected by barriers that exclude naïve lympho-
cytes. They are also characterized by atypical lymph drainage and produce 
tolerogenic cytokines, in particular TGF-β1. These are called immunological 
privileged sites and include the CNS, the anterior chamber of the eye and 
testis. Ags from immunological privileged sites do not normally trigger an 
immune response even though they do encounter T cells [74].  
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Breaking of tolerance 
Self-reacting lymphocytes can get activated as a result of failure in any of 
the tolerance mechanisms. The concordance rate for autoimmune disease in 
monozygotic twins is much less than 100%, suggesting that a combination of 
endogenous (genetic) susceptibility and exogenous factors and/or stochastic 
events is required for this to occur.  

Many autoimmune diseases are associated with MHC/human leukocyte 
Ag (HLA) alleles e.g. the HLA-DR15 and DQ6 haplotype substantially in-
creases the risk for MS [75]. Hypothesis on how polymorphism in these 
genes could lead to autoimmunity include the following: altered affinity of 
the MHC molecule for Ags, changed interaction with T cells due to confor-
mation changes of the peptide:MHC molecule, and decreased stability of the 
MHC molecule leading to increased amount of self-reacting T cells in the 
periphery [76]. Single gene traits with a link to MS are genes coding for 
signal transduction and costimulation important for cell mediated immunity 
and genes coding for cytokine pathways [77].  

Different exogenous factors have been postulated to activate latently self-
reactive lymphocytes. Disruption of tissue barriers can result in the release 
of normally sequestered Ags that activate lymphocytes. This is exemplified 
by the disease sympathetic ophtalmia, in which trauma to one eye leads to an 
autoimmune response against ocular Ags affecting both eyes [78].  

It has been suggested that pathogens, such as viruses, bacteria and para-
sites, are involved in breaking self-tolerance mechanisms and activate self-
reactive lymphocytes in a variety of ways. The microbial hypothesis in the 
aetiology of autoimmune disease comes from the observation that many 
autoimmune diseases are preceded by an infection, e.g. β-haemolytic strep-
tococci and rheumatic fever, and trypanosoma cruzi and chagas disease [79]. 
One of the first theories on how microbes could cause an autoimmune re-
sponse concerns molecular mimicry; i.e. foreign Ags share enough similari-
ties with self-molecules to induce cross-reaction to self [80]. In MS, Epstein-
Barr virus has been postulated in the pathogenesis by sharing homology with 
Ags within the CNS [81]. In a situation where the pathogen causes extensive 
tissue damage, the large amount of Ag released together with the pathogen 
activation of PRRs and the resulting proinflammatory milieu could in theory 
polyclonally activate self-reacting lymphocytes [82]. Some Ag epitopes are 
normally hidden from the immune system because they are not expressed at 
all or are not available in sufficient quantities to be recognised by lympho-
cytes undergoing central and peripheral tolerance selection. These hidden 
self-epitopes are called cryptic epitopes. During infection or other conditions 
that cause tissue damage, cryptic epitopes could get exposed in the periph-
ery. Furthermore, the proinflammatory environment during an infection re-
sults in increased Ag presentation and costimulatory signalling. Two condi-
tions which are thought to facilitate induction of an immune response to-
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wards cryptic epitopes.  Differential processing of self-epitopes, due to pro-
tease induction during proinflammatory conditions are also thought to con-
tribute to cryptic epitopes being exposed to the immune system [83]. The 
process by which T cells diversify their Ag reactivity during an immune 
response is called epitope spreading and epitope spreading towards cryptic 
epitopes have been demonstrated to occur during EAE [84]. That Ag release 
during tissue damage, although of non-pathogen origin, could lead to an 
autoimmune reaction has also been shown after myocardial infarction [85]. 
Viral- or bacterial-derived superantigens, i.e. Ags capable of binding both 
the MHC molecule and TCR, are able to polyclonally activate T cells and 
could in theory also activate self-reactive T cells. Some experimental evi-
dence for this hypothesis exists in EAE as it has been demonstrated that, 
although superantigens do not induce disease, they are able to exacerbating 
relapses of EAE [86].   

Up to 1/3 of α:β T cells express two TCRs with different specificities 
[87]. If one of them allows for thymic positive selection, T cells with a sec-
ond potentially self-reactive TCR could escape to the periphery and be in-
volved in autoimmunity [88]. 

In conclusion many hypotheses on how exogenous factors can initiate 
autoimmunity exist. However, most of the evidence relies on animal models 
of autoimmunity and their relevance in human autoimmune disease has yet 
to be proven.   

Autoimmune disease 
Most autoimmune reactions are self-limiting such as reactive arthritis and 
post-partum thyroiditis; however, if the autoimmune reaction is sustained an 
autoimmune disease can develop. An autoimmune reaction can be sustained 
for several reasons. The fact that autoantigens are not easily cleared leads to 
chronic inflammation recruiting ever more inflammatory cells, like macro-
phages, which further enhances proinflammatory conditions and tissue dam-
age. Additionally, the response to autoantigens is often broadened due to 
epitope spreading which contributes to the difficulties of terminating the 
autoimmune reaction.  

Autoimmune diseases are estimated to afflict 3% of the general popula-
tion in western countries [89]. The criteria for an autoimmune disease were 
postulated more than 50 years ago and revised in 1993 [90-91]:  

1. Direct evidence from transfer of pathogenic antibodies or T cells 
2. Indirect evidence from reproduction of the disease in experimental 

animals 
3. Circumstantial clinical indications; association with other auto-

immune diseases, lymphocytic infiltration of target organs, statis-
tical association with a particular MHC haplotype, and favourable 
response to immunosuppressive therapy. 
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The type of autoimmune disease depends on the target tissue affected. 
Autoimmune diseases can broadly be divided into organ-specific diseases in 
which one or a few organs are targeted, e.g. diabetes mellitus type 1, or sys-
temic diseases where the autoantigens are ubiquitous, e.g. systemic lupus 
erythematosus. 

Experimental autoimmune encephalomyelitis 
EAE is a demyelinating disease of the central nervous system (CNS) and 
consists of a series of closely related disorders that is caused by an immune 
response against CNS Ags in experimental animals. It is used as a prototype 
disease for T cell mediated autoimmunity and, because of its clinical and 
pathophysiological similarities, as an animal model for the demyelinating 
human disease MS [92]. EAE can be actively induced by a range of CNS 
Ags or by adoptive transfer of Ag-activated CD4+ T cells in many different 
species including rabbits, sheep, dogs, primates and rodents [93]. The Ag 
and species used in the experimental setup determines the phenotype of the 
EAE model [94]. There are also transgenic mice models with T cells ex-
pressing TCRs specific for myelin Ags [95].  In some of these models, mice 
have been reported to develop spontaneous EAE.  

In murine EAE the most commonly used Ags are myelin basic protein, 
proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein (MOG) 
or encephalitogenic peptides from these proteins [96]. In this thesis we have 
worked exclusively with MOG induced EAE; we used in the C57BL/6 mice 
the extracellular domain of rat MOG amino acid (AA) sequence 1-125 and 
in Lewis (LEW1.AV1) and Dark Agouti (DA) rats peptide from rat MOG 
AA sequence 91-108.  

MOG is only expressed in the CNS and not in the peripheral nervous sys-
tem [97]. It is located on oligodendrocytes and in the outer layers of the 
myelin sheath [98]. Myelin is a lipid rich layer around axons which increases 
the propagation speed of impulses along them. MOG belongs to the immu-
noglobulin (Ig) superfamily and is a transmembrane type 1 glycoprotein with 
an Ig-domain at the extracellular surface (Figure 2). MOG is highly con-
served between species [99-100]. The biological function of MOG is not 
known although it has been speculated that it has an adhesive function be-
tween myelin sheets and that it regulates microtubule stability in oligoden-
drocytes [101]. MOG is the only known Ag that is able to induce both a B 
cell and T cell response in EAE, which makes the MOG-induced EAE model 
favourable, because both these two components of the adaptive immune 
response play an important part in the pathogenesis of MS [102]. 
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Figure 2. Schematic illustration of the domains of rat MOG. MOG is a 218-aa 
transmembrane type 1 glycoprotein with an extracellular Ig-like domain. It is glyco-
sylated at position Asn-31 and has 2 hydrophobic membrane regions [102-104]. 

The myelin Ags are injected subcutaneously together with complete 
Freunds adjuvant (CFA) containing mineral oils and heat-inactivated myco-
bacterium tuberculosis (M.tb), to induce EAE. In mice, this is often followed 
by an intraperitoneal injection of pertussis toxin (PT) to further enhance the 
immune response against the myelin Ags. The exact mechanism by which 
PT exerts its immune activating properties is not known although it is hy-
pothesized that TLR4 signalling, inhibition of G protein signalling and in-
creased permeability of the blood brain barrier (BBB) are all involved [105-
107]. 

After immunization, APCs prime naïve T cells in the periphery and T 
cells then migrate from secondary lymphoid organs, transverse the BBB and 
enter the CNS where they are reactivated by CNS residing APCs such as 
microglia and DCs [108-110]. Essential for T cell migration across the BBB 
is binding of the T cell adhesion molecule VLA-4 to VCAM-1 expressed on 
activated endothelium [111] since blockade of VLA-4 renders mice resistant 
to EAE [112]. The release of chemokines and cytokines, by reactivated T 
cells in the CNS, leads to recruitment of myeloid cells which are important 
mediators of the inflammatory process [113]. 

Early studies indicated that Th1 cells were the critical effector cells medi-
ating EAE. This conclusion was mainly drawn from the observation that 
deficiency in or blockade of IL-12, the critical cytokine for Th1 develop-
ment, protected mice from EAE [114-115]. However, mice deficient in IFN-
γ or IFNGR and anti-IFN-γ monoclonal antibody (mAb) treated mice still 
developed EAE [116-118], as was also the case with IL-12 receptor-beta 2 
deficient mice [119], leaving in doubt that EAE was a purely Th1 driven 
disease. It could later be showed that IL-12 is redundant for EAE develop-
ment. IL-12 is composed of two subunits, p40 and p35, and p35 is shared 
with IL-23 [120]. The former studies had relied upon depletion of the p40 
gene and the neutralizing antibody (Ab) used also recognised this subunit, 
making the mice in these systems both IL-12 and IL-23 deficient. In con-
trast, mice deficient in p35 and thus only lacking IL-12 were susceptible to 
EAE [121]. Instead IL-23 was found to be critical for EAE [122] and IL-23 
was necessary for the development of a new highly encephalitogenic CD4+ T 
cell subset characterized by the production of IL-17 which could alone me-
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diate EAE [64], establishing that IL-17 producing Th17 cells are the main 
effector cells in MOG-induced EAE [123-124]. De novo differentiation of 
Th17 cells in vitro was found to be dependent on TGF-β1 and IL-6 and not 
IL-23 [61, 68]. The relevance for TGF-β1 in vivo in the differentiation of 
Th17 cells has been questioned [125] and again the importance of IL-23 has 
been emphasized. In a recent study, it was demonstrated that the key en-
cephalitogenic cytokine in EAE is GM-CSF since it is nonredundant for 
autoaggressive Th cells in the effector phase of EAE. GM-CSF production in 
Th cells was dependent on engagement of the IL-23 receptor (IL-23R) and 
the transcription factor RORγt [126]. Th17 cells are now in general consid-
ered to mediate EAE, but Th1 cells are also important in the pathogenesis 
since it has been demonstrated that if Th1 predominates over Th17 cells the 
lesion distribution within the CNS changes to more marked spinal cord in-
flammation [127-128]. 

The typical clinical course in rodent EAE is an ascending paralysis start-
ing at the tail. The pathological changes in the CNS consist of perivascular 
infiltrates of mononuclear cells and scattered lesions of demyelination in the 
brain and spinal cord [129-130]. There is also evidence for axonal damage in 
the chronic phase of EAE [131]. The main reason for EAE to be considered 
a valid animal model for MS is similarities in clinical course, neuroanatomi-
cal distribution of lesions, the content in the lesions of mononuclear cells and 
Ig deposits, and the analogy of risk genes between EAE and MS [77, 132-
133].  

EAE has been instrumental in our understanding of the molecular basis 
for autoimmune neuroinflammation, the prerequisite for development of 
potential therapies for MS. Besides treatment with IFN-β and methyl predni-
solon; Glatiramer acetate (induces tolerance/anergy in autoreactive lympho-
cytes), mitoxantrone (a DNA intercalating agent that inhibits both DNA and 
RNA synthesis resulting in inhibition of B cells, T cells and macrophages), 
anti-VLA4 (reduces T cell passage over the BBB) and sphingosine-1-
phosphate receptor modulator (fingolimod, prevents lymphocytes from leav-
ing LNs) were first shown to have beneficial effects in EAE models and are 
now approved for the management of MS. New immunomodulatory treat-
ments under investigation include the following: quinoline-3-carboxamide 
(laquinimod, anti-inflammatory, possibly Th1-Th2 shift), anti-CD25 mAb 
(blocking IL-2 receptor), anti-CD20 mAb (B cell depletion), and anti-CD52 
mAb (pan-lymphocyte depleting) [134]. Although EAE shares many simi-
larities with MS, caution is warranted in interpreting results from EAE mod-
els, because animal models by their nature only represent to some extent 
what is observed in humans. This is exemplified in EAE by the fact that 
many potential treatments deduced from the EAE model have failed to show 
success in treating MS. A particular problem with EAE is that it is not a 
spontaneous disease in mice. Instead it has to be actively induced by myelin 
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Ags whereas MS is caused by unknown environmental factors in genetically 
susceptible individuals [135-136].  

DNA vaccination 
DNA vaccination is a technique of immunization based on direct gene trans-
fer of Ag encoding DNA. The DNA vaccine constitutes of a plasmid back-
bone of non-eukaryotic origin and an Ag coding region under the influence 
of a mammalian promoter. The vaccine is injected intramuscularly or in-
tradermally which results in transfection of both MHC class II negative cells 
and APCs and in vivo expression of the Ag [137].  DNA vaccination has 
been proven effective against infectious diseases in animal models and there 
are currently many clinical trials ongoing [138]. In autoimmune diseases the 
results have been more ambiguous. In EAE, protection has been confirmed 
in several models, but in a small number of studies exacerbation of disease 
has been observed [139]. The molecular mechanisms underlying the protec-
tive effect of DNA vaccination in EAE have been more elusive. No evidence 
for induction of Th2 cells or T regulatory cells nor downregulation of Th1 
responses has been found [140-141]. Unmethylated CpG DNA, which is 
recognised by the innate immune system through TLR9, is essential for ef-
fective DNA vaccination [142] and DNA vaccination is associated with in-
duction of IFN-β [141]. So far Th17 responses, now known to be vital for 
induction of EAE, have never been studied after DNA vaccination.   
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Current investigation 

Aims 
The aim of this thesis was to investigate how innate immune mechanisms 
control adaptive immunity in EAE. The specific aims were: 

• To investigate the molecular mechanisms underlying the protec-
tive effect of DNA vaccination in a rat EAE model (Paper I). 

• To investigate how upstream TLR signals influence autoimmune 
T cell responses (Paper II). 

• To investigate the role of pDCs in the initiation of autoimmune T 
cell responses in EAE (Paper III). 

• To investigate the role of mDCs in the initiation of autoimmune T 
cell responses in EAE (Paper IV). 

Materials and methods 
The main material and methods used in the investigations are described be-
low. For specific detail see each individual paper. 

Animals 
All animals were kept under specific pathogen-free conditions and all studies 
have been reviewed and approved by the local ethics committee in Stock-
holm or Uppsala. 

TLR- and MyD88-deficient mice were originally obtained from Dr. S. 
Akira, Osaka, Japan and further backcrossed at the Karolinska Institute with 
Japanese C57BL/6 mice and subsequently backcrossed with the same local 
colony of C57BL/6 mice used as wild type (WT) mice. 

Locally bred LEW.1AV1 (RT1av1) or DA (B&K, Sweden) female rats 
were used in the DNA vaccination experiments. 

In the depletion studies (Paper III and IV) C57BL/6 female mice obtained 
from Taconic, Denmark were bred at the animal house at Rudbeck laborato-
ries, Uppsala University and constituted WT mice. Mice carrying a trans-
gene encoding a simian diphtheria toxin receptor (DTR)-green fluorescent 
protein (GFP) fusion protein under the control of the murine CD11c promo-
ter (CD11c-DTR mice) were obtained from Jackson Laboratory (Bar Harbor, 
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ME, USA). Bone marrow cells from CD11c-DTR mice were injected i.v. 
into sublethally irradiated C57BL/6 female mice to generate bone marrow 
chimeras. 

EAE 
E. coli-derived rat MOG1-125 and peptide SDEGGYTCFFRDHSYQEE from 
rat sequence MOG91-108 were produced as previously described [130, 140]. 
Rats and mice were immunized s.c at the base of the tail with encephalito-
genic peptide or protein in CFA, consisting of IFA (Sigma-Aldrich, St. 
Louis, MO, USA) and 0.5 mg heat-inactivated M.tb H37RA (Difco, BD 
Diagnostic Systems, Sparks, MD, USA). Mice were further treated with 200 
ng PT (Sigma-Aldrich) in 200 µl PBS injected i.p at the day of immunization 
and 2 days after. In the mice experiment disease severity was graded accord-
ing to a 5-point scale and in the rat experiments according to a 4-point scale. 
The 4-point scale was also used in the mice MyD88-/- and TLR6-/- experi-
ments. 

Table 3. Clinical grading of EAE 

Score Clinical manifestation Score Clinical manifestation 

0 Healthy animal 0 Healthy animal 
1 Tail weakness or paralysis 1 Tail weakness or paralysis 
2 Hind limb paraparesis 2 Hind limb paraparesis 
3 Partial hind limb paralysis 3 Hind limb paralysis 
4 Complete hind limb paralysis 4 Tetraplegia or moribund state 
5 Tetraplegia or moribund state   

DNA vaccination 
DNA coding for an encephalitogenic peptide was cloned into a plasmid and 
plasmid DNA was prepared by using the Qiagen plasmid preparation proto-
col with removal of endotoxins in an additional step. The plasmid backbone 
was used as a control. Rats were injected with the DNA vaccine in the ga-
strocnemii muscles which were pretreated with cardiotoxin. 

To silence IFN-β, a DNA vaccine containing short interfering RNA (siR-
NA) for IFN-β was created. A scrambled siRNA sequence was used as a 
control. To assess if the incorporated siRNA affected the expression of the 
encephalitogenic peptide, cell lysates from DNA vaccine transfected rat mar-
row stroma cells were examined with Western blot. The silencing capability 
of the siRNA construct was assessed by measuring IFN-β mRNA expression 
with Q-PCR after transfecting rat splencocytes with the vaccine. 
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Depletion studies 
pDCs were depleted by i.p. injection of anti-mPDCA-1 pure mAb (Miltenyi 
Biotech, Bergisch Gladbach, Germany) at different time points. Rat IgG 
(Sigma-Aldrich) was used as a control. 

IFN-α/β was neutralized by s.c. injection of sheep anti-mouse IFN-α/β Ig 
(provided by Dr B. Dalton; SmithKline Beecham Pharmaceuticals, King of 
Prussia, PA, USA). Normal sheep Ig (SVA, Uppsala, Sweden) served as 
control. 

To deplete DC in vivo CD11c-DTR mice or bone marrow chimeras were 
injected i.p. with 100 ng diphtheria toxin (DTx) (Sigma-Aldrich) as pre-
viously described [143]. PBS injected CD11c-DTR mice served as a control. 

Cell preparation 
Cells from spleen and LN were harvested, mechanically disrupted, resus-
pended in DMEM (SVA, Uppsala, Sweden) supplemented with 10% heat 
inactivated fetal calf serum, 1% penicillin/streptomycin, 1% lL-Glutamine 
(DMEM complete) (all from Invitrogen, Carlsbad, CA, USA) and flushed 
through a cellstrainer (BD Biosciences, San Jose, CA, USA) before flow 
cytometer analysis, cell sorting or cell culturing. 

CNS-derived lymphocytes were isolated using Percoll (GE Health, Upp-
sala, Sweden) separation. Monocytes were obtained from heparinized blood 
using standard Lymphoprep density gradient centrifugation (Nycomed, NY, 
USA). Monocytes were further enriched by magnetic beads conjugated to 
RT1 Ab (Miltenyi Biotec). Approximately 90% of the cells were then MHC 
class II positive as assessed by flow cytometry. 

Cell cultures 
In recall experiments splenocytes were cultured at 2 x 106 cells/ml in DMEM 
complete with or without Ag for 48 h at 37° C and 5% CO2. In measuring 
IL-17 responses after DNA vaccination, splenocytes were cultured for 24, 48 
or 72 h. 

Flow cytometry 
Before staining for surface Ags, cells were preincubated with rat anti-mouse 
CD16/32 (BD Biosciences) to block unspecific binding of Ab to Fc-
receptors. In the DNA vaccination experiments 1% normal rat serum was 
used instead. 

For intracellular staining, recall cells were stimulated with 500 ng/ml 
phorbol dibutyrate (Sigma-Aldrich) and 500 ng/ml ionomycin (Sigma-
Aldrich) for 3-4 h in the presence of GolgiplugTM containing brefeldin A 
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(BD Bioscience) and subsequently fixed and permeabilized using Cyto-
fix/CytopermTM fixation/permeabilization solution kit (BD Bioscience).  
Intracellular staining of FoxP3 was performed as above but without prior Ag 
stimulation. 

Flow cytometry analysis was performed on an FACSCaliburTM cytometer 
using cellquest software (BD Biosciences) or on an FACSCantoTM II cyto-
meter using FACSDiva software (BD Biosciences). 

Sorting of cells 
Different methods were used in the individual papers for sorting of T cells 
and DCs. 

In Paper I, CD3+ T cells from spleen were purified using CD3-MACS 
magnetic beads (Miltenyi Biotec) and CD3+CD4+ cells from spleen were 
sorted by flow cytometry 90% purity. 

In Paper II, mDC (CD11chi B220- Gr-1-) and pDC (CD11clo B220+ Gr-1+) 
from spleen were sorted to >92% using a Moflo cytometer (Dakocytomation, 
Glostrup, Denmark) and Thy1.2+ T cells from regional LN or spleen were 
purified to >95% purity using Thy1.2-MACS magnetic beads (Miltenyi Bio-
tec). 

In Paper III, CD3+ or CD11chiCD3- cells from spleen were sorted using a 
FACSDiva cytometer (BD Biosciences) to >94% purity. 

Immunoassays 
IL-17 and IL-6 levels in sera or supernatant were measured by enzyme-
linked immunosorbent assay (ELISA) (R&D systems, England UK or USCN 
Life Science and Technology Company, China). IFN-α/β in sera was meas-
ured by using a dissociation-enhanced lanthanide fluoroimmuno assay 
(DELFIA), as previously described [144]. The number of IL17A and IFN-γ 
secreting splenocytes were assessed by enzyme-linked immunosorbent spot 
(ELISPOT) (Mabtech, Nacka, Sweden). Spots were counted manually in a 
dissection microscope. 

Histological analysis 
After fixation, by perfusion with 4% phosphate buffered paraformaldehyde, 
brain and spinal cords were paraffin embedded and evaluated with staining 
and immunocytochemistry for demyelination, axonal degeneration, T cell 
and macrophage infiltration. 
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Gene expression analysis 
Total RNA from cells were isolated using RNeasy® mini or micro kit (Qia-
gen, Hilden, Germany). cDNA synthesis was performed using SuperScript® 
II or III (Invitrogen). The expression of cytokine mRNA was measured by 
Q-PCR using SYBR green PCR kit (Qiagen) and amplification performed 
with MyiQ™ cycler (Bio-Rad Laboratories, Hercules, CA, USA) or ABI 
Prism® 7700 Sequence Detection System (Applied Biosystems, Norwalk, 
CT, USA). GAPDH (Paper I and II) or 18 S RNA (Paper III and IV) was 
used as an endogenous control. The relative amount of target and endogen-
ous control mRNA was deduced by using standard curves. 

Statistical analysis 
Differences between mean daily EAE scores were analysed with Mann-
Whitney U-test. Gene expression and cytokine levels were analysed with 
unpaired t-test or Mann-Whitney U-test depending on if data were normally 
distributed. P-values lower than 0.05 were considered significant. If data 
were pooled two-way ANOVA analysis was first performed. All analyses 
were performed using Graphpad Prism™ 4.0/5.0 software. 

Results 
DNA vaccination downregulates Th17 cell responses and the 
effect can be abrogated by silencing IFN-β (Paper I) 
The suppressive effect of DNA vaccination against MOG91-108 induced EAE 
is not associated with an alteration in the Th1 or Th2 cell responses or in IL-
10 producing Treg responses [140-141]. 

To investigate how Th17 cell responses were affected, we treated rats 
with the DNA vaccine pMOG or pCI control and analysed the cytokine ex-
pression relevant for Th17 cells. First, rats were treated with pMOG or con-
trol plasmid pCI but without subsequent immunization with MOG91-108. 
CD3+ T cells isolated from splenocytes in pMOG treated rats did not express 
any IL-17 or IL-21 mRNA. Thus, pMOG vaccination does not in itself in-
duce a Th17 cell response. Next, the cytokine expression in splenocytes, 
splenic T cells and CNS lymphocytes from pMOG or pCI treated rats were 
analysed. Splenocytes and CNS derived lymphocytes had lower IL-17 
mRNA expression after treatment with pMOG. In sorted CD3+CD4+ Th cells 
from spleen there was a tendency to reduced IL-17 mRNA expression com-
pared to pCI control (p=0.09). In CNS lymphocytes, the IL-21 mRNA ex-
pression was abolished after pMOG treatment. Thus, after vaccination with 
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DNA encoding MOG91-108 Th17 cell responses are reduced after immuniza-
tion with the same peptide.  

One way the DNA vaccine could impair Th17 cell responses is through 
induction of Tregs [61, 68]. Splenic T cells from unimmunized but pMOG-
vaccinated rats had similar expression of FoxP3 and TGF-β1 as controls, 
showing no direct effect of the vaccine itself on Tregs. After pMOG treat-
ment and subsequent immunization with MOG91-108 the expression of FoxP3 
and TGF-β1 was unchanged in CNS derived lymphocytes. In splenocytes, 
lower FoxP3 mRNA expression, but no change in TGF-β1 expression was 
observed in pMOG treated rats. In a subsequent experiment the frequency of 
splenic CD4+FoxP3+ T cells after restimulation ex vivo was unchanged com-
pared to pCI-treated controls. These data suggest that DNA vaccination 
against EAE do not induce Tregs but may reduce FoxP3 mRNA expression 
in the periphery. 

The IFN-β expression is upregulated after vaccination with pMOG [141]. 
To identify other genes that are regulated by DNA vaccination, gene expres-
sion profiles from spleen during peak of disease in pMOG or pCI vaccinated 
rats were analysed by cDNA microarray. The most upregulated genes were 
associated with type I IFN-induced responses and/or were pDC associated. 
The differential expression was confirmed by Q-PCR. These findings em-
phasize again the importance of IFN-β and indicate an involvement of pDCs 
in the mechanism of protective DNA vaccination in EAE.  

To test if IFN-β induction is required for the protective effect of the DNA 
vaccine in vivo, RNA interference was employed. A DNA vaccine encoding 
MOG91-108 and siRNA specific for IFN-β (pMOG-IFNbeta) was constructed. 
A DNA vaccine containing a scrambled, non-specific siRNA (pMOG-scr) 
was used as a control. Transfection of rat marrow stroma cells with the vac-
cine showed that the employment of siRNA did not affect the expression of 
MOG91-108. The IFN-β mRNA expression was reduced in splenocytes trans-
fected with pMOG-IFNbeta from untreated rats and in splenocytes from 
pMOG-IFNbeta treated rats immunized with MOG91-108. Thus, the vaccine 
pMOG-IFNbeta was effective in silencing IFN-β both in vitro and in vivo.  

Next, the pMOG-IFNbeta vaccine’s ability to suppress EAE was tested. 
The vaccine pMOG-IFNbeta failed to protect from EAE. Treatment with 
pMOG and pMOG-scr protected rats from EAE compared to pCI-treated 
controls; no alteration in disease severity was observed between pMOG or 
pMOG-scr treated rats. These data demonstrate that IFN-β induction is re-
quired for protective DNA vaccination in vivo and that loss of protection 
from the DNA vaccine is not due to the construct design.   

To investigate the Th17 response after silencing IFN-β, rats were treated 
with pCI, pMOG, pMOG-scr or MOG-IFNbeta and subsequently immunized 
with MOG91-108. Higher IL-17 mRNA expression was observed in spleno-
cytes and in CNS-derived lymphocytes from pMOG-IFNbeta compared to 
pMOG treated rats. IL-21 expression did not differ. IL-17 protein levels 
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were higher in supernatants from splenocyte cultures from pMOG-IFNbeta 
compared to pMOG treated rats and reached the same levels as in pCI 
treated rats. Together these findings demonstrate a restoration of Th17 res-
ponses after silencing IFN-β, which is a likely explanation why pMOG-
IFNbeta does not protect against EAE.  

Because the mechanism by which IFN-β protects against autoimmune 
neuroinflammation has been suggested to involve suppression of Th17 res-
ponses via IL-27 [145], the IL-27p28 mRNA expression in splenocytes after 
recall was measured. However, a reduced IL-27p28 expression in pMOG 
treated rats compared to pCI control was observed. Thus, the suppressive 
effect of pMOG vaccination is not mediated by IL-27 in our system.  

Next, we investigated if silencing of IFN-β affected Treg responses. The 
mean frequency of splenic CD4+FoxP3+ Th cells after ex vivo restimulation 
with MOG91-108 and the FoxP3 mRNA expression in CNS-derived lympho-
cytes isolated during peak of disease was lower in pMOG-IFNbeta-treated 
rats compared to pCI-treated controls, but did not differ between pMOG-
IFNbeta and pMOG treated rats. Thus, these data suggest a pMOG-IFNbeta 
mediated downregulation of CD4+ FoxP3+ T cell responses.  

In conclusion, DNA vaccination confers protection against proinflamma-
tory Th17 cells responses and the mechanism involves IFN-β as Th17 cell 
responses are restored after silencing IFN-β during DNA vaccination.  

Induction of EAE is MyD88 dependent and TLR4 and TLR9 
regulates EAE (Paper II) 
To investigate how the innate immune system can influence the adaptive 
immune response through TLR signalling, we investigated individual TLRs 
and the common TLR adaptor molecule MyD88 in MOG induced EAE. WT 
C57BL/6, TLR-deficient (TLR-/-) and MyD88-deficient (MyD88-/-) mice 
were immunized with MOG in CFA and the disease progression was fol-
lowed.  

TLR6-/- mice had a similar disease progression as WT mice. TLR4-/- and 
TLR9-/- mice exhibited more severe EAE symptoms than WT mice. MyD88-

/- mice were completely resistant to EAE. Thus, TLR6 signalling has a re-
dundant role; TLR4/TLR9 signalling has a suppressive role in the initiation 
of EAE and MyD88 signalling is required for the initiation of EAE.   

Next, we investigated how the initial peripheral immune activation was 
affected by deficient MyD88 and TLR signalling. 

In MyD88-/- splenic mDCs expression of mRNA encoding IL-6 and IL-
23p40 but not IL23p19, was much lower on day 10 after immunization com-
pared to WT DCs. The frequency of IL-17 positive T cells from MOG-
immunized MyD88-/- mice was lower compared to WT mice and in concor-
dance Thy1.2+ T cells from MyD88-/- mice failed to express IL-17 mRNA. 
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To further evaluate the observed mRNA expression, protein levels of IL-6 
and IL-17 were measured in serum on day 2, 4 and 10 after MOG immuniza-
tion. On day 2, IL-6 levels were increased both in WT and MyD88-/- mice. 
However, on day 10 no IL-6 could be detected in MyD88-/- mice whereas in 
WT mice, high levels of IL-6 were present. IL-17 levels increased in WT 
mice on day 10 after immunization, whereas the IL-17 levels in MyD88-/- 

mice were much lower. Together these data demonstrate that no encephali-
togenic Th17 cells are primed in the absence of MyD88 and that MyD88 
mediates proinflammatory cytokine expression in mDCs.   

In TLR4-/- mice the mRNA expression of IL-6, IL-23p40 and IL23p19 by 
mDCs after MOG immunization was increased. The Th17 response was 
strongly enhanced. Both the frequency of Th17 cells in spleen and the IL-17 
mRNA expression by purified T cells were higher in TLR4-/- mice, as was 
the level of IL-17 in serum. In contrast, the IFN-γ mRNA expression was 
downregulated both in purified T cells and in splenocytes. These findings 
indicate that TLR4 signals regulate IL-6 and IL-23 production in mDCs dur-
ing initiation of EAE and that loss of TLR4 signalling reduces IFN-γ produc-
tion in T cells but enhances Th17 responses.  

In TLR9-/- the expression of IL-6 and IL-23 by mDCs was not altered and 
the Th17 response was similar to the one observed in WT. We observed 
enhanced IL-6 mRNA expression in splenocytes but could not detect in-
creased serum levels of IL-6. Thus, TLR9 signalling does not affect mDC 
proinflammatory cytokine expression nor dampen Th17 responses. However, 
the IL-6 expression in spleen indicates an increased local inflammatory mi-
lieu in the absence of TLR9 signalling. 

In conclusion MyD88 is required for the induction of EAE. These data 
suggest that MyD88 mediates the induction of IL-6 and IL-23 in mDCs after 
MOG immunization which may drive encephalitogenic Th17 responses. 
Moreover, a new regulatory role for TLR4 and TLR9 in EAE could be estab-
lished.  

Plasmacytoid dendritic cells promote priming of autoimmune 
Th17 cells and EAE (Paper III) 
We demonstrated that IFN-β was essential for the protective effect of DNA 
vaccination and that TLR9 ligation suppressed EAE. Because pDCs are im-
portant producers of type I IFNs and express TLR9 we wanted to investigate 
their role in EAE. 

To investigate the role of pDCs during initiation of EAE, C57BL/6 mice 
were treated with either the pDC-depleting anti-mPDCA-1 mAb or normal 
rat IgG one day before and at the time of immunization with MOG1-125. The 
depletion effect was controlled by flow cytometry which conferred a reduced 
frequency of CD11cloB220+Gr-1+ pDCs after treatment with anti-mPDCA-1 
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mAb. Depletion of pDCs resulted in a significant reduction in disease severi-
ty and a histopathological evaluation of the CNS showed less inflammation 
and demyelination in anti-mPDCA-1 treated mice. Thus, pDCs are important 
for the severity of EAE and affect inflammation and demyelination in the 
CNS. 

Next, the serum levels of type I IFNs were measured 10 days after immu-
nization in anti-mPDCA-1 treated and rat IgG treated mice. IFN-β was 68% 
lower (p<0.05) and IFN-α was 46% lower (p=0.06) after pDC depletion. In 
unimmunized mice the levels of type I IFNs in serum were lower than in 
both treatment groups.  These data suggest that pDCs are important produc-
ers of type I IFNs during the initiation of EAE. 

Neutralization of type I IFN, on the day of or 8 days after immunization, 
with polyclonal sheep anti-IFN-α/β Ab resulted in less severe clinical signs 
during the early phase of EAE but did not alter the severity of EAE. This 
indicates that pDCs to some extent promote the development of EAE via 
type I IFNs. 

The expression of MHCII, CD80 and CD86 on mDCs was measured by 
flow cytometry 10 days after immunization. There was no difference be-
tween anti-mPDCA-1 or rat IgG treated mice. The expression of IL-6 and 
IL-23 mRNA by mDCs at the same time point did not differ. IL-6 levels in 
serum were similar in both treatment groups. Together these results indicate 
that pDCs influence neither maturation nor activation of mDCs. 

Next, we studied the effect of pDC depletion on the Th17, Th1 and 
FoxP3+ Treg cell responses. Splenocytes were isolated 10 days after immu-
nization and subsequently restimulated with or without MOG ex vivo. Both 
the frequency and absolute number of Th17 cells and the IL-17 mRNA ex-
pression was lower in anti-mPDCA-1 treated mice compared to rat IgG 
treated controls. These findings may explain the observed reduction of clini-
cal signs of EAE after anti-mPDCA-1 treatment.  

The absolute numbers of Th1 cells in spleen were higher in anti-mPDCA-
1 treated mice but the frequency of Th1 cells and the IFN-γ mRNA expres-
sion in spleen did not differ, whereby we conclude that Th1 cell responses 
are not reduced by pDC depletion.  

There was no difference in IL-10 mRNA expression in splenocytes be-
tween the two treatment groups, which suggests that IL-10 production is not 
promoted by pDC during induction of EAE. Expression of FoxP3 mRNA 
was higher in splenocytes from anti-mPDCA-1 treated mice but the absolute 
numbers of FoxP3+ Treg in spleen did not differ between the groups. Fur-
thermore, there was no difference in TGF-β1 mRNA expression in spleno-
cytes between the groups. These data suggest that pDCs do not alter the 
FoxP3+ Treg cell responses in vivo. 

To investigate if ICOS signalling in T cells was affected by pDC deple-
tion, T cells from spleen were isolated 10 days after immunization from anti-
mPDCA-1 or rat IgG treated mice. The expression of mRNA from the fol-
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lowing genes involved in ICOS signalling did not differ between the groups; 
IL-9, ICOS, Myo1F, Mal and IL-2. Together these results showed no influ-
ence by pDCs on ICOS signalling in T cells. 

In a recent study, pDC depletion during ongoing disease in PLP139-151 in-
duced EAE in SJL/J mice exacerbated disease severity [146]. Therefore 
pDCs were depleted 8 days after immunization and then every other day for 
a total of four treatments. Consistent with the previous study pDC depletion 
during ongoing disease also exacerbated EAE in our system. 

It has been reported that the expression of mPDCA-1 increases on numer-
ous immune cells after challenge with influenza virus [147]. Therefore we 
immunized mice with MOG1-125 and 60 h later isolated the spleen and local 
LN and analysed, by flow cytometry, the expression of mPDCA-1 on; CD3+ 
T cells, DX5+ NK cells, B220+CD11c- B cells, CD11chi mDCs, 
CD11cloB220+ pDCs and CD11b+ cells. There was no expression of 
mPDCA-1 after immunization on other cell types except pDCs (Figure 3; 
unpublished data). Thus, after immunization with MOG1-125 in CFA, 
mPDCA-1 is not induced on other immune cells.  

 
Figure 3. mPDCA-1 is not induced after immunization with MOG1-125 in CFA (un-
published data). Splenocytes were isolated 60 h post immunization and stained with 
anti-mPDCA-1 or isotype control. pDCs were identified as mPDCA1+CD11cloB220+ 
cells; T cells are CD3+; NK cells are DX5+; B cells are B220+CD11c-; and mDCs are 
CD11chi. 
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These data establish the idea that pDCs are important in the pathogenesis of 
EAE and demonstrate that they can both promote and suppress EAE. The 
mechanism behind how pDCs promote EAE could be mediated by type I 
IFNs to some extent, but the interaction between pDCs and Th17 cells seems 
to be central. 

mDC depletion does not affect priming of encephalitogenic Th 
cells in EAE (Paper IV) 
In Paper II mDCs were implicated in priming of encephalitogenic Th17 
cells. To directly study mDCs role in priming of naïve T cells into encepha-
lolitogenic T cells in EAE, mDCs were depleted in vivo in CD11c-DTR 
mice. These mice carry a transgene encoding a simian DTR-GFP fusion 
protein under the control of the murine CD11c promoter, in which injection 
with DTx results in short-term depletion of CD11chi mDCs.      

The efficiency of DC depletion was assessed by flow cytometry 24 h after 
injection with DTx and showed a 90-95% reduction in the frequency of 
CD11chiB220- mDC. pDCs were not affected. DTx-treated C57BL/6 mice 
and PBS-treated mice developed similar EAE severity, which suggests no 
unspecific effect of DTx per se on EAE.  

mDC depletion on the day before, but not eight days after, immunization  
slightly reduced the mean maximum clinical EAE score but did not alter the 
incidence of EAE compared to controls. The number of FoxP3+ T cells per 
spleen was unaltered after mDC depletion compared to controls. The T cell 
response towards M.tb, a component of CFA, was measured. mDCs were 
depleted on the day before immunization and splenocytes were stimulated ex 
vivo for 48 h with or without M.tb. The Th1 and Th17 response towards M.tb 
did not differ between mDC depleted mice compared to controls. The Th1 
and Th17 responses towards M.tb was much lower compared to MOG-
induced responses in both mDC depleted mice and controls. 

 In our hands mortality increased in DTx treated CD11c-DTR mice over 
time as recently also reported by others [148]. It was not an effect of MOG-
immunization as DTx treated unimmunized CD11c-DTR mice had the same 
mortality. The frequency of B cells, CD11b+ cells and T cells were unaf-
fected by DTx treatment suggesting that CD11c was expressed on non-
hematopoetic cells. Therefore bone marrow chimeras were generated. Bone 
marrow from CD11c-DTR mice was injected into sublethally irradiated 
C57BL/6 mice. There was no mortality in the bone marrow chimeras follow-
ing DTx injection. Depletion of mDC on the day before immunization did 
not alter the frequency of naïve CD62Lhi CD44lo CD4+ T cells, acti-
vated/memory CD44hi CD4+ T cells nor did it affect the Th1 and Th17 res-
ponses in spleen 10 days after immunization compared to controls. This sug-
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gested that neither priming nor differentiation of autoimmune Th cells is 
affected by mDC depletion.  

Discussion 
The Th17 response was impaired after DNA vaccination against MOG91-108 
induced EAE. There was no evidence for Treg induction since the expres-
sion of FoxP3 and TGF-β1 was not enhanced. Microarray analysis demon-
strated type I IFN-associated genes to be linked to protection by the vaccine.  
When IFN-β was silenced by siRNA the protective effect of the vaccine was 
abolished and the Th17 responses restored. This is in concordance with pre-
vious findings of increased IFN-β expression after DNA vaccination [141], 
that type I IFN can inhibit differentiation of naïve CD4+ cells into Th17 cells 
in vitro [123] and that IFNAR and TANK-binding kinase-1 dependent sig-
nalling is essential for protective DNA vaccination [149].     

Mice lacking the common TLR adaptor molecule MyD88 were resistant 
to EAE. This demonstrates that innate immune signalling through TLRs is 
essential for controlling the adaptive immune response in this MS model. It 
may also support the theory of a microbial component in the etiology of MS 
because TLR ligands are primarily of microbial origin. The observed 
MyD88-/- phenotype was not a result of unsuccessful signalling through any 
of the studied TLRs. TLR6-/- mice had a similar disease progression as WT, 
which indicates a limited role for TLR6/2 signalling in the induction of EAE. 
Instead we observed novel roles for TLR4 and TLR9 as EAE was exacer-
bated in mice lacking these receptors. In MyD88-/- Th17 cells were not 
primed as no IL-17 was detected in sera and Th17 cells were missing. This is 
likely the mechanism behind resistance to EAE in MyD88-/- mice. In our 
system TGF-β1 expression by T cells was similar in MyD88-/- and WT mice, 
which argues for MyD88 independent mechanism for TGF-β1 regulation. 
The more severe disease in TLR4-/- mice is likely due to the higher frequen-
cy of Th17 cells detected and this a result of higher mDC expression of IL-6 
and IL-23 mRNA found in TLR4-/- mice. Interestingly T cells and spleno-
cytes from TLR4-/- mice expressed less IFN-γ, an inhibitor of Th17 devel-
opment [123] which argues for IFN-γ contributing to the TLR4-/- phenotype. 
In TLR9-/- mice there was no altered mDC, pDC or T cell cytokine expres-
sion that could explain the exacerbated disease, except higher IL-6 mRNA 
expression in splenocytes. This may have created an enhanced inflammatory 
milieu in these animals that increased disease severity. Our results are con-
sistent with a recent report demonstrating a tolerogenic role for TLR9 in 
EAE [150].  

Because IFN-β was essential for the protective effect of the DNA vaccine 
and TLR9 signalling ameliorated EAE we investigated the role of pDCs 
during initiation of EAE. pDC depleted mice developed less severe disease 



 38 

and histopathological signs of EAE and this could be explained by the im-
paired Th17 cell response after pDC depletion. Several mechanisms on how 
pDCs could have activated Th17 cells were investigated; there was no 
change in ICOS signalling in T cells and the IL-10 mRNA expression in 
splenocytes did not differ between the groups, neither did pDC depletion 
affect the FoxP3+ Treg responses. Taken together, these data demonstrate 
that pDCs do not decrease regulatory T cell activity during the initiation of 
EAE. An activation of mDCs by pDCs may increase the Th17 cell res-
ponses. However, neither was the proinflammatory cytokine expression in 
mDC altered nor was the maturation of mDCs affected by pDC depletion. 
Th1 cell responses were not reduced, which argues against pDCs also acti-
vating this subtype of Th cells. The expression of mPDCA-1 increases on 
numerous immune cells after challenge with influenza virus [147]. There-
fore, in a follow up experiment, the expression of mPDCA-1 after immuni-
zation with MOG 1-125 on other immune cells was analysed. There was no 
increased mPDCA-1 expression on T cells, B cells, NK cells, mDCs or 
CD11b+ cells after MOG1-125 immunization (unpublished data). Thus, it is 
unlikely that the observed phenotype after treatment with anti-mPDCA-1 
was an effect of depletion of other immune cells. The levels of IFN-α/β in 
sera were lower after pDC depletion and neutralization of these cytokines 
ameliorated the early clinical signs of EAE whereby we conclude that part of 
the disease promoting effect could be explained by type I IFN production. 
pDCs have been found to have a protective role during the later phases of 
EAE [146]. We also found a protective role of pDCs during ongoing disease. 
Our results argue for opposite roles of pDCs during initiation of EAE and 
later in the disease course. 

DCs are thought to prime and activate naïve T cells and thereby control 
adaptive immune responses [28]. This has also been demonstrated during 
viral, bacterial and parasitic infection [148, 151-153]. In EAE CD11c+ DCs 
have been shown to be sufficient to present Ag to primed T cells in vivo 
[109]. However, in part from this, much of the experimental evidence for 
DC’s critical role in priming and activation of naïve T cells relies on in vitro 
studies using monocyte-derived DC pulsed with Ag [154] and the APCs 
responsible for priming naïve T cells in autoimmune neuroinflammation are 
yet to be elucidated. mDCs were implicated in priming naïve T cells in Paper 
II as mDCs in EAE resistant MyD88-/- did not express any IL-6 or IL23p40 
after MOG-immunization, two key cytokines in the pathogenesis of EAE 
[61, 64, 68, 122]. The ability of mDCs to directly prime naïve T cells in EAE 
was therefore investigated in Paper IV using the CD11c-DTR transgenic 
mouse model for transient mDC depletion. CD11c-DTR mice express the 
simian DTR under the control of the murine CD11c promoter. Injection with 
DTx in these mice results in depletion of CD11chi DCs (mDCs) for 5-6 days 
[143]. Since pDCs promoted Th17 cell responses in EAE, it was investigated 
whether pDCs were also depleted after DTx injection. No effect on pDCs 
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could be detected after DTx injection in CD11c-DTR mice. mDC depletion 
the day before immunization only mildly ameliorated the clinical EAE score 
but the disease severity was not affected if mDCs were depleted 8 days after 
immunization. The incidence of EAE was unaffected by mDC depletion, 
which suggested that encephalitogenic Th cells were generated despite tran-
sient mDC depletion. Furthermore, even in the absence of mDCs the acti-
vated/memory T cell compartment was much larger after immunization 
compared to in unimmunized mice. If mDCs were the primary APC, a con-
siderable naïve T cell pool would be expected after ablation. Taken together 
this suggested that mDC is redundant in priming Th cells, which is in 
agreement with a recent study in murine lupus [155]. There was a slight re-
duction in EAE severity if mDCs were absent during priming of Th cells 
indicating that the differentiation into Th17 or Th1 cells could be impaired. 
However, the Th17 and Th1 responses after mDC depletion were unaffected. 
Another possibility is that an increased Treg response accounted for the phe-
notype, as DCs play a prominent role in expansion of Tregs [156] which is 
also demonstrated by the observation that constitutive ablation of DCs re-
sults in decreased number of Tregs and spontaneous fatal autoimmunity 
[155, 157]. Even so the number of Tregs in spleen was not affected by tran-
sient ablation of mDCs, demonstrating a difference between constitutive and 
transient ablation. This is probably because thymic selection is most likely 
not affected in our system. Furthermore, if the CD11c expression diminishes 
during the course of EAE the mice would be rendered resistant to DTx. 
However, during sorting of mDCs at different time points after EAE induc-
tion similar numbers of CD11chi MHC II+ mDCs were observed (Paper II). 
In conclusion, mDC appears to have a redundant role in priming and de novo 
differentiation of naïve T cells and the mechanism of priming Th cells in 
EAE will require further study.            

Concluding remarks 
Herein we show that innate immune mechanisms are essential in the control 
of the adaptive immune response mediated by autoimmune T cells. The in-
nate signalling molecules and pathways described may represent possible 
targets for therapeutic intervention in human MS and other human autoim-
mune diseases.  



 40 

Summary of the Thesis in Swedish 

Autoimmuna sjukdomar är vanliga sjukdomar som bidrar till en betydande 
sjuklighet och dödlighet i samhället. Trots detta är lite känt om de mekanis-
mer som har betydelse för deras uppkomst. En autoimmun sjukdom startar 
med att immunsystemet reagerar på den egna vävnaden som om den vore en 
främmande mikroorganism. Denna autoimmuna reaktion kan, om den upp-
rätthålls, leda till att organ skadas och sjukdomssymtom utvecklas.  

Kroppens immunsystem har två funktionella delar: det naturliga immun-
försvaret och det förvärvade immunförsvaret. När en mikroorganism invade-
rar kroppen, känns den först igen av det naturliga immunförsvaret. Denna 
evolutionärt äldre delen av immunförsvaret identifierar mikroorganismer 
med hjälp av receptorer som känner igen strukturer som är vanligt förekom-
mande på mikroorganismer, s.k. mönsterigenkänning. De Toll-lika recepto-
rerna (TLR) utgör en viktig grupp av det naturliga immunförsvarets mönster-
igenkänningsreceptorer. De kan känna igen ett stort antal olika strukturer på 
mikroorganismer. Tretton TLR har identifierats i mus. TLR uttrycks bl.a. av 
antigenpresenterande celler (APC). Signalering via TLR aktiverar APC och 
stimulerar dem till utsöndring av signalämnen såsom cytokiner. Cytokinerna 
aktiverar det naturliga immunförsvarets celler och rekryterar dem till platsen 
för invasionen för att bekämpa mikroorganismen. Typ I interferoner (IFN) är 
en grupp cytokiner som utsöndras av kroppens celler som svar på infektion 
med virus. De minskar cellers känslighet för virus bl.a. genom att inducera 
proteiner som hämmar virusets förmåga att föröka sig i dem. De aktiverar 
också s.k. naturliga mördarceller som direkt kan avdöda virusinfekterade 
celler. Om det naturliga immunförsvaret inte stoppar mikroorganismen, akti-
veras det förvärvade immunförsvaret. APC, där de dendritiska cellerna (DC) 
ingår, som tagit upp mikroorganismer vandrar till närmsta lymfkörtel. Där 
aktiverar de T och B celler som tillhör det förvärvade immunförsvaret. T och 
B celler känner igen mikroorganismer via receptorer kallade antigen (Ag) 
receptorer. Ag receptorer som grupp kan känna igen ett nästan oändligt antal 
strukturer från mikroorganismer men en enskild Ag receptor kan endast kän-
na igen en struktur och har således smal specificitet. Ag receptorer utmärks 
också av en mycket hög bindningsgrad till den struktur de binder dvs. Ag:et. 
En T eller B cell har endast en Ag receptor av en specifik typ. Efter att T 
celler aktiverats av APC differentierar de ut till T mördarceller och T hjälpar 
(Th) celler som har erhållit alla de egenskaper som behövs för att bekämpa 
mikroorganismerna. Det finns flera typer av Th celler där det nyligen visats 
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att aktiveringen av Th celler typ 17 (Th17) är av särskild stor vikt för upp-
komsten av autoimmuna sjukdomar. Det finns också Th celler som via sin 
utsöndring av cytokinerna interleukin (IL)-10 och transforming growth fac-
tor-β dämpar immunförsvaret. De kallas för T regulatoriska (Treg) celler. 
Dessa celler är viktiga för att förhindra en överaktivering av immunförsvaret 
och för att inducera tolerans mot kroppsegna molekyler. 

I den här avhandlingen har molekyler och celler som är viktiga för initie-
ringen av den autoimmuna reaktionen studerats. Eftersom dessa initiala pro-
cesser inte går att studera hos människor, då sjukdomssymptom utvecklas 
långt efter att den autoimmuna reaktionen startat, måste man använda djur-
modeller. Vi har använt djurmodellen experimentell autoimmun encephalo-
myelit (EAE) som är en utförligt studerad djurmodell för cellmedierad auto-
immunitet och en djurmodell för sjukdomen multiple skleros (MS) hos män-
niska. Det senare p.g.a. likheter i klinik och histopatologi. EAE induceras i 
gnagare genom att delar av proteiner som ingår i den fettskida som omger 
nervcellerna i centrala nervsystemet (CNS), s.k. myelin Ag, injiceras till-
sammans med immunstimulerande ämnen. Därefter utvecklar djuren en för-
lamning som startar i svansen och fortlöper upp över kroppen mot huvudet. 
De myelina Ag:en tas upp av APC som migrerar till närmsta lymfkörtel där 
de aktiverar T celler som sedan transporteras via blodet och tar sig in i CNS. 
Där förmedlar de den inflammation som leder till att myelinskidor förstörs 
vilket resulterar i symptom av förlamning hos djuren. Vi har studerat EAE i 
mus och råtta och använt antingen en del av proteinet, myelin oligodenrocyte 
glykoprotein (MOG) (råtta) eller hela den extracellulära delen av MOG 
(mus) för att inducera EAE. Genom DNA vaccination kan man åstadkomma 
skydd mot EAE. Denna metod innebär att man injicerar DNA, kodande för 
myelint Ag. Ag:et uttrycks sedan av kroppsegna celler och strukturer i vac-
cinet känns igen av TLR vilka aktiverar det naturliga immunförsvaret. Detta 
leder till tolerans mot det myelina Ag:et.  

I delarbete I studerades mekanismerna bakom DNA vaccinationens skyd-
dande effekt. Man vet att den skyddande effekten efter vaccinering inte är ett 
resultat av ökad Treg cell aktivitet eller ökad förekomst av icke autoimmuna 
Th celler. Däremot inducerar DNA vaccination IFN-β som också länge an-
vänts som behandling mot MS. Vi kunde visa att induktion av IFN-β var 
nödvändigt för DNA vaccinets skyddande effekt genom att konstruera ett 
DNA vaccin, som inkluderade kod för IFN-β hämmande RNA. Vaccinet 
förlorade därmed sin skyddande effekt och Th17 svaret var lika starkt i djur 
vaccinerade med detta vaccin, som hos kontroller.  

I studier av det naturliga immunförsvarets receptorer, delarbete II, kunde 
vi visa att signalmolekylen MyD88, som används av alla TLR utom TLR3, 
var nödvändig för att EAE skulle kunna utvecklas. Möss där genen för 
MyD88 deleterats, var helt resistenta mot EAE och saknade Th17 svar mot 
MOG. Stimulering via TLR4 och TLR9 inducerade tolerans mot EAE. I 
fallet med TLR4 fann vi att detta skulle kunna bero på att stimulering av 
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TLR4 nedreglerade de proinflammatoriska cytokinerna IL-6 och IL-23 i en 
subtyp av DC som kallas myeloida DC (mDC), och att Th17 svaret minska-
de samtidigt som IFN-γ produktionen ökade i andra Th celler. Genom TLR9 
signalering minskade den lokala inflammatoriska miljön i mjälten men Th17 
svaret mot MOG var oförändrat.  

Vilka celler som presenterar myelin Ag för T celler är okänt. I delarbete 
III och IV studerades antigen presentation vid EAE. Två subtyper av APC 
studerades. De plasmacytoida DC visade sig främja utvecklingen av EAE 
genom att öka Th17 svaret mot MOG. Detta var delvis medierat av typ 1 
IFN. För att studera mDCs roll som APC vid EAE användes transgena möss, 
där injektion av difteria toxin leder till specifik celldöd av mDC. Det visade 
sig att mDC var överflödiga när det gällde Ag presentation vid EAE. Varken 
sjukdomsgraden av EAE eller immunaktivering av Th17 celler påverkades 
om mDC saknades när EAE inducerades.  

Sammanfattningsvis visar denna avhandling att den evolutionärt äldre de-
len av immunförsvaret, det naturliga immunsystemet, spelar en viktig roll i 
styrningen av det förvärvade immunförsvaret som förmedlar vävnadsskadan 
vid autoimmun sjukdom. De receptorer, signalvägar och celler som studera-
des här kan ha betydelse vid utvecklingen av terapier mot MS och andra 
autoimmuna sjukdomar hos människa.  
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