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ABSTRACT 

Multiple Sclerosis (MS) is a degenerative disease affecting the central 

nervous system. The molecular mechanisms and the development of 

therapies for MS are mainly studied in the animal model Experimental 

Autoimmune Encephalomyelitis (EAE), which is an induced demyelinating 

paralysis model, resembling some aspects of MS. Although significant 

advances have been achieved in MS and EAE, the genetic and 

environmental factors underlying the initiation and progression of MS are 

unclear and no curative or preventive therapies are known.  

 

Toll-like receptors (TLRs) mediate the effects of some environmental 

factors in the immune system and initiate inflammatory responses against 

pathogen associated molecular patterns (PAMP) and danger associated 

molecular patterns (DAMP). Although studies show that TLR expression 

increases during MS and EAE in the CNS, the role of TLRs remains unclear 

in both diseases. In this study, it was examined the development of MOG35-

55/CFA + PTX–induced EAE in the absence of MyD88 and TLR1, TLR2, 

TLR4, TLR6, TLR9, TLR2/9 and TLR4/9. On the other hand regulatory 

cells such as NKT cells have been associated with inflammation in MS; 

nevertheless, the role of NKT cells in the disease is indistinct.  In this study, 



	

	x

it was examined the genetic control of NKT cell numbers in the severity of 

MOG35-55/CFA + PTX–induced EAE. 

 

C57BL/6 mice developed a chronic form of MOG35-55/CFA + PTX–induced 

EAE. The absence of TLR1, TLR4, TLR6 and TLR4/9 did not affect the 

severity of chronic active MOG35-55/CFA + PTX–induced EAE in C57BL/6 

mice; however, C57BL/6.Myd88-/- mice were completely protected from the 

disease. Female C57BL/6.Tlr2-/- and C57BL/6.Tlr9-/- mice showed less 

severe clinical signs of MOG35-55/CFA + PTX–induced EAE compared with 

wild type (WT) B6 mice. C57BL/6.Tlr2-/-9-/- male and females mice also 

decreased the severity of MOG35-55/CFA + PTX–induced EAE compared 

with WT B6 mice but the disease was not less severe that that seen in single 

deficient female mice in TLR2 or TLR9. 

 

The passive form of chronic MOG35-55/CFA + PTX–induced EAE 

confirmed protection from disease in the absence of TLR2 and TLR9. 

Passive MOG35-55/CFA + PTX–induced EAE was ameliorated in 

C57BL/6.Tlr9-/- female mice but the clinical signs of disease were similar to 

those seen in active MOG35-55/CFA + PTX–induced EAE. However, both 

male and female C57BL/6.Tlr2-/- mice were completely protected. 

Protection of disease in the absence of TLR2 was associated with fewer 

CNS-infiltrating CD4+ T cells, fewer CNS-infiltrating CD4+ T cells 

secreting IL17, increasing proportions of central (CD62L+) 
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CD4+CD25+Foxp3+ regulatory T cells and reduced prevalence of detectable 

circulating levels of IL6. 

  

As type 1 diabetes (T1D)-prone NOD mice are susceptible to MOG35-

55/CFA + PTX–induced EAE, we used the same approach to study MOG35-

55/CFA + PTX–induced EAE in this strain in order to dissect the 

interrelationships between organ-specific autoimmune diseases. NOD mice 

showed a mild form of relapsing-remitting MOG35-55/CFA + PTX–induced 

EAE. The absence of TLR1, TLR2, TLR4, TLR6 and TLR9 did not affect 

the clinical course of relapsing remitting MOG35-55/CFA + PTX–induced 

EAE in both males and female mice compared to the WT NOD/Lt controls. 

As the absence of TLR2 did not decrease the severity of MOG35-55/CFA + 

PTX–induced EAE in NOD mice, it was hypothesized that insulitis 

associated with T1D development in some way compensated for the lack of 

TLR2 signalling in NOD mice. To test this hypothesis, NOD/Lt mice 

carrying the MHC haplotype H2b from C57BL/6 mice (NOD.H2b) were 

crossed onto the NOD.Tlr2-/- strain. NOD.H2b mice were completely 

protected from T1D and insulitis but showed more severe relapsing-

remitting MOG35-55/CFA + PTX–induced EAE than NOD/Lt mice. In 

contrast, the severity of relapsing remitting MOG35-55/CFA + PTX–induced 

EAE decreased in NOD.H2b.Tlr2-/- mice. Moreover, NOD.H2b.Tlr2-/- mice 

were protected from relapses of MOG35-55/CFA + PTX–induced EAE. This 

data suggest that both TLR2 signalling and immunological events 
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associated with autoimmunity at distant site can mediate relapses in CNS 

autoimmunity. 

 

Because mice with increased numbers of NKT cells are protected from T1D 

and NKT cells have been associated with both increase severity and 

decrease severity of MS. In this study, it was hypothesized that genetic 

control of NKT cells numbers affects the severity of MOG35-55/CFA + 

PTX–induced EAE. The clinical course of active MOG35-55/CFA + PTX–

induced EAE was not affected in NOD/Lt congenic mice for Nkrp1b, NKT1, 

NKT2a, NKT2b and NKT2e. The absence of Cd1d did not affect the severity 

of MOG35-55/CFA + PTX–induced EAE neither in C57BL/6 mice nor in 

NOD/Lt mice. NOD.Idd13 mice showed an increased severity of MOG35-

55/CFA + PTX–induced EAE. Transgenic C57BL/6.Tg(mCD4-V14)6 

female mice but not male mice ameliorated the severity of MOG35-55/CFA + 

PTX–induced EAE. Both male and female C57BL/6.Tg(mCD4-V14)5 

decreased the severity of MOG35-55/CFA + PTX–induced EAE. 

C57BL/6.Tg(mCD4-V14)2 female were completely protected but not 

males. These data indicate that increased numbers of NKT cells play a role 

in CNS autoimmune inflammation. 

 

In conclusion, these results indicate that signalling provided by TLR9 play a 

partial role in the severity of CNS autoimmunity. The effector phase of 

autoimmune inflammation in the CNS is dependent of TLR2 signalling. 
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Genetic control of NKT numbers is associated with the severity of 

autoimmune CNS inflammation. 
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 PREFACE 

The studies shown in this thesis describe the importance of Toll-like 

receptors (TLRs) and Natural Killer T cells (NKT cells) in the best 

characterised animal model of Multiple Sclerosis (MS), Experimental 

Autoimmune Encephalomyelitis (EAE).  

 

Chapter 1 presents an analysis of literature about TLRs and NKT cells in 

MS and EAE. This is followed by the materials and methods used in the 

experimental work. A study of the role of TLRs in active MOG35-55/CFA + 

PTX-induced EAE in C57BL/6 mice and C57BL/6 mice deficient in TLR1, 

TLR2, TLR4, TLR6, TLR9, TLR2/9, TLR4/9 and MyD88 is described in 

the Chapter 3. The Chapter 4 describes studies in the passive model of EAE 

in C57BL/6 mice and mice deficient in TLR2 and TLR9.  

 

In	 Chapter	 5	 is	 presented	 a	 study	 of	 TLR2	 in	 MOG35‐55/CFA	 +	 PTX‐

induced	relapsing‐remitting	EAE	and	the	role	of	NKT	cells	in	active	EAE	

is	described	in	the	Chapter	6.	Chapter	7	presents	a	general	discussion	of	

the	involvement	of	TLRs	and	NKT	cells	in	EAE	and	their	implications	in	

MS	as	a	possible	way	in	the	improvement	of	therapies	for	patients	with	

the	disease.	
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CHAPTER 1  

INTRODUCTION 

1.1 Autoimmunity  

The body responds to invading pathogens and damaged tissues by 

producing pro-inflammatory molecules such as cytokines and chemokines, 

generating an inflammatory response. Immune cells such as antigen 

presenting cells (APC) and lymphocytes are recruited during inflammation 

into the affected area(s). The cessation of the stimulus stops the production 

of inflammatory mediators leading to resolution of the response (Janssen et 

al., 2012).  

 

The 1908 Nobel Laureate in Medicine, Paul Ehrlich, called autoimmunity 

“horror autotoxicus” and was the first scientist to mentioned its effects 

(http://www.nature.com/nature/journal/v435/n7042/pdf/435583a.pdf).  

Autoimmunity is characterised by the presence of autoreactive lymphocytes 

and autoantibodies and the main cause of autoimmunity is the breakdown of 

self-tolerance (Silverstein, 2001; Rioux et al., 2005).  
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The approximate prevalence of autoimmune diseases in the world is about 

6-9.4% and at least 65% of affected people are women (Cooper et al., 2003; 

Cooper et al., 2009; Agmon-Levin et al., 2011). Western societies have the 

highest number of people with autoimmune diseases: about 5 to 6% of their 

populations (Moroni et al., 2012). The number of autoimmune diseases 

increases as well as its prevalence and incidence (review in Cooper GS et 

al., 2003). In response to the global increase in autoimmune diseases, a 

number of synthetic drugs (e.g. anti-inflammatory, immunosuppressive and 

disease modified drugs) have been developed (Schütz et al., 2010). 

However, many of these therapies treat the clinical signs and symptoms but 

do not prevent the disease or act on the underlying cause. Many of these 

drugs produce side effects and adverse symptoms affecting organs and 

tissues such as liver, stomach, heart, blood vessels and kidneys (Lindberg 

2013). Limits in our understanding of the etiology and biology of 

autoimmunity have restricted preventive therapies, and suitable diagnostic 

and therapeutic options.  

 

To date environmental and genetic factors have been associated with the 

failure of self-tolerance that triggers an autoimmune disease (McGonagle et 

al., 2006; Sirota et al., 2009). Genetic factors in autoimmune diseases are 

strong; however, their participation needs to be demonstrated, since 

monozygotic twins do not develop autoimmunity to 100% (Gregersen, 

1993; Barcellos et al., 2003; Anaya et al., 2006), suggesting that 

environmental factors must be required for the initiation of autoimmunity. 
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Moreover, it is important to note that the presentation of autoimmunity 

differs among affected individuals who apparently suffer the same 

autoimmune disease, supporting the hypothesis that genetics together with 

environmental factors are critical for the initiation and development of 

autoimmune diseases (Agmon-Levin, et al., 2011). 

 

Despite the great efforts made and progress achieved in the study of 

autoimmune diseases, many knowledge gaps remain. In particular, research 

is under way to clarify how environmental factors interact with genetic 

factors to initiate and maintain an autoimmune response. One potential link 

between environmental factors and genetic susceptibility to autoimmune 

diseases such as Multiple Sclerosis (MS) is the class of cellular 

environmental sensors, Toll-like receptors (TLRs). Another potential link in 

the development of MS is the deficiency and dysfunction of regulatory cells 

such as Natural Killer T cells (NKTs). This literature review will focus on 

the role of TLRs and NKT cells in the interaction between genetics and 

environmental factors in MS and its animal model Experimental 

Autoimmune Encephalomyelitis (EAE). 

 

1.2 Multiple Sclerosis 

MS is an autoimmune disease that damages the myelin sheaths in the central 

nervous system (CNS) leading to demyelination, severely affecting the 
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patient’s quality of life. Signs and symptoms related to the disease including 

bladder dysfunction, bowel dysfunction, cognitive problems, depression, 

difficulty walking, fatigue, headache, heat temperature sensitivity, 

numbness, spasticity, difficulty swallowing, tremors and problems with 

memory and vision (http://www.msaustralia.org.au). In general, MS has 

four patterns: 1) relapsing-remitting (RRMS), characterised by 

unpredictable relapses with partial or complete periods of recovery; 2) 

secondary progressive (SPMS) that develops in patients who initially have 

RRMS but progress to greater disability later; 3) primary progressive 

(PPMS), characterised by slow onset and progressively worsening 

symptoms; and 4) relapsing progressive (RPMS), characterised by gradual 

worsening of disability together with relapses from the onset of disease 

(http://www.msaustralia.org.au). 

 

MS mainly affect young adults and is more common in women than in men, 

but more severe in men than in women (Wynn et al., 1990; Duquette et al., 

1992; Moldovan et al., 2008). Sexual dimorphism is also seen in some MS 

therapies, such as interferon-, which is more beneficial in women (Sena et 

al., 2008).  

 

Approximately 2.5 x 106 people live with MS and there is a higher 

prevalence of patients in temperate areas such as the United States, Canada, 

North Europe, New Zealand and Australia (Melcon et al., 2013; Aguirre-



CHAPTER 1 

	5

Cruz et al., 2011; Grzesiuk 2011; Marrie et al., 2010; Milo et al., 2010; 

Poppe et al., 2008; Bhigjee et al., 2007; Flachenecker et al., 2006). 

Currently, approximately 21,200 Australian suffer MS and the prevalence of 

the disease increases 4% every year (http://www.msaustralia.org.au). 

Although advances in treatment are developing rapidly, no preventive or 

curative therapies are known and the aetiology and pathogenic mechanisms 

underlying the onset and development of the disease remain unclear.  

 

1.2.1 Genetic and environmental factors in MS 

Epidemiological, genetic and immunological studies of MS suggest that the 

disease results from an interaction between genetic and environmental 

factors. The evidence of a genetic basis for MS includes racial prevalence 

and ethnic differences, familial aggregation, increased concordance in 

monozygotic twins than dizygotic twins, HLA associations, linkage 

association studies, genome-wide association studies (GWAS) and epistasis 

studies (Bertrams et al., 1976; Ebers et al., 1993; Ebers et al., 1995; Haines 

et al., 1998; Giordano et al., 2002; Harbo 2004; Hansen et al., 2005; 

Hemminki et al., 2009; Ramagopalan et al., 2009; Lincoln et al., 2009; 

Kemppinen et al., 2011). Environmental contributions to MS include viral 

and bacterial infection, reduced ultraviolet light exposure, migration and 

cigarette consumption (McLeod et al., 2012; Djelilovic-Vranic et al., 2012; 

McLeod et al., 2011; Pekmezovic et al., 2006; Geier et al., 2005; Contini et 

al., 2004; Munger et al., 2004; Rosati 2001; Elian et al., 1990; Visscher et 
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al., 1981). In summary, MS is a complex genetic disease with multiple 

genetic and environmental factors contributing to risk. 

 

The molecular and cellular mechanisms of MS are also not yet fully 

clarified, other than the involvement of the immune system in the 

development of disease. Examples of immune system involvement include: 

1) increased numbers of myelin reactive T cells in MS patients (Venken et 

al., 2010; Raddassi et al., 2011); 2) accumulation of B cells in cerebrospinal 

fluid (CSF) of MS patients (Colombo et al., 2000); 3) dysfunction of Tregs 

in MS patients (Viglietta et al., 2004; Fransson et al., 2010; Venken et al., 

2008); 4) increased activity of monocytes in peripheral blood of MS patients 

(Kouwenhoven 2001); 5) decrease activity of NK cells in MS patients 

(Lünemann et al., 2011); 6) activation of microglia in cortical lesions of MS 

(Kastrukoff et al., 1998); 7) high numbers of monocytes in acute MS lesions 

(Hammann et al., 1986);  8) high proportion of Ig-containing cells in MS 

plaques (Esiri 1980); 9) association of single nucleotide polimorphisms in 

IL2 and IL7 cytokine receptors with MS and; 10) increased expression of 

BAFF and CXCL13 chemokines during MS relapses in CSF (Ragheb et al., 

2011; Dalla Libera et al., 2011; Wootla et al., 2011). All together, resident 

and infiltrating APC and lymphocytes generate a chronic inflammatory 

response against unclear antigens in MS. 
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1.3 Toll-like receptors 

Toll-like receptors (TLRs) are part of the family of Pattern-recognition 

receptors (PRR) (Table 1.1) that identify Pathogen Associated Molecular 

Patterns (PAMP) or damage associated molecular patterns (DAMP) and 

trigger an immune response against invaders and/or self components (Akira 

et al., 2006; Sutmuller et al., 2006; Kaisho et al., 2006). Thirteen members 

of the TLR family have been identified. Humans express 11 members (from 

TLR1 to TLR11) and mice express 12 members of the TLR family (from 

TLR1 to TLR9 and from TLR11 to TLR13) (Takeuchi et al., 1999; Tabeta 

et al., 2004; Kaisho et al., 2006; Kawai et al., 2007). TLRs have been 

classified according their localization in two groups (Appendix 1): 1) 

Extracellular, which include TLR1, TLR2, TLR4, TLR5, TLR6, TLR10 

and; 2) Intracellular, which contain TLR3, TLR7, TLR8, TLR9, TLR11, 

TLR13 (Akira et al., 2006; Kaisho et al., 2006; Govindaraj et al., 2010; 

Pifer et al., 2011; Oldenburg et al., 2012). The genes Tlr7 and Tlr8 are 

localized in chromosome X (Du X, et al., 2000). 

 

TLRs respond to different components of microorganisms. For example, 

TLR1, TLR2 and TLR6 respond to lipopeptides; TLR4 identifies 

lipoglycans; TLR5, TLR11 sense proteins; and TLR3, TLR7, TLR8, TLR9 

and TLR13 react against nucleic acids (Roach et al., 2005). TLRs also form 

heterodimers. For example, TLR2 can heterodimerize with TLR1 and TLR6 

and TLR10; TLR10 can also heterodimerize with TLR1 (Takeda et al., 
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2002; Quesniaux et al., 2004; Hasan et al., 2005; Matsumoto et al., 2012).  

Activation of TLRs leads to the production of Type I interferon and pro-

inflammatory cytokines (Akira et al., 2006). Interestingly, TLRs are 

expressed in almost every tissue of the body, including the immune cells 

and CNS cells (Takeda et al. 2002; Bsibsi et al., 2002). 

 

To summarize, TLRs respond to extracellular and intracellular stimuli from 

the main components of microorganisms and signal of damage, indicating 

that they are a key component in the generation of immune responses 

against invaders. Moreover, TLRs are expressed in most cells of the body, 

suggesting that this family of receptors can promptly initiate an immune 

response in every bodily tissue. The failure of tolerance that leads to 

autoimmunity in MS may be related to immune responses triggered by 

TLRs, as TLRs are expressed in resident and infiltrating cells in the CNS 

and trigger the activity of other genes involved in the pathogenesis of MS. 

 

1.4 Toll-like receptors in Multiple Sclerosis 

The immune system responds to environmental factor stimuli by the 

maturation of antigen presenting cells (APCs) and lymphocytes via cellular 

receptors such as TLRs (TLR; Weber et al., 2004; Visser, et al., 2005). 

TLR mediate responses to self components called DAMPs; e.g. high 

mobility group Figure 1.1 (HMGB1), heat shock protein 70 (HSP70), heat 
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shock protein 90 (HSP90), and cellular RNA), and components of 

microorganisms termed PAMPs; e.g., lipoproteins or lipopeptides, 

peptidoglycans, lipopolysaccharides (LPS), single stranded ribonucleic acid 

(ssRNA), double stranded ribonucleic acid (dsRNA) and CpG-DNA). TLR 

ligation can trigger an inflammatory immune response and cell migration 

(Taukeuchi et al., 1999; Hemmi et al., 2000; Alexopoulou et al., 2001; 

Wang et al. 2004; Takeuchi et al., 2010).  

 

In MS, leucocytes such as monocytes, dendritic cells (DCs), NK cells, CD4+ 

and CD8+ T cells and B cells, migrate and accumulate in the central nervous 

system (CNS) mediating myelin destruction and neuronal cell death 

(Toneatto et al., 1999; Deng et al., 2003; Walder et al., 2004). Both 

infiltrating and resident cells of the CNS express TLRs and their expression 

increases in MS (Zekki et al., 2002; Lafon et al., 2006; Zhou et al., 2009). 

Augmentation of TLR expression in the CNS has been also associated with 

degenerative, neuro-protective and restorative functions (Bsibsi et al., 2006; 

O'Brien et al., 2008, Enevold et al., 2010). 

 

1.4.1 Toll-like Receptor One in Multiple Sclerosis 

TLR1 is expressed as a heterodimer with TLR2, and binds bacterial triacyl 

lipopeptides. It is widely expressed on APC monocytes, macrophages, DC 

and B cells. It is also expressed on Human NT2-N and CHP-212 neuronal 
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cell lines (Prehaud et al., 2005, Lafon et al., 2006, Zhou et al., 2009) and has 

been identified by RT PCR on microglia (Bsibsi et al., 2002). TLR1 is down 

regulated in peripheral blood mononuclear cells (PBMC) of MS patients and 

up regulated in patients treated with IFN (Fernald et al., 2007, Singh et al., 

2007). 

 

1.4.2 Toll-like Receptor Two in Multiple Sclerosis 

TLR2 is expressed as both a homodimer and as a heterodimer, partnered 

with either TLR1 or TLR6. It is expressed on monocytes, macrophages and 

myeloid DC, and can bind a wide range of ligands, including lipoteichoic 

acid from Gram-positive bacteria, bacterial lipopeptides and glycolipids, 

fungal beta glucan (zymosan) and endogenous DAMPs Hyaluronan, HSP70 

and HMGB1. TLR2 has been identified on CNS endothelial cells, 

microglia, astrocytes and oligodendrocytes (Bsibsi et al., 2002, Nagyoszi et 

al., 2010) and on infiltrating cells in MS. It is up regulated on PBMCs, 

cerebrospinal fluid (CSF) mononuclear cells and in demyelinating lesions of 

MS patients (Bsibsi et al., 2002, Prehaud et al., 2005, Lafon et al., 2006, 

Zhou et al., 2009, Sloane et al., 2010).  

 

MS relapses have been reported during bacterial infections (Correale et al., 

2006). Monocyte-derived dendritic cells from MS patients with bacterial 

infections express higher levels of HLA-DR and costimulators than those 
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from uninfected patients and drive higher production of IL12, IL17 and 

IFN (Correale and Farez, 2007). Several TLR2 ligands have been identified 

in the brains and CSF of MS patients. For example, the TLR2 ligand 

peptidoglycan, a major component of the Gram-positive bacterial cell walls, 

has been reported as present in the brains of MS patients within 

macrophage/DC-like APC that express costimulatory molecules (CD80, 

CD86 and CD40) and proinflammatory cytokines (IL1, IL6, IL12, TNF 

and IFN; (Schrijver et al., 2001). High numbers of macrophages and 

microglia expressing the endogenous TLR2 ligand HMGB1 are also found 

in acute and RRMS (Andersson et al., 2008). The migration and 

differentiation of oligodendrocyte precursor cells (OPC) play important 

roles in myelin repair after inflammatory damage. MS lesions contain 

hyaluronan deposits that, once fragmented by the hyaluronidases expressed 

by OPCs, inhibit the maturation of OPC and remyelination via TLR2 

ligation (Sloane et al., 2010, Back et al., 2005, Visser et al., 2005).  

 

The TLR2 ligand zymosan can modulate the severity of MS by inducing 

peripheral blood DC from MS patients treated with IFN to secrete IL10, 

which suppresses IL23 and IL1 production (Sweeney et al., 2011). 

Similarly, surface expression of TLR2 on B cells and DC was significantly 

higher in helminth-infected MS patients, who had better clinical and 

radiological outcomes than uninfected patients. Protection was associated 

with regulatory T cell induction and increased TGFβ and IL10 levels. In 
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contrast, immunisation with S. pneumoniae exacerbates MS (de la Monte et 

al., 1986).  

 

1.4.3 Toll-like Receptor Three in Multiple Sclerosis 

TLR3 is expressed in DC and B cells and binds double-stranded (viral) 

RNA and the endogenous microtubule regulator stathmin. TLR3 ligation 

induces the activation of NF-κB via the adaptor TRIF to increase production 

of type I interferons. Cerebral endothelial cells (Nagyoszi et al., 2010), 

neurons, microglia, astrocytes and oligodendrocytes express TLR3 (Bsibsi 

et al., 2002, Farina et al., 2005, Jack et al., 2005, Lafon et al., 2006). Adult 

normal human astrocytes increase the production of anti-inflammatory 

cytokines such as IL10 and downregulate proinflammatory cytokines such 

as IL12 (p40) and IL23 in response to TLR3 ligation (Bsibsi et al., 2002). 

The endogenous TLR3 ligand stathmin was identified in astrocytes, 

microglia, and neurons of MS-affected human brain, and was shown by 

cDNA arrays to initiate the same set of neuroprotective factors as the 

synthetic TLR3 agonist polyinosinic:polycytidylic (poly I:C) acid (Bsibsi et 

al., 2010). 

  

Association studies of TLR3 sequence variants have failed to identify any 

significant association with MS (Szvetko et al., 2009, Szvetko et al., 2010).  
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1.4.4 Toll-like Receptor Four in Multiple Sclerosis 

TLR4 is expressed on monocytes and macrophages, myeloid DC and T and 

B lymphocytes, as well as intestinal epithelium. It can bind LPS from Gram-

negative bacteria, bacterial and endogenous HSP, as well as the endogenous 

ligands HMGB1, fibrinogen, heparan sulphate and hyaluronic acid.  

 

TLR4 expression has been identified in cerebral endothelial cells (Nagyoszi 

et al., 2010) and microglia by RT-PCR (Bsibsi et al., 2002). Both TLR4 and 

its endogenous ligand HMGB1 are increased in expression in the CSF 

mononuclear cells of MS patients compared to healthy controls (Andersson 

et al., 2008). Association studies of functional (missense) mutations in TLR4 

(Asp299Gly and Thr399Ile) failed to identify any association with MS 

(Kroner et al., 2005, Reindl et al., 2003). A subsequent study of nine TLR4 

single nucleotide polymorphisms (SNP) tested for association with MS in 

362 MS patients and 467 healthy controls also failed to identify any 

significantly associated loci (Urcelay et al., 2007). 

 

1.4.5 Toll-like Receptor Five in Multiple Sclerosis 

TLR5 binds bacterial flagellin and is expressed on monocytes and 

macrophages, some DC and intestinal epithelium; its expression has been 
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identified in microglia by RT-PCR (Bsibsi et al., 2002). Little has been 

published on any role it may play in MS. 

 

1.4.6 Toll-like Receptor Six in Multiple Sclerosis 

TLR6 is expressed on monocytes and macrophages, B cells and mast cells 

and it binds to diacyl lipopeptides from Mycoplasma. It has been identified 

in cerebral endothelial cells and microglia by RT-PCR (Bsibsi et al., 2002). 

The TLR6 SNP rs5743810 was associated with the development of IFNβ-

specific neutralizing antibodies in men but not in women after 24 months of 

treatment with IFN (Enevold et al., 2010). 

 

1.4.7 Toll-like Receptor Seven in Multiple Sclerosis 

TLR7 is expressed in monocytes and macrophages, plasmacytoid DC and B 

cells, and binds to single-stranded (viral) RNA. TLR7 expression has been 

identified in microglia by RT-PCR (Bsibsi et al., 2002).  

 

The pro-inflammatory cytokine IL17 plays a critical role in the 

immunopathogenesis of MS and EAE (Matusevicius et al., 1999, Lock et 

al., 2002, Hofstetter et al., 2005, Chen et al., 2006, Hecker et al., 2011) and 

its production is downregulated by type I IFNs (Guo et al., 2008; Kürtüncü 
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et al., 2012). In vitro treatment of human monocyte-derived DCs with 

IFNβ1a induced the expression of TLR7 and, in a TLR7-dependent fashion, 

the members of its downstream signalling pathway (MyD88, IRAK4, and 

TRAF6), but inhibited the expression of IL1R. TLR7 expression was also 

necessary for IFNβ1a-induced secretion of IL27 by DCs and the inhibition 

of IL1β and IL23. Supernatants from IFNβ1a-treated DCs inhibited Th17 

differentiation of CD4 T cells, with down regulation of retinoic acid-related 

orphan nuclear hormone receptor C (RORC) and IL17A gene expression and 

IL17A secretion. Again, inhibition of IL17A was TLR7 dependent and 

could be blocked by TLR7 siRNA silencing (Zhang et al., 2009).  

 

At the onset of MS, a subset of patients (11 of 61) expressed elevated 

mRNA levels of TLR7, together with RIG-1 and IFIH1 – an IFN expression 

signature potentially attributable to an overactivity of IFN-stimulated gene 

factor 3 (ISGF3, a complex formed by STAT1, STAT2 and IFN regulatory 

factor 9). This phenotype was shared by a subset of healthy control subjects 

(Hundeshagen et al., 2012). Patients with a relatively high IFN expression 

signature at baseline showed no significant modulation in the expression of 

the genes involved in IFN -related pathways during IFNβ therapy. In 

contrast, patients with a low endogenous IFN gene signature showed strong 

gene induction after 1 month of treatment (Hundeshagen et al., 2012).  
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1.4.8 Toll-like Receptor Eight in Multiple Sclerosis 

TLR8 is expressed on monocytes and macrophages, a subset of DC and 

mast cells; it binds to single stranded (viral) RNA. TLR8 expression has 

also been identified in microglia by RT-PCR (Bsibsi et al., 2002). As is the 

case for TLR7, at the onset of MS, a subset of patients and healthy controls 

express elevated mRNA levels of TLR8, as part of an endogenous IFN gene 

signature (Hundeshagen et al., 2012).  

 

1.4.9 Toll-like Receptor Nine in Multiple Sclerosis 

TLR9 is expressed in monocytes and macrophages, plasmacytoid DC and B 

cells; it binds to unmethylated CpG DNA, which is present in bacteria and 

DNA viruses. TLR9-expressing plasmacytoid DC are present in the 

leptomeninges and demyelinating lesions of patients with MS. Plasmacytoid 

DC are a major source of type I IFN, and secrete IFN in response to TLR9 

ligation within the early endosomes (Liu, 2005) and this response is 

enhanced in untreated patients with MS (Balashov et al., 2010). IFNβ 

treatment down regulates the expression of TLR9 in MS patients with a low 

endogenous IFN gene signature (Hundeshagen et al., 2012) and inhibits 

TLR9 processing (activation) and TLR9 ligation-induced secretion of IFN 

by plasmacytoid DC in all treated patients (Aung et al., 2010, Balashov et 

al., 2010).  
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Following stimulation of TLR9 by CpG-DNA (with or without stimulation 

via the B cell receptor and CD40), the B cells of MS patients secrete more 

lymphotoxin (LT), TNF and IL12, and less IL10, than those of healthy 

controls (Bar-Or et al., 2010, Hirotani et al., 2010). The TLR9-stimulated 

production of IL10 correlates with TLR9 expression levels in CD27+ 

(memory) B cells, which is significantly reduced in MS patients (Hirotani et 

al., 2010). 

 

1.4.10 Toll-like Receptor Ten in Multiple Sclerosis 

Little is known about TLR10, its tissue distribution, its specificity or any 

possible role in MS. 

 

1.4.11 Toll-like Receptor Eleven in Multiple Sclerosis 

TLR11 is expressed on monocytes and macrophages, as well as in the liver 

and in kidney and urinary bladder epithelial cells. It binds profilin from the 

parasite Toxoplasma gondii and an unidentified ligand from uropathogenic 

Escherichia coli (Zhang et al., 2004; Yarovinsky et al., 2005). Little has 

been published on any role TLR11 may play in MS. 
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1.5 Animal Models of Multiple Sclerosis 

Clinical research on MS is supported by animal models of the pathogenesis 

and immunoregulation of CNS autoimmunity. Commonly used models in 

the research of MS include:  

 

1) Cuprizone  

Cuprizone is a copper chealator that induces oligodendrocyte cell death, 

reversible demyelination, axonal injury and microglial activation (Kipp et 

al., 2009, Werner et al., 2010). It is used to model aspects of demyelination, 

OPG migration and activation, and remyelination. 

 

2) Theiler’s murine encephalomyelitis virus  

Theiler’s murine encephalomyelitis virus (TMEV) is a single stranded RNA 

murine cardiovirus used to infect genetically susceptible mice (e.g. SJL 

strain) intra-cerebrally, resulting in persistent infection and chronic 

demyelinating disease (Turrin, 2008). The TMEV DA strain infects 

astrocytes, microglia and macrophages, resulting in chronic 

encephalomeyelits that resembles the chronic and progressive forms of MS 

(Theiler, 1937, Dal Canto and Lipton 1977). The disease can also be 

induced in resistant mouse strains (e.g. C57BL/6 strain) by activating innate 

immunity with two LPS injections after TMEV infection (Turrin, 2008).  
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3) Experimental autoimmune encephalomyelitis  

Experimental autoimmune encephalomyelitis (EAE) is a family of models 

of autoimmune CNS damage induced by the immunisation of experimental 

animals with CNS components (either an extract, purified protein or a 

peptide), usually in the presence of an adjuvant (Baxter, 2007). 

 

1.5.1 Experimental Autoimmune Encephalomyelitis  

The pathogenesis of CNS damage caused by EAE, and the specific CNS 

components targeted, are affected by strain and species of animal, choice of 

antigen (e.g. myelin oligodendrocyte glycoprotein (MOG), proteolipid 

protein (PLP) or myelin basic protein (MBP)) and adjuvant (e.g. Complete 

Freund’s Adjuvant (CFA), CpG, LPS or Pertussis toxin (PTX)), and 

whether the disease studied is active (i.e. that occurring in the immunised 

individual) or passive (i.e. that occurring in the recipient of adoptively 

transferred T cells from the immunised individual). Various combinations 

can result in monophasic, relapsing–remitting or chronic EAE (Bettelli et 

al., 2003, Stromnes and Goverman, 2006). 

 

As a generalization, EAE in mice is associated with an autoimmune CD4 T 

cell response dominated by the production of IFN and IL6, IL23 and IL17; 
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features it shares with MS (Gijbels et al., 1990; Jewtoukoff et al., 1992; 

Kuchroo et al., 1993; Stromnes and Goverman; 2006, Holmoy, 2007; 

Aranami and Yamamura, 2008; Miljković et al., 2011; Komiyama et al., 

2006). Damage to the blood-brain barrier permits the influx of monocytes 

and macrophages, DCs, NK cells, CD4+ and CD8+ T cells, NKT cells and 

B-lymphocytes. CNS resident cells respond with astrocytic hypertrophy, 

microglial activation and OPG migration and activation (Sriram et al., 1982; 

Zamvil and Steinman, 1990; Jaskiewicz, 2004; Jack et al., 2005; von 

Budingen et al., 2006). The model is characterised by autoantibody 

production and inflammation, demyelination, axon damage and atrophy of 

the CNS (Karlsson et al., 2003; Bö et al., 2006; Hafler et al., 2005; Sospedra 

and Martin, 2005). CNS inflammation in the mouse model is predominately 

restricted to the spinal cord, causing an ascending flaccid paralysis that 

starts in the tail and progresses to the hind limbs and then the forelimbs 

(Stromnes and Goverman, 2006).  

 

Responses to the antigens administered are associated with the generation of 

autoreactive T cells and the induction of autoantibodies (Stefferl et al., 

1999). While disease can occur in the absence of adjuvant, the rate of onset, 

incidence and severity of disease are all enhanced by the administration of 

adjuvant at the time of immunisation (Baxter, 2007). CFA is the most 

commonly used (Billiau and Matthys, 2001). PTX is believed to facilitate 

leucocyte infiltration into the CNS (Linthicum et al., 1982), increase 

secretion of IL12 and IL6 (Hofstetter et al., 2002; Racke et al., 2005), 
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decrease production of IL10 and decrease differentiation of regulatory 

CD4+CD25+ T cells (Tregs) (Pasare and Medzhitov, 2003).  

 

This system has significant limitations in modeling some aspects of MS, but 

these limitations are generally well characterised: i) The initiation is 

unlikely to reflect a natural correlate in MS; ii) Where a single protein or 

peptide has been introduced, the diversity of antigenic targets seen in MS is 

not reflected; iii) As disease is induced by introduction of an extrinsic 

antigen, the roles of MHC class I presentation and CD8 T cells in induction 

are completely absent, and in pathogenesis are imperfectly modelled; and 

iv) Not all molecular and cellular components of the immune system have 

identical functions in non human species.  

 

These limitations have resulted in failure of some therapies identified in 

preclinical studies to exhibit significant activity in clinical trials. In 

particular, therapies targeted at specific HLA/peptide/TCR interactions 

resulting from EAE studies using defined induction antigens have 

performed poorly (Baxter, 2007). Nevertheless, EAE has been, and remains, 

a critically important model system for studying many aspects of CNS 

autoimmunity, such as: immune cell trafficking, CNS entry and apoptosis; 

roles of endogenous and infiltrating cells in CNS damage and repair; 

interactive cellular and cytokine networks; and the immunoregulation of 
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remission and relapse. To date, every effective therapy for MS has been 

successfully trialed in EAE.  

 

The mouse model of EAE has a particular advantage in studying the roles of 

TLR in CNS autoimmunity, because it provides a well-validated platform 

for specific gene deletion. 

 

1.6 MyD88 in Animal Models of Multiple 

Sclerosis 

There is a consensus that EAE is dependent on MyD88 (Prinz et al., 2006; 

Marta et al., 2008), an adaptor protein for both TLR and cytokine signalling 

(Adachi et al., 1998; Zhang et al., 1999). The cytoplasmic portions of TLR 

receptors include a conserved motif, termed the toll/interleukin-1 receptor 

(TIR) domain. The TIR domains of TLRs are homologous with the 

respective domain of the interleukin 1 receptor (IL1R) and the cytoplasmic 

adaptor protein family. The TIR domains of the adaptor proteins interact 

with those of TLRs or IL1R and trigger the activation of downstream 

protein kinases and multiple transcription factors, including the NFB 

family. All TLR except TLR3 signal through the adaptor protein MyD88; 

TLR3 signals through a MyD88-independent, TRIF-dependent pathway and 
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TLR4 uses both MyD88-dependent and -independent pathways (Kumar et 

al., 2009). 

 

Increased expression of MyD88 mRNA was found in the MOG35-

55/CFA+PTX induced model of EAE in C57BL/6 mice (Prinz et al., 2006) 

and targeted gene deletion of Myd88 reduced expression of several key 

inflammatory cytokines, including IL6, IL23 and IL17, and prevented EAE 

(Prinz et al., 2006; Marta et al., 2008). Paradoxically, MyD88-signalling in 

B cells induced IL10, which inhibited secretion of IL-6, IL-12, IL-23, and 

TNF by CpG-activated DC, suppressing inflammatory T cell responses in 

EAE and aiding recovery from disease (Lampropoulou et al., 2008).  

 

1.6.1 Toll-like Receptor One in Animal Models of 

Multiple Sclerosis 

Although Tlr1 mRNA expression is increased in the MOG35-55/CFA+PTX 

induced (active) model of EAE, the clinical course of the disease in the 

absence of TLR1 has not been studied (Prinz et al., 2006); Table 1.1).  
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1.6.2 Toll-like Receptor Two in Animal Models of 

Multiple Sclerosis 

Increased expression of TLR2 mRNA was found in the MOG35-

55/CFA+PTX induced model of EAE in C57BL/6 mice (Prinz et al., 2006), 

as well as in the EAE model induced in rats immunized with recombinant 

rat MOG in IFA (Andersson et al., 2008) and in mice after TMEV infection 

(Turrin, 2008). 

 

The effects of Tlr2 targeted deletion on active EAE appear to be operator 

dependent. While Prinz et al (2006) and Hermann et al (2006) reported mice 

deficient of TLR2 developing a normal clinical course of active EAE, Shaw 

et al (2011) reported a mild decrease in the clinical scores in female mice, 

and Reynolds et al (2010) described a similar result in adoptive transfer 

recipients of Tlr2-/- bone marrow.  

 

Cells differentiated in the presence of the TLR2 ligand Pam3Cys showed a 

∼50% increase in the proportion expressing IL17, while Tlr2−/− T cells did 

not exhibit obvious differences in Th17 polarization in the absence of 

exogenous TLR2 ligands compared to WT controls; the number of IL-17-

producing Tlr2−/− cells was also unaffected when stimulated with Pam3Cys 

(Reynolds et al., 2010).  
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Exacerbation of MS after active immunisation with a pneumococcal vaccine 

has been reported by de la Monte et al., (1986) and Herrmann et al., (2006) 

confirmed a similar effect of Streptococcus pneumonie infection on EAE; 

this effect was TLR2 dependent. Similarly, phosphorylated 

dihydroceramides from the common human oral bacterium Porphyromonas 

gingivalis induced dendritic cell IL6 production, decreased spinal cord 

Foxp3+ T cells and enhanced EAE in a TLR2-dependent manner (Nichols et 

al., 2009; Nichols et al., 2011).  

 

Visser et al (Visser et al., 2005; Visser et al., 2006) hypothesized that 

peptidoglycan can contribute to disease development and progression in MS 

and EAE in the absence of infection or bacterial replication. They found that 

bacterial peptidoglycan was able to be substituted for heat killed 

Mycobacteria tuberculosis in CFA in the induction of active EAE (Visser et 

al., 2005). They subsequently reported persistence of TLR ligands in the 

CNS in MS patients as well as in two nonhuman primate models of EAE, 

associated with reduced local expression of two major PGN-degrading 

enzymes, lysozyme and N-acetylmuramyl-l-alanine amidase (Visser et al., 

2006). As peptidoglycan can be sensed by cytoplasmic PAMP receptors 

(NOD1 and NOD2) in addition to TLR2, Shaw et al (2011) compared 

induction of MOG35-55/CFA+PTX EAE in female Tlr2-/-, Nod1−/−, Nod2−/−, 

and Ripk2−/− mice. Tlr2-/- mice decrease the severity of EAE while Nod1−/−, 
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Nod2−/−, and Ripk2−/− mice showed arguably greater protection (Shaw et al., 

2011). The authors make a good case for RIP2 at least contributing to 

activation of CNS-infiltrating dendritic cells, and thereby EAE, in 

WT/Ripk2−/− bone marrow chimeric mice (Shaw et al., 2011). 

 

As for MS, DAMPs that are TLR2 ligands have also been associated with 

EAE. For example, HMGB1 has been identified in active EAE lesions and 

its levels correlate with active inflammation (Andersson et al., 2008). 

Increased serum concentrations of 15-a-hydroxicholestene (15-HC) have 

also been identified in mice with secondary progressive EAE and 15-HC 

activated microglia, macrophages and astrocytes, and enhanced expression 

of TNF, iNOS and CCL2 mRNA in CNS-infiltrating 

monocytes/macrophages, through a pathway involving TLR2 (Farez et al., 

2009).  

 

1.6.3 Toll-like Receptor Three in Animal Models of 

Multiple Sclerosis 

Although increased expression of TLR3 was not found in the MOG35-

55/CFA+PTX induced model of EAE in C57BL/6 mice (Prinz et al., 2006), 

it was upregulated in mice susceptible to demyelinating disease (SJL strain) 

after TMEV infection, but not in resistant mice (Turrin, 2008).  
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Repeated i.p. injections of the TLR3 ligand poly I:C (a double-stranded 

RNA analog) induced expression of endogenous IFNβ and the peripheral 

induction of the CC chemokine CCL2, and strongly inhibited EAE induced 

in SJL/J mice by immunisation of PLP peptide 139-151 in CFA (Touil et 

al., 2006).  

 

1.6.4 Toll-like Receptor Four in Animal Models of 

Multiple Sclerosis 

Increased expression of Tlr4 mRNA was found in the MOG35-55/CFA+PTX 

induced model of EAE in C57BL/6 mice (Prinz et al., 2006), as well as in 

the Dark Agouti rat EAE model with MOG emulsified in incomplete 

Freund’s adjuvant (Andersson et al., 2008).  

 

Conflicting outcomes have been published in studies of EAE susceptibility 

in mice deficient in TLR4. C57BL/6.Tlr4 deficient mice showed increased 

Il6 and Il23 mRNA expression by myeloid DC, an increased proportion of T 

cells producing IL17 and increased EAE clinical scores following 

immunisation with recombinant rat MOG (Marta et al., 2008). In contrast, 

in the MOG35-55 peptide-induced model, the severity of disease was 

unaffected by targeted deletion of Tlr4 (Kerfoot et al., 2004), unless a 
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marginal dose of M. tuberculosis was used in the inoculum, in which case 

the severity of disease was sometimes reduced compared to C57BL/6 in a 

mechanism that appeared to involve pertussis toxin (PTX) signalling 

through TLR4 (Kerfoot et al., 2004). In a model of active EAE induced in 

C57BL/6. Rag1-/- hosts reconstituted by CD4 T cell adoptive transfer from 

either WT or Tlr4-/- mice, the prevalence of EAE induced by MOG35-

55/CFA+PTX was halved in the recipients of Tlr4-/- T cells (Reynolds et al., 

2012). The protected mice had reduced numbers of infiltrating cells and 

consequently reductions in Il17, Ifng, Ccr6 and Ccl2 transcripts in total 

CNS mRNA analyses.  

 

The TLR4 ligand poly-g-glutamic acid from Bacillus subtilis signals naive 

CD4+ T cells via TLR4 and MyD88 to induce TGFβ and upregulate FoxP3 

expression, suppressing EAE in the C57BL/6 MOG35-55/CFA+PTX model 

(Lee et al., 2012).  

 

Complement C5a synergizes with TLR4 ligation by LPS to induce APC to 

produce serum factors, including IL6, that drive Th17-cell differentiation 

(Fang et al., 2009). In the passive (adoptive transfer) model of MOG38-

50/CFA, if the T cells to be adoptively transferred were first re-stimulated in 

vitro in the presence of serum from mice treated with C5a in addition to 

LPS, a greater severity of EAE resulted (Fang et al., 2009). 



CHAPTER 1 

	29

Different models of EAE reproduce various aspects of EAE but no single 

model replicates MS. The review of literature about the role of TLR4 in 

EAE is difficult to interpret because EAE is influenced by auto-antigens, 

adjuvants, doses and genetic background. However, it is possible to deduce 

that T cells require of TLR4 signalling to promote or regulate EAE. 

 

1.6.5 Toll-like Receptor Five in Animal Models of 

Multiple Sclerosis 

Little is known about the role of TLR5 in animal models of MS. TLR5 was 

not increased in expression in the MOG35-55/CFA+PTX induced model of 

EAE in C57BL/6 mice (Prinz et al., 2006).  

 

1.6.6 Toll-like Receptor Six in Animal Models of 

Multiple Sclerosis 

Increased expression of Tlr6 mRNA was found in the MOG35-55/CFA+PTX 

induced model of EAE in C57BL/6 mice (Prinz et al., 2006), as well as in 

mice susceptible to demyelinating disease (SJL strain) after TMEV 

infection, but not in resistant mice (Turrin, 2008). Targeted deletion of Tlr6 

did not affect the severity of EAE in C57BL/6 mice (Prinz et al., 2006; 

Marta et al., 2008). 
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1.6.7 Toll-like Receptor Seven in Animal Models of 

Multiple Sclerosis 

Increased expression of Tlr7 mRNA was found in the MOG35-55/CFA+PTX 

induced model of EAE in C57BL/6 mice (Prinz et al., 2006) as well as in 

mice after TMEV infection (Turrin, 2008). 

 

Repeated low dose administration of the synthetic TLR7 agonist 9-benzyl-

8-hydroxy-2-(2-methoxyethoxy) adenine upregulated expression of the TLR 

signal inhibitors IRAK-M, and SHIP-1, and induced hyporesponsiveness to 

TLR2, -7 and -9, resulting in reduced EAE clinical scores in the MOG35-

55/CFA+PTX induced model (Hayashi et al., 2009). The TLR7 agonist 

Imiquimod, administered on days one, three and five post administration of 

MOG35-55/CFA+PTX also delayed disease onset and reduced EAE clinical 

scores; the treatment was associated with the endogenous production of 

IFN (O’Brien et al., 2010). 
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1.6.8 Toll-like Receptor Eight in Animal Models of 

Multiple Sclerosis 

Increased expression of Tlr8 mRNA was found in the MOG35-55/CFA+PTX 

induced model of EAE in C57BL/6 mice (Prinz et al., 2006) as well as in 

mice susceptible to demyelinating disease (SJL strain) after TMEV 

infection, but not in resistant mice (Turrin, 2008). Intra-axonal 

accumulations of TLR8 protein were confirmed for the MOG35-

55/CFA+PTX model (Soulika et al., 2009). Little else is known about the 

potential role of TLR8 in animal models of MS. 

 

1.6.9 Toll-like Receptor Nine in Animal Models of 

Multiple Sclerosis 

Increased expression of Tlr9 mRNA was found in the MOG35-55/CFA+PTX 

induced model of EAE in C57BL/6 mice (Prinz et al., 2006), as well as in 

mice after TMEV infection (Turrin, 2008).  

 

Whereas C57BL/6.Tlr9-/- mice showed a decreased severity of disease 

following EAE induction with MOG35-55 (Prinz et al., 2006), disease was 

exacerbated in TLR9-deficient mice treated with recombinant rat MOG 

(Marta et al., 2008). Lampropoulou et al., (2008) examined EAE 

susceptibility of mice bearing TLR9-deficiency on only B cells by using a 
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mixed bone marrow chimeric system with MT mice (carrying a gene 

deletion of the µ heavy chain) and Tlr9−/−Cd40−/− mice as donors and WT 

mice as recipients. The onset and recovery from EAE was indistinguishable 

from that of control mice (Lampropoulou et al., 2008). 

 

Consistent with TLR9 playing a role in EAE pathogenesis, TLR9 ligation 

with CpG DNA was able to induce EAE. Mice that expressed the transgenic 

TCR 5B6, which is specific for the PLP peptide 139-151, on the EAE-

resistant (EAE-resistant) B10.S background rarely developed spontaneous 

EAE, in contrast to 5B6 transgenic mice on the EAE-susceptible SJL 

background. The relative resistance to spontaneous EAE in transgenic 

B10.S mice appeared to be due to a lower activation state of the APCs. 

When APCs in 5B6 transgenic B10.S mice were activated by TLR9 ligation 

with CpG DNA, T cell tolerance was broken, resulting in encephalomyelitis 

(Walder et al., 2004). Similar results were obtained in an analogous, but 

non-transgenic system: Adult SJL mice injected i.p. with a PLP peptide 

emulsified in IFA fail to mount proliferative or cytokine responses and are 

protected from EAE upon subsequent challenge with the PLP/CFA. Again, 

the tolerized PLP-specific lymph node cells regained the ability to transfer 

EAE once reactivated in vitro in the presence of CpG oligonucleotides 

(Ichikawa et al., 2002). Finally, a combination of TLR4 and TLR9 agonists 

(CpG-ODN and LPS) was able to replace mycobacteria in Freund’s 
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adjuvant to induce EAE in Lewis rats immunized with MBP peptide 68-86 

(Wolf et al., 2007).  

 

1.6.10 Toll-like Receptors Eleven, Twelve and 

Thirteen in Animal Models of Multiple Sclerosis 

Nothing has been published on the potential roles of these TLR in animal 

models of MS. 

 

To summarize, TLRs play an important role in CNS autoimmune 

inflammation; however, research about the role of TLRs has been done 

using different protocols for EAE induction and different environments, 

which seem to lead to conflicting results and unclear interpretation. It is 

necessary to clarify confronting data by using a single protocol in the same 

environment. Moreover, it is also important to know the phenotype of EAE 

in the absence of TLRs in both male and females in order to establish 

clearer data for the development of more specific therapies. 
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1.7 Natural Killer T cells in Multiple Sclerosis 

and Experimental Autoimmune 

Encephalomyelitis 

Natural Killer T cells (NKT cells) are a heterogeneous group of T cells 

identified in 1987 that originate in the thymus (Fowlkes et al., 1987; Pellicci 

et al., 2002). NKT cells express common markers from both T cells and NK 

cells such as CD161 (NK1.1), CD122 (IL-2R) and TCR (Godfrey et al., 

2000; MacDonald HR. 2002).  

 

Recognition of antigens by NKT cells is restricted by the CD1d molecule 

(Godfrey et al., 2000; MacDonald 2002). NKT cells are activated by 

exogenous and endogenous ligands such as -galatosylceramide (-

GalCer), -glycuronsyl ceramides, -galactosyl diacylglycerol, 

phospatidylinositol mannosedes (PIM), lipophosphoglycans and 

isoglobotrihexosylceramide (iGb3) (Kinjo et al., 2005; Speak et al., 2008; 

and Muindi et al., 2010).  
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1.7.1 NKT cells classification 

In general two different classification systems group NKT cells:  

1) According to the NKT cells’ surface expression and function, humans 

have 3 subsets of NKT cells: a) CD4+CD8-, b) CD4-CD8- and c) CD4-CD8+) 

and mice have 2 subsets of NKT cells: a) CD4+CD8- and b) CD4-CD8-) 

(review in Berzins et al., 2011).  

 

2) According to the NKT cells’ reactivity to the Glycolipid -GalCer, the 

CD1d-dependent and the TCR chains, NKT cells have 2 subsets: a) Type I 

NKT cells or iNKT cells (invariant V24+J18 in humans and V14+J18 

in mice) which react to -GalCer in a CD1d dependent manner and are 

limited to TCR. This group includes a CD4+ and a CD4-CD8- populations; 

b) Type II NKT cells which do not react to -GalCer, are CD1d dependent 

and have diverse TCR (Seino et al., 2005). 

 

NKT cells produce large amounts of IL4 after activation (Bendelac et al., 

1997). Different subsets of NKT cells secrete IL2, IL3, IL5, IL13, IL17, 

IL21, GM-CSF and/or osteopontin after activation and have cytotoxic 

activity (Godfrey et al., 2004; Coquet et al., 2008; Coquet et al., 2007; Jiang 

et al 2005; review in Berzins et al., 2011). Cytokines production by NKT 

cells plays a key role in autoimmunity. IL4 drives the differentiation and 
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growth of Th2 cells and regulates autoimmunity and; IL17 drives the 

differenciation and growth of Th17 cells, which are associated with 

autoimmunity damage.  

 

Because NKT cells are active cells in autoimmunity, recognize exogenous 

and endogenous ligands and secrete the pro-inflammatory cytokines found 

in MS and EAE, it is possible that NKT cells play a role in CNS 

autoimmunity in both diseases.  

 

1.7.2 NKT cells in Multiple Sclerosis  

Altered numbers of NKT cells are seen in MS patients. For example, the 

number and diversity of NKT cells expressing the V24 marker is reduced 

in blood of MS patients including patients in remission (Illés et al. 2000; 

Démoulins et al. 2003; Araki et al. 2003). Opposing these findings, studies 

have reported that NKT cells expressing the invariant V24-J18+ T-cell 

receptor are increased in peripheral blood of MS patients (O'Keeffe et al., 

2008). These studies indicate that NKT cell numbers may correlate with the 

immunopathology of MS; however, the precise role of NKT cells in the 

disease remains unclear.   
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Cytokine production by NKT cells is also altered in MS patients, for 

example CD4-CD8-V24JQ T cells from peripheral blood of patients with 

RR-MS produce less IL4 but not IFN compared with CD4-CD8-V24JQ 

T cells from patients with progressive MS or healthy controls (Gigli et al., 

2007). Moreover, analysis of blood of MS patients indicates that MS 

treatment affects NKT cell numbers and function. For example, type 1 

interferon beta therapy increased the percentage of Valpha24+ NKT cells 

through myeloid dendritic cell maturation (Gigli et al., 2007). After type 

IFN therapy, NKT cells increased the secretion of IL4 (Gigli et al., 2007). 

Natalizumab, a monoclonal antibody therapy for RRMS that blocks the 

entry of leucocytes into the CNS by binding to the 4 subunit of a very-late 

activation antigen-4 (VLA-4), has a higher binding to NKT cells and NK 

cells than to CD3+ T cells. In addition, natalizumab, decreases levels of beta 

1 integrin surface expression on NKT cells and T cells, B cells and NK cells 

(Harrer et al., 2011; Harrer 2012). These studies indicate that NKT cells 

migrate into the CNS and play an important role in cell signalling, 

regulation of cell cycle and regulation of inflammation in MS. 

 

Ligands for NKT cells are extensively found in myelin. The dry weight of 

myelin comprises approximately 73-81% lipids and 20-25% protein (Deber 

et al., 1991; Aggarwal et al., 2011). The most abundant lipids in myelin are 

glycolipids such as galactocerebrocide (GalC) and its sulfated version 

sulfatide and phospholipids (Aggarwal et al., 2011). This suggests that 
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APCs can present glycolipids from the myelin to NKT cells during local 

inflammation in the CNS. 

 

1.7.3 NKT cells in Experimental Autoimmune 

Encephalomyelitis 

Stimulation of NKT cells decreases the severity of EAE by the production 

of pathogenic or protective cytokines. For example, the severity of EAE is 

increased in IL4 knockout mice and decreased in IFN- knockout mice 

when stimulated by alpha-GC (Pál et al., 2001). However, controversial 

results have been found during immunisation with NKT cells ligands such 

as sulfatide and alpha-GC. Immunisation with sulfatide at the same time as 

EAE induction protects mice from developing EAE (Jahng et al., 2004). 

Pre-immunisation of mice with -Galcer protects C57BL/6 and B10PL 

mice against EAE (Furlan et al., 2003; Jahng et al., 2001); however, 

immunisation with -Galcer at the same time as EAE induction protects 

C57BL/6 mice, while in B10PL mice the disease is exacerbated (Jahng et 

al., 2001). Other studies have found no effect or a minimal effect in the 

development of EAE when mice are immunized with -Galcer (Pál et al., 

2001).  
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A potential association has been found recently between NKT cells and 

vitamin D, which could be related to the initiation and progression of both 

MS and EAE. NKT cells require vitamin D for development and function, 

and vitamin D is associated with the onset and development of EAE and MS 

(Cantorna et al 2012).  

 

Overall, the role of NKT cells in the development of both EAE and MS 

needs to be clarified. The reduced number of NKT cells in MS patients 

could explain the lack of antinflammatory properties by regulatory 

cytokines such as IL4 and IL10 produced by NKT cells. However, NKT 

cells also produced IFN and IL17, which increase the severity of EAE. 

Whether NKT cells are associated with MS and EAE is being debated.  

 

1.8 Summary and project aims 

Although research into MS has been accelerating, particularly in recent 

years due to the constant increase in the incidence and prevalence of the 

disease, the interaction between genetics and environmental factors remain 

undiscovered. The deeper understanding of the interactions of these factors 

is required for better diagnostics, and improvement of therapies for the 

prevention and cure of MS.  
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In this study, Toll-like receptors and NKT cells were proposed as potential 

mechanisms for the development of CNS-autoimmune inflammation seen in 

MS. The roles of TLRs and NKT cells in gene/environment interactions can 

be studied in the EAE model because it provides a well-validated platform 

for specific gene and environmental manipulation. The mouse model of MS 

used in these studies was MOG35-55/CFA+PTX induced EAE.  

 

As mentioned before and summarized in Table 1.1, the absence of TLR2, 

TLR4 and TLR9 in EAE has generated controversial results. The lack of 

TLR1, TLR3, TLR5, TLR7, TLR8 and TLR10-TLR13 has not been studied 

in EAE. TLR6 has been ruled out to contribute to EAE. The previous 

studies that contributed to find the role of TLRs in EAE used different 

protocols for EAE induction, different environments and the sex of the 

animals is not declare in some findings (Table 1.1). It is unclear whether the 

conflicts in results stem from variation in the sex, methods of induction or 

environment. The first hypothesis of this study is that discrepancies in the 

studies of the role of TLRs in EAE can be partially solved by comparing the 

disease in male and female mice using a single model of EAE and the same 

environment. To test this hypothesis, the roles of TLR1, TLR2, TLR4, 

TLR6, TLR9, TLR2/9, TLR4/9 and MyD88 were examined in the mouse 

model MOG35-55/CFA+PTX induced EAE at the Comparative Genomics 

Centre.  
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As NOD/Lt mice, the most common animal model of T1D, are also 

susceptible to EAE, MOG35-55/CFA+PTX induced EAE was used to study 

the roles of TLR1, TLR2, TLR4, TLR6 and TLR9 in this strain in order to 

dissect the inter-relationships between organ-specific autoimmune diseases. 

Unlike C57BL/6.Tlr2-/- mice, NOD.Tlr2-/- mice did not decrease the severity 

of EAE. To test the hypothesis that insulitis associated with T1D 

development in some way compensated for the lack of TLR2 signalling in 

NOD mice, the role of TLR2 was examined in NOD.H2b and 

NOD.H2b.Tlr2-/- mice. 

 

Finally, most of the previous studies on the role of NKT cells in EAE have 

been performed using NKT cell ligands and little is know about the 

contribution of NKT cell numbers to EAE. It was hypothesized that 

different numbers of NKT cells alter the phenotype of EAE. To test this 

hypothesis the clinical course of MOG35-55/CFA+PTX induced EAE was 

examined in mice with different numbers of NKT cells. 
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Table 1.1 Toll-like receptors in EAE. 

Mutation 
Strain 
mouse Sex 

Auto 
antigen Adjuvant Enhacement 

Age of 
induction *Result Reference 

TLR1 
 Non 
known Non known 

  Non 
known 

  Non 
known   Non known   Non known Non known   Non known 

TLR2 

 

 

 

C57BL/6 

C57BL/6 

C57BL/6 

C57BL/6 

Female 

Female 

No specified 

Female 

MOG35–55 

MOG35–55 

MOG35–55 

MOG35–55 

CFA 

CFA 

CFA 

CFA 

PTX 

PTX 

PTX 

PTX 

6-12 weeks 

6-8 weeks 

6-8 weeks 

7-7 weeks 

Susceptible 

Susceptible 

No mentioned 

Resistant 

Prinz et al., 2006 

Hermann et al., 2006 

Chen et al., 2009 

Shaw et al., 2011 

TLR3 
Non 
known Non known Non known 

Non 
known Non known Non known Non known Non known 

TLR4 

 

 

  

  

  

C57BL/6 

C57BL/1
0ScCr 

C57BL/1
0ScCr 

C57BL/1
0ScCr 

Female 

No specified 

No specified 

No specified 

Recombina
nt rat 
MOG190-250 

protein 

MOG35–55 

MOG35–55 

MOG35–55 

CFA 

 

 

CFA 

CFA 

CFA 

PTX 

 

PTX 

PTX 

No enhacement 

8-12 weeks 

 

9 weeks 

9 weeks 

 

9 weeks 

Exacerbates 

 

 

Susceptible 

Resistant 

Resistant 

Marta et al., 2008 

 

 

Kerfoot et al., 2004 

Kerfoot et al., 2004 

Kerfoot et al., 2004 

Continue Table 1.1 Toll-like receptors in EAE 
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Mutation 
Strain 
mouse Sex Autoantigen Adjuvant Enhacement 

Age of 
induction *Result Reference 

TLR5 
Non 
known 

Non 
known Non known 

Non 
known Non known Non known Non known Non known 

TLR6 

 

C57BL/6 

 

Female 

 

Recombinant 
rat MOG190-250 

protein 

CFA 

 

PTX 

 

8-12 weeks 

 

Susceptible 

 

Marta et al., 2008 

 

TLR7 
Non 
known 

Non 
known Non known 

Non 
known Non known Non known Non known Non known 

TLR8 
Non 
known 

Non 
known Non known 

Non 
known Non known Non known Non known Non known 

TLR9 

 

  

C57BL/6 

C57BL/6 

 

Female 

Female 

 

Recombinant 
rat MOG190-250 

protein 

MOG35–55 

CFA 

CFA 

 

PTX 

PTX 

 

8-12 weeks 

6-12 weeks 

 

Exacerbates 

Resistant 

 

Marta , et al., 2008 

Prinz et al., 2006 

 

TLR10-TLR13 
Non 
known 

Non 
known Non known 

Non 
known Non known Non known Non known Non known 

 

Continue Table 1.1 Toll-like receptors in EAE 



CHAPTER 1 

	44

Mutation 
Strain 
mouse Sex Autoantigen Adjuvant Enhacement 

Age of 
induction *Result Reference 

MyD88 C57BL/6 Female MOG35–55 CFA PTX 6-12 weeks 
Complete 
resistant Prinz et al., 2006 

MyD88 

C57BL/6 

 

C57BL/6 

Female 

No 
specified 

Recombinant 
rat MOG190-250 

protein 

MOG35–55 

CFA 

CFA 

PTX 

PTX 

8-12 weeks 

No specified 

Complete 
resistant 

Complete 
resistant 

Marta et al., 2008 

Lampropoulou et al., 
2008 

 

TLR2/4 C57BL/6 
No 
specified MOG35–55 CFA PTX No specified Susceptible 

Lampropoulou et al., 
2008 

IRAK1 C57BL/6 
No 
specified MOG35–55 CFA PTX No specified Susceptible Deng et al., 2003 

 IRAK1 

 

 

C57BL/6 

 

 

No 
specified 

 

 

MBP Ac1-11 

 

 

CFA 

 

 

No enhacement 

 

 

7-10 weeks 

 

 

Complete 
resistant (A-
EAE) 

Susceptible (P-
EAE) 

Hansen et al., 2006 

 

 

 

Continue Table 1.1 Toll-like receptors in EAE 
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Mutation 
Strain 
mouse Sex Autoantigen Adjuvant Enhacement 

Age of 
induction *Result Reference 

TRIFLps2/Lps2 C57BL/6 
No 
specified MOG35–55 CFA PTX No specified Exacerbates Guo et al., 2008 

         

NF-kappa B1 C57BL/6 
No 
specified MOG38–50 CFA PTX 4-6 weeks Resistant Hilliard et al., 1999 

*Susceptible means that there is not difference between knockout mice and the control group. 

*Exacerbates means that knockout mice are more susceptible than the control group. 

*Resistant means that knockout mice decrease significantly the disease when compared with the control group.  

*Complete resistant means that knockout mice do not develop clinical signs of EAE. 
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CHAPTER 2  

MATERIALS AND METHODS 

2.1 Mice 

2.1.1 Sources of C57BL/6 and NOD/Lt mice 

C57BL/6 and NOD/Lt mice were bought from The Jackson Laboratory 

(Bau Harbor, Maine, USA) and were bred and housed at The 

Immunogenetics Research Facility, James Cook University. 

 

2.1.2 Sources and generation of knockout, congenic 

and transgenic mice 

2.1.2.1 Knockout mice 

Dr Shizuo Akira from Osaka University (Osaka, Japan) kindly provided the 

C57BL/6-Tlr knockout mice (Takeuchi et al., 1999; Hemmi et al., 2000; 

Adachi et al., 1998; Hoshino et al., 1999; Takeuchi et al., 2001; Takeuchi et 

al., 2002). C57BL/6.Tlr-/- mice were originally generated on the 129/SvJ 

background and backcrossed to B6. Erick Biros and Shahead Chowdly 

helped to found the C57BL/6.Tlr-/- and NOD.Tlr-/- mice by backcrossing and 

genotyping the mice in the Comparative Genomics Centre. C57BL/6.Tlr1-/- 
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and C57BL/6.Tlr6-/- mice had been backcrossed to C57BL/6 for six 

generations on arrival. They were subsequently further backcrossed to 

C57BL/6 mice for a total of 10 generations before intercrossing to generate 

homozygous knockout mice. C57BL/6.Tlr2-/-, C57BL/6.Tlr4-/-, 

C57BL/6.Tlr9-/- and C57BL/6.MyD88-/ mice had been backcrossed to 

C57BL/6 mice for 10 generations before intercrossing to generate 

homozygous mutants. Double-knockout mice (C57BL/6.Tlr2-/-Tlr9-/- and 

C57BL/6.Tlr4-/-Tlr9-/-) were generated by crossing single knockout mice, 

intercrossing the F1 progenies and genotyping a selection of homozygous 

mutants as founders for the new line (Adachi et al., 1998; Hoshino et al., 

1999; Takeuchi et al., 1999; Hemmi et al., 2000; Takeuchi et al., 2001; 

Takeuchi et al., 2002).  

 

NOD/Lt mice were crossed to C57BL/6.Tlr1-/-, C57BL/6.Tlr2-/-, 

C57BL/6.Tlr4-/-, C57BL/6.Tlr6-/-, C57BL/6.Tlr9-/- and C57BL/6.MyD88-/- 

mice and the progeny backcrossed to NOD/Lt mice for 10 more generations. 

At each generation, pups were genotyped by PCR tail DNA to select 

heterozygous mutants. The inbred lines were founded by intercrossing the 

F1 progenies and genotyping for selection of homozygous mutants.  

 

The Queensland Institute of Medical Research (QIMR) (Brisbane QLD, 

Australia) provided C57BL/6.Cd1d-/- mice. C57BL/6.Cd1d-/- mice were 

backcrossed to C57BL/6 (Appendix 2). Blood samples from the F1 
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progenies were analyzed by Flow Cytometry to find the homozygous 

knockout (KO) mice using anti-mouse CD1d PE antibody (clone 1B1) 

(Appendix 8) and anti-mouse TCR PerCP-Cy5.5 (clone H57-597) 

(Appendix 8). 

 

NOD.Cd1d-/- mice were bought from The Jackson Laboratory.  

 

2.1.2.2 Congenic and transgenic mice 

Alan G Baxter established the NOD.Nkrp1b mice (Poulton, et al., 2001). 

Julie M Fletcher crossed NOD.Nkrp1b mice with NOD.Cd1d-/- mice in 

order to establish NOD.Nkrp1b.Cd1d-/- mice in the Comparative Genomics 

Centre. Margaret Jordan and Christine Hawke established the NOD.H2d 

mice in the Comparative Genomics Centre. NOD.Idd13 were bought from 

The Jackson Laboratory. Tim Butler and Tatiana Tsoutsman established the 

NOD.Nkt1, NOD.Nkt2a, NOD.Nkt2b and NOD.Nkt2e mice in the 

Comparative Genomics Centre. Klaus Griewank generated the construct for 

TCR V alpha14 transgenic mice in the Albert Bendelac’ Laboratory at 

Howard Hughes Medical Institute, Committee on Immunology, Deparment 

of Pathology, University of Chicago, USA. 
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NOD.H2b mice were crossed to NOD.Tlr2-/- mice. The F1 progeny were 

intercrossed and genotyped by PCR tail DNA to generate NOD.H2b.Tlr2-/- 

homozygous mice (Appendix 3). 

 

2.2 Mouse identification and housing 

Mice aged 7-14 weeks were used in the research studies. Every mouse was 

ear-clipped for identification (Appendix 4). Mice were kept under specific 

pathogen-free conditions in the Immunogenetics Research Facility at James 

Cook University. The studies were reviewed and approved by the James 

Cook University Animal Care and Ethics Committee. 

 

2.3 Genotyping 

2.3.1 DNA extraction  

Mouse-tail tips at around 8 millimeters were cut to extract DNA. Every tail 

tip was digested in 420L of Tissue digest (QIAGEN Sciences, Maryland, 

USA) and 10L of Digest enzyme (QIAGEN Sciences, Maryland, USA) 

overnight at 56C. Samples were vortexed and then centrifuged for 5 

minutes at 2500 rcf. The amount of 220L of the digested tails was 

transferred to 96 well storage plates.  
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DNA extraction was done on a CAS-1810 X-TractorGene (Corbett 

Robotics) using the DX Reagent Pack (QIAGEN Sciences) and following a 

method developed in the Baxter laboratory at the Comparative Genomics 

Centre. After extraction, 2L of extracted DNA were used to measure the 

DNA concentration in a nonodrop.  

 

2.3.2 Polymerase chain reaction (PCR) and 

polyacrylamide gel electrophoresis (PAGE) 

PCR and PAGE were used to identify the targeting constructs. PCR was 

done in 20L to 25L volume containing H2O, GoTaq Green Master mix 

(Promega, Wisconsin, USA) (2x buffer), the specific primers (Appendix 5 

and 6) and DNA.  Samples were run in the Thermal cycler following the 

thermocycling protocols shown in Appendix 7. Samples were stored at 4C 

until PAGE was performed. 

 

The amount of 5L to 10L per sample was analyzed by PAGE run for 30 

minutes to distinguish amplified DNA fragments.  Fragment sizes were 

determined by separation of a 100 bp ladder (Invitrogen; Victoria, 

Australia) run in parallel.  
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2.3.3 Processing and staining of cells from blood for 

Flow Cytometry 

The amount of 100L of mouse blood was collected by retro-orbital 

venipuncture with plastic clad micro hematocrit tubes (Becton Dickinson; 

Pennsylvania, USA). Peripheral blood was stained with anti-CD1d (clone 

IB1, eBiosciences, California, USA) and anti-TCR (clone H57-597, BD 

Biosciences, California, USA) (Appendix 8) antibodies for 30 minutes at 

room temperature in the dark. After incubation, red cells were lysed with 

2mL 1x RBC Lysis Buffer (Sigma, Ayrshire, UK) and washed with 2 ml of 

MACS buffer (Appendix 9) and resuspended in MACS buffer (Appendix 9) 

to be analyzed by Flow Cytometry. 

 

2.4 Induction of EAE 

2.4.1 Mouse immunisation for active MOG35-55-

induced EAE  

Mice were injected subcutaneously (s.c.) at day 0 and day 7 in the inguinal 

and flank regions with 200 g of MOG35-55 peptide (Auspep; Victoria, 

Australia) in PBS (Invitrogen; Victoria, Australia) emulsified in an equal 

volume (1:1) of Complete Freud’s Adjuvant (CFA, containing 5mg/ml of 

heat-killed Mycobacteria tuberculosis (Difco laboratories; Michigan and 
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Missouri, USA). Each mouse also received an intra-peritoneal (i.p.) 

injection containing 250ng of PTX (List biological laboratories; California, 

USA) at days 0 and 2 (Prinz et al., 2006). 

 

2.4.2 Mouse immunisation for passive MOG35-55-

induced EAE 

2.4.2.1 Donor immunisation and organ collection 

Donor mice were injected subcutaneously at day 0 in the inguinal regions 

and flanks with 200 g of MOG35-55 peptide (Auspep; Victoria, Australia) in 

PBS (Invitrogen; Victoria, Australia) emulsified in an equal volume (1:1) of 

Complete Freund’s Adjuvant (CFA; containing 5mg/ml of heat-killed 

Mycobacteria tuberculosis (Difco laboratories; Michigan and Missouri, 

USA). An intra-peritoneal injection of 250ng of PTX (List biological 

laboratories; California, USA) was also administrated at days 0 and 2.  

 

Mice were euthanized by CO2 asphyxiation at day 10 to 11 after 

immunisation. The spleens and inguinal and axillary lymph nodes from 

donor mice were collected in HBSS (Invitrogen; Victoria, Australia) 

containing 100U/ml of penicillin/streptomycin (Invitrogen; Victoria, 

Australia) to prevent bacteria growth. 
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2.4.2.2 Single cell suspension and cell culture 

Spleen and lymph nodes were placed in a petri dish and mashed between 

two microscope slides with HBSS (Invitrogen; Victoria, Australia) 

containing 100U/ml of penicillin/streptomycin (Invitrogen; Victoria, 

Australia). Red cells from the spleens were lysed with Red Blood Cell 

lysing buffer (Sigma-Aldrich; Ayrshire, UK). Cells were washed and 

resuspended in a culture medium (Invitrogen; Victoria, Australia) 

supplemented with 10% (v/v) FCS, 2 mM L-glutamine, 100 U/ml penicillin, 

100 g/ml streptomycin sulfate, 1 mM sodium pyruvate, and 2 M 2-ME 

(Invitrogen; Victoria, Australia) at a concentration of 5 X 106 cells/ml.   

 

Cells were stimulated with 50g/ml MOG35-55 peptide (Auspep; Victoria, 

Australia), 10ng/ml IL23 (eBioscience; California, USA), 10ng/ml IL6 

(Sigma; Missouri, USA) and 5ng/ml TGF- (eBioscience; California, USA) 

and cultured at 37C and 5% CO2 in culture medium (Appendix 9). Cells 

were harvested at day 3 after cell culture. Cells adhering at the bottom of the 

flask were removed with a cell scraper. Dead cells were removed using 

Histopaque 1083 (Sigma; Missouri, USA) and centrifuged for 5 minutes 

with the centrifuge brake turned off. 
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2.4.2.3 Adoptive transfer of EAE to recipients 

Recipient mice were irradiated with 3 Gray and 5 X 107 cells were injected 

i.p. per mouse at day 0. Every mouse received an i.p. injection of 350ng of 

PTX (List biological laboratories; California, USA) at day 0 and 2. 

 

2.5 Clinical scoring of active and passive EAE  

Mice were scored daily over 30 days for clinical signs of active and passive 

EAE using the A scale in chronic EAE (Chapter 3 and Chapter 4). The B 

scale was used in subsequent chapters as NOD mice showed a marked 

weakness in the tail and hind-limp weakness with or without tail paralysis 

(Chapter 5 and Chapter 6). 

 

- A scale: 

0-no detectable signs of EAE; 0.5-hunching; 1-slight tail weakness; 1.5-

distal limp tail or hind-limb weakness; 2-total tail paralysis; 2.5-hind leg 

totally paralyzed; 3-both hind legs totally paralyzed; 3.5-bilateral hind-limb 

paralysis in combination with unilateral fore-limb paralysis or weakness of 

forelimbs; 4-bilateral hind-limb and forelimb paralysis; 5-moribund state or 

death (modified from Becher et al., 2001 and Prinz et al, 2006). Mice were 

euthanized when the clinical score was 3.5 or higher. 
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- B scale: 

0-no detectable signs of EAE; 0.5-hunching; 1-slight tail weakness; 1.5-

distal limp tail or marked weakness in the tail; 2-total tail paralysis; 2.5- 

hind-limb weakness with or without tail paralysis; 3.0-hind leg totally 

paralyzed; 3.5-both hind legs totally paralyzed; 4.0-bilateral hind-limb 

paralysis in combination with unilateral fore-limb paralysis or weakness of 

forelimbs; 4.5-bilateral hind-limb and forelimb paralysis; 5-moribund state 

or death (modified from Becher et al., 2001 and Prinz et al, 2006). Mice 

were euthanized when the clinical score was 4.0 or higher. 

 

2.6 Diabetes incidence 

A drop of blood obtained by a tail venepucture was used to measure glucose 

with a CareSens Blood Glucose Meter (Life Biosciences) and a blood 

glucose test strip (Medical Technology Promedt Consulting GmbH; Ingbert, 

Germany). Every mouse was bled fortnightly during 250 days. Mice were 

considered diabetic after two consecutive glucose readings of at least 14.0 

mM or a single glucose reading of “HI” (modified from Fletcher JM, et al., 

2008). Diabetic mice were euthanized by CO2 asphyxiation and their 

pancreata were collected in 10% formalin (Sigma; Missouri, USA) for 

histological analysis.  
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2.7 Histopathology 

2.7.1 Organ removal and fixation 

2.7.1.1 Central Nervous System (CNS) 

Mice were euthanized by CO2 asphyxiation. The right atrium was snipped 

and the left ventricle was perfused with 24 ml of PBS (Invitrogen;	Victoria,	

Australia). The skin on the top of the mouse head was incised and the skull 

was opened to collect the brain. A middle skin incision along the dorsum 

was made and the spinal vertebrae were cut to collect the spinal cord. Both 

the brain and the spinal cord were fixed in 10% formalin (Sigma; Missouri, 

USA). 

 

2.7.2 Parafination, section, de-waxing and 

hydratation 

Fixed CNS in 10% formalin were put in ethanol overnight and embedded in 

paraffin (Leica Microsystems; New South Wales, Australia) to be sectioned 

in a Cryotomo (R. Jung Heidelberg). CNS was sectioned at 4m for 

Hematoxilin and Eosin (provided by the Department of Marine and Tropical 

Biology, James Cook University), 5m for Luxol Fast Blue (Sigma; New 

South Wales, Australia), 10m for Bielschowsky's Silver (UNILAB;	
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Sydney,	 Australia). Sectioned tissues were de-waxed in Xylene (Merk; 

Victoria, Australia), and later put in absolute alcohol (Merk; Victoria, 

Australia) and 70% alcohol. Later, slides were washed in dH2O.   

  

2.7.3 Staining 

2.7.3.1 Hematoxilin and Eosin Staining 

Brains and spinal cords were stained with Mayer’s Haemalum (1% 

concentration in destilled water) (provided by the Department of Marine and 

Tropical Biology, James Cook University) for 8 minutes and washed in 

dH2O two times at 20 dips each. They were then kept in blueing solution 

containing sodium bicarbonate, magnesium sulphate and distillated water 

(provided by the Department of Marine and Tropical Biology, James Cook 

University) for 30 seconds and washed as before, and stained with eosin 

(provided by the Department of Marine and Tropical Biology, James Cook 

University) for 3 minutes. Later, slides were dehydrated and cleared in 70% 

alcohol, absolute alcohol (Merk; Australia) and xylene (Merk; Victoria, 

Australia) and mounted with DPX (BDH; Poole, UK), which is a mixture of 

distyrene, plasticizer, and xylene (Protocols were adapted from Humason 

GH, 1972). 
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2.7.3.2 Luxol fast blue 

Spinal cords were placed in 1% Luxol fast blue solution (Appendix 9) and 

left overnight at 56 C. Slides were rinsed of excess staining with 95% ethyl 

alcohol (provided by the Department of Marine and Tropical Biology, 

James Cook University) and then rinsed with distilled water. Spinal cord 

sections were put in the lithium carbonate solution (Acros Biochemicals) 

(Appendix 9) for 30 seconds and 70% ethyl alcohol for 30 seconds. Sections 

were then rinsed in distilled water and checked microscopically to see if 

grey matter was clear and white matter was defined. After clear 

differentiation between grey and white matter, sections were put in distilled 

water, counterstained in 0.1% cresyl fast violet (The British Drug Houses; 

Poole, England) or 0.1% cresyl violet acetate (Sigma; New South Wales, 

Australia) (Appendix 9) solution for 30-40 seconds and rinsed in distilled 

water. Sections were then passed through 95% ethyl alcohol (provided by 

the Department of Marine and Tropical Biology, James Cook University) 

for 5 minutes, 100% alcohol (10 dips) (Merk; Australia) and xylene (10 

dips) (Merk; Victoria, Australia) and mounted on DPX (BDH; Poole, UK) 

(method adapted from IHCWORLD, Life Science Information Network). 

 

2.7.3.3 Bielschowsky's Silver 

Spinal cords sections were placed in 10% silver nitrate solution (UNILAB; 

Sydney, Australia) (Appendix 9) at 40ºC for 20 minutes and washed by 
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distilled water. While the slides were in distilled water, concentrated 

ammonium hydroxide 28% (UNIVAR, New South Wales, Australia) was 

added to the 10% silver nitrate solution (Appendix 9) and the slides were 

then placed back into the ammonium silver solution (Appendix 9) for 60 

minutes at 40 ºC. The slides were placed in 1% ammonium hydroxide 

(Appendix 9) solution for 3 minutes and then into developer working 

solution (Appendix 9) for 4 minutes. Later, the slides were placed in 1% 

ammonium hydroxide solution (Appendix 9) for 3 minutes to stop the silver 

reaction. The slides were placed in 5% sodium thiosulfate solution 

(Appendix 9) for 5 minutes and washed in distilled water, dehydrated and 

cleared through 95% ethyl alcohol and absolute ethyl alcohol and xylene 

(Merk; Victoria, Australia). The slides were then mounted with DPX (BDH; 

Poole, England) (method modified from IHCWORLD, Life Science 

Information Network). 

 

2.8 Histological evaluation 

2.8.1 Spinal cord 

Cell infiltration and demyelination (loss of myelin) of spinal cords was 

assessed using the following semi-quantitative scoring system: 0 = no 

lesions, no cell infiltration and no reduction in LFB and Bielschowsky's 

silver staining; 1 = solitary lesions with cell infiltration of low cellular 

density with or without mildly reduced LFB and Bielschowsky's silver 
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staining; 2 = two to three lesions level with moderate cell infiltration 

associated with reduced LFB staining and Bielschowsky's silver; 3 = many 

lesions in almost all fields with extensive cell infiltration associated with 

severe reduction in LFB and Bielschowsky's silver staining (modified from 

Hempel et al., 1985). 

 

2.9 Flow Cytometry 

2.9.1 Organ removal 

Mice were euthanized by CO2 asphyxiation. Spleens and superficial and 

deep cervical lymph nodes were removed and placed in PBS (Invitrogen 

Victoria, Australia). CNS was removed after snipping the right atrium and 

perfusion via the left ventricle with 24 ml of PBS (Invitrogen Victoria, 

Australia). All samples were kept at 4C. 

 

2.9.2 Preparation of single cell suspensions 

2.9.2.1 Spleen  

Each spleen was placed in a petri dish with MACS buffer (Appendix 9) and 

mashed between two microscope slides and centrifuged. The pellet obtained 

after centrifugation was resuspended in red blood cell lysing buffer (Sigma; 

Ayrshire, UK) and incubated for 8 minutes in ice to destroy the red cells. 
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After incubation, the cells were washed with MACS buffer (Appendix 9) 

and resuspended in 1ml of MACS buffer (Appendix 9) and counted using a 

cell counter (Beckman Coulter, Instance	 Number	 898673;	 California,	

USA).  

 

2.9.2.2 Lymph nodes 

Lymph nodes from every mouse were mashed between two microscope 

slides in MACS buffer (Appendix 9), centrifuged and resuspended in 1ml of 

MACS buffer (Appendix 9). Cells were counted with a Beckman Coulter 

(Instance Number 898673; California, USA). 

 

2.9.2.3 Central Nervous System 

Every CNS was minced through a wire mesh sieve and centrifuged for 15 

minutes at 4°C. Pellets were resuspended in enzyme/ collagenase buffer 

containing 0.5ml/mg of Collagenase Type II (Sigma; NSW, Australia) and 

500U/ml of DNase I (Sigma; NSW, Australia) and incubated at 37°C for 60 

minutes. Samples were topped up to 50 ml with PBS (Invitrogen Victoria, 

Australia) after incubation and centrifuged for 15 minutes at 400 X g. 

Pellets were resuspended in 20 ml of 30% v/v isotonic percoll (GE	

Healthcare	Bio‐Sciences;	New	South	Wales,	Australia), underlayed with 

7.5ml of 70% v/v isotonic percoll (GE	 Healthcare	 Bio‐Sciences;	 New	
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South	Wales,	 Australia), topped with 7.5ml of PBS (Invitrogen Victoria, 

Australia) and centrifuged for 25 minutes at 25°C, 600 X g. Cells between 

30% and 70% density were collected and washed in 50ml of PBS 

(Invitrogen Victoria, Australia). The pellet was resuspended in MACS 

buffer (Apendix 9) and counted with a cell counter (Beckman Coulter, 

Instance	Number	898673;	California,	USA). 

 

2.9.3 FACs staining and analysis 

 2.9.3.1 Blocking FcR binding 

Leucocytes from CNS, spleens and lymph nodes were plated out in 96-well 

U-bottom plates at 1-2 million cells per well. Cells were incubated with 

Biotin-CD16/32 antibody (BD biosciences; California, USA) containing 

10% mouse serum for 15 minutes to prevent non-specific antibodies 

bindings. Cell pellets were re-suspended for cell surface staining. 

 

2.9.3.2 Cell surface staining 

Each leukocyte sample from the CNS, spleens and lymph nodes were 

incubated with a cocktail of antibodies (Appendix 8) for 25 minutes after 

blocking FcR binding (BD biosciences; California, USA). Cells were 

washed with MACS buffer and centrifuged for 2 minutes at 4°C. A 



CHAPTER 2 

	63

secondary staining was done with streptavidin when biotinylated antibodies 

were used (Appendix 8). After cell surface staining, the pellet was re-

suspended in 300L of MACS buffer (Appendix 9) and filtered through 

70m nylon mesh (Clear Edge Filtration; Victoria, Australia) into Falcons 

tubes (BD biosciences; California, Australia). Propidium iodide (PI) 

(2ng/ml) (Invitrogen; Victoria, Australia) was added before cell analysis to 

detect dead cells. Data analysis was performed on a CyAnTM ADP Flow 

Cytomer (Beckman Coulter) and LSR Fortessa (BD Biosciences).  

 

For CCR2 staining, cells were incubated with 50% mouse serum for 15 

minutes at room temperature and centrifuged at 4°C for 3 minutes. Cells 

were incubated with CCR2 mAb biotinylated (Appendix 8) for 25 minutes 

and washed. Cells were then incubated with streptavidin-Dylight 649 

(Appendix 8) for 25 minutes. Cells were washed in 200L of Macs buffer 

(Appendix 9) and centrifuged at 4°C for 3 minutes. Later, cells were 

incubated with 10% rat serum for 30 minutes at 4°C, centrifuged and 

resuspended in MACS buffer (Appendix 9).  
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2.9.3.3 Intracellular staining 

2.9.3.3.1 Tregs staining 

Cell surface staining was done with anti TCR, CD4, CD25 and CD62L 

antibodies (Appendix 8) as described previously. Cells were fixed with 

100l of 1X FoxP3 Fix/Perm solution (BioLegend; California, USA) for 20 

minutes. Cells were washed with Perm buffer twice (BioLegend; California, 

USA). Cells were stained with anti-FoxP3 antibody (BioLegend; California, 

USA) for 30 minutes, washed twice with FoxP3 Perm buffer (BioLegend; 

California, USA) and re-suspended in MACS buffer (Appendix 9).  

 

2.9.3.3.2 IL17 in spleen 

Cells were stimulated with Ionomycin (1g/ml) (Invitrogen; Victoria, 

Australia) and PMA (10ng/ml) (Sigma-Aldrich; Missouri, United Kingdom) 

and incubated for 4 hours at 37C. Samples were analyzed following the BD 

Cytofix/CytopermTM Plus Fixation/Permeabilization Kit with BD 

GolgiPlusTM protocol (BD biosciences; California, USA). 

 

2.9.3.3.3 IL17 Secretion Assay 

Leukocytes from CNS and spleen were washed with HBSS (Invitrogen; 

Victoria, Australia), centrifuged at 4C for 10 minutes and then the 
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supernatant was aspirated. Each CNS pellet was re-suspended in RPMI 

medium (Invitrogen; Victoria, Australia) containing 5% of mouse serum 

and the spleens were re-suspended at 1X107 cells/ml. CNS cells and spleen 

cells were placed in a 96 or 24 well cell culture plate respectively, 

stimulated with Ionomycin (1g/ml) (Invitrogen; Victoria, Australia) and 

PMA (10ng/ml) (Sigma; Missouri, UK) and incubated for 3 hours at 37C. 

Negative controls were not stimulated.  

 

Cells were washed twice with cold buffer (PBS (Invitrogen; Victoria, 

Australia) containing 0.4% EDTA (AMRESCO; Ohio, USA) and 5 ml of 

5% bovine serum albumin (BSA) (Invitrogen; Victoria, Australia) after 3 

hours of stimulation and centrifuged. The pellet of leucocytes from the CNS 

was re-suspended in 90L of cold buffer and the pellet of leucocytes from 

the spleen was re-suspended in 900L of cold buffer. 10L and 100L of 

mouse IL17 Catch Reagent were added to the CNS and the spleen cells, 

respectively, and incubated for 5 minutes on ice. Buffers and Catch reagent 

were bought from Miltenyi Biotec (New South Wales, Australia). 

 

Cells were topped up to 10ml of cell culture medium (Appendix 9) and 

incubated for 45 minutes at 37C (the tubes were rotated every 5 minutes to 

re-suspend settled cells). Cells were then put on ice and washed with cold 

buffer. The pellet from the CNS cells was re-suspended in 100L of cold 



CHAPTER 2 

	66

buffer and the pellet from the spleen cells was re-suspended in 900 l of 

cold buffer. 10L and 100L of Mouse IL17 Detection Antibody were 

added to the CNS and the spleen cells, respectively, and incubated for 10 

minutes on ice. Buffers were bought from Miltenyi Biotec; New South 

Wales, Australia). 

 

Cells were then washed in 10 ml of cold buffer. The pellet from the CNS 

cells was re-suspended in 100L cold buffer and the pellet from the spleen 

cells was re-suspended in 900 L of cold buffer. 10L and 100L of 

streptavidin PE were added to the CNS and the spleen cells, respectively, 

and incubated for 10 minutes on ice. Cells were washed and stained with 

CD45.2, TCR, CD4 and CD8 (Appendix 8) as described in cell surface 

staining cells before. Buffers were bought from Miltenyi Biotec (New South 

Wales, Australia). 

 

 2.10 Cytokines assays 

 2.10.1 Plasma collection and storage 

Blood was collected by retro-orbital venipuncture with plastic clad micro 

hematocrit tubes (Becton Dickinson and Company; Pennsylvania, USA) at 

21 days after active EAE induction, at 10 and 34 days after passive EAE 

and at 40 days in relapsing-remitting EAE. Blood was centrifuged at 4C 
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and 6000 X g for 8 minutes. Plasma was collected and stored at -80C until 

assayed. 

 

 2.10.2 Th1/Th2/Th17 cytokine assays  

Plasma from C57BL/6, C57BL/6.Tlr2-/-, C57BL/6.Tlr9-/-, C57BL/6.Tlr2-/-/9-

/-, C57BL/6.MyD88-/- male and female mice with active EAE and plasma 

from C57BL/6, C57BL/6.Tlr2-/- with passive EAE was analyzed to detect 

GM-CSF, IFN, IL-1, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, TNF, IL-23 

and/or IL-18, CXCL1/KC, and MIP-1. Plasma from NOD.H2b and 

NOD.H2b.Tlr2-/- was analyzed to detect IL13, IL1, IL22, IL5, IL21, IL6, 

IL10, IL27, IL23, IFN, TNF, IL4 and IL17 (eBiosciences). Samples were 

process following the Bender MedSystems protocols. 

 

Samples were acquired on either a CyAn ADP (Beckman Counter) or an 

LSR Fortessa (BD Biosciences) Flow Cytometers. Data were analyzed with 

a multiparameter logistic nonlinear regression model using Flow Cytomix 

Pro 2.2.1 (Bender Medsystems) and Graph Pad Prism version 5.00 (Graph 

Pad for Mac, Software, San Diego, California, USA).  
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 2.10.2.1 IFN ELISA 

Plasma from C57BL/6, C57BL/6.Tlr2-/-, C57BL/6.Tlr9-/-, C57BL/6.Tlr2-/-/9-

/-, C57BL/6.MyD88-/- male and female mice with active EAE was analyzed 

to detect IFN protein using enzyme-linked immunosorbent assay (ELISA) 

(plb interferon source; New Jersey, USA). ELISA was performed following 

the protocol of plb Biomedical Laboratories. Data analysis was performed 

on a micro-plate reader at an absorbance of 450nm (Versamax Microplate 

reader). The detection range was 15.6-1000 pg/ml.  

 

2.11 Intraperitoneal injections of IL6 

C57BL/6, C57BL/6.Tlr2-/-, NOD.H2b and NOD.H2b.Tlr2-/- mice received 

daily intraperitoneal injection of IL6 (Shenandoah Biotechnology, 

Pennsylvania, USA)  (2g in 200l of PBS (Invitrogen; Victoria, 

Australia)) for 20 days during the induction of the disease. 

 

 2.12 Mice treated with antibiotics 

Mice were fed with pellets of medicated food with 600mg of amoxicillin, 

100mg clarithromycin, 200mg metronidazole and 4mg ameprazole per 

kilogram. Control mice were fed with normal food (no medicated food). All 



CHAPTER 2 

	69

medicated and non-medicated food was bought from Specialty Feeds, Glen 

Forrest, Western, Australia. 

 

 2.13 Statistical analysis 

Mice from the control group were compared with knockout, congenic or 

transgenic mice of the same sex. Statistical calculations were performed 

using Microsoft Excel 2008, Graph Pad Prism version 5.00 (Graph Pad for 

Mac, Software, San Diego, California, USA www.graphpad.com), Graph 

Pad Prism version 4.0c (1994-2005) or InStat 3.0b (1992-2003). Data were 

statistically significant at p < 0.05 (Mann-Whitney U test or Kruskal-Wallis 

test with Dunn’s multiple-comparison post-test unless otherwise stated). 
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CHAPTER 3 

ROLES FOR TLR2, TLR9 AND MYD88 BUT 

NOT TLR1, TLR4 AND TLR6 IN ACTIVE 

MOG35-55/CFA + PTX–INDUCED EAE 

3.1 Introduction 

MS is a chronic immune-mediated inflammatory/demyelinating disease of 

the CNS that occurs in young adulthood and is more common in women but 

more severe in men (Hsueh et al., 2013). The molecular mechanisms of MS 

and the development of therapies to treat it have been successfully studied 

in animal models such as EAE (Furlan et al., 2009). EAE causes a 

demyelinating paralysis resembling the common forms of MS and almost 

every therapy for MS has been developed in this animal model (Lindsey et 

al., 1996). Despite advances in the treatment of signs and symptoms of MS, 

the factors underlying its initiation and progression are unclear and no cure 

or preventive therapies are known. 

 

Multiple genetic and environmental factors contribute to MS and EAE as 

discussed in Chapter 1. One potential mechanism by which environmental 

factors could regulate autoimmune responses is via the TLR system and 
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associated pathways. TLRs mediate inflammatory responses to 

environmental factors known as PAMP, and to endogenous molecules 

known as DAMP (Akira et al., 2006; Kaisho et al., 2006). Although TLR 

expression increases in CNS autoimmune inflammation, the role of TLRs 

remains controversial in MS and EAE (Bsibsi et al., 2002; Kerfoot, et al., 

2004; Prinz et al., 2006; Marta et al., 2008; Reynolds et al., 2010). In this 

chapter, it is hypothesized that TLR ligation regulates CNS autoimmune 

inflammation in EAE. To test this hypothesis, the roles of TLR1, TLR2, 

TLR4, TLR6, TLR9, TLR2/9, TLR4/9 or MyD88 in active MOG35-55/CFA 

+ PTX–induced EAE are examined.  

 

3.2 Results 

3.2.1 Toll-like receptors and MyD88 in active MOG35-

55/CFA + PTX–induced EAE  

Previous studies found that MyD88 is required for the development of EAE 

(Prinz et al., 2006). MyD88 is the adaptor molecule for almost all TLRs, 

except TLR3; TLR3 signals via the TRIF pathway, and TLR4 uses both the 

MyD88 pathway and the TRIF pathway (Uematsu et al., 2006). To 

determine whether signalling through TLRs play a role in the induction 

and/or effector phase of active MOG35-55/CFA + PTX–induced EAE, the 

disease was induced in male and female C57BL/6 (WT, positive control 
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group) and C57BL/6 mice deficient in TLR1, TLR2, TLR4, TLR6, TLR9, 

TLR2/9, TLR4/9 or MyD88 (5-12 mice per group); with s.c. administration 

of MOG35-55 peptide and CFA and i.p. administration of PTX. Negative 

control male and female C57BL/6 mice were treated with Phosphate 

Buffered Saline (PBS) (1 mouse), or PTX and an emulsion of CFA and PBS 

(CFA/PTX) (1 mouse).  

 

Clinical signs of active MOG35-55/CFA + PTX–induced EAE were 

examined over 40 days. Neither male nor female mice from the negative 

control groups showed clinical signs of EAE, while male and female 

C57BL/6 mice from the positive control group and C57BL/6 mice deficient 

in TLR1, TLR2, TLR4, TLR6, TLR9, TLR2/9, TLR4/9 immunized with 

MOG35-55/CFA + PTX showed clinical signs of EAE (Figure 3.1 and Figure 

3.2). PTX and CFA were unable to induce clinical signs of active EAE 

without MOG35-55 peptide. 

 

Clinical signs of active MOG35-55/CFA + PTX–induced EAE appeared 

within 13-17 days in C57BL/6 (WT) male mice, and within 13-19 days in 

C57BL/6 (WT) female mice after the induction of EAE. Both male and 

female C57BL/6 mice developed a chronic form of EAE. The peak of active 

MOG35-55/CFA + PTX–induced EAE was observed at 21 days after EAE 

induction, followed by a slight drop to a plateau disability in both sexes 

(Figure 3).  
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The clinical course of active MOG35-55/CFA + PTX–induced EAE was 

compared between C57BL/6 mice (positive control group) and 

C57BL/6.Tlr-knockout mice. Both male and female mice deficient in TLR1 

showed similar course of active MOG35-55/CFA + PTX–induced EAE 

compared with C57BL/6 male or female mice respectively (Figure 3.2 and 

Table 3.1).  

 

Male mice deficient in TLR4 showed a mild exacerbation of active MOG35-

55/CFA + PTX–induced EAE for four days (days 16, 17, 20, 21) and, 

TLR4/9 doubly deficient male mice had a mildly decreased severity of 

disease for eight days (days 20-24 and 30-32) compared with C57BL/6 male 

mice. However, in the absence of TLR4 or TLR4/9, mice showed similar 

clinical course of active MOG35-55/CFA + PTX–induced EAE in female 

mice compared with C57BL/6 female mice. Also, no differences were seen 

in the daily clinical scores of active MOG35-55/CFA + PTX–induced EAE in 

the absence of TLR6 compared with the positive control groups in both 

male and female mice (Figure 3.2 and Table 3.1).  

 

The day of onset of active MOG35-55/CFA + PTX–induced EAE, the 

maximum score of disease and the CDI were also similar between C57BL/6 

and C57BL/6 mice deficient in TLR1, TLR4 TLR6 and TLR4/9 in both 
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male and female mice (Figure 3.2 and Table 3.1). These results indicate that 

signalling from TLR1, TLR4, TLR6 and TLR4/9 do not play a major role in 

active MOG35-55/CFA + PTX–induced EAE. 
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Figure 3.1 Representative clinical course of active MOG35-55/CFA + PTX–induced 
EAE in individual mice. The two columns in the left side are the negative control 
C57BL/6 male and female mice immunized with PBS (closed squares) or 
CFA/PTX (open squares). The two columns in the right side are the positive 
control C57BL/6 and C57BL/6.Tlr-knockout male and female mice immunized 
with MOG35-55/CFA/PTX. Closed circles correspond to C57BL/6 WT positive 
control mice and open circles correspond to C57BL/6.Tlr1-/-, C57BL/6.Tlr2-/-, 
C57BL/6.Tlr4-/-, C57BL/6.Tlr6-/-, C57BL/6.Tlr9-/-, C57BL/6.Tlr2-/-9-/-, 
C57BL/6.Tlr4-/-9-/- and C57BL/6.Myd88-/- male and female mice.
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Figure 3.2 Clinical course of active MOG35-55/CFA + PTX–induced EAE in male 
and female mice. Close circles represent to C57BL/6 (WT) mice and open circles 
represent C57BL/6.Tlr1-/-, C57BL/6.Tlr2-/-, C57BL/6.Tlr4-/-, C57BL/6.Tlr6-/-, 
C57BL/6.Tlr9-/-, C57BL/6.Tlr2-/-/9-/-, C57BL/6.Tlr4-/-/9-/- and C57BL/6.Myd88-/- 

mice. Each data point and error bar represents the mean per day ± SEM from five 
to twelve mice. Statically significant data between C57BL/6 and C57BL/6.Tlr-/- are 
indicated (*p < 0.5, uncorrected Mann Whitney-test). 
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Table 3.1 Characteristics of active MOG35-55/CFA + PTX–induced EAE in 
male and female C57BL/6 and C57BL/6 mice deficient in TLR1, TLR2, 
TLR4, TLR6, TLR9, TLR2/9, TLR4/9 and MyD88. 

 

Experiment 

 

Strain 

 

n 

Incidence 

(%) 

Onset 

(days) 

Maximum 
Disease 
Score 

Cumulative 
Disease 
Index (CDI) 

Male       

Exp 1 C57BL/6 5 100 14.2±0.2 3.1±0.1 71.8±2.9 

 C57BL/6.Tlr1-/- 6 100 14.7±0.2 3.7±0.3 77.3±8.7 

 C57BL/6.Tlr2-/- 6 100 14.5±0.2 3.8±0.4 80.2±12.1 

 C57BL/6.Tlr9-/- 6 100 14.5±0.4 3.2±0.2 60.2±4.3 

Exp 2 C57BL/6 5 100 13.2±0.2 2.9±0.2 62.1±8.3 

 C57BL/6.Tlr4-/- 6 100 13.2±0.2 3.5±0.0* 76.7±2.0 

 C57BL/6.Tlr6-/- 6 100 13.0±0.0 3.3±0.2 67.3±4.3 

Exp 3 C57BL/6 6 100 15.2±0.5 3.0±0.0 64.9±5.2 

 C57BL/6.Tlr9-/- 6 100 15.3±0.2 2.8±0.2 60.5±3.7 

Exp 4 C57BL/6 7 100 13.4±0.2 3.4±0.1 80.9±7.0 

 C57BL/6.Tlr2-/- 8 100 13.8±0.3 3.8±0.2 74.5±8.3 

 C57BL/6.Tlr2/9-/- 10 100 13.8±0.2 2.8±0.1** 49.4±5.4*** 

Exp 5 C57BL/6 7 100 14.3±0.4 3.0±0.0 70.3±2.9 

 C57BL/6.Myd88-/- 8 0 Na 0.0±0.0*** 0.0±0.0*** 

Exp 6 C57BL/6 8 100 13.7±0.2 3.25±0.2 71.9±6.7 

 C57BL/6.Tlr4/9-/- 11 100 12.4±0.3* 2.4±0.2 54.6±8.0 

Female       

Exp 1 C57BL/6 5 100 16.0±0.0 3.1±0.1 61.1±3.8 

 C57BL/6.Tlr1-/- 6 100 15.2±0.2** 2.7±0.3 53.6±9.7 

 C57BL/6.Tlr2-/- 6 100 15.7±0.8 1.6±0.3** 14.2±8.8* 

 C57BL/6.Tlr4-/- 6 100 15.7±1.6 3.2±0.4 64.0±19.2 

 C57BL/6.Tlr6-/- 6 100 15.5±1.6 3.1±0.5 65.1±19.8 

 C57BL/6.Tlr9-/- 6 33.3 17.0±1.2* 0.8±0.5** 8.5±7.8** 

Exp 2 C57BL/6 6 100 13.7±0.3 2.9±0.3 57.7±10.3 

 C57BL/6.Tlr9-/- 6 100 17±0.0** 2.2±0.2* 32.0±5.5* 

 C57BL/6.Myd88-/- 5 40 22.0±2.6** 1.1±0.4** 8.8±7.3** 



CHAPTER 3 

	78

Exp 3 C57BL/6 5 100 15.8±0.6 2.6±0.2 48.4±2.8 

 C57BL/6.Tlr2-/- 5 100 22.8±3.1 1.4±0.3* 14.0±9.0 

Exp 4 C57BL/6 6 100 16.2±0.3 2.4±0.2 46.9±4.3 

 C57BL/6.Tlr2-/- 5 100 19.6±2.5 1.5±0.4 16.2±10.0 

Exp 5 C57BL/6 8 100 15.9±0.5 2.9±0.1 53.3±3.7 

 C57BL/6.Tlr2-/- 8 100 15.4±0.2 2.6±0.2 44.9±3.5 

 C57BL/6.Myd88-/- 8 0 Na 0.0±0.0*** 0.0±0.0*** 

Exp 6 C57BL/6 6 100 17.3±0.8 2.7±0.2 45.5±5.5 

 C57BL/6.Tlr4-/- 6 100 17±1.5 2.4±0.3 47.7±7.6 

Exp 7 C57BL/6 6 100 17.0±0.8 2.6±0.3 48.0±8.0 

 C57BL/6.Tlr6-/- 5 100 14.8±0.8 2.9±0.2 54.8±4.2 

Exp 8 C57BL/6 8 100 15.4±0.2 2.9±0.1 56.0±5.0 

 C57BL/6.Tlr9-/- 8 100 21.6±2.5*** 1.6±0.2*** 19.9±6.7*** 

 C57BL/6.Tlr2/9-/- 8 100 16.2±0.8 1.6±0.2*** 19.1±4.9*** 

Exp 9 C57BL/6 5 100 14.8±1.1 2.7±0.3 53.1±9.9 

 C57BL/6.Tlr2/9-/- 8 100 15.4±0.6 2.3±0.2 44.8±7.3 

Exp 10 C57BL/6 7 100 13.8±0.2 2.4±0.2 51.9±4.06 

 C57BL/6.Tlr4/9-/- 12 100 13.01±0.6* 2.6±0.2 42.1±4.8 

Mean  SEM of the clinical score of EAE. Statistically significant data between 
C57BL/6 mice (WT, positive control group) and C57BL/6.Tlr-knockout mice are 
indicated (*p < 0.05, **p < 0.01, ***p < 0.01, uncorrected Mann Whitney-test U 
test). 
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The absence of MyD88 protected mice from active MOG35-55/CFA + PTX–

induced EAE. Neither male nor female mice deficient in MyD88 showed 

clinical signs of EAE (Figure 3.2 and Table 3.1), confirming that MyD88 

plays a definitive role in the development of EAE as reported by Marta et 

al., (2008) and Prinz et al., (2006).  

 

Less severe clinical signs of EAE occurred in the absence of TLR9. The 

clinical course of EAE was decreased in the absence of TLR9 in female 

mice during 26 days (days 14-36 and 38-40) compared to C57BL/6 female 

mice. Female mice deficient in TLR9 had less severe clinical signs of EAE 

(mean maximum score  SEM = 0.8  0.5, p < 0.01 and; mean CDI  SEM 

= 8.5  7.8, p < 0.01) compared with C57BL/6 female mice (mean 

maximum score  SEM = 3.1  0.1 and CDI  SEM = 61.1  3.8). The 

onset of the disease was also delayed in C57BL/6 female mice deficient in 

TLR9 (19.3  1.2 days, p < 0.001) when compared with C57BL/6 female 

mice (15.0  0.2 days) (Figure 3.2 and Table 3.1). A pool analysis of three 

cohorts of C57BL/6.Tlr9-/- female mice and their respective controls 

exhibited a milder mean maximum score (p < 0.001) and a decreased CDI 

(p < 0.001) compared with C57BL/6 mice (Figure 3.2 and Table 3.2). 

Although the course of active MOG35-55/CFA + PTX –induced EAE was 

decreased in the absence of TLR9 in male mice for 7 days (days 24-30), no 

differences were seen in the day of onset of disease, maximum clinical score 
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and CDI when compared with C57BL/6 male mice (Figure 3.2 and Table 

3.2). 

 

Less severe clinical signs of EAE occurred in the absence of TLR2. Female 

mice deficient in TLR2 showed a decreased severity of EAE during 25 days 

(days 16-40) compared to C57BL/6 female mice. The severity of EAE was 

also decreased in the absence of TLR2 (mean of maximum score  SEM = 

1.6  0.3, p  0.01) and mean of CDI  SEM = 14.2  8.8, p  0.05) 

compared with C57BL/6 female mice (mean maximum score  SEM of 3.1 

 0.1 and CDI  SEM of 61.1  3.8) (Figure 3.2 and Table 3.1). A pooled 

analysis of four cohorts of C57BL/6.Tlr2-/- female mice and their respective 

control showed highly significant differences in mean maximum score (p < 

0.001) and CDI (p < 0.001) (Figure 3.2 and Table 3.2). In contrast, no 

differences were seen in the clinical course of EAE, onset day of disease, 

maximum score of disease and CDI in the absence of TLR2 in male mice 

compared with C57BL/6 male mice (Figure 3.2 and Table 3.1). These 

results showed that sexual dimorphism is present in the severity of active 

MOG35-55/CFA + PTX –induced EAE in the absence of TLR2 and TLR9. 



CHAPTER 3 

	81

Table 3.2 Active MOG35-55/CFA + PTX –induced EAE in C57BL/6 female 
mice deficient in TLR2 and TLR9. 
 

Experiment 

 

Strain 

 

n 

Incidence 

(%) 

Onset 

(days) 

Mean 
Maximum 
Disease 
Score 

Cumulative 
Disease 
Index (CDI) 

Female       

TLR2 C57BL/6 24 100 15.9±0.2 2.7±0.0 52.2±2.0 

 C57BL/6.Tlr2-/- 24 100 17.8±0.9 1.8±0.1*** 24.8±4.5*** 

TLR9 C57BL/6 19 100 15±0.2 2.9±0.1 57.8±3.8 

 C57BL/6.Tlr9-/- 20 80 19.3±1.2*** 1.5±0.2*** 20.1±4.2*** 

Mean  SEM of the clinical score of EAE. Statistically significant data between 
C57BL/6 mice (WT, positive control group) and C57BL/6.Tlr2-/- and 
C57BL/6.Tlr9-/- female mice are indicated (*p < 0.05, **p < 0.01, ***p < 0.01, 
uncorrected Mann Whitney-test U test). 

  
 
As active MOG35-55/CFA + PTX–induced EAE appeared to be partially 

dependent on TLR2 and TLR9 signalling in female mice but not in male 

mice, the disease was analyzed in female and male C57BL/6 (WT) and 

C57BL/6.Tlr2-/-Tlr9-/- mice. C57BL/6.Tlr2-/-Tlr9-/- female mice showed 

significantly less severe disease, with a mean maximum disease score  

SEM of 1.6  0.2 (p0.001) and a mean CDI  SEM of 19.1  4.9 (p0.001) 

compared with the WT control group (2.9  0.01 and 56.0  5.0, 

respectively). Less severe disease was also observed in C57BL/6.Tlr2-/-Tlr9-

/- male mice, with a mean maximum score  SEM of 2.8  0.1 (p0.01) and 

a mean CDI  SEM of 49.4  5.4 (p0.001) compared with the WT control 

group (3.4  0.1 and 80.9  7.0, respectively) (Figure 3.2, Table 3.1). Even 

though the severity of EAE was decreased in C57BL/6.Tlr2-/-Tlr9-/- male 

mice, the severity of disease in C57BL/6.Tlr2-/-Tlr9-/- female mice was not 
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lower than that seen in single deficient mice in TLR2 or TLR9 (Figure 3.2 

and Table 3.1).  

 

All together, these results show that C57BL/6.Tlr2-/- and C57BL/6.Tlr9-/- 

mice as well as male and female C57BL/6.Tlr2-/-Tlr9-/- showed less severe 

EAE, whereas female and male C57BL/6.Myd88-/- are resistant to EAE. 

Given the strong suppression of EAE in the absence of MyD88, these 

results also indicates that MyD88 plays a role in the pathogenesis of EAE in 

addition to its role as the adaptor molecule for TLR2 and TLR9. 

 

3.2.2 Histopathology of damage to the spinal cord in 

the absence of TLRs and MyD88 

Spinal cords from male and female C57BL/6 (WT) mice (positive and 

negative controls) and C57BL/6.Tlr1-/-, C57BL/6.Tlr2-/-, C57BL/6.Tlr4-/-, 

C57BL/6.Tlr6-/-, C57BL/6.Tlr9-/-, C57BL/6.Tlr2-/-9-/- and C57BL/6.Myd88-/- 

mice (5-20 mice per group) were assessed 40 days post EAE induction for 

cell infiltration, loss of myelin and axonal injury. Transversal sections from 

the spinal cords were scored using a semi-quantitative scoring system, as 

shown in the Figure 3.3 and described in Material and Methods.  
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The spinal cords from C57BL/6 male and female mice showed cell 

infiltration, loss of myelin and axonal damage. In contrast, the spinal cords 

from male and female negative controls mice did not show evidence of 

EAE. Neither cell infiltration nor defects in LFB and Bielschowsky's silver 

stain were observed in C57BL/6.Myd88-/- male or female mice (score mean 

 SEM = 0.0  0.0, p<0.001 in both male and female) compared with WT 

mice (score mean in male  SEM = 2.82  0.03 and score mean in female  

SEM = 2.59  0.09) (Figure 3.4 and Figure 3.5). These results confirm that, 

in the absence of MyD88, the CNS is completely resistant to active EAE. 

 

Spinal cords from C57BL/6.Tlr9-/- and C57BL/6.Tlr2-/- female mice had 

significantly decreased infiltration and demyelinating lesions (score mean  

SEM = 1.28  0.13 (p<0.001) and 0.80  0.41 (p<0.01), respectively) 

compared with WT mice (score mean  SEM = 2.59  0.09). In contrast, 

spinal cords from C57BL/6.Tlr9-/- and C57BL/6.Tlr2-/- male mice did not 

differ to those of the positive control group. Both C57BL/6.Tlr2-/-Tlr9-/- 

male and female mice had significantly fewer lesions and less infiltration 

(score mean  SEM = 1.74  0.15, p<0.001, and 1.42  0.28, p<0.01, 

respectively) compared with WT mice (score mean  SEM = 2.82  0.03 

and 2.59  0.1, respectively) (Figure 3.4 and 3.5).  
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Histopathological analysis confirmed that the severity of disease was 

reduced in the absence of TLR2 and TLR9 in female mice, but not in male 

mice, and in the absence of TLR2/9 in both male and female mice, whereas 

the lack of MyD88 completely protected mice from EAE. 
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Figure 3.3 Scoring system of spinal cord histopathology after 40 days of active 
MOG35-55/CFA + PTX –induced EAE. Spinal cord was stained with Hematoxylin 
and Eosin (H&E) (column on left side), Luxol fast Blue (middle column) and 
Bielschowsky's (column on right side). Representative pictures show four different 
grades of lesions in the spinal cord numbered from 0 to 3: score 0 = no lesions, no 
cell infiltration and no reduction in LFB and Bielschowsky's silver staining (first 
row); 1 = solitary lesions with cell infiltration of low cellular density with or 
without mildly reduced LFB and Bielschowsky's silver staining (second row); 2 = 
two to three lesions level with moderate cell infiltration associated with reduced 
LFB staining and Bielschowsky's silver (third row); 3 = many lesions in almost all 
fields with extensive cell infiltration associated with severe reduction in LFB and 
Bielschowsky's silver staining (fourth row).  The objective magnification used is 
4x. Lesions, cell infiltration and reduction of LFB and Bielschowsky’s silver are 
indicated with arrows (scoring system was modified from Hempel et al., 1985).  
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Figure 3.4 Representative transverse histopathological sections of spinal cords 
taken 40 days after active MOG35-55/CFA + PTX-induced EAE. Males are shown 
on the left side and female are shown on the right side. At the top of every column 
is indicated the staining (H&E, LFB and Bielschowsky's silver) and magnification 
(100x): Fist row and second row show C57BL/6 negative control (mice treated 
with PBS or PTX/CFA respectively), followed by positive controls (mice treated 
with MOG35-55/CFA + PTX) and C57BL/6.Tlr-/- mice. 
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Figure 3.5 Histopathological analysis of damage in spinal cords of mice with 40 
days of active MOG35-55/CFA + PTX -induced EAE. C57BL/6 negative control 
groups treated with PBS or PTX/CFA (open squares), C57BL/6 positive control 
groups immunized with MOG35-55/CFA + PTX (closed cicles) and C57BL/6.Tlr1-/- 

(open circles), C57BL/6.Tlr2-/- (closed squares), C57BL/6.Tlr4-/- (downward open 
triangles), C57BL/6.Tlr6-/- (open upward triangles), C57BL/6.Tlr9-/- (closed 
downward triangles), C57BL/6.Tlr2-/-Tlr9-/-, (closed upwards triangles) and 
C57BL/6.Myd88-/- (open diamonds). Statistically significant differences between 
C57BL/6 and C57BL/6.Tlr-/- mice are indicated (*p < 0.05, **p < 0.01, ***p < 
0.001 uncorrected Mann-Whitney U test; n = 1-20). 
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3.2.3 Leukocyte infiltration in the CNS at the peak of 

active MOG35-55/CFA + PTX-induced EAE 

TLR ligation triggers an inflammatory immune response and cell migration 

(Taukeuchi et al., 1999; Hemmi et al., 2000; Alexopoulou et al., 2001; 

Wang et al., 2004). CNS damage in EAE is characterised by the presence of 

inflammatory cells that migrate from the periphery into the CNS 

(Smorodchenko et al., 2007; Furtado et al., 2008). Potential explanations for 

the relative resistance of C57BL/6.Tlr2-/-, C57BL/6.Tlr9-/-, C57BL/6.Tlr2-/- 

Tlr9-/- and C57BL/6.Myd88-/- mice to active EAE induced with MOG35-

55/CFA + PTX include effects on recruitment of inflammatory cells to the 

CNS and differences in subsets recruited. To determine the nature of cells 

infiltrating the CNS of TLR-deficient C57BL/6 mice, CNS infiltrating 

leukocytes of female and male C57BL/6, C57BL/6.Tlr2-/-, C57BL/6.Tlr9-/-, 

C57BL/6.Tlr2-/-Tlr9-/- and C57BL/6.Myd88-/- mice were compared by flow 

cytometric analysis 21 days after immunisation with MOG35-55/CFA +PTX 

(Figure 3.6).  

 

A significant decrease was observed in the total number of CD4+ and CD8+ 

T cells infiltrating the CNS of female C57BL/6.Myd88-/- mice compared to 

C57BL/6 mice (p < 0.001 and p < 0.01 respectively, Kruskal-Wallis Test 

with Dunn’s multiple comparison post-test; Figure 3.7) and a significant 

reduction in CD8+ T cells in female C57BL/6.Tlr9-/- mice (p < 0.05). As 
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TLR2- and TLR9- deficient mice showed a trend to lower T cell numbers, 

an additional cohort of C57BL/6, C57BL/6.Tlr2-/- and C57BL/6.Tlr9-/- mice 

was assessed and the data combined. Numbers of CD4+ T cells infiltrating 

the CNS of female C57BL/6.Tlr2-/- and C57BL/6.Tlr9-/- mice of the 

combined experiment were significantly decreased (p < 0.05 and p < 0.01 

respectively, Kruskal-Wallis Test with Dunn’s multiple comparison post-

test; n = 11-13), as were the numbers of CD8+ T cells infiltrating the CNS of 

C57BL/6.Tlr9-/- mice (p < 0.01). 

 

Whereas male C57BL/6.Myd88-/- mice showed a statistically significant 

decrease in only the total number of infiltrating CD4+ T cells (p < 0.01; 

Kruskal-Wallis Test with Dunn’s multiple comparison post-test; n = 7-

8/group; Figure 3.7), neither the C57BL/6.Tlr2-/- nor C57BL/6.Tlr9-/- male 

mice showed any significant difference in CNS infiltration, consistent with 

the clinical data. As the C57BL/6.Tlr2-/-Tlr9-/- double mutant and 

C57BL/6.Myd88-/- male mice showed some trends from the control mice in 

terms of some infiltrating cell subsets, an additional cohort of C57BL/6, 

C57BL/6.Tlr2-/-Tlr9-/- and C57BL/6.Myd88-/- male mice was assessed and 

the data combined. Numbers of CD4+ and CD8+ T cells infiltrating the CNS 

of male C57BL/6.Myd88-/- mice of the combined experiment were 

significantly decreased (p < 0.001 and p < 0.05 respectively, Kruskal-Wallis 

Test with Dunn’s multiple comparison post-test; n = 13/group). 
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CD45 staining in combination with CD11b and/or CD11c was used to 

distinguish between dendritic cells (DCs) (CD45intSShiCD11c+), 

macrophages/monocytes (CD45hiSShiCD11b+) and inflammatory monocytes 

(CD45hiSShiCD11c+CD11b+) (Figure 3.6). In contrast to female C57BL/6 

mice, which develop severe EAE with high numbers of infiltrating cells, 

female C57BL/6.Myd88-/- mice had statistically significantly fewer 

infiltrating DCs, macrophages and inflammatory monocytes (p < 0.05, p < 

0.01 and p < 0.001 respectively, Kruskal-Wallis Test with Dunn’s multiple 

comparison post-test; n = 4-6/group). Analysis of the combined experiment 

also found a significant reduction in CNS infiltrating macrophages in both 

C57BL/6.Tlr2-/- and C57BL/6.Tlr9-/- female mice (p < 0.05 in both cases) 

and a significant reduction in inflammatory monocytes in female 

C57BL/6.Tlr2-/- mice (p < 0.01). 

 

As for the T cells, male mutant mice tended to a phenotype more similar to 

that of WT mice in terms of macrophage/monocyte infiltration. Only male 

C57BL/6.Myd88-/- mice showed statistically significant decreases in 

numbers of CNS infiltrating DCs and macrophages (p < 0.05 and p < 0.01 

respectively; Kruskal-Wallis Test with Dunn’s multiple comparison post-

test; n = 7-8/group; Figure 3.7). Analysis of the combined experiment 

confirmed reduction of DCs, macrophages and inflammatory monocytes in 

only the male C57BL/6.Myd88-/- mice (p < 0.05, p < 0.01 and p < 0.05 

respectively; Kruskal-Wallis Test with Dunn’s multiple comparison post-

test; n = 13/group). 
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Thus, the milder clinical disease and resistance to EAE seen in female 

C57BL/6.Tlr2-/-, C57BL/6.Tlr9-/-, C57BL/6.Tlr2-/-Tlr9-/- and 

C57BL/6.Myd88-/- mice and male C57BL/6.Myd88-/- mice is associated with 

decreased numbers of CNS infiltrating cells compared to C57BL/6 WT 

mice. 
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Figure 3.6 Representative gating of FACS analysis showing the proportions of 
leukocytes from CNS of male and female C57BL/6 (positive and negative control 
groups), C57BL/6.Tlr2-/-, C57BL/6.Tlr9-/- and C57BL/6.Tlr2-/-Tlr9-/- mice 21 days 
after MOG35-55/CFA/PTX immunisation. Lymphocytes and APCs were detected 
using side scatter area (SSA) vs CD45. Other cell populations were identified are 
the following: CD45hiTCR+CD4+ were CD4+ T cells; CD45hiTCR+CD8+ were 
CD8+ T cells; CD45intSShiCD11b+CD11c- were macrophages/monocytes; 
CD45intSShiCD11b+CD11c+ were inflammatory monocytes; CD45intSShiCD11b-

CD11c+ were dendritic cells (DCs). The mean  SD of four to six mice per group, 
except the negative control group that is represented by a single mouse, is indicated 
in every plot. 
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Figure 3.7 CNS-infiltrating leucocytes of C57BL/6 positive control group (closed 
circles), C57BL/6 negative control group (closed diamonds), C57BL/6.Tlr2-/- 
(closed squares), C57BL/6.Tlr9-/- (closed downward triangles), C57BL/6.Tlr2-/-Tlr 
9-/- (closed upward triangles) and C57BL/6.Myd88-/- (open diamonds) male and 
female mice. The left column shows two separated experiments in male mice 
devided by a vertical line, and the right column shows a single experiment in 
female mice. Significant differences are indicated (*p < 0.05, **p < 0.01, ***p < 
0.01, Kruskal-Wallis test with Dunn’s multiple-comparison post-test). 
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 3.2.4 Plasma cytokines in active MOG35-55/CFA + 

PTX-induced EAE 

TLR ligation triggers the production of inflammatory cytokines in 

autoimmunity including EAE (Mills et al., 2011). To determine whether 

target deletion of TLRs affect the development of active MOG35-55/CFA + 

PTX-induced EAE, plasma from C57BL/6 mice and C57BL/6 mice 

deficient in TLR2, TLR9, TLR2/9 and MyD88 was analyzed at 21 days 

post-immunisation for IFN, GM-CSF, IL-1, IL-2, IL-4, IL-5, IL-6, IL-10, 

IL-17, IL-18, IL-23, IFN, TNF, CXCL1/KC, and MIP-1 

 

Plasma levels of IFN- (4 to 10 mice per group) were examined using an 

enzyme-linked immunosorbent assay (ELISA) (PBL Biomedical 

Laboratories; Piscataway, NJ, USA). IFNß was undetectable in all lines of 

mice. Plasma levels of GM-CSF, IL-1, IFN, IL-2, IL-4, IL-5, IL-6, IL-10, 

IL-17, IL-18, IL-23, TNF, CXCL1/KC, and MIP-1were examined by 

cytometric bead arrays using Bender Medsystems (Viena, Austria) (4-8 

mice per group). Plasma levels of IL5, IL6 and IL18 were significantly 

increased in male mice deficient in MyD88 (p  0.01, p  0.05, p  0.01 

respectively), but not in female mice deficient in MyD88, when compared 

with C57BL/6 mice (Figure 9). Increased levels of IL18 might be due to an 

infection, although mice did not show evidence of infection. Plasma levels 

of IL17 were significantly decreased in female mice deficient in TLR2/9 (p 
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 0.05) but not in TLR2/9 deficient male mice (Figure 8). No significant 

differences were observed in the levels of GM-CSF, IL-1, IFN, IL-2, IL-

4, IL-10, IL-23, TNF, CXCL1/KC, and MIP-1. These results discard an 

association between TLR2, TLR9, TLR2/9 and MyD88 and circulating 

cytokines in the development of clinical signs of EAE at the peak of the 

disease, suggesting that circulating cytokines play a role during the 

induction of EAE not at the peak of disease. 
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Figure 3.8 Cytokine levels in the plasma of C57BL/6 and C57BL/6.Tlr-/- male 
mice, 21 days after MOG35-55/CFA + PTX immunisation. WT mice were compared 
to C57BL/6 mice deficient in TLR2, TLR9, TLR2/9 and MyD88. Data were 
considered statically significant when *p < 0.05, **p < 0.01 (uncorrected Mann 
Whitney-test U test). 
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 3.3 Discussion 

As previously reviewed in Baxter 2007, the use of CFA and Pertussis toxin 

were indispensable in this study to induce active EAE suggesting that 

components of microorganisms are involved in the induction of disease. 

TLRs recognize PAMP and DAMP and trigger immune responses 

(Taukeuchi et al., 1999; Hemmi et al., 2000; Alexopoulou et al., 2001; 

Wang et al., 2004). TLR ligands such as CpG ODN (Segal et al., 2000), 

LPS (Reynolds et al., 2010; Hansen et al., 2006; Wolf et al., 2007) and 

zymosan  (Hansen et al., 2006) have been successfully used as adjuvants in 

the induction of EAE, or have been used to modulate the severity of disease, 

indicating the capacity of TLR signalling to promote the disease. 

 

Consistent with previous studies (Prinz M, et al., 2006; Marta et al., 2008; 

Lampropoulou et al., 2008), MyD88 signalling was essential for the 

development of clinical signs and lesions in the CNS in this study. MyD88 

is the adaptor molecule for signalling induced by IL1, IL18 and all TLRs, 

except TLR3 (Adachi et al., 1998; Kumar et al., 2009). Activation of 

MyD88 by IL1/1L18 promotes the production of IL17 (Kumar et al., 2009; 

Lalor SJ, et al., 2011). Absences of both IL1 and IL18 have been studied in 

EAE. IL1-/- mice were reported to show a decrease in the clinical signs of 

EAE (Sutton C, et al., 2006) while the course of EAE in IL18-/- mice was 

controversial (Shi FD, et al 2000; Gutcher I, et al., 2006) suggesting that in 

addition to the role of IL1/1L18 in the phenotype of MyD88 in EAE, TLRs 
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also participate in the activation of MyD88 to promote or to regulate the 

production of IL17 in EAE.  

 

TLR1, TLR4 and TLR6 did not contribute to the severity of active MOG35-

55/CFA + PTX-induced EAE in this study. To my knowledge, this study is 

the first in discarding a role of TLR1 in EAE. The role of TLR6 was 

previously reported by Prinz et al., (2006) and confirmed in this study as not 

necessary to the development of EAE. Whereas TLR1 and TLR6 did not 

affect the severity of EAE, the contribution of TLR2, TLR4 and TLR9 to 

EAE is controversial. Mice deficient in TLR4 have been reported to 

increased severity (Marta et al., 2008), decreased severity and unaffected 

EAE (Kerfoot et al., 2004). In this study, the absence of TLR4 did not affect 

the phenotype of active EAE. Differences in the results must be associated 

to the differences protocols used to induce EAE. TLR9 and TLR2 played a 

partial role in active EAE in this study. However, previous studies have 

reported that active EAE is exacerbated (Marta et al., 2008) or decreased in 

the absence of TLR9 (Prinz et al., 2006); and TLR2 do not affect (Prinz et 

al., 2006) the severity of EAE (Shaw PJ et al., 2011).  

 

TLR2 can signal as homodimer or else as heterodimer with TLR1 or TLR6; 

however, neither TLR6 nor TLR1 appear to play a role in active EAE. So in 

this study TLR2 must be act as a homodimer. The combination of 

deficiency of TLR2 and TLR9 did not affect the severity of EAE more than 
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the deficiency of either TLR2 or TLR9 indicating that the role of each 

receptor is independent of each other. Discrepancies of previous studies in 

the role of TLR2 and TLR9 could be because of sex susceptibility to EAE 

as showed in this study.  

 

All together, while male and female mice deficient in MyD88 were 

completely protected from active EAE, no TLR knockout mice was totally 

protected from the disease. As the absence of IL1 showed less severe EAE 

and the absence of IL18 is indistinct in the disease (Shi FD, et al 2000; 

Gutcher I, et al., 2006; Sutton C, et al., 2006), MyD88 play a definitive role 

in the pathogenesis of EAE in addition to its role as the adaptor molecule of 

IL1/1L18/TLRs. EAE is dependent of the activation of MyD88 by IL1, 

TLR2 and TLR9.	
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CHAPTER 4 

ROLE FOR TLR2 AND TLR9 IN PASSIVE 

EAE 

4.1 Introduction 

The most common animal model to study Multiple Sclerosis is EAE. The 

two main types of EAE are: 1) active EAE, induced with autoantigen, such 

as MOG, adjuvants, for example CFA, and PTX, and 2) passive EAE which 

is induced by adoptive cell transfer from donors to recipients (Stromnes et 

al., 2006; Miller et al., 2007).  

 

The active form of EAE involves the use of killed M. tuberculosis as a 

component of the adjuvant. M. tuberculosis possess agonists for TLR2 

(Brightbill et al., 1999; Jones et al., 2001; Means et al., 1999; Thoma-

Uszynski et al., 2000), TLR4 (Means et al., 1999; Thoma-Uszynski et al., 

2000; Abel et al., 2002; Brian et al., 2002) and TLR9 (Bafica et al., 2005). 

In the previous chapter we found that the severity of active MOG35-55/CFA 

+ PTX–induced EAE decreased in the absence of TLR2 and TLR9. An 

explanation for the relative resistance of C57BL/6.Tlr2-/- and C57BL/6.Tlr9-

/- to MOG35-55/CFA + PTX–induced EAE is that the suppression of TLR2 

and TLR9 signalling inhibited the adjuvant activity of CFA. To determine 
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whether the adjuvant activity of CFA is inhibited in the absence of TLR2 

and TLR9, the passive form of EAE was examined in C57BL/6, 

C57BL/6.Tlr2-/- and C57BL/6.Tlr9-/- mice. 

 

In addition to the action of CFA in EAE, a question remains, what could 

trigger TLR2 and TLR9 signalling? Recently evidence implicates 

microbiota in autoimmune diseases including MS and EAE (Fung et al., 

2012). For example: Li et al., (2007) reported that H. pylori is associated 

with protection against MS in the Japanese population. Berer et al., (2011) 

reported that commensal gut flora is essential to trigger myelin specific 

CD4+ T cells in relapsing-remitting EAE. Lee et al., (2011) found that germ-

free mice decreased the severity of EAE compared with mice colonized with 

normal flora; and colonization with segmented filamentous bacteria (SFB) 

induces CD4+ T cells, which produce IL17 in CNS.  Decrease of clinical 

signs of EAE was associated with lower levels of IFN and IL17, and 

increase numbers of Tregs.  In addition, Lee et al., (2011) showed that mice 

infected with SFB are able to restore the severity of EAE (Lee et al., 2011). 

Thus, a possible explanation that trigger TLR2 and TLR9 signalling is 

microflora, which could partially regulate autoimmune responses via these 

TLRs. To determine whether microflora could be responsible for TLR 

dependent EAE, the clinical course of passive EAE was analysed in 

C57BL/6.Tlr9-/- and C57BL/6.Tlr2-/- female mice treated with amoxocilin, 

clarithromycin, metronidazole and omeprazole.  
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4.2 Results 

4.2.1 Absence of PTX and irradiation in passive EAE 

The passive EAE mouse model used in this study have a number of 

refinements in order to increase the severity of disease. In this model, cells 

adoptively transfer the disease from active immunized donors after 

reactivation in vitro into preconditioned mice by irradiation and immunized 

with PTX, as described in chapter 2. To determine the importance of PTX 

and irradiation in passive EAE, we characterised the effect of PTX and 

irradiation in our mouse model by inducing the disease in three different 

forms: 1) passive EAE with both PTX and gamma irradiation (control 

group); 2) passive EAE with PTX in the absence of gamma irradiation; 3) 

passive EAE with gamma irradiation in the absence of PTX. 

 

Mice treated with PTX together with irradiation, as well as those only 

immunized with PTX, showed clinical signs of disease (Table 4.1). Five 

mice from a group of six mice treated with irradiation in the absence of PTX 

showed clinical signs of disease (Table 4.1). Mice treated with both 

irradiation and PTX showed more severe maximum clinical score  SEM 

(3.00  0.00) and CDI  SEM (41.33  5.51) compared to mice treated only 

with irradiation (maximum clinical score  SEM = 1.58  0.32, p  0.01 and 
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CDI  SEM = 11.75  3.29, p  0.01) or mice treated only with PTX 

(maximum clinical score  SEM = 2.41  0.20, p  0.05 and CDI  SEM = 

24.92  4.30, p  0.05) (Table 4.1). Because the use of PTX and irradiation 

in the passive EAE mouse model showed 100% incidence of EAE and 

developed more severe disease, the mouse model was used in subsequent 

experiments. 
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Table 4.1 Passive EAE in C57BL/6 mice treated with or without PTX and irradiation. 

 

Leukocytes from spleen and lymph nodes from donor mice immunized with CFA, PTX and MOG35-55 were reactivated in vitro and transferred into 
recipient mice with different treatments. a Irradiated C57BL/6 mice plus PTX, b no irradiated C57BL/6 mice plus PTX, c irradiated C57BL/6 mice 
without PTX. Statistical differences comparing irradiated C57BL/6 mice plus PTX with no irradiated C57BL/6 mice plus PTX and irradiated C57BL/6 
mice without PTX are indicated (*p < 0.05, **p < 0.01, ***p < 0.001; uncorrected Mann-Whitney U test). 

 
 
 
 
 
 
 
 
 
 

 
Strain 

 
n 

Irradiation Pertussis Toxin Incidence 
(%) 

Mean Maximum 
Score 

Cumulative Disease 
Index (CDI) 

       
a C57BL/6 6 Yes  Yes 100 3.00±0.00 41.33±5.51 
b C57BL/6 6 No Yes 100 2.41±0.2* 24.92±4.30* 
c C57BL/6 6 Yes No 83.3 1.58±0.32** 11.75±3.29** 
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4.2.2 The absence of TLR4 in the severity of passive 

EAE 

It has been reported that PTX signal via TLR4 (Kerfoot et al., 2004; Nishida 

et al., 2010). Although the phenotype of active MOG35-55/CFA+PTX–

induced EAE was similar between C57BL/6.Tlr4-/- mice and C57BL/6 mice 

(WT-control group) (data showed in chapter 3), it remains possible that it 

did contribute to the activity of PTX in a passive model in either sex. 

Similarly, studies indicate that irradiation produces intrinsic TLR4 agonists 

(Apetoh et al., 2007), as well as the translocation of commensal gut 

microflora into mesenteric lymph nodes and elevation of circulating LPS 

(Paulos et al., 2007). To clarify the role of TLR4 in EAE, the passive form 

of EAE was induced in C57BL/6 (control group) and C57BL/6.Tlr4-/- 

female mice.   

 

C57BL/6 mice deficient in TLR4 showed clinical signs of EAE (Figure 

4.1). The clinical course of passive EAE in the absence of TLR4 decreased 

during six days (day 25 to day 30). The onset day of disease was delayed 

(20.17  0.70 days, p  0.01) and the CDI  SEM was decreased (20.42  

5.15, p  0.05) in C57BL/6.Tlr4-/- female mice compared with C57BL/6 

female mice (13.33  2.02 days and CDI  SEM = 41.33  5.51). However, 

no difference was seen in maximum score of disease between 

C57BL/6.Tlr4-/- and C57BL/6 mice (Figure 4.1).  
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Although clinical signs of EAE were decreased in the absence of TLR4 in 

passive EAE, the inhibition of disease was not as great as in the mice that 

lacked PTX, indicating that, if PTX does not act through TLR4, it is also 

likely to have activities mediated by other mechanisms in this model.
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Figure 4.1 Analysis of the clinical course of passive EAE in female C57BL/6 
(closed circles) and C57BL/6.Tlr4-/- (open circles) mice. Significant differences in 
the clinical score per day between C57BL/6 and C57BL/6.Tlr4-/- mice are indicated 
(*p < 0.05). Differences in the onset of disease, maximum clinical score and 
cumulative disease are shown (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected 
Mann-Whitney U test; n = 6). 

This image cannot currently  be display ed.
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4.2.3 TLR9 and TLR2 in passive EAE 

CFA contains M. tuberculosis and TLR2, TLR4 and TLR9 are activated in 

response to M. tuberculosis (Brightbill et al., 1999; Means et al., 1999; 

Thoma-Uszynski et al., 2000; Jones et al., 2001; Abel et al., 2002; Bafica et 

al., 2005). Passive EAE is induced in the absence of CFA. Previously we 

found that TLR4 did not play a major role neither in active EAE nor passive 

EAE. However, it is possible that target deletion of Tlr2 and Tlr9 decreased 

the severity of active MOG35-55/CFA+PTX–induced EAE because the lack 

of TLR2 and TLR9 signalling suppress the adjuvant action of CFA. To 

determine whether the components of killed Mycobacteria tuberculosis used 

as adjuvant in active MOG35-55/CFA + PTX–induced EAE were responsible 

for TLR2 and TLR9 dependent disease; the passive form of EAE was 

examined in the absence of TLR2 and TLR9. 

 

A pool analysis of three independent experiments in female mice showed 

that the clinical course of passive EAE decreased during 10 days (day 25 to 

day 34) in C57BL/6.Tlr9-/- mice compared to C57BL/6 (p  0.5) (Figure 

4.2). The clinical signs of disease were less severe in the absence of TLR9 

(mean maximum score  SEM = 1.6  0.4, p  0.5) compared to C57BL/6 

mice (mean maximum score  SEM = 2.8  0.2) (Table 4.2 and Figure 4.2). 

The onset of disease was not affected in any of the three experiments or 

combined experiments. Although the CDI showed significant differences in 

one of three independent experiments between C57BL/6.Tlr9-/- (CDI  SEM 
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= 4.4	±	1.5,	p  0.01) and C57BL/6 (CDI  SEM = 34.4	±	4.7), the pool 

analysis of the three experiments did not show differences (Table 4.2 and 

Figure 4.2). In contrast, five	independent	experiments	in	both	male	and	

female	showed	that	the	absence	of	TLR2	completely	protect	mice	from	

the	passive	form	of	EAE	(Table	4.2,	Figure	4.3	and	figure	4.4).	
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Table 4.2 Passive EAE in TLR-deficient C57BL/6 mice and C57BL/6 WT 
control mice 

 

Experiment 

 

Strain 

 

n 

Incidence 

(%) 

Onset 

(days) 

Mean 
Maximum 
Score 

Cumulative 
Disease 
Index (CDI) 

Female       

Exp 1 C57BL/6 5 100 17.0±2.3 2.8±0.2 34.4±4.7 

 C57BL/6.Tlr2-/- 3 0 Na 0.0±0.0* 0.0±0.0* 

 C57BL/6.Tlr9-/- 5 80 13.8±1.8 1.6±0.4* 25.1±9.3 

Exp 2 C57BL/6 6 100 23.8±0.5 2.7±0.2 21.8±2.1 

 C57BL/6.Tlr2-/- 4 0 Na 0.0±0.0** 0.0±0.0** 

 C57BL/6.Tlr9-/- 4 100 23.3±1.3 1.5±0.2** 4.4±1.5** 

Exp 3 C57BL/6 4 100 19.5±1.8 2.5±0.5 33.4±7.9 

 C57BL/6.Tlr2-/- 6 0 Na 0.0±0.0** 0.0±0.0** 

 C57BL/6.Tlr9-/- 5 100 19.4±2.8 2.1±0.5 26.0±11.1 

Combined C57BL/6 15 100 20.4±1.2 2.7±0.2 29.1±3.0 

 C57BL/6.Tlr2-/- 13 0 Na 0.0±0.0*** 0.0±0.0*** 

 C57BL/6.Tlr9-/- 14 92.8 18.8±0.5 1.8±0.2** 19.5±5.5 

Male       

Exp 1 C57BL/6 4 100 23±1.0 2.6±0.4 16.9±3.2 

 C57BL/6.Tlr2-/- 3 0 Na 0.0±0.0 0.0±0.0 

Exp 2 C57BL/6 6 100 21±0.2 3.0±0.0 22.8±2.4 

 C57BL/6.Tlr2-/- 6 0 Na 0.0±0.0** 0.0±0.0** 

Combined C57BL/6 10 100 21.8±0.5 2.8±0.1 18.9±1.9 

 C57BL/6.Tlr2-/- 9 0 Na 0.0±0.0*** 0.0±0.0*** 

Passive EAE was induced by adoptive transfer of in vitro activated lymph nodes 
and splenocytes from MOG35-55/CFA immunized C57BL/6 mice into 
C57BL/6.Tlr2-/-, C57BL/6.Tlr9-/- and C57BL/6 (control WT mice). Mean  SEM of 
the clinical scores of EAE. Statistical differences between B6 WT control mice and 
TLR-deficient mice for TLR2 and TLR9 are indicated (*p < 0.05, **p < 0.01, ***p 
< 0.001; uncorrected Mann-Whitney U test). na = not appropriate. 
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Figure 4.2 Analysis of the clinical course of passive EAE in female C57BL/6 
(closed circles) and C57BL/6.Tlr9-/- (open circles) mice. Data pool from three 
experiments using female donors and recipients. Significant differences in the 
clinical score per day between C57BL/6 and C57BL/6.Tlr9-/- mice are indicated 
(*p < 0.05). Differences in the onset of disease, maximum clinical score and 
cumulative disease are shown (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected 
Mann-Whitney U test; n = 6). 

This image cannot currently  be display ed.
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Figure 4.3 Analysis of the clinical course of passive EAE in male C57BL/6 (closed 
circles) and C57BL/6.Tlr2-/- (open circles) mice. Data pool from two experiments 
using male donors and recipients. Significant differences in the clinical score per 
day between C57BL/6 and C57BL/6.Tlr2-/- mice are indicated (*p < 0.05). 
Differences in the onset of disease, maximum clinical score and cumulative disease 
are shown (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected Mann-Whitney U test; 
n = 9-10). 
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Figure 4.4 Analysis of the clinical course of passive EAE in female C57BL/6 
(closed circles) and C57BL/6.Tlr2-/- (open circles) mice. Data pool from three 
experiments using female donors and recipients. Significant differences in the 
clinical score per day between C57BL/6 and C57BL/6.Tlr2-/- mice are indicated 
(*p < 0.05). Differences in the onset of disease, maximum clinical score and 
cumulative disease are shown (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected 
Mann-Whitney U test; n = 6). 
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Because mice deficient in TLR2 did not show clinical signs of passive EAE, 

a further examination of the role of TLR2 in passive EAE was done in 

female mice by adoptive transfers from: a) C57BL/6 into C57BL/6 (control 

group); b) C57BL6.Tlr2-/- into C57BL6.Tlr2-/-; c) C57BL6.Tlr2-/- into 

C57BL/6; d) C57BL/6 into C57BL6.Tlr2-/-. 	

 

Leucocytes transferred from C57BL/6 into C57BL/6 mice resulted in severe 

clinical course of passive EAE, while C57BL/6 leukocytes into 

C57BL/6.Tlr2-/- mice did not show clinical signs of disease (Figure 4.5) (p  

0.05). The adoptive transfer of leukocytes from C57BL/6.Tlr2-/- into 

C57BL/6, and C57BL/6.Tlr2-/- into C57BL/6.Tlr2-/- resulted in a lower 

clinical course of disease compared with leucocytes transferred from 

C57BL/6 into C57BL/6 mice (p  0.05) (Figure 4.5).  

 

The onset  SEM of passive EAE was delayed when leukocytes were 

transferred from: C57BL6.Tlr2-/- into C57BL6.Tlr2-/- (26.6  0.94 days, p  

0.001); C57BL6.Tlr2-/- into C57BL/6 (28.0  1.15 days, p  0.001) 

compared with leukocytes transferred from C57BL/6 into C57BL/6 (13.3  

0.28 days) (Figure 4.5). 

 

The maximum clinical scores  SEM were less severe when leukocytes 

were transferred from: C57BL6.Tlr2-/- into C57BL/6 (1.88  0.30, p  0.05) 
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compared with leukocytes transferred from C57BL/6 into C57BL/6 (3.0  

0.0). No differences in the maximum clinical score were seen when 

leukocytes were transferred from C57BL6.Tlr2-/- into C57BL6.Tlr2-/- 

compared with leukocytes transferred from C57BL/6 into C57BL/6 (Figure 

4.5).  

 

The CDI  SEM was decreased when leukocytes were transferred from: 

C57BL6.Tlr2-/- into C57BL6.Tlr2-/- (8.95  2.39, p  0.001); C57BL6.Tlr2-/- 

into C57BL/6 (5.44  2.34, p  0.01) compared with leukocytes transferred 

from C57BL/6 into C57BL/6 (41.33  5.51) (Figure 4.5).  

 

These results confirm that TLR2 plays a role in exacerbating the severity of 

EAE. The prevention of clinical signs of EAE in TLR2-deficient recipients 

of WT cells suggests that the presence of receptor at induction of EAE 

creates a dependence on TLR2 signalling in the effector phase. 
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Figure 4.5 Analysis of the clinical course of passive EAE in female mice. Data 
pool from three experiments using female donors and recipients. Adoptive transfer 
from: C57BL/6 into C57BL/6 (closed circles), C57Bl/6.Tlr2-/- into C57Bl/6.Tlr2-/- 
(upward triangles), C57Bl/6.Tlr2-/- into C57BL/6 (closed diamonds), C57BL/6 into 
C57Bl/6.Tlr2-/- (closed squares). Significant differences in the clinical score per 
day are indicated (*p < 0.05). Differences in the onset of disease, maximum 
clinical score and cumulative disease are shown (*p < 0.05, **p < 0.01, ***p < 
0.001 uncorrected Mann-Whitney U test; n = 6-10). 

This image cannot currently  be display ed.
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4.2.4 CD4+ T cells in the CNS in passive EAE  

Potential explanations for the relative resistance of C57BL6.Tlr2-/- and 

C57BL6.Tlr9-/- mice to passive EAE involve effects on recruitment of 

inflammatory cells to the CNS. To determine whether inflammatory cells 

could accumulate in CNS in the absence of TLR2 and TLR9 in passive 

EAE, leucocytes from brain and spinal cord were isolated and analysed by 

flow cytometry 34 days after passive transfer of leukocytes from female 

C57BL/6 donors into female C5BL6.Tlr9-/- and C5BL6.Tlr2-/- recipients 

(Figure 4.6).  

 

Consistent with the clinical signs of passive EAE, C5BL6.Tlr2-/- mice had 

fewer total numbers of CNS-infiltrating CD4+ T cells  SEM (0.8  0.01, p 

 0.01; pair wise Mann Whitney U test) than C57BL/6 mice (0.64  0.25) 

(Figure 4.7). C5BL6.Tlr2-/- mice also had less MFI  SEM of CNS-

infiltrating myeloid DCs (85.50  1.26, p  0.05) compared with C57BL/6 

mice (108.3  7.58) (Figure 4.8). No differences in total numbers of 

TCR+CD8+ T cells and CD11b+Ly6ChiCCR2hi (inflammatory macrophages) 

in the CNS were observed in C5BL6.Tlr9-/- and C5BL6.Tlr2-/- compared to 

C57BL/6 mice (Figure 4.7). Thus, the absence of TLR2 diminished the 

entry of inflammatory cells in the CNS. 
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Figure 4.6 Representative FACS analysis showing the proportions of brain and 
spinal cord leukocytes from female C57BL/6, C57BL/6 (PBS), C57BL/6.Tlr2-/- and 
C57BL/6.Tlr9-/-, 34 days after adoptive transfer of EAE. Lymphocytes were 
identified as CD45hi and SSAlow. TCR in combination with CD4 or CD8 were 
used to detect CD4+ and CD8+ T cells respectively. Inflammatory macrophages 
were Ly6C+CCR2+ and myeloid DCs were CD11b+CD11c+. 

This image cannot currently  be display ed.
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Figure 4.7 Absolute numbers of CD4+ T cells, CD8+ T cells, inflammatory 
macrophages and, myeloid dendritic cells (MFI- mean fluorescence intensity) in 
the CNS of C57BL/6 (closed cicles), C57BL/6.Tlr2-/- (closed squares), 
C57BL/6.Tlr9-/- (downward closed triangles), C57BL/6 (PBS) (closed diamonds) 
female mice. Statistical differences between the C57BL/6.Tlr-deficient mice and 
C57BL/6 control group are indicated (*p < 0.05, **p < 0.01, ***p < 0.001 
uncorrected Mann-Whitney U test; n = 1-6). 

This image cannot currently  be display ed.
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4.2.5 CD4+ T cells secreting IL17 in the absence of 

TLR2 in the CNS 

As CD4+ T cells decreased in the absence of TLR2 in the CNS, and both 

CD4+ T cells and IL17 play a crucial role in EAE (Harrington et al., 2005; 

Park et al., 2005), the secretion of IL17 by CD4+ T cells were examined in 

the CNS and spleen in passive EAE. Leucocytes from mice with passive 

EAE were isolated from CNS and spleens 30 days after the induction of 

disease. CNS leukocytes and splenocytes were stimulated in vitro with 

PMA as described in the Chapter 2 and analyzed by flow cytometry (Figure 

4.8).  

 

Four independent experiments for both males (n = 3-6 mice) and females (n  

= 5-6 mice) showed that the total numbers of CD4+ T cells secreting IL17  

SEM was reduced in the absence of TLR2 in the CNS of both sexes (males: 

0.03  0.00, p  0.05; females: 0.00  0.00, p  0.01) compared with the 

C57BL/6 mice (males 0.15  0.03, females 0.18  0.04) (Figure 4.8). 

However, no differences were seen in the total numbers CD4+ T cells 

secreting IL17 in spleens when compared with C57BL/6 mice (Figure 4.8). 

These results indicated that TLR2 signalling is required for the secretion of 

IL17 by CD4+ T cells infiltrating the CNS. 
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Figure 4.8 Representative experiments of IL17 secretion of Central Nervous 
System leukocytes and splenocytes from naive mice, and mice with passive EAE. 
Cells were stimulated with PMA and controls were not stimulated. Unstimulated 
naive C57BL/6 cells (closed diamonds), stimulate naive C57BL/6 cells (open 
diamonds), unstimulated C57BL/6 cell from mice with passive EAE (closed 
squares), stimulated C57BL/6 cells from mice with passive EAE (closed cicles), 
unstimulated C57BL/6.Tlr2-/- cells from mice with passive EAE (open squeare), 
stimulated C57BL/6.Tlr2-/- cells from mice with passive EAE (open circles).   
Significant data are indicated (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected 
Mann-Whitney U test; n = 1-6). 

This image cannot currently  be display ed.
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4.2.6 Absolute numbers of CD62L-expressing Tregs 

in the absence of TLR2 

Tregs and Tregs subsets have been associated with the suppression of Th17 

cells (Ichiyama et al., 2008). For example, activation of CD62L-expressing 

Tregs suppresses autoimmunity by the production of regulatory cytokines 

such as IL10 (Lau et al., 2008). It is possible that the reduced number of 

CD4+ T cells and CD4+ T cells secreting IL17 observed in the CNS in 

C57BL/6.Tlr2-/- mice is associated with the activity of regulatory Tregs or 

CD62L-expressing Tregs. To examine whether Tregs or CD62L-expressing 

subset of splenic Tregs is associated with the suppression of activation and 

expansion of autoreactive T cells in the absence of TLR2, splenic Tregs 

were analyzed by flow cytometry after the induction of passive EAE in 

C57BL/6 and C57BL/6.Tlr2-/- (Figure 4.9).  

 

The total numbers of Tregs were similar between C57BL/6 and 

C57BL/6.Tlr2-/- in male and female mice. However, C57BL/6.Tlr2-/- male 

had more total numbers of Tregs expressing CD62L+ in spleens (mean  

SEM = 22.69  1.79, p  0.5) than C57BL/6 male mice (mean  SEM = 

15.61  1.61) (Figure 4.10). C57BL/6.Tlr2-/- female mice also had more 

total numbers of Tregs expressing CD62L+ in spleens (mean  SEM = 28.7 

 2.0, p  0.01) than C57BL/6 (20  0.8) female mice. No differences were 

found between C57BL/6.Tlr9-/- and C57BL/6 female mice (Figure 4.10). 



CHAPTER 4 

	123

 

In an attempt to identify a molecular mechanism for the increase numbers of 

central (CD62L+) Tregs in C57BL/6.Tlr2-/- passive EAE recipients, plasma 

from mice with passive EAE was analyzed for levels of IL1, IL2, IL4, IL5, 

IL6, IL10, IL17, INF, TNF, and GM-CSF at 10 and 34 days after adoptive 

transfer. Almost all cytokines were undetected in plasma except IL6, which 

was detected in 4 of 6 C57BL/6 recipient mice after 10 days of passive EAE 

(Figure 4.11); and 3 of 5 C57BL/6 recipient mice after 34 days of induction 

of passive EAE (Figure 4.12). In contrast, levels of IL6 were undetectable in 

the plasma in the absence of TLR2 (Figure 11 and 12) indicating that TLR2 

is associated to central (CD62L-expressing) Tregs and IL6 in autoimmune 

inflammation. 
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Figure 4.9 Representative flow cytometry gating of CD4+ T cells and Tregs: 
CD3+CD4+CD25+FoxP3+ and CD3+CD4+CD25+FoxP3+CD62L+. 

This image cannot currently  be display ed.
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Figure 4.10 Total numbers of CD4+ T cells and Tregs from spleen of male and 
female C57BL/6.Tlr2-/-, C57BL/6.Tlr9-/- and C57BL/6 WT control mice. At least 
four mice per group were analyzed and the mean value of each group is indicated 
as a bar. Statistical differences between the C57BL/6 control group and 
C57BL/6.Tlr2-/- or C57BL/6.Tlr9-/- mice are indicated (*p < 0.05, **p < 0.01, ***p 
< 0.001 uncorrected Mann-Whitney U test; n = 1-6). 

This image cannot currently  be display ed.
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Figure 4.11 IL6 levels in plasma after 10 days of passive EAE induction. C57BL/6 
(closed cicles) and C57BL/6.Tlr2-/- (close squares)  (*p < 0.05, **p < 0.01, ***p < 
0.001 uncorrected Mann-Whitney U test; n = 6). 

This image cannot currently  be display ed.
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Figure 4.12 IL6 levels in plasma after 34 days of passive EAE induction. C57BL/6 
(closed cicles) and C57BL/6.Tlr2-/- (close squares)  (*p < 0.05, **p < 0.01, ***p < 
0.001 uncorrected Mann-Whitney U test; n = 6). 

This image cannot currently  be display ed.



CHAPTER 4 

	128

4.2.7 Microflora in passive EAE 

The passive form of EAE was dependent on TLR2 and partially dependent 

on TLR9. However, a question remained, what triggers TLR2 and TLR9 

signalling. The activation of TLR2 and TLR9 signalling could occur via 

endogenous and/or exogenous ligands. An explanatory mechanism by 

which TLR2 and TLR9 could be activated is microflora. To determine 

whether microflora could be responsible for TLR dependent passive EAE, 

microflora from female mice were altered by the used of amoxocilin, 

clarithromycin, metronidazole and omeprazole and the clinical course of 

disease was analyzed in the absence of TLR2 and TLR9.  

 

Mice were separated in two main groups and six subgroups. The first main 

group was fed with normal diet and the second main group was fed with diet 

treated with amoxocilin, clarithromycin, metronidazole and omeprazole for 

five weeks. Subgroups of mice with normal diet included: C57BL/6 (control 

group), C57BL/6.Tlr2-/- and C57BL/6.Tlr9-/-. Subgroups of mice fed with 

treated diet with antibiotics included: C57BL/6 (control group), 

C57BL/6.Tlr2-/- and C57BL/6.Tlr9-/-.  

 

C57BL/6.Tlr9-/- mice fed with normal diet or medicated diet had less severe 

clinical course of passive EAE compared with C57BL/6 mice (p  0.05). 

C57BL/6.Tlr2-/- mice fed with normal diet and treated diet did not show 
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clinical signs of disease (Figure 4.11). Clinical signs of disease were 

delayed in C57BL/6 mice with normal diet (onset of disease  SEM = 23.83 

 0.47) compared to C57BL/6 with treated diet (onset of disease  SEM 

18.8  1.41, p  0.01) (Figure 4.11). No significant differences were seen in 

the maximum clinical score and CDI between mice with normal diet and 

medicated diet (Figure 4.11). Data confirmed previous results showing that 

passive EAE is dependent of TLR2 and partially depend on TLR9. 

Manipulation of microflora with amoxocilin, clarithromycin, metronidazole 

and omeprazole delayed the clinical signs of passive EAE in C57BL/6 mice 

but not in mice deficient in TLR2 and TLR9, suggesting that while the 

antibiotics had an effect microflora might modulate CNS autoimmune 

inflammation via TLRs. 
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Figure 4.13 Analysis of the clinical course of passive MOG35-55/CFA + PTX -
induced EAE in female C57BL/6 (closed circles), C57BL/6.Tlr2-/-, (closed 
downward triangles) and C57BL/6.Tlr9-/- (closed diamonds) mice fed with normal 
diet and; female C57BL/6 (open circles), C57BL/6.Tlr2-/-, (open squares) and 
C57BL/6.Tlr9-/- (open diamonds) mice fed with medicated diet. Significant 
differences are indicated (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected Mann-
Whitney U test; n = 4-6). 
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4.3 Discussion 

Encephalomyelitis can be experimentally induced in laboratory animals in 

the absence of adjuvant and the severity and incidence of EAE increases by 

its addition (review in Baxter 2007). The most common adjuvants in EAE 

are CFA, which contains Mycobacteria tuberculosis, and PTX. The 

adjuvant activity of Mycobacteria tuberculosis is mediated by NOD2 

recognition of muramide peptide, and cell lines transfected with human 

TLR2 or TLR4 were responsive to M. tuberculosis (Ferwerda et al., 2005). 

Kerfoot et al., (2004) proposed that the action of PTX in active EAE is 

mediated by TLR4. 

 

To date, there is no evidence of an adjuvant immunisation event in the 

initiation of MS. On the other side, the dependence of EAE on induction by 

CFA containing M. tuberculosis and PTX raise concern that TLR-

dependencies identified in the active model of EAE represent limitations of 

this model, and not characteristics of MS. However, the use of CFA in 

active EAE can be avoided by using the passive form of EAE. Adoptive cell 

transfer from donors to recipients induces passive EAE. The passive model 

of EAE requires of a number of refinements to enhance the disease. The 

refinements include: mild (3Gy) gamma irradiation and pretreatment with 

PTX of the recipient.  
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In Chapter 3, it was found that TLR4 do not play a role in active EAE. In 

this Chapter, we showed that the C57BL/6.Tlr4-/- mice ameliorated the 

clinical signs of passive EAE but inhibition of disease was not as great as in 

the mice that did not receive PTX, indicating that PTX do not signal via 

TLR4. Apetoth (2007) proposed that irradiation trigger the release of 

intrinsic TLR ligands. However, we	found that the absence of irradiation in 

C57BL6 mice did not affect the course of passive EAE. Thus, neither the 

absence of CFA nor the use of PTX and irradiation alter the development of 

passive EAE in the absence of TLR4 suggesting that TLR4 have activities 

mediated by other mechanisms, including microflora in this model. 

 

Studies from Reynold et al., (2007), Lee et al., (2012) and Fang et al., 

(2009) indicate that T cells require of TLR4 signalling to promote or 

regulate EAE. In our studies the absence of TLR4 did not alter the course of 

EAE in active EAE (Chapter 3), opposing this results the absence of TLR4 

decreased the severity of passive EAE. As active EAE has both priming and 

effector phases and passive EAE has only the effector phase, our results 

suggest that TLR4 signalling is potentially important in both phases of EAE. 

In the presence of TLR4 priming T cells increase but in the absence of 

TLR4 primed T cells from WT mice are unable to augment the number of T 

cells. 
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In Chapter 3 it was also found that the severity of active EAE is partially 

dependent on TLR2 and TLR9. This chapter examined EAE in the absence 

of CFA in mice deficient in TLR2 and TLR9. Results revealed that mice 

deficient in TLR9 are partially protected of passive EAE, while mice 

deficient in TLR2 are completely protected from passive EAE. Protection 

was associated with the lack of circulating levels of IL6, an increased 

numbers of central (CD62L+) regulatory T cells, a reduced recruitment of 

activated CD4 T cells in CNS and a reduced numbers of CD4 T cells 

producing IL17 in CNS. Previously, Prinz et al., (2006) reported a partial 

dependency on TLR9 expression on the adoptive transfer recipients. Our 

findings of complete dependence of TLR2 expression in recipients of WT 

cells is novel but consistent with Reynolds et al., (2010), who reported that 

bone morrow chimeras reconstituted with TLR2-deficient marrow 

expressed ameliorated disease after induction of active EAE.  

 

In our model the presence of TLR2 during priming appears to confer a 

dependency on TLR2 during the effector phase of EAE. Cells from WT 

mice priming in vitro must lead to increasing expression of TLR2, produce 

regulatory and pathogenic cytokines and stimulate the cell that produce 

those cytokines.  Transference of those cells into mice in the absence of 

TLR2 might increase levels of cytokines but without augmenting the 

numbers of cells that produce the pathogenic cytokines and increasing the 

cells that produce regulatory cytokines. 
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In addition, the dependence of passive induction of EAE on TLR2 

expression in the recipient indicates the presence of tonic signalling through 

the receptor. This could occur via endogenous or exogenous ligands. 

Although many putative endogenous ligands for TLR2 have been proposed, 

none of them meet the reasonable criteria of purity and validation required 

to demonstrate their ability to directly bind and signal through TLR2 

(Erridge et al., 2010). In contrast, microbial products from intestinal 

microflora have been detected in blood of healthy humans (Erridge et al., 

2007) and mice (Clarke et al., 2010). Although alteration of microflora with 

antibiotics in the absence of TLR2 did not affect the development of passive 

EAE, the disease was delayed in WT mice without any treatment, 

suggesting that TLR2 is required to protect mice of CNS autoimmune 

inflammation; however, further studies are required to clarify the activation 

of TLR2 by microflora. Moreover, considering that gender influence the 

immune response to infections (McClelland EE, et al., 2011; Roberts BJ, et 

al., 2013), it might be possible that specific immune responses from 

microflora or pathogen exposure in male and female mice contribute to the 

phenotype of EAE. 



CHAPTER 5 
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CHAPTER 5 

THE ROLE OF TLR2 IN ACTIVE MOG35-

55/CFA + PTX-INDUCED RELAPSING-

REMITTING EAE 

 

5.1 Introduction 

Studies in Chapter 3 of this work reported a partial role of TLR2 and TLR9 

in active MOG35-55/CFA + PTX–induced EAE, and studies in Chapter 4 of 

this work reported a partial role of TLR9 and a definitive role of TLR2 in 

passive MOG35-55/CFA + PTX–induced EAE; indicating that TLR2 plays a 

key role in EAE. Additional evidence that support the role of TLR2 in EAE 

and MS include: 1) the presence of TLR2 ligands in the CNS in MS and 

EAE (Schrijver et al., 2001; Andersson et al., 2008; Farez et al., 2009); 2) 

the dependence of TLR2 in the exacerbation of MS and EAE during 

bacterial infections (de la Monte et al., 1986; Herrmann et al., 2006; Nichols 

et al., 2009; Nichols et al., 2011); 3) the association of TLR2 with the 

decrease of severity of MS in helminth-infected MS patients (Correale et al., 

2009); 4) the successful use of TLR2 ligands as adjuvant in the induction of 

EAE (Visser et al., 2005); 5) the inhibition of remyelination via TLR2 
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(Visser et al., 2005; Sloane et al., 2010; Back et al., 2005); and 6) the 

modulation of MS by TLR2 ligands (Sweeney et al., 2011).  

 

Because CNS autoimmune inflammation was associated to TLR2 and TLR9 

in C57BL/6 mice, in this chapter we further analysed the development of 

EAE in NOD mice, the mouse model of type 1 diabetes (T1D), in order to 

dissect the interrelationship between organ-specific autoimmune diseases. 

 

5.2 Results 

5.2.1 Active MOG35-55/CFA + PTX–induced 

relapsing-remitting EAE in NOD/Lt deficient mice in 

TLR1, TLR2, TLR4, TLR6 and TLR9 

 

NOD/Lt mice are commonly used as a model of TID because they develop 

spontaneous insulitis associated with the disease (Makino et al., 1980; 

Kachapati et al., 2012). In addition, NOD/Lt mice develop a form of 

relapsing-remitting EAE (Amor et al., 1993; Slavin et al., 1998). Relapsing-

remitting EAE is characterised by partial or complete recovery from the 

onset of clinical signs of disease, and then relapses and remissions (Slavin et 

al., 1998).  To determine the role of TLRs in active MOG35-55/CFA + PTX–
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induced relapsing-remitting EAE, the disease was induced in NOD/Lt (WT 

control group), NOD.Tlr1-/-, NOD.Tlr2-/-, NOD.Tlr4-/-, NOD.Tlr6-/- and 

NOD.Tlr9-/- male and female mice.  

 

Mice were observed and scored each individual day for clinical signs of 

active MOG35-55/CFA + PTX–induced relapsing-remitting EAE over 71 

days post EAE induction. As previously reported by Slavin et al., (1998), 

NOD/Lt mice developed relapsing-remitting EAE (Figure 5.1). The day of 

onset of clinical signs of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE appeared within 13-31 days in male NOD/Lt mice, and 10-

31 days in female NOD/Lt mice after the induction of EAE. The onset of 

clinical signs of disease was followed by relapses and remissions (Figure 

5.1, Figure 5.2 and Figure 5.3).  

 

The clinical course of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE, the day of onset of clinical signs of disease, the maximum 

score of clinical signs and the CDI were similar between NOD/Lt and 

NOD.Tlr1-/- mice in either sex (n = 8-9 mice) (Figure 5.2 and Figure 5.3).  

 

The clinical course of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE decreased in the absence of TLR2 only one day in male mice 

(day 28) and two days in female mice (days 16 and 17) compared with 
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NOD/Lt mice (n = 8 male mice, p  0.05 and n = 8 female mice, p  0.05) 

(Figure 5.2 and Figure 5.3). No differences were observed in the onset of 

clinical signs of disease between NOD.Tlr2-/- male mice and NOD/Lt male 

mice. The day of onset of clinical signs of EAE was delayed in the absence 

of TLR2 in female mice (mean day of onset  SEM = 25.5  2.58, p  0.01) 

compared with NOD/Lt female mice (mean day of onset  SEM = 14.87  

0.71), but no differences were observed in male mice. Neither male nor 

female mice showed significant differences in the maximum score of 

disease and CDI in the absence of TLR2 when compared with NOD/Lt mice 

(Figure 5.2 and Figure 5.3). 

 

The clinical course of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE decreased in the absence of TLR4 two days in female mice 

(day 27 and 28) compared with NOD/Lt female mice (n = 8 mice, p  0.05); 

but no differences were seen in male mice (Figure 5.2 and Figure 5.3). No 

significant differences on the day of onset of clinical signs of disease, the 

maximum score of EAE and CDI were observed between NOD/Lt and 

NOD.Tlr4-/- female and male mice (Figure 5.2 and Figure 5.3). 

 

The clinical course of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE decreased in the absence of TLR6 three days (day 35-37) in 

male mice compared with NOD/Lt male mice (n = 8 mice, p  0.05); but no 
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differences were observed in female mice (Figure 5.2 and Figure 5.3). No 

significant differences on the day of onset of clinical signs of disease, the 

maximum score of disease and CDI where observed between NOD/Lt and 

NOD.Tlr6-/- mice in male and female (Figure 5.2 and Figure 5.3). 

 

The clinical course of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE decreased in the absence of TLR9 five days in male mice 

(days 30, 47, 66, 69 and 70) and five days in female mice (days 16, 17 and 

50-52) compared with NOD/Lt mice (n = 8 mice, p  0.05) (Figure 5.2 and 

Figure 5.3). The day of onset of clinical signs was delayed in the absence of 

TLR9 in female mice (mean day of onset  SEM = 26.00  2.43, p  0.05) 

compared with NOD/Lt female mice (mean day of onset  SEM 14.87  

0.71); but no differences were observed in male mice. No significant 

differences were seen in the maximum score of disease and CDI between 

NOD/Lt and NOD.Tlr9-/- female and male mice (Figure 5.2 and Figure 5.3). 

These results showed that TLR2 and TLR9 play a role in the onset of 

MOG35-55/CFA+PTX–induced relapsing-remitting EAE in NOD mice. 
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Figure 5.1. Representative clinical course of active MOG35-55/CFA + PTX–induced 
relapsing-remitting EAE in individual NOD/Lt control WT (closed circles) and 
NOD.Tlr1-/-, NOD.Tlr2-/-, NOD.Tlr4-/-, NOD.Tlr6-/- and NOD.Tlr9-/- (open circles) 
male and female mice. Clinical signs of EAE were monitored each day over 71 
days (n = 1). 

This image cannot currently  be display ed.
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Figure 5.2 Clinical course of active MOG35-55/CFA + PTX–induced relapsing-
remitting EAE in NOD/Lt WT control (closed circles) and NOD.Tlr1-/-, NOD.Tlr2-

/-, NOD.Tlr4-/-, NOD.Tlr6-/- and NOD.Tlr9-/- (open circles) female and male mice. 
Male are in the left column. Female are in the right column. Each data point and 
error bar represents the mean ± SEM of the clinical score of each individual day. 
Significant data between NOD/Lt and NOD.Tlr-/- are indicated (*p < 0.5, 
uncorrected Mann Whitney-test; n = 5-12). 

This image cannot currently  be display ed.
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Figure 5.3. Analysis of the clinical course of active MOG35-55/CFA + PTX- induced 
relapsing-remitting EAE in NOD/Lt (closed cicles), NOD.Tlr1-/- (open squares), 
NOD.Tlr2-/- (open cicles), NOD.Tlr4-/- (open downward triangles), NOD.Tlr6-/- 

(open upward triangles) and NOD.Tlr9-/- (open diamonds) male and female mice. 
Statistically significant differences between NOD/Lt and NOD.Tlr-/- mice are 
indicated  (*p < 0.05, **p < 0.01, uncorrected Mann-Whitney U test; n = 8 or 9). 
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5.2.2 Active MOG35-55/CFA + PTX–induced 

relapsing-remitting EAE in NOD.H2b and NOD.H2d 

mice 

As the NOD mouse strain showed little influence of TLR2 on the onset of 

relapsing-remitting EAE but not in the severity of disease, we thought that 

might be due to ongoing autoimmune inflammation provided by 

inflammatory milieu, for example IL6 that we previously identified in an 

earlier chapter; otherwise being provided by the TLR2 signalling. To test 

the hypothesis that insulitis associated with T1D development in some way 

compensated for the lack of TLR2 signalling in NOD mice, we looked for a 

NOD mouse background but without the insulitis associated with T1D. We 

knew that NOD.H2b and NOD.H2d congenic mice were relatively free of 

T1D as declared by Pearson et al., (2003), Yoshida et al., (2008) and Jordan 

(2009) and showed in Figure 5.4. Thus,	 NOD.H2b	 and	 NOD.H2d	 female	

mice	were	immunized	with	MOG35-55/CFA + PTX. 

	

NOD.H2d female mice developed a relapsing-remitting form of EAE 

(Figure 5.5 and Figure 5.6). Clinical signs of EAE appeared earlier in 

NOD.H2d female mice (mean day of onset  SEM = 12.14  0.50, p  

0.001) than in NOD/Lt female mice (mean day of onset  SEM = 15  0.0) 

(Figure 5.6). However, no differences were observed in the maximum score 
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of clinical signs of EAE and CDI between NOD.H2d and NOD/Lt female 

mice (Figure 5.6). 

 

NOD.H2b female mice also developed a form of relapsing-remitting EAE 

(Figure 5.5 and Figure 5.6).  Clinical signs of EAE appeared earlier in 

NOD.H2b female mice (mean day of onset  SEM = 13.12  0.63, p  0.01) 

than in NOD/Lt female mice (mean day of onset  SEM = 15  0.0) (Figure 

5.6). Although no differences were seen in the maximum score of EAE, the 

cumulative disease index was clearly higher in NOD.H2b female mice 

compared with NOD/Lt female mice (CDI mean  SEM = 57.93  1.89 and 

CDI mean  SEM = 38.42  2.12 respectively; p  0.001) (Figure 5.6). 
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Figure 5.4. Cumulative diabetes incidence in NOD/Lt (closed cicles), NOD.H2b 
(open cicles) and NOD.H2d (open cicles) female mice. Mice were bled fortnightly 
for 36 weeks of age and random blood glucose levels determined. Significant data 
are indicated (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected Mann-Whitney U 
test; n = 14-38). 
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Figure 5.5. Representative clinical course of active MOG35-55/CFA + PTX- induced 
relapsing-remitting EAE in individual female NOD/Lt (closed circles), NOD.H2b 
(open circles) and NOD.H2d (open forwards triangles) mice. Clinical signs of EAE 
were score each day over 40 days (n = 1). 
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Figure 5.6. Analysis of the clinical course of active MOG35-55/CFA + PTX- induced 
relapsing-remitting EAE in NOD/Lt (closed circles), NOD.H2b (open circles) and 
NOD.H2d (open forwards triangles) female mice. NOD.H2b mice showed a more 
severe form of relapsing-remitting EAE compared to NOD/Lt mice (WT). The 
appearance of clinical signs of disease was delayed in both NOD.H2b and 
NOD.H2d compared to WT. No differences were seen in maximum clinical score 
(*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected Mann-Whitney U test; n = 7-8). 



CHAPTER 5 

	148

5.2.3 Active MOG35-55/CFA + PTX–induced 

relapsing-remitting EAE in NOD.H2b.Tlr2-/- 

 

Because NOD.H2b mice developed significantly more severe form of 

relapsing-remitting EAE than NOD.H2d, the phenotype of the disease was 

analyzed in NOD.H2b, NOD.H2b.Tlr2-/-, NOD/Lt and NOD.Tlr2-/-. The 

clinical course of active MOG35-55/CFA + PTX–induced relapsing-remitting 

EAE decreased in NOD.H2b.Tlr2-/- male mice over 19 days (day 11-13, 22-

26, 28-30 and 33-40) compared with NOD.H2b male mice (Figure 5.7). The 

day of onset of disease was delayed in NOD.H2b.Tlr2-/- male mice (mean of 

day of onset  SEM = 14.3  0.26, p  0.001) compared with NOD.H2b 

male mice (mean of day of onset  SEM = 11.33  0.21). No differences 

were observed in the maximum score between NOD.H2b and 

NOD.H2b.Tlr2-/- male mice. CDI decreased in NOD.H2b.Tlr2-/- male mice 

(mean of the CDI  SEM = 31.25  3.39, p  0.001) compared with 

NOD.H2b male mice (mean of the CDI  SEM = 59.66  4.56) (Figure 5.8). 

 

The clinical course of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE decreased in NOD.H2b.Tlr2-/- female mice over eight days 

(day 11-12, 22, 27-30 and 33) compared with NOD/Lt female mice (Figure 

5.7). The day of onset of disease was delayed in NOD.H2b.Tlr2-/- female 

mice (mean of day of onset  SEM = 14.2  0.24, p  0.05) compared with 
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NOD.H2b male mice (mean of day of onset  SEM = 11.11  0.11). No 

differences were observed in the maximum score between NOD.H2b and 

NOD.H2b.Tlr2-/- female mice. CDI decreased in NOD.H2b.Tlr2-/- female 

mice (mean of the CDI  SEM = 39.65  3.70, p  0.01) compared with 

NOD.H2b female mice (mean of the CDI  SEM = 51.66  1.35) (Figure 

5.8). 

 

The clinical course of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE decreased in NOD.Tlr2-/- male mice over 4 days (day 18, 21, 

23 and 38) compared to NOD/Lt male mice (Figure 5.7). As seen before, no 

differences were observed on the day of onset of disease, the maximum 

score of disease and CDI between NOD/Lt male mice and NOD.Tlr2-/- male 

mice (Figure 5.8). 

 

The clinical course of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE decreased only two days in NOD.Tlr2-/- female mice (day 37 

and 39) compared with NOD/Lt female mice (Figure 5.7). Results 

confirmed a delayed on the day of onset of clinical signs of EAE in 

NOD.Tlr2-/- female mice (mean of day of onset  SEM = 13.0  0.0, p  

0.05) compared with NOD/Lt female mice (mean of day of onset  SEM = 

12.2  5.45). No differences were observed in the maximum score of 

disease and CDI between NOD.Tlr2-/- and NOD/Lt female mice (Figure 
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5.8). 

 

A further analysis of the clinical signs of active MOG35-55/CFA + PTX–

induced relapsing-remitting EAE showed that NOD.H2b male mice 

developed more severe relapsing-remitting EAE than NOD/Lt male mice 

(Figure 5.7). The mean  SEM of maximum clinical score of EAE was 2.91 

 0.20 (p  0.05) in NOD.H2b male mice and 1.83  0.21 in NOD/Lt male 

mice. The mean  SEM of CDI was 59.66  4.56 (p  0.001) in NOD.H2b 

male mice and 19.66  3.15 in NOD/Lt male mice. No differences were 

observed in the day of onset of disease between NOD.H2b male mice and 

NOD/Lt male mice (Figure 5.8). 

 

Female NOD.H2b mice also developed more severe CDI than NOD/Lt male 

mice. The mean  SEM of CDI was 51.66  1.35 (p  0.001) in NOD.H2b 

female mice and 28.8  12.87 in NOD/Lt female mice. Moreover, the day of 

onset of clinical signs of EAE were delayed in NOD.H2b female mice. The 

mean  SEM of the day of onset of disease was 11.11  0.11 in NOD.H2b 

female mice and 12.2  5.45 in NOD/Lt female mice. No differences were 

observed in the maximum score of EAE between NOD.H2b female mice 

and NOD/Lt female mice (Figure 5.8). 
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NOD.H2b.Tlr2-/- male mice developed a later onset of active MOG35-55/CFA 

+ PTX–induced relapsing-remitting EAE and more severe disease than 

NOD.Tlr2-/- male mice (Figure 5.7). The day of onset of clinical signs of 

EAE  SEM in NOD.H2b.Tlr2-/- male mice was 14.3  0.26	(p  0.01) and 

13.66  0.71 in NOD.Tlr2-/- male mice. The maximum clinical score was 

2.6  0.1 (p  0.05) in NOD.H2b.Tlr2-/- male mice and 1.5  0.0 in 

NOD.Tlr2-/- male mice. CDI was 31.25  3.39 in NOD.H2b.Tlr2-/- male 

mice and 17  3.66 in NOD.Tlr2-/- male mice (Figure 5.8).	

 

NOD.H2b.Tlr2-/- female mice also developed a later onset of active MOG35-

55/CFA + PTX–induced relapsing-remitting EAE and more severe disease 

than NOD.Tlr2-/- female mice (Figure 5.7). The day of onset of clinical 

signs of EAE  SEM in NOD.H2b.Tlr2-/- female mice was 14.2  0.24	(p  

0.05) and 13.0  0.0 in NOD.Tlr2-/- female mice. The maximum clinical 

score  SEM was 2.8  0.16	(p  0.01) in NOD.H2b.Tlr2-/- female mice and 

1.7  0.2 in NOD.Tlr2-/- female mice. CDI  SEM was 39.65  7.70 ((p  

0.01) in NOD.H2b.Tlr2-/- female mice and 18.0  4.08 in NOD.Tlr2-/- female 

mice (Figure 5.8).	

 

All together, NOD.H2b mice, a resistant mouse strain to T1D, developed 

more severe active MOG35-55/CFA + PTX–induced relapsing-remitting EAE 

and earlier onset of clinical signs of disease compared with NOD/Lt mice in 
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either sex. The severity of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE was lower in both male and females NOD.H2b.Tlr2-/- mice 

compared with male and female NOD.H2b mice. Although relapses of EAE 

were observed in female and male NOD.H2b mice, NOD.H2b.Tlr2-/- mice 

did not show relapses of disease after the initial peak of active MOG35-

55/CFA + PTX–induced relapsing-remitting EAE in either sex. These results 

suggest that both TLR2 signalling and immunological events associated 

with autoimmunity at distant site can mediate relapses in CNS 

autoimmunity. 
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Figure 5.7 Clinical course of active MOG35-55/CFA + PTX–induced EAE in 
NOD.H2b control mice (WT) (closed circles), NOD.H2b.Tlr2-/- (open circles) and; 
NOD/Lt control mice (WT) (closed downward triangles) and NOD.Tlr2-/- (open 
upwards triangles). Each data point and error bar represents the mean ± SEM of 
the clinical score of each individual day from 6-10 mice. Statically significant data 
are indicated (*p < 0.05, uncorrected Mann Whitney-test; n = 6-10). 



CHAPTER 5 

	154

 

Figure 5.8. Analysis of the clinical course of active MOG35-55/CFA + PTX- induced 
relapsing-remitting EAE in NOD.H2b (close circles) and NOD.H2b.Tlr2-/- (open 
circles); and NOD/Lt (closed downwards triangles) and NOD.H2b.Tlr2-/- (open 
upwards triangles) in males and female mice. Significant differences are indicated 
(*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected Mann-Whitney U test; n = 6-10). 
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5.2.4 IL6 in active MOG35-55/CFA + PTX–induced 

relapsing-remitting EAE in the absence of TLR2 

 

As previous studies showed that protection of chronic EAE in the absence 

of TLR2 was associated with detectable levels of circulating IL6 (Chapter 

4), it remains possible that the severity of EAE decreased in NOD.H2b.Tlr2-

/- was due to circulating levels of IL6. To determine whether circulating 

levels of IL6 could influence the phenotype of active MOG35-55/CFA + 

PTX–induced relapsing-remitting EAE in NOD.H2b.Tlr2-/- mice, the disease 

was induced in NOD.H2b and NOD.H2b.Tlr2-/- mice and; IL6 or PBS 

(control) was administrated i.p. in NOD.H2b.Tlr2-/- mice during the 

induction of active MOG35-55/CFA + PTX–induced EAE. 

 

NOD.H2b.Tlr2-/- male mice treated with PBS had less severe clinical course 

of relapsing-remitting EAE during nine days (day 22, 28, 30-33 and 35-37, 

p  0.05) and NOD.H2b.Tlr2-/- male mice treated with IL6 had less severe 

clinical course of relapsing-remitting EAE during four days (day 31-34, p  

0.05) compared with NOD.H2b male mice (Figure 5.9). CDI decreased in 

NOD.H2b.Tlr2-/- male mice treated with PBS (CDI mean  SEM = 36.25  

3.91, p  0.05) compared with NOD.H2b male mice (CDI mean  SEM = 

61.0  11.61); but no differences were observed between NOD.H2b.Tlr2-/- 

male mice treated with IL6 and NOD.H2b male mice (Figure 5.9). ). No 
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differences were seen in the day of onset of disease and maximum clinical 

score in NOD.H2b.Tlr2-/- male mice treated with IL6 or PBS compared with 

NOD.H2b male mice (Figure 5.9).  

 

NOD.H2b.Tlr2-/- female mice treated with PBS had less severe clinical 

course of relapsing-remitting EAE during 12 days (26, 30-40, p  0.05), and 

NOD.H2b.Tlr2-/- female mice treated with IL6 had less severe clinical 

course of relapsing-remitting EAE during 19 days (21, and 23-40, p  0.05) 

(Figure 5.9). CDI decreased in NOD.H2b.Tlr2-/- female mice treated with 

PBS (CDI mean  SEM = 38.42  4.52, p  0.05), and in NOD.H2b.Tlr2-/- 

female mice treated with IL6 (CDI mean  SEM = 30.93  6.62, p  0.01) 

compared with NOD.H2b female mice (CDI mean  SEM = 67.37  10.61). 

No differences were seen in the day of onset of disease and maximum 

clinical score in NOD.H2b.Tlr2-/- female mice treated with IL6 or PBS 

compared with NOD.H2b female mice (Figure 5.9).  

 

A further analysis of the clinical course of active MOG35-55/CFA + PTX–

induced relapsing-remitting EAE between NOD.H2b.Tlr2-/- mice treated 

with IL6 and NOD.H2b.Tlr2-/- mice treated with PBS showed no differences 

in the clinical course of active relapsing-remitting EAE, the day of onset of 

disease, the maximum clinical score and the CDI in either sex (Figure 5.9). 

These results suggest that circulating IL6 remained in plasma without 
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altering the severity of active MOG35-55/CFA + PTX–induced relapsing-

remitting EAE. 
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Figure 5.9 Analysis of the clinical course of active MOG35-55/CFA + PTX–induced 
EAE in NOD.H2b control mice (WT) (closed circles), NOD.H2b.Tlr2-/- mice 
treated with PBS (open circles) and NOD.H2b.Tlr2-/- mice treated with IL6 (open 
downward triangles). Each data point and error bar represents the mean ± SEM of 
the clinical score. Statically significant data are indicated (*p < 0.05, **p < 0.01, 
***p < 0.01, uncorrected Mann Whitney-test; n = 8). 
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5.2.5 Circulating levels of cytokines in active MOG35-

55/CFA + PTX–induced relapsing-remitting EAE in 

NOD.H2b.Tlr2-/- and NOD.Tlr2-/- mice 

 

In an attempt to find whether circulating cytokines influenced the 

development of MOG35-55/CFA + PTX–induced relapsing-remitting EAE in 

NOD.H2b and NOD.H2b.Tlr2-/- mice, plasma from NOD.H2b and 

NOD.H2b.Tlr2-/- mice was analysed after 40 days of EAE induction. 

	

Circulating levels of IL6 were detected in NOD.H2b and NOD.H2b.Tlr2-/- 

mice treated with either IL6 or PBS. Circulating levels of IL6 decreased in 

NOD.H2b.Tlr2-/- mice treated with IL6 (mean  SEM = 254.1  44.59) but 

not in NOD.H2b.Tlr2-/- mice treated with PBS (mean  SEM = 450.9  

117.5) compared with NOD.H2b mice (mean  SEM = 481.7  63.45). 

Surprisingly, IL22 levels increased in both NOD.H2b.Tlr2-/- mice treated 

with IL6 (mean  SEM = 145.5  22.31) and in NOD.H2b.Tlr2-/- mice 

treated with PBS (mean  SEM = 271.2  61.12) compared with NOD.H2b 

(mean  SEM = 74.55  10.49). No detectable levels of IL13, IL1, IL22, 

IL2, IL5, IL21, IL6, IL10, IL27, IL23, IFN, TNF, IL4 and IL17 were found 

neither in NOD.H2b nor NOD.H2b.Tlr2-/- mice treated with either IL6 or 
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PBS. Data suggest that IL6 do not accumulate in the periphery when 

administrated i.p., and IL22 production is associated to TLR2 signalling. 
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Figure 5.10 Circulating levels of IL6 and IL22 in NOD.H2b (close cicles), 
NOD.H2b.Tlr2-/- treated with PBS (open cicles), NOD.H2b.Tlr2-/- treated with IL6  
(open downward triangles), naive NOD.H2b (closed squares), naive 
NOD.H2b.Tlr2-/- (open squares), naive NOD/Lt  (open diamonds), naive 
NOD.Tlr2-/- (closed diamonds). Limits of detention levels of cytokines are 
indicated with a horizontal line. Significant differences are shown (*p < 0.05, **p 
< 0.01, ***p < 0.001 uncorrected Mann-Whitney U test; n = 6-10). 
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5.3 Discussion 

In Chapter 3 we found that C57BL/6.Tlr2-/- mice show less severe clinical 

signs of EAE; and in Chapter 4 we found that adoptive transfer of EAE into 

C57BL/6.Tlr2-/- mice failed to transfer disease. This protection from EAE 

was associated with fewer infiltrating CD4+ T cells in the CNS, reduced 

prevalence of detectable circulating IL6, and increased proportions of 

central (CD62L+) Foxp3+ Tregs. In this chapter, we studied the dependence 

of EAE on TLR2 in an autoimmune-prone genetic background. As NOD/Lt 

mice develop a mild form of relapsing/remitting EAE (Amor et al., 1993; 

Slavin et al., 1998), this strain of mice was used to study the role of TLRs in 

EAE in order to dissect the interrelationships between organ-specific 

autoimmune diseases.  

 

In contrast to C56BL/6 mice, which developed a chronic form of EAE 

(Chapter 3 and Chapter 4) NOD/Lt mice developed a mild form of 

relapsing-remitting EAE. Furthermore, unlike to C57BL/6.Tlr2-/- mice, 

NOD.Tlr2-/- mice did not affect the severity of EAE. As NOD/Lt mice are 

susceptible to T1D (Kachapati et al., 2012), we tested whether insulitis 

associated with T1D development compensated for the lack of TLR2 

signalling in these mice. Because our results confirmed that NOD.H2b and 

NOD.H2d mice did not develop insulitis or T1D as declared by Yoshida et 

al., (2008) and Pearson et al., 2003, active MOG35-55/CFA + PTX was 

studied in these mice. 
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NOD.H2b mice showed increased severity of EAE compared to NOD/Lt 

mice, again in a relapsing/remitting pattern. To my knowledge this work 

show for first time that in the absence of insulitis, EAE is ameliorated in 

NOD.H2b.Tlr2-/- mice and no relapses occurred after the initial peak of 

disease. These data suggest that both TLR2 signalling and immunological 

events associated with autoimmunity at a distant site can mediate relapses in 

CNS autoimmunity. As seen before circulating levels of IL6 did not affect 

the severity of active MOG35-55/CFA + PTX –induced EAE after the 

induction of EAE in the absence of TLR2 confirming that circulating levels 

of IL6 increase before clinical signs of EAE appear. Although increased 

numbers of IL22 were found in the absence of TLR2, Kreymborg et al., 

(2007) reported that IL22 knockout mice are not protected from EAE. 

Further studies are required to find the mechanisms that influence the 

severity of EAE in NOD.H2b and NOD.H2b.Tlr2-/- mice. 
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CHAPTER 6 

NKT CELLS IN THE INTERACTION 

BETWEEN ENVIRONMENTAL AND 

GENETIC RISK FACTORS FOR EAE 

6.1 Introduction 

NKT cells are innate/memory T lymphocytes that recognize lipids and 

glycolipids presented by CD1d molecules (Godfrey et al., 2000; MacDonald 

2002). NKT cells expressed the semi-invariant V24+J18 in humans and 

V14+J18 in mice (Budd et al., 1987; Fowlkes et al., 1987; review in 

MacDonald 2007). Activation of NKT cells releases the production of 

INF/IL4/IL17 cytokines (Godfrey et al., 2004; Coquet et al., 2008). The 

initiation and development of MS and EAE are also associated with the 

production of INF/IL4/IL17 cytokines (Lees et al., 2008; Stromnes IM, 

2008). Despite knowing that different NKT cell subsets produced key 

cytokines involved in the phenotype of MS and EAE, the role of NKT cells 

in CNS-autoimmune inflammation remains far from clear.  

 

The evidence that NKT cells contribute to EAE includes at least four 

mechanisms: 1) cytokine production by NKT cells ligation of lipids and 
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glycolipids (Hammond et al., 2002); 2) NKT cell cytokine production in 

response to specific NKT cell peptides (Liu et al., 2011; Fujita et al., 2009); 

3) the activity of CD1d molecule in EAE (Jahng et al., 2001) and; 4) the 

NKT cell number in EAE (Miljković et al., 2011; Yokote et al., 2008). 

 

Most	studies	indicate	that	increment of IL4 and IL10 and decrease of INF 

and IL17 by NKT cell ligation of -GalCer, OCH and RCAI147/-160 

protect mice from EAE (Miyamoto et al., 2001; Furlan et al., 2003; Oh et 

al., 2011; Shiozaki, et al., 2013). However, contradictory reports showed 

that -GalCer treatment in EAE had no effect or is dependent of the time of 

EAE immunisation and route of administration (Furlan et al., 2003; Pál et 

al., 2001; Hammond et al., 2002). Other studies indicate that the expression 

of CD1d molecule is required for EAE protection (Singh et al., 2001; Mars 

et al., 2008). Few studies showed that NKT cell-enriched mice are protected 

against EAE (Mars et al., 2002; Mars et al., 2008). 

 

At the time of writing most studies have been done by stimulation of NKT 

cells to produce INF/IL4/IL17 cytokines. Little research has been done in 

mice with different numbers of NKT cells. In this chapter, it was 

hypothesized that genetic control of NKT cells numbers alters the severity 

of EAE. To test this hypothesis, EAE was induced in genetically 

manipulated mice with different genes controlling NKT cell numbers. 
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6.2 Results 

6.2.1 Active MOG35-55/CFA + PTX-induced EAE in 

NOD/Lt mice and NOD.Nkrp1b mice 

NOD/Lt mice are the most common animal models to study Type 1 diabetes 

(T1D) (Makino et al., 1980). NOD/Lt mice are also animal models to study 

systemic lupus erythematosus, Sojogren’ syndrome and MS (Krause et al., 

1999; Slavin et al., 1998; Robinson et al., 1997; Baker et al., 1995). NOD/Lt 

mice do not express the allelic marker NK1.1 while NOD.Nkrp1b mice 

express the allelic marker NK1.1 because NOD.Nkrp1b mice carry the B6-

derived allele Klrb1c, a natural killer complex on chromosome 6 (from 

D6mit105 to D6mit135) (Poulton et al., 2001).  

 

Both NOD/Lt and NOD.Nkrp1b mice are characterised for having fewer 

NKT cell numbers than C57BL/6 mice (Jordan et al., 2009; Poulton et al., 

2001). The difference of NKT cell numbers is associated with the resistance 

of C57BL/6 mice to T1D and the spontaneous development of T1D in 

NOD/Lt mice (Makino et al., 1980; Pearson et al., 2003). Although 

NOD.Nkrp1b carry the allele Klrb1c from C57BL/6 mice, NOD.Nkrp1b 

mice develop a similar pattern of T1D than NOD/Lt mice as the numbers of 

NKT cells between NOD/Lt and NOD.Nkrp1b is similar (Poulton et al., 

2001; Fletcher et al., 2008). However, the development of EAE in C57BL/6 
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and NOD/Lt differs (Chapter 3, Chapter 4 and Chapter 5). NOD/Lt mice 

develop a mild form of relapsing-remitting EAE and C57BL/6 mice develop 

a chronic form of EAE (Slavin et al., 1998).  

 

To determine the phenotype of EAE in mice with few NKT cell numbers 

that express the NK1.1 marker at the same time, NOD/Lt and NOD.Nkrp1b 

female mice were immunized for active MOG35-55/CFA + PTX-induced 

EAE. As expected, all NOD/Lt and NOD.Nkrp1b mice developed clinical 

signs of disease and the clinical course of disease was similar in both groups 

(Figure 6.1). No differences were also observed in the onset of the disease, 

maximum clinical score and CDI (Figure 6.1), indicating that the population 

of NKT cells expressing the NK1.1 marker does not affect the severity of 

active MOG35-55/CFA + PTX-induced EAE in NOD mice. 
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Figure 6.1 Analysis of the clinical course of active MOG35-55/CFA + PTX -induced 
EAE in female NOD/Lt (closed circles) and NOD.Nkrp1b (open circles) mice. No 
significant differences were found between NOD/Lt and NOD.Nkrp1b (*p < 0.05, 
uncorrected Mann-Whitney U test; n = 5). 

 

This image cannot currently  be display ed.



CHAPTER 6 

	169

6.2.2. Cd1d in active MOG35-55/CFA + PTX-induced 

EAE 

CD1d molecules are cell surface glycoproteins expressed on APCs that 

present lipids and glycolipids to NKT cells (Porcelli et al., 1989). NKT cells 

are severely reduced in Cd1d knockout mice (Mendiratta et al., 1997). To 

determine whether targeted deletion of Cd1d affects the clinical course of 

active MOG35-55/CFA + PTX-induced EAE, the disease was induced in 

NOD.Cd1d-/-, C57BL/6.Cd1d-/-, NOD/Lt and C57BL/6 mice.  

 

Targeted deletion of Cd1d in C57BL/6 female mice did not influence the 

clinical course of active MOG35-55/CFA + PTX-induced EAE, the onset day 

of disease, the maximum clinical score and the cumulative disease index (p	

	0.05,	uncorrected	Mann	Whitney‐test	U	test) (Figure 6.2).  

 

The	clinical	course	of	disease	in	the	absence	of	Cd1d	in	NOD/Lt	female	

mice	 increased	 only	 during	 three	 days	 (day	 16,	 40	 and	 39)	 and	

decreased	for	one	day	(day	18).	No	significant	differences	in	the	onset	

day	of	disease,	the	maximum	clinical	score	and	the	cumulative	disease	

index	were	observed	in	the	absence	of	Cd1d	in	NOD/Lt	female	mice	(p	<	

0.05,	uncorrected	Mann	Whitney‐test	U	test)	(Figure	6.3).	
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These	 data	 discarded	 a	 role	 of	 CD1d	 in	 the	 severity	 of	 active	MOG35‐

55/CFA	+	PTX‐induced	EAE	in	NOD	and	C57BL/6	mice,	suggesting	that	

the	 course	 of	 disease	 is	 independent	 of	 CD1	molecule	 but	 it	 could	 be	

dependent	 of	 NKT	 cells	 after	 the	 antigen	 presentation	 by	 the	 CD1d	

molecule.	
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Figure 6.2. Analysis of the clinical course of active MOG35-55/CFA + PTX -induced 
EAE in female C57BL/6 (closed circles) and C57BL/6.Cd1d-/- (open circles) mice. 
No significant differences were found between C57BL/6 and C57BL/6.Cd1d-/- (*p 
< 0.05, uncorrected Mann-Whitney U test; n = 7-8). 

 

This image cannot currently  be display ed.
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Figure 6.3 Analysis of the clinical course of active MOG35-55/CFA + PTX -induced 
EAE in female NOD/Lt (closed circles) and NOD.Cd1d-/- (open circles) mice. 
NOD.Cd1d-/- mice showed an increase of clinical signs of disease only at days 16, 
39 and 40 compared to NOD/Lt. No differences were seen in the onset of disease, 
maximum clinical score and cumulative disease index between NOD/Lt and 
NOD.Cd1d-/-  (*p < 0.05, uncorrected Mann-Whitney U test; n = 7). 
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6.2.3. The Idd13 locus in active MOG35-55/CFA + 

PTX-induced EAE 

Idd13 locus regulates NKT cell numbers and NOD.Idd13 mice increase 

NKT cell numbers compared to NOD/Lt mice (Esteban et al., 2003; Chen et 

al., 2007). To find out whether higher numbers of NKT cells participate in 

the development of EAE, males and females NOD/Lt and NOD.Idd13 mice 

were immunized for MOG35-55/CFA + PTX-induced EAE.  

 

The clinical course of active MOG35-55/CFA + PTX-induced EAE reached 

significant difference between NOD/Lt and NOD.Idd13 only during three 

days in male mice (days	 51,	 54	 and	 55;	 p	 <	 0.05,	 uncorrected	 Mann	

Whitney‐test	 U	 test) (Figure 6.4). No significant differences between 

NOD/Lt and NOD.Idd13 male mice were found in the onset day of disease, 

the maximum score and the clinical disease index (Figure 6.4).  

 

The clinical course of disease increased in NOD.Idd13 female mice for a 

period of 14 days (day	37,	40‐47,	50,	54‐55,	65‐66;	p	<	0.05)	compared	

to	NOD/Lt female mice. No differences were observed on the onset day of 

disease between NOD/Lt and NOD.Idd13 female mice. The maximum score 

of disease and CDI showed an increase in NOD.Idd13 compared to NOD/Lt 

female mice (Table 1 and Figure 6.5).  
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An independent experiment in NOD.Idd13 and NOD/Lt female mice 

showed more severe clinical course of the disease for 6 days (day 16, 32, 

34-35, 39, 40: p	 <	 0.05). Clinical signs of disease appeared earlier in 

NOD.Idd13 (p	<	0.01)	compared to NOD/Lt female mice (Table 6.1). The 

clinical signs of disease and the CDI were more severe in NOD.Idd13 (p	<	

0.01	and	p	<	0.05	respectively)	than NOD/Lt female mice (Table 6.1). All 

together, these data suggest that increased numbers of NKT cells in 

NOD.Idd13 mice is associated with more severe clinical signs of disease. 

 
Table 6.1. Active MOG35-55/CFA + PTX –induced EAE in NOD/Lt and 
NOD.Idd13 female mice. 

 

Experiment 

 

Strain 

 

N 

Incidence 

(%) 

Onset 

(days) 

Maximum 
Disease 
Score 

Cumulative 
Disease 
Index (CDI) 

 Female       

Exp 1 NOD/Lt 8 100 20.1±1.2 1.5±0.2 23.2±6.2 

 NOD.Idd13 7 100 19.2±0.5 2.6±0.3* 61.5±10.2** 

Exp 2 NOD/Lt 7 100 16.7±0.6 1.9±0.1 32.9±1.9 

 NOD.Idd13 7 100 13.7±0.5** 2.8±0.2** 42.7±2.8* 

Mean  SEM of the clinical score of EAE. Statistically significant data between 
NOD/Lt mice and NOD.Idd13 mice are indicated (*p < 0.05, **p < 0.01, ***p < 
0.01, uncorrected Mann Whitney-test U test). 
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Figure 6.4 Analysis of the clinical course of active MOG35-55/CFA + PTX -induced 
EAE in male NOD/Lt (closed circles) and NOD.Idd13 (open circles) mice. 
NOD.Idd13 mice showed an increase of clinical signs of disease during three days 
compared to NOD/Lt. However, no differences were seen in the onset of disease, 
maximum clinical score and cumulative disease index (*p < 0.05, uncorrected 
Mann-Whitney U test; n = 7-8). 

This image cannot currently  be display ed.
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Figure 6.5 Representative analysis of clinical course of active MOG35-55/CFA + 
PTX -induced EAE in female NOD/Lt (closed circles) and NOD.Idd13 (open 
circles) mice from two independent experiments. Significant differences are 
indicated (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected Mann-Whitney U test; 
n = 7-8). 

This image cannot currently  be display ed.
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6.2.4 Active MOG35-55/CFA + PTX-induced EAE in 

NOD.Nkrp1b mice congenic for Nkt1, Nkt2a, Nkt2b, 

Nkt2e  

Nkt1, Nkt2a, Nkt2b and Nkt2e loci control NKT cell numbers and 

NOD.Nkrp1b mice congenic for the Nkt1, Nkt2a, Nkt2b and Nkt2e loci 

increase numbers of NKT cells (Esteban et al., 2003; Rocha-Campos et al., 

2006; Fletcher et al., 2008). To determine whether increase numbers of 

NKT cells in the congenic segments Nkt1, Nkt2a, Nkt2b and Nkt2e affect 

the severity of EAE, NOD.Nkrp1b.Nkt1, NOD.Nkrp1b.Nkt2a, 

NOD.Nkrp1b.Nkt2b, NOD.Nkrp1b.Nkt2e and NOD.Nkrp1b (control group) 

were immunized for active MOG35-55/CFA + PTX-induced EAE. 

 

The clinical course of MOG35-55/CFA + PTX-induced EAE between 

NOD.Nkrp1b (control group) and NOD.Nkrp1b.Nkt1 showed significant 

difference only in two consecutive days (day 15-16: p	<	0.05) (Figure 6.6). 

The control group increased the severity of disease on day 15 and the next 

the day NOD.Nkrp1b.Nkt1 showed more severe disease (Figure 6.6). The 

maximum score decreased in NOD.Nkrp1b.Nkt1 (1.75  0.17) compared 

with NOD.Nkrp1b (2.92  0.3). No differences where seen in the onset day 

of disease and CDI between NOD.Nkrp1b and NOD.Nkrp1b.Nkt1 (Figure 

6.6).  
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The clinical course of disease between NOD.Nkrp1b and 

NOD.Nkrp1b.Nkt2a differ significantly on days 14, 19, 23, 24, 26, 29 and 

30 (p	 <	 0.05): On days 14, 29 and 30 disease was more severe in 

NOD.Nkrp1b.Nkt2a; however, on days 23-24 and 26 the disease was more 

severe in NOD.Nkrp1b. No differences were seen in the day of onset of 

disease, in the maximum score and in the CDI (Figure 6.6). 

 

The clinical course of disease was more severe only for one day in 

NOD.Nkrp1b compared with NOD.Nkrp1b.Nkt2 and, in NOD.Nkrp1b 

compared with NOD.Nkrp1b.Nkt2e. No differences were seen in the day of 

onset of disease, maximum score and cumulative disease index between 

NOD.Nkrp1b and  NOD.Nkrp1b.Nkt2b or  between NOD.Nkrp1b compared 

with NOD.Nkrp1b.Nkt2e (Figure 6.6). 

 

All together, these data showed that despite the Nkt1, Nkt2a, Nkt2b and 

Nkt2e loci increase numbers of NKT cells in NOD mice, this increase do not 

affect the severity of active MOG35-55/CFA + PTX-induced EAE. 
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Figure 6.6 Analysis of the clinical course of active MOG35-55/CFA + PTX -induced 
EAE in female NOD.Nkrp1b (closed circles), NOD.Nkt1 (open circles), 
NOD.Nkt2a (open upward triangles), NOD.Nkt2b (open downward triangles) and 
NOD.Nkt2e (open diamonds) mice. Although differences in the clinical score were 
seen during few days between NOD.Nkrp1b compared to NOD.Nkt1, NOD.Nkt2b 
and NOD.Nkt2e no diferences were seen in the onset of disease, maximum clinical 
score and cumulative disease index in NOD.Nkt1, NOD.Nkt2a, NOD.Nkt2b and 
NOD.Nkt2e mice compared to NOD.Nkrp1b mice (*p < 0.05, uncorrected Mann-
Whitney U test; n = 6-7). 

This image cannot currently  be display ed.
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6.2.5 Active MOG35-55/CFA + PTX-induced EAE in 

TCR CD4-V14 transgenic mice 

 

TCR CD4-V14 C57BL/6 transgenic mice are enriched in CD1-restricted 

NKT cells. The transgene was inserted in different places and every place 

was identified with the numbers 2, 5 and 6. A new line of mice were created 

from each insert. The three lines of mice were identified with the common 

names: C57BL/6.Tg(mCD4-V14)2, C57BL/6.Tg(mCD4-V14)5 and 

C57BL/6.Tg(mCD4-V14)6. To determine whether different inserts of the 

transgene TCR CD4-V14 C57BL/6 affect the severity of, active MOG35-

55/CFA + PTX-induced EAE, the disease was induced in female and male 

C57BL/6.Tg(mCD4-V14)2, C57BL/6.Tg(mCD4-V14)5 and 

C57BL/6.Tg(mCD4-V14)6 mice. 

 

6.2.5.1 C57BL/6.Tg(mCD4-V14)6 mice 

C57BL/6.Tg(mCD4-V14)6 male mice decreased the clinical course of 

disease during days 13, 14 and 15 (p	<	0.05) compared to C57BL/6 male 

mice (Figure 6.7). The onset day of disease was delayed in 

C57BL/6.Tg(mCD4-V14)6 (15.4 0.4) compared to C57BL/6 (13.17  
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0.16) male mice (Figure 6.7). No differences in the maximum clinical score 

were seen between C57BL/6.Tg(mCD4-V14)6 and C57BL/6 male mice. 

 

The clinical course of disease decreased in C57BL/6.Tg(mCD4-V14)6 

female mice compared with C57BL/6 female mice (day 21-22, 24-27, 31, 

33-35, 37-40: p	<	0.05)	 (Figure 6.9).  C57BL/6.Tg(mCD4-V14)6 female 

did not differ on the day of onset of disease compared with C57BL/6 female 

mice (Figure 6.9). The clinical signs of disease were less severe in female 

C57BL/6.Tg(mCD4-V14)6 mice (maximum clinical score  SEM = 2.0  

0.44) compared with C57BL/6 female mice (maximum clinical score  

SEM = 3.5  00). The CDI also decreased in C57BL/6.Tg(mCD4-V14)6 

female mice (CDI  SEM = 26.0  14.78) compared with C57BL/6 female 

mice (CDI  SEM = 73.83  5.25).  This data indicate that the TCR CD4-

V14 transgene inserted in the place identify with the number six decrease 

the severity of active MOG35-55/CFA + PTX-induced EAE. 

 

6.2.5.2 C57BL/6.Tg(mCD4-V14)5 mice 

C57BL/6.Tg(mCD4-V14)5 male mice show less severe clinical course of 

disease on days 13-23, 25-27, 31, 34-36 (p	<	0.05) than C57BL/6 male mice 

(Figure 6.7). The day of onset of disease  SEM was delayed in 

C57BL/6.Tg(mCD4-V14)5 (27.17  4.88 days) compared to C57BL/6 
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(13.16  0.16) male mice (Figure 6.7). The maximum clinical score and the 

cumulative disease index show no differences between C57BL/6.Tg(mCD4-

V14)5 and C57BL/6 male mice (Figure 6.7).  

 

C57BL/6.Tg(mCD4-V14)5 female mice showed lower clinical course of 

disease from day 17 to 40 compared to C57BL/6 (p	<	0.05). The onset day 

of disease  SEM was delayed in C57BL/6.Tg(mCD4-V14)5 female mice 

(31.8  5.67 days) compared with C57BL/6 female mice (14.5  0.76 days). 

The severity of clinical signs of disease decreased in C57BL/6.Tg(mCD4-

V14)5 female mice  (maximum clinical score  SEM = 0.8  0.49) than 

C57BL/6 female mice (maximum clinical score  SEM = 3.5  00). The 

cumulative disease index was lower in C57BL/6.Tg(mCD4-V14)5 female 

mice (CDI  SEM = 11.2  7.31) than C57BL/6 female mice (CDI  SEM = 

73.83  5.25). 

 

This data indicate that the TCR CD4-V14 transgene inserted in the place 

identify with the number five delayed the onset of clinical signs of disease 

and decrease the severity of active MOG35-55/CFA + PTX-induced EAE. 
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6.2.5.3 C57BL/6.Tg(mCD4-V14)2 mice 

C57BL/6.Tg(mCD4-V14)2 male mice show less severe clinical score on 

day 19, 25, 31 and 33-39 (p	<	0.05) than C57BL/6 (Figure 6.8). The onset 

day of disease was delayed in C57BL/6.Tg(mCD4-V14)2 (16.0  1.19) 

compared to C57BL/6 (13.5  0.34) male mice (Figure 6.8). No differences 

were seen in the maximum clinical score. The cumulative disease index was 

lower in C57BL/6.Tg(mCD4-V14)2 (61.28  9.78 than C57BL/6 male 

mice (88.5  3.01) (Figure 6.8). C57BL/6.Tg(mCD4-V14)2 female were 

completely protected from EAE (Figure 6.9). 
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Figure 6.7 Analysis of the clinical course of active MOG35-55/CFA + PTX -induced 
EAE in male C57BL/6 (closed circles), C57BL/6.Tg(mCD4-Va14)6 (upward 
triangles), C57BL/6.Tg(mCD4-Va14)5 (open squares) mice. Significant 
differences in clinical score per day between C57BL/6 and C57BL/6.Tg(mCD4-
Va14) mice are indicated (*p < 0.05). Differences in the onset of disease, 
maximum clinical score and cumulative disease are indicated (*p < 0.05, **p < 
0.01, ***p < 0.001 uncorrected Mann-Whitney U test; n = 5-6). 

This image cannot currently  be display ed.
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Figure 6.8 Analysis of the clinical course of active MOG35-55/CFA + PTX -induced 
EAE in male C57BL/6 (closed circles), C57BL/6.Tg(mCD4-Va14)2 (open cicles) 
mice. Significant differences in clinical score per day between C57BL/6 and 
C57BL/6.Tg(mCD4-Va14) mice are indicated (*p < 0.05). Differences in the onset 
of disease, maximum clinical score and cumulative disease are indicated (*p < 
0.05, **p < 0.01, ***p < 0.001 uncorrected Mann-Whitney U test; n = 6-7). 
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Figure 6.9 Analysis of the clinical course of active MOG35-55/CFA + PTX -induced 
EAE in female C57BL/6 (closed circles), C57BL/6.Tg(mCD4-Va14)2 (upward 
triangles), C57BL/6.Tg(mCD4-Va14)5 (open square) and C57BL/6.Tg(mCD4-
Va14)2 (open circles) mice. Significant differences in the clinical score per day 
between C57BL/6 and C57BL/6.Tg(mCD4-Va14) mice are indicated (*p < 0.05). 
Differences in the onset of disease, maximum clinical score and cumulative disease 
are indicated (*p < 0.05, **p < 0.01, ***p < 0.001 uncorrected Mann-Whitney U 
test; n = 5-6). 
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6.3 Discussion 

NKT cells are a group of T cells that express common markers for T and 

NK cells and are activated by lipids and glycolipids (Godfrey et al., 2004; 

MacDonald 2002). NKT cells produce IL4/IFN/IL17 cytokines and these 

cytokines play a key role in EAE (Godfrey et al., 2004; Coquet et al., 2008; 

Lees et al., 2008; Stromnes 2008).  

 

To date, most research about the role of NKT cells in EAE has been focused 

on the immune response to NKT cells ligation (Jahng et al., 2001; Singh et 

al., 2001; Furlan et al., 2003). Little research has been done about the NKT 

cell number in EAE (Novak et al., 2011; Miljković et al., 2011; Yokote et 

al., 2008). This chapter illustrated the genetic control of NKT cells numbers 

in the phenotype of EAE.  

 

C57BL/6 mice have higher numbers of NKT cells than NOD/Lt and 

NOD.NKrp1b mice (Jordan et al., 2009; Poulton et al., 2001). NOD/Lt mice 

develop a mild form of relapsing-remitting EAE and C57BL/6 mice develop 

a chronic form of EAE (Slavin et al., 1998). NOD.Nkrp1b mice carry the B6 

alleles at the NKC on Chomosome 6 to express the marker NK1.1 (Esteban 

et al., 2003). Here, it is shown that the phenotype of EAE is similar between 

NOD/Lt and NOD.Nkrp1b mice, which demonstrates that the B6 alleles at 

the NKC on Chomosome 6 do not affect the severity of EAE in NOD/Lt 
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mice. However, deeper studies are necessary to conclusively demonstrate 

whether NKT cells expressed the NK1.1 marker affect the severity of EAE. 

NK1.1 marker is express in a small population of NKT cells and in NK cells 

(Slifka et al., 2004). Fritz et al., (2001) reported that cells expressing the 

NK1.1+ marker, DX5+ and + TCR regulate EAE. 

 

The lack of CD1d decreases dramatically the NKT cell numbers (Mendiratta 

et al., 1997). The reduced numbers of NKT cells in the absence of Cd1d do 

not affect the clinical course of EAE neither in NOD/Lt mice nor in 

C57BL/6 mice. Although, Teige et al., (2004) reported that EAE is 

exacerbated in the absence Cd1d, these results support the findings of Mars 

et al., (2002) and Singh et al., (2001) who found that the severity of EAE is 

not altered in Cd1d-deficient mice. Different results can be associated to 

different protocols to induce EAE. 

 

The Idd13 locus is located on chromosome 2 and is a strong component of 

the distinction between NOD and NOR mice (Reifsnyder et al., 2005). 

NOD.Idd13 mice have higher NKT cells numbers than NOD/Lt mice 

(Esteban et al., 2003; Chen et al., 2007). Although, Mayo et al., (2007) 

reported that NOR/Lt mice decrease the severity of disease in the presence 

of PTX and, in the absence of PTX NOR/Lt mice are completely resistant to 

EAE. We are the first group reporting that NOD.Idd13 mice increase the 

severity of disease. 
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NKT cells numbers also increase in NOD.Nkrp1b.Nkt1, 

NOD.Nkrp1b.Nkt2a, NOD.Nkrp1b.Nkt2b and NOD.Nkrp1b.Nkt2e mice 

(Rocha-Campos et al., 2006; Jordan et al., 2007). However, the 

development of EAE remains unaltered in these mice. To my knowledge 

studies of EAE in these mice has not been reported previously. 

 

TCR CD4-V14 C57BL/6 transgenic mice are enriched in CD1-restricted 

NKT cells. Although, previous report in transgenic mice show that TCR 

V14 -J281 transgenic NOD mice enriched in CD1d-restricted NKT cells, 

are protected from EAE (Mars et al., 2002). This study is the first reporting 

that TCR CD4-V14 transgene inserted in three different places decrease 

the severity of EAE in C57BL/6 mice.  

 

All together, further studies are required to identified whether NKT cells 

expressing the NK1.1 marker alter the development of EAE. CD1d does not 

affect the severity of EAE. Idd13 locus affects the severity of EAE but not 

the Nkt1, Nkt2a, Nkt2b and Nkt2e loci. TCR CD4-V14 construct affect the 

severity of EAE. Although the mechanisms affecting the severity of EAE 

remain to be defined, in this chapter we report that specific genes control 

NKT cells numbers are able to influence the severity of EAE. It possible 

that congenic alleles that boost NKT cell numbers may control the 
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phenotype of EAE and/or influence the immune response because of the 

specific subsets of NKT cells generated during the disease. 
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CHAPTER 7 

GENERAL DISCUSSION AND 

CONCLUSIONS 

MS	is	a	chronic	inflammatory	and	degenerative	disease	that	affects	the	

CNS.	This	disease	affects	mainly	young	adults	and	 is	more	common	 in	

women	than	in	men;	but	it	is	more	severe	in	men	than	in	women.	MS	is	

classified	 as	 an	 autoimmune	 disease	 because	 the	 immune	 cells	 attack	

the	CNS’	own	cells	with	an	unclear	cause.	Despite	the	cause	is	not	clear,	

genetic	 and	 environmental	 factors	 have	 been	 associated	 with	 the	

initiation	and	progression	of	MS	(Wynn et al., 1990; Duquette et al., 1992; 

Moldovan et al., 2008). 

	

Both	genetics	and	environmental	factors	associated	with	MS	are	mainly	

studied	in	animal	models,	which	reproduce	some	forms	of	the	disease.	

EAE	 is	 the	 most	 commonly	 used	 animal	 model	 for	 the	 study	 of	 the	

pathogenesis	 and	 immunoregulation	 of	 CNS	 autoimmunity.	 Although	

EAsE	 has	 some	 limitations	 to	 replicate	 the	 autoimmune	 inflammation	

observed	 in	MS,	 it	 is	a	useful	model	 for	a	deeper	understanding	of	MS	

biology.	 In	 the	 present	 study,	 EAE	 was	 used	 as	 an	 animal	 model	 to	
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assess	the	role	of	TLRs	and	NKT	cells	in	gene/environment	interactions	

in	CNS‐autoimmune	inflammation.		

	

MS and EAE are dominated by CD4+ T helper (Th) cells secreting Th1, 

Th17, Th2 and iTreg cells (Corrale et al., 1995; Lassmann et al., 2001). 

Th17 and Th1 cells are associated with CNS autoimmune damage while 

Th2 is associated with CNS autoimmune protection (Link et al., 1994; 

Maddur et al., 2012). In general, there are two subsets of Th17 cells: 1) 

Th17 (Th17) cells, which requires of IL6 and TGF for their development, 

and expresses higher IL10, CCL20, CXCR6, IL17A and IL17F and; 2) 

Th17 (23) cells that require of IL6, IL23 and IL1 and expresses higher IL22, 

CCL9 and CXCR3. Th1 cells require of IL12 and IFN and produce IFN. 

In contrast, Th2 cells and iTreg cells seem to down regulate autoimmune 

inflammation in the CNS. Th2 cells require IL4 and produce IL4, IL5, IL10 

and IL13. iTreg cells require TGF and IL2 to produce TGF (review in 

Kurebayashi et al., 2013).  

 

Th1, Th17, Th2 and iTreg cytokines regulate each other, for example: a) 

Th17 differentiation is inhibited by the production of IL2, IL4 and IFN; b) 

Th1 differentiation is inhibited by IL4 production; c) Th2 differentiation is 

inhibited by IFN and IL2 and d) Treg is inhibited by IL6 (D’Andrea et al., 

1993; Oukka et al., 2007; review in Kurebayashi et al., 2013).  
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Gene microarray analysis of MS plaques from autopsy of MS patients 

showed increased levels of IL6, IL17 and IFN including altered pathways 

of these cytokines (Lock et al., 2002). Altered numbers of IL17 and IFN 

have been found in RRMS and SPMS (Frisullo et al., 2008). RRMS patients 

show altered levels of IL4, IL6, IL12 and IL10 (Link et al., 1994; Chen et 

al., 2012; Kallaur et al., 2013). TGF production is defective and TGF 

signalling is reduced in MS patients (Mokhtarian et al 1994; Meoli et al., 

2011). Moreover, evidence of the role of Th1, Th17, Th2 and iTreg 

cytokines secretion in autoimmune inflammation is also seen in EAE for 

example; mice are resistant to EAE in the absence of IL23 or IL6, while IL4 

and IL10 has anti-inflammatory effect (Eugster et al., 1998; Cua et al., 

2003; Hirota et al., 2011; Payne et al., 2012 and Fitzgerald et al., 2007).  

 

TLRs and NKT cells respond to environmental factors by the production 

and/or expression of Th1, Th17, Th2 and iTreg cytokines; for example: 

Ligation of TLRs modulates the differentiation of human Th17 cells (Kattah 

et al., 2008). IL6 is generated in response to ligation of TLR2 and 

augmented on response to ligation of TLR4 and TLR2/6 heterodimer, 

(Takeuchi et al., 2000, Thoma-Uszynski et al., 2000, McCurdy et al., 2001, 

Mu et al., 2001; Jin et al., 2011). TGF is produced in response to 

microflora, which is identified by TLRs (Rakoff-Nahoum et al., 2004; 

Atarashi et al., 2008; Ivanov et al., 2008; Zeuthen et al., 2008). IL23 and 
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IL1 are up regulated in response to pathogenic E. coli K4 after ligation of 

TLR2 and TLR4 (Cammarota et al., 2009). IFN is produced in response of 

TLRs such as TLR2 and TLR4 and promotes TLR signalling (Hu et al., 

2006; Schroder, et al., 2006; Brüll et al., 2010). IL17, IFN and IL4 are 

produced by different NKT cell subsets, examples include: CD4- NKT cells 

and CD4-CD8- NKT cells produce IFN; CD4+ NKT cells produce IL4; 

CD4-NK1.1- NKT cells produced IL17 (Gumperz et al., 2002; Lee et al., 

2002; Michel et al., 2007; Coquet et al., 2008). 

 

This research illustrates part of the phenotype of MOG35-55/CFA+PTX 

induced EAE generated by CD4+ T helper (Th) cytokine production via 

TLRs and NKT cells. The absence of MyD88 completely protect mice of 

active MOG35-55/CFA+PTX induced EAE as reported before by Prinz et al., 

(2006); Marta et al., (2008) and Lampropoulou et al., (2008). However, the 

absence of TLR1 and TLR6 do not alter the clinical course of EAE. The 

role of TLR1 is reported for the first time in this study and the role of TLR6 

is consistent with results previously reported by Marta et al., (2008). 

However, controversial results have been found in active EAE in the 

absence of TLR4, TLR2 and TLR9.  Our studies rule out a role of TLR4 in 

the disease while Marta et al (2008) found that TLR4 protects against EAE. 

This work supports a decrease of clinical course of EAE in the absence of 

TLR9 (Prinz et al., 2006), although Marta et al (2008) found a mild increase 

in of the severity of disease. This study also found a decrease in the severity 
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of active EAE in the absence of TLR2 but Prinz et al (2006) did not find 

differences. Results from this study are consistent with the effect of M. 

tuberculosis that was used as adjuvant. The difference between these studies 

and those from of Marta et al (2008) is the autoantigen. Marta used 

recombinant rat MOG protein and we used MOG35-55. Kerfoot et al., (2004) 

do not mention the sex of the mice used in the experiment. Prinz et al (2006) 

only used female mice in the experiments. The different protocol of EAE 

induction, the sex of the animal models and the environment seem to be 

associated with distinct results. This study reports a partial resolution of this 

discrepancy when we describe a mild reduction in EAE clinical socores of 

female, but not male in the absence of TLR2 in C57BL/6 mice. Moreover, 

this study suggests that microflora or pathogen exposure in different animal 

facilities contributed to different results. 

 

In order to discard any effect of the adjuvant (CFA, which contains M. 

tuberculosis and; PTX, which signal through TLR4 (Kerfoot et al., 2004)), 

the roles of TLR2, TLR4 and TLR9 were studied in the passive model of 

EAE. In this model adoptive transfers were performed by transfer 

lymphocytes from: WT to TLR2 deficient mice, WT to WT; WT to TLR2 

deficient mice; WT to TLR9 deficient mice; TLR2 deficient mice to WT 

and TLR2 deficient mice to TLR2 deficient mice.  
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Adoptive transfer of WT lymphocytes into WT recipients resulted in similar 

clinical signs of active MOG35-55/CFA+PTX induced EAE. The severity of 

passive EAE decreased in TLR4 deficient mice, thus PTX partially signal 

through TLR4. Clinical signs of passive EAE decreased in the absence of 

TLR9, nevertheless; the inhibition of disease was similar to that seen in 

active EAE. The adoptive transfer of TLR2 deficient cells into either WT or 

TLR2 deficient recipients resulted in ameliorated disease, similar to active 

EAE in the absence of TLR2 in female mice. In contrast, the transfer of WT 

cells into TLR2 deficient mice resulted in complete protection in both male 

and female mice; suggesting that the presence of TLR2 at the induction of 

disease creates a dependence on TLR2 signalling in the effector phase. Our 

results were consistent with the findings of Reynolds et al., (2010). 

Protection in the absence of TLR2 was associated to a decrease of CD4+ T 

cell infiltration in CNS, a decrease of CD4+ T cell secreting IL17 in the 

CNS, undetectable levels of circulating IL6 and increase numbers of central 

(CD62L+) CD4+CD25+Foxp3+ regulatory T cells. These results provide a 

potential mechanism of TLR2 in the development of autoimmune CNS 

inflammation as IL6 is produced after TLR2 ligation, and IL6 is involved in 

CD4+ T cell differentiation into Th17 cells, which are inhibited by Treg 

cells (Takeuchi et al., 2000, Thoma-Uszynski et al., 2000, McCurdy et al., 

2001, Mu et al., 2001; Jin et al., 2011; Kurebayashi et al., 2013).  

 

The role of TLRs was further studied in NOD mice. Consistent with the 

results of Amor et al., (1993) and Slavin et al., (1998), NOD mice 
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developed a form of relapsing/remitting EAE. In contrast to C57BL/6.Tlr2-/- 

mice, NOD.Tlr2-/- mice did not affect the severity of disease. As NOD/Lt 

mice are susceptible to T1D, we tested whether insulitis associated with 

T1D development compensated for the lack of TLR2 signalling in these 

mice. 

 

Because NOD/Lt and NOD.Tlr-/- developed a mild form of EAE, a better 

model of EAE was used. Active MOG35-55/CFA+PTX induced EAE was 

induced in in NOD.H2d and NOD.H2b mice, which are resistant to Type 1 

diabetes (T1D) (Pearson et al., 2003; Yoshida et al., 2008). NOD.H2d mice 

developed a chronic form of EAE similar to C57BL/6 mice and NOD.H2b 

mice showed a severe form of relapsing-remitting EAE.  

 

To test the hypothesis that insulitis associated with T1D development in 

some way compensated for the lack of TLR2 signalling in NOD mice, the 

B6 MHC, H2b was crossed onto the NOD and NOD.Tlr2-/- strains. 

NOD.H2b.Tlr2-/- mice did not show relapses of disease after the initial peak 

of disease. To my knowledge, this is the first study showing the phenotype 

of EAE in NOD.H2d, NOD.H2b, NOD.H2b.Tlr2-/-. These results indicate 

that the role of TLR2 is particularly important in the effector phase of both 

chronic and relapsing-remitting MOG35-55/CFA+PTX induced EAE. In 

addition, these data suggest that both TLR2 signalling and immunological 
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events associated with autoimmunity at a distant site can mediate relapses in 

CNS autoimmunity. 

 

Finally, NKT cells are also involved in CD4+ T helper (Th) cytokine 

production. Activation of NKT cells by glycolipids was found to protect the 

CNS of autoimmune inflammation by the preferential production of IL4, 

GM-CSF, IL4 and IFN (Miyamoto et al., 2001; Parekh et al., 2013). 

Opposing these results, Quian et al., (2010) found that -galcer exacerbate 

EAE by the production of IL17. NKT cells are restricted by CD1d 

molecule; and enrich in CD1d-restricted NKT cells protect from EAE (Mars 

et al., 2002; Mars et al., 2008). Protection is associated with CNS NKT cells 

infiltration and CNS local expression of CD1d (Mars et al., 2002; Mars et 

al., 2008). It seems that only enrichment of CD1d in CNS provide 

protection against autoimmune inflammation. Consistent with this 

statement, our experiments show that the severity of MOG35-55/CFA+PTX 

induced EAE decrease in transgenic mice but not in congenic mice. 

C57BL/6.Tg(mCD4-V14)6 female decreases the clinical signs of disease 

in female mice but not male mice and in C57BL/6.Tg(mCD4-V14)5 

female and male mice while C57BL/6.Tg(mCD4-V14)2 female were 

completely protected from the disease. Mars et al., (2002) reported that TCR 

V14-J81 transgenic NOD mice are protected from EAE by inhibiting 

IFN production in spleen These results suggest that CD4+V14 NKT cells 

produce preferentially one of the four groups of cytokines that could dictate 
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the phenotype of MOG35-55/CFA + PTX induced EAE; nevertheless if the 

phenotype of EAE depends on cytokine production by NKT cells or by 

NKT cell infiltration need to be clarified. 

 

Given the different results in the role of TLR2 and NKT cells, it would be 

important to understand more fully the mechanisms involved in their 

participation in CNS autoimmune inflammation before translate this results 

into therapeutic options for MS. Then it would be important to replicate the 

results in different animal models, environments and sexes. On the other 

side the key role of MyD88 in CNS autoimmune inflammation requires the 

development, validation and testing of MS drugs in several animal models. 

If results are favorable and consistent in different animal models, they must 

be translated into therapeutic options for specific individuals. 
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APPENDIX 1 

LOCALIZATION OF TOLL-LIKE 

RECEPTORS 

 
	

Dendritic cell showing the extracellular and intracellular localization of Toll-like 
receptors. 



APPENDICES 

	262

 

APPENDIX 2 

PRODUCTION OF C57BL/6.CD1d-/- MICE 

C57BL/6.Cd1d-/- mice were backcrossed to C57BL/6 mice and the pups of the F1 
generation were intercrossed. F1 pups were genotyping as declared in Chapter 2 
Materials and Methods for selection of homozygous mutants. C57BL/6.Cd1d-/- 
homozygous mice were intercrossed to extend the new line of mice.	

This image cannot currently  be display ed.
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APPENDIX 3 

PRODUCTION OF NOD.H2b.Tlr2-/- MICE 

NOD.H2b.Tlr2-/- mice were backcrossed to C57BL/6 mice and the pups of the F1 
generation were intercrossed. F1 pups were genotyping as declared in Chapter 2 
Materials and Methods for selection of homozygous mutants. NOD.H2b.Tlr2-/- 
homozygous mice were intercrossed to extend the new line of mice.	

This image cannot currently  be display ed.
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APPENDIX 4 

MOUSE IDENTIFICATION 

Dorsal view of head mice with ear clipping for identification. Units are marked in 
the right ear (1, 2, 3, 4, 5, 6, 7, 8, 9). Tens are marked in the left ear (10, 20, 30; 40, 
50, 60, 70, 80, 90). This method allowed identifying mice from the number 1 to the 
number 99 using a combination of units and tens as showed in the example.	

This image cannot currently  be display ed.
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APPENDIX 5  

SEQUENCES OF PRIMERS 

Target 
DNA 

construct 

 

Name 

 

Sequence (5’ to 3’) 

H2b D17mit 176 (Fw1) GCCTAACTAGACTACAAGCCTTGC 

H2b D17mit 176 (Rv2) GTAGGTACATACAACCCACATACAGG 

TLR2 A (Rv) GTTTAGTGCCTGTATCCAGTCAGTGCG 

TLR2 B (Fw) TTGGATAAGTCTGATAGCCTTGCCTCC 

TLR2 C (Rv) ATCGCCTTCTATCGCCTTCTTGACGAG 

MyD88 A (Rv) AGACAGGCTGAGTGCAAACTTGTGCTG 

MyD88 B (Fw) AGCCTCTACACCCTTCTCTTCTCCACA 

MyD88 C (Rv) ATCGCCTTCTATCGCCTTCTTGACGAG 

V14 V14 (Fw) TGTAGGCTCAGATTCCCAACC 

V14 V14 (Rv) TGTAGGCTCAGATTCCCAACC 

GAPDH GAPDH (Fw) TGCCGCCTGGAGAAACCTGTATGTATG 

GAPDH GAPDH (Rv) TGGAAGAGTGGGAGTTGCTGTTGAACT 

Nkrp1b D6mit135 (Fw) CCTAACAGTTCAATTTGTCAGCC 

Nkrp1b D6mit135 (Rv) CCAGCCCCCAATTTGATATA 

																																																								
1 Fw - Forward 
2 RV - Reverse	
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APPENDIX 6 

POLYMERASE CHAIN REACTION (PCR) 

Targeting DNA 
constructs 

H2O 
(l) 

GoTaq Green 

(2X) 

Primer  

(Fw) 

Primer  

(Rv)  

1l of DNA  Total Volume 
(l) 

H2b 10.5  (12.5l) 0.5l (10M)  0.5l (10M)  20-180 ng/l 25 

V14 6.5  (12.5l) 0.5l (10M)  0.5l (10M)   20 ng/l 25 

Nkrp1b 9.70  (12.5l) 0.90l (6.6M)  0.90l (6.6M)  20-180 ng/l 25 

TLR2  

+ 

GAPDH 

4.1 (12.5l) 0.7l (6M)  

 

0.2l (2M)  

0.7l (6M)  

 

0.2l (2M)  

20-180 ng/l 20 

MyD88 

 + 

GAPDH 

4.1 (12.5l) 0.7l (10M)  

 

0.2l (2M)  

0.7l (10M)  

 

0.2l (2M)  

20-180 ng/l 20 
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APPENDIX 7  

TERMOCYCLING PROTOCOLS FOR PCR 

Target 
DNA 

construct 

Initial 
denaturation 

Denaturation Annealing Elongation Final 
elongation 

H2b 

Nkrp1b 

 

 

95 C 

3 minutes 

(32 cycles)  

72 C 

7 minutes 

95 C 

30 seconds 

55 C 

30 seconds 

72 C 

30 seconds 

TLR2 

 

 

 

95 C 

3 minutes 

(35 cycles)  

74 C 

10 minutes 

94 C 

30 seconds 

67 C 

60 seconds 

74 C 

60 seconds 

MyD88  

95 C 

3 minutes 

(35 cycles)  

74 C 

10 minutes 

94 C 

30 seconds 

67 C 

60 seconds 

74 C 

60 seconds 

V14 

 

 

 

95 C 

3 minutes 

(32 cycles)  

72 C 

7 minutes 

95 C 

60 seconds 

59 C 

60 seconds 

72 C 

60 seconds 
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APPENDIX 8  

ANTIBODIES FOR FLOW CYTOMETRY ANALYSIS 

Specificity Conjugated to Host Isotype Clone Catalogue 
Number 

Source 

CD45 Biotin Rat (LOU) IgG2b,  30-F11 553077 BD PharmingenTM (San Diego, CA) 

CD45.2 PB Mouse (SJL) IgG2a,  104 109820 BioLegend (San Diego, CA) 

TCR APC 

FITC 

PerCp-Cy5.5 

Armenian Hamster 

Armenian Hamster 

Armenian Hamster 

IgG2, λ1 

IgG 

IgG2, λ1 

H57-597 

H57-597 

H57-597 

553174 

11-5961-85 

560657 

BD PharmingenTM (San Diego, CA) 

eBiosciencesTM (San Diego, CA) 

BD PharmingenTM (San Diego, CA)  

CD1d PE Rat IgG2b,  1B1 12-0011-82 eBiosciencesTM (San Diego, CA)  

CD4 FITC  Rat (DA) IgG2a,  M4-5 553046 BD PharmingenTM (San Diego, CA) 
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Continue antibodies for flow cytometry analysis 

PB  

PerCp-Cy5.5  

V450 

Rat (DA) 

Rat (DA) 

Rat (DA) 

IgG2a,  

IgG2a,  

IgG2a,  

RM4-5 

RM4-5 

RM4-5 

558107 

550954 

560468 

BD PharmingenTM (San Diego, CA) 

BD PharmingenTM (San Diego, CA) 

BD HorizonTM (San Diego, CA) 

CD8 APC-Cy7 Rat (LOU/Ws1/M) IgG2a,  53-6.7 557654 BD PharmingenTM (San Diego, CA) 

CD11b  FITC 

PE-Cy7 

Rat (DA) 

Rat (DA) 

IgG2b,  

IgG2b,  

M1/70 

M1/70 

553310 

552850 

BD PharmingenTM (San Diego, CA) 

BD PharmingenTM (San Diego, CA) 

CD11c PE 

PE-Cy7 

Armenian Hamster 

Armenian Hamster 

IgG 

IgG1, λ2 

N418 

HL3 

117308 

558079 

BioLegend (San Diego, CA) 

BD PharmingenTM (San Diego, CA) 

Ccr2 Biotin Rat MC-21 N/A N/A  Donated by Matthias Mack 

FoxP3 FITC Rat IgG2a,  FJK-16s 11-5773-82 eBiosciencesTM (San Diego, CA) 

CD25 PE   

Biotin 

N/A 

Rat (LEW) 

N/A 

IgM,  

Streptavidin 

7D4 

554061 

553070 

BD PharmingenTM (San Diego, CA) 

BD PharmingenTM (San Diego, CA) 

CD62L PE-Cy7 Rat IgG2a,  MEL-14 104418 BioLegend (San Diego, CA) 

CD3e APC Armenian Hamster IgG1,  145-2C11 553066 BD PharmingenTM (San Diego, CA)

IFN FITC Rat IgG1,  XMG1.2 11-7311-82 eBiosciencesTM (San Diego, CA) 
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Continue antibodies for flow cytometry analysis 

PO - Pacific orange 
PB - Pacific blue 
APC - Allophycocyanin 
FITC - Fluoroscein isothiocyanate 
PerCp - Peridinin-chlorophyII Protein Complex 
PerCp-Cy5.5 - Peridinin-chlorophyII Protein Complex with cyanine dye (Cy5.5) 
V450 - Violet with an Em Max at 450 nm 
APC-Cy7 – Allophycocyanin with cyanine dye (Cy7) 
PE-Cy7 - Phycoerythrin with cyanine dye (Cy7) 
PE – Phycoerythrin 
N/A – Non applicable 

	

Ly6C PerCP-Cy5.5 Rat IgM,  AL-21 560525 BD PharmingenTM (San Diego, CA) 

IL17 PE Rat (LEW) IgG1,  TC11-18H10 559502 BD PharmingenTM (San Diego, CA) 

 

Streptavidin 

 

 

PO  

PE 

Dylight 649 

N/A  

N/A  

N/A 

N/A  

N/A  

N/A  

N/A  

N/A  

N/A  

S32365 

554061 

N/A  

Invitrogen 

BD PharmingenTM (San Diego, CA) 

Jackson Immunoresearch (West Grove) 
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APPENDIX 9 

PREPARATION OF SOLUTIONS AND 

BUFFERS 

 

50x TAE (Tris base, acetic acid and 

Ethylenediaminetetraacetic acid (EDTA)) buffer solution 

(1L) 

A liter of 50x TAE buffer solution was made up of 242g Tris base 

(AMRESCO;	Ohio,	USA), 57.1 ml glacial acetic acid (UNIVAR;	Asia	Pacific	

Specialty	Chemicals	Limited), 18.6g EDTA (AMRESCO;	Ohio,	USA)	and 

900 ml distilled H20.	

 

 

1x TAE buffer solution 

The buffer solution 1x TAE was made by diluting 50x TAE buffer solution 

in distillated water. Final solute concentrations are 40mM Tris acetate and 

1mM EDTA. 
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Agarose gel (2% and 3%) for polyacrylamide gel 

electrophoresis (PAGE) 

Each 100ml of agarose gel was made up of 100 ml of 1x TAE buffer 

solution, 2.0g agarose (2%) or 3g agarose (3%) (Fisher	 biotec;	Western	

Australia,	 Australia)	 and 7.5 l Gel red (BIOTIUM,	 Cat.	 No.	 41003;	

California,	United	States	of	America).	

 

 

MACS buffer 

Macs buffer consist of PBS (Invitrogen; Victoria, Australia) supplemented 

with 0.4% of 0.5M EDTA (AMRESCO;	 Ohio,	 USA)	 and 0.2% of 10mM 

Sodium Azide.  

 

 

Cell culture medium 

RPMI 1640 medium (Invitrogen; Victoria, Australia) was supplemented 

with 10% (v/v) fetal cow serum (FCS) (Invitrogen; Victoria, Australia), 

1mM Sodium pyruvate (Invitrogen; Victoria, Australia), 100U/ml penicillin 

(Invitrogen; Victoria, Australia), 100g/ml streptomycin sulfate (Invitrogen; 
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Victoria, Australia), 2mM L-glutamine (Invitrogen; Victoria, Australia), 2 

M 2-Mercaptoethanol (Invitrogen; Victoria, Australia).  

 

 

Luxol fast blue (0.1%)  

The solution of 0.1% luxol fast blue was made up of 0.1g luxol fast blue 

(Sigma;	 New	 South	 Wales,	 Australia), 100 ml of 95% ethyl alcohol 

(provided by the Department of Marine and Tropical Biology, James Cook 

University), 0.5 ml of glacial acetic acid (BDH	 AnalaR;	 Victoria,	

Australia). 	

 

 

Cresyl echt violet (0.1%) or cresyl violet acetate (0.1%)   

Cresyl echt violet 0.1% or cresyl violet acetate 0.1% was made up of 0.1 g 

of cresyl echt violet (cresyl fast violet) (The	british	drug	houses;	Poole,	

England)	or cresyl violet acetate (Sigma; New South Wales, Australia), 100 

ml of distilled water and 10 drops of glacial acetic acid (added just before 

use) (BDH	AnalaR;	Victoria,	Australia).	
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Lithium carbonate (0.05%)  

The solution of 0.05% of lithium carbonate was made up of 0.05 g of 

lithium carbonate (provided by the Department of Marine and Tropical 

Biology, James Cook University) and 100 ml of distilled water.  

 

 

Silver Nitrate (10%)  

Silver nitrate stock 10% was made up of 5g of silver nitrate (UNILAB;	

Sydney,	Australia)	and 50 ml of distilled water.  

 

 

Ammonium Hydroxide (1%)  

Ammonium hydroxide 1% was made up of 1 ml of ammonium hydroxide 

(concentrated) (UNIVAR;	 New	 South	 Wales,	 Australia)	 and 100 ml of 

distilled water. 	
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Developer Stock 

The developer stock solution was made up of 20 ml of 37-40% 

formaldehyde (provided by the Department of Marine and Tropical Biology, 

James Cook University), 0.5g of citric acid (trisodium dihydrate) (Sigma;	

Missouri,	 USA), 2 drops of nitric acid (concentrated) (AnalaR;	 Victoria,	

Australia)	and 100 ml of distilled water.	

 

 

Developer Working 

The developer working solution was made up of 8 drops of developer stock 

solution, 8 drops of ammonium hydroxyide (concentrated) (UNIVAR;	New	

South	Wales,	Australia)	and 50 ml of distilled water. 	

 

 

Sodium Thiosolfate (HYPO) (5%) 

Sodium Thiosolfate (HYPO) 5% was made up of 5g of sodium thiosolfate 

(Univar,;	New	South	Wales,	Australia)	and 100 ml of distilled water.  
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Enzyme/Collagenase buffer 

Enzyme/Collagenase buffer was made up 4 g/L MgCl2 (BDH AnaR; 

Victoria, Australia), 2.55 g/L CaCl2 (UNILAB; New South Wales, 

Australia), 3.73 g/L KCl (UNIVAR; New South Wales, Australia), 8.95 g/L	

NaCl	(UNIVAR;	New	South	Wales,	Australia),	500U/ml	of	DNase	(Sigma; 

NSW, Australia) and	ddH2O.	Ensure	pH	is	between	6	and	7.	
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