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ABSTRACT 21 

Experimental autoimmune encephalomyelitis (EAE) is a mouse model for multiple sclerosis, 22 

where disease is mediated by autoantigen-specific T cells. Although there is evidence linking 23 

CD4+ T cells that secrete IL-17, termed Th17 cells, and IFN-γ-secreting Th1 cells with the 24 

pathogenesis of EAE, the precise contribution of these T cell subtypes or their associated 25 

cytokines is still unclear. We have investigated the infiltration of CD4+ T cells that secrete 26 

IFN-γ, IL-17 or both cytokines into CNS during development of EAE and have examined the 27 

role of T cells in microglial activation. Our findings demonstrate that Th17 cells and CD4+ T 28 

cells that produce both IFN-γ and IL-17, which we have called Th1/Th17 cells, infiltrate the 29 

brain prior to the development of clinical symptoms of EAE and that this coincides with 30 

activation of CD11b+ microglia and local production of IL-1β, TNF-α and IL-6 in the CNS.  31 

In contrast, significant infiltration of Th1 cells was only detected after the development of 32 

clinical disease.  Co-culture experiments, using mixed glia and MOG-specific T cells, 33 

revealed that T cells that secreted IFN-γ and IL-17 were potent activators of pro-inflammatory 34 

cytokines but T cells that secrete IFN-γ, but not IL-17, were less effective. In contrast both 35 

Th1 and Th1/Th17 cells enhanced MHC class II and co-stimulatory molecule expression on 36 

microglia. Our findings suggest that T cells which secrete IL-17 or IL-17 and IFN-γ infiltrate 37 

the CNS prior to the onset of clinical symptoms of EAE, where they may mediate CNS 38 

inflammation, in part, through microglial activation.    39 

 40 

Key words: Experimental autoimmune encephalomyelitis, Th1 cells, Th17 cells, IFN-γ, IL-41 

17, microglia, inflammatory cytokine, multiple sclerosis. 42 
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1. Introduction 43 

Multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE), an animal 44 

model for MS, are chronic demyelinating diseases of the central nervous system (CNS). 45 

During active disease, demyelination within the CNS is associated with inflammatory 46 

responses that are orchestrated by infiltrating T cells and endogenous glia. Both IFN-γ-47 

secreting Th1 cells and IL-17-secreting Th17 cells has been shown to have a pathogenic role 48 

in EAE (Kroenke et al., 2008; Stromnes et al., 2008). Adoptive transfer of MOG-specific Th1 49 

cells can induce EAE, which is characterized by infiltration of a predominantly macrophage 50 

population into the CNS (Kroenke et al., 2008). In addition, Th1 cells promote inflammation 51 

within the CNS and facilitate Th17 cell infiltration into EAE lesions (O'Connor et al., 2008). 52 

Autoantigen-specific Th17 cells have been shown to transmigrate across the blood brain 53 

barrier (BBB) and induce EAE. The inflammation induced by Th17 cells in the CNS, is 54 

characterized by neutrophil recruitment into the CNS (Kroenke et al., 2008) and killing of 55 

neurons (Kebir et al., 2007). 56 

Encephalitogenic T cells that invade the CNS during disease interact with antigen 57 

presenting cells (APC), resulting in reactivation of the T cells and activation of the APC 58 

(Shrikant and Benveniste, 1996). A number of cell types including resident astrocytes and 59 

microglia, and infiltrating macrophages and dendritic cells (DC), can function as APC in the 60 

CNS (Carson et al., 2006). Microglia constitutively express CD45, CD86 and CD40 at low 61 

levels, (Carson et al., 1998), but expression of CD45, MHC class II, CD80, CD86 and CD40 62 

is upregulated in response to inflammatory stimuli, thus enhancing their ability to function as 63 

APC (Shrikant and Benveniste, 1996). Indeed the low level of expression of CD45 has been 64 

used to distinguish between microglia and macrophages, on which CD45 expression is high 65 

(Carson et al., 1998). It is noteworthy that more recently CD11c expression, which is low on 66 

microglia (Fischer and Reichmann, 2001) but high on bone marrow-derived macrophages 67 
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(Simard and Rivest, 2004), has also been used to distinguish between these cells.  Moreover, 68 

it has also been shown that T cells can induce pro-inflammatory cytokine production from 69 

microglia (Dasgupta et al., 2005) 70 

Activation of microglia and macrophages during CNS disease leads to production of 71 

proinflammatory cytokines, such as IL-1β, TNF-α, and IL-6, as well as chemokines, which 72 

contribute to inflammation and myelin damage within the CNS (Benveniste, 1997). IL-1, 73 

together with IL-23, plays a crucial role in the expansion of memory Th17 cells (Sutton et al., 74 

2006) and also promotes innate IL-17 production by γδ T cells (Sutton et al., 2009) and, 75 

significantly, IL-1RI-defective mice are resistant to the induction of EAE (Sutton et al., 2006). 76 

IL-1β can cause BBB breakdown, microglia and astrocyte activation and demyelination 77 

(Ferrari et al., 2004).  Production of TNF-α within the CNS potently induces inflammation by 78 

increasing antigen presentation, promoting astrocytic proliferation and altering chemokine 79 

and adhesion molecule expression, thus regulating cell trafficking into the CNS (Sedgwick et 80 

al., 2000; Selmaj, 2000). IL-6 is necessary for the induction of cerebrovascular adhesion 81 

molecules, such as VCAM-1, which are essential for leukocyte trafficking to the CNS during 82 

EAE (Eugster et al., 1998). Furthermore, IL-6 increases the expression of proinflammatory 83 

genes and activates astrogliosis and microgliosis (Quintana et al., 2009).  Decreased 84 

expression of TNF-α and IL-6 in the CNS is associated with attenuated EAE (Penkowa and 85 

Hidalgo, 2001), confirming the importance of these cytokines in CNS pathology. 86 

In this study we investigated T cell infiltration and microglial activation in the CNS 87 

during the progression of EAE. We report that IL-17+ and IL-17+IFN-γ+ T cells infiltrate the 88 

brain before the onset of clinical symptoms and that this is associated with enhanced 89 

expression of IL-1β in brain tissue. At the onset of clinical symptoms, there is evidence of 90 

significant infiltration of IFN-γ-secreting T cells and macrophages into the brain and 91 

upregulation of MHC class II, CD40, CD80 and CD86 expression on activated microglia and 92 
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macrophages. We also provide evidence that MOG-specific T cells polarized in vitro with IL-93 

12 to secrete IFN-γ, or polarized with IL-1β and IL-23 to secrete IFN-γ and IL-17, can 94 

activate CD11b+ microglia, inducing expression of MHC class II and co-stimulatory 95 

molecules. Critically, MOG-specific T cell lines that secrete IL-17 and IFN-γ, but not T cells 96 

that secrete IFN-γ, promoted production of the proinflammatory cytokines IL-1β, TNF-α and 97 

IL-6 by glial cells. 98 
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2. Materials and Methods 99 

 100 

2.1. MOG-induced  EAE 101 

 C57BL/6 mice (Harlan UK) were maintained in the BioResources unit at Trinity College, 102 

Dublin, Ireland under veterinary supervision throughout the study, and experiments were 103 

performed under a licence issued by the Department of Health (Ireland) and in accordance 104 

with the guidelines laid down by the university ethical committee. C57BL/6 mice (8-10 105 

weeks) were injected subcutaneously (s.c.) with 150 µg MOG35-55 peptide (Cambridge 106 

Biosciences, UK) in complete Freund’s adjuvant (CFA) containing 4 mg/ml H37RA 107 

(Mycobacterium tuberculosis, Chondrex). Mice were injected intraperitionally (i.p.) with 500 108 

ng pertussis toxin (PT; Kaketsukin) on day 0 and day 2. EAE was scored according to a 0-5 109 

scale as follows: no clinical symptoms 0; limp tail, 1; wobbly gait, 2; hind limb weakness, 3; 110 

hind limb paralysis, 4; tetra paralysis, 5.  111 

 112 

2.2. Preparation of primary glial cell cultures   113 

Primary mixed glia were isolated from brains of postnatal 1-day old C57BL/6 mice as 114 

previously described (Downer et al., 2008). Mixed glia (1 x 106 cells/ml) were added to 24-115 

well plates (100 µl per well) and allowed to adhere for 2 h at 37°C in a humidified 5% CO2 116 

environment. Wells were then flooded with 300 µl of pre-warmed DMEM. The medium was 117 

changed every 2-3 days and glia cultured for 14 days. 118 

 119 

2.3. Generation of MOG-specific T cell lines 120 

At 7 days post immunization with MOG and CFA, spleen cells and lymph node cells (2x106 121 

cells/ml) were re-stimulated ex vivo with MOG (25 µg/ml) in the presence IL-23 (10 ng/ml, 122 

R&D Systems) and IL-1β (20 ng/ml, R&D systems) or  IL-12 (1 ng/ml, R&D Systems).   IL-2 123 



ACCEPTED MANUSCRIPT 

7 

 

(5 ng/ml, R&D Systems) was added after 4 days. After 7 days of culture, surviving T cells 124 

were washed and co-cultured with glia and MOG (25 µg/ml). 125 

 126 

2.4. Co-culture of T cells and glia  127 

MOG35-55-specific T cells were added to mixed glial cultures at a ratio of 1:2 (0.5 x 105 T 128 

cells: 1 x 105 glia) in the presence of MOG (25 µg/ml). After 24 h of culture, supernatants 129 

were removed for analysis of cytokine concentrations, and cells recovered for analysis cell 130 

surface marker expression by flow cytometry. 131 

 132 

2.5. Real-time PCR 133 

RNA was isolated from brain tissue obtained from control mice, and mice with EAE, using 134 

Nucleospin® RNAII kit, (Macherey-Nagel, Duren, Germany); this process was followed by 135 

reverse transcription into cDNA using High-Capacity cDNA RT kit (Applied Biosystems, 136 

Warrington, UK). Real-time PCR for the detection of Il1b (Mm00434228_m1), tnfα 137 

(Mm00443258_m1) and Il6 (Mm00446191_m1) mRNA was performed with predesigned 138 

Taqman gene expression assays (Applied Biosystems). mRNA concentrations were 139 

normalised to the endogenous control, 18S ribosomal RNA. Samples were assayed on an 140 

Applied Biosystems 7500 Fast Real Time PCR machine 141 

 142 

2.6. Cytokine quantification by ELISA   143 

The concentrations of IL-1β, IL-4, IL-6, IL-10, IL-17, IFN-γ and TNF-α in T cell and glial 144 

supernatants or in brain homogenates were measured by ELISA. Cytokine concentrations in 145 

the test samples were evaluated with reference to the standard curve prepared using 146 

recombinant cytokines of known concentration. 147 
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 148 

2.7. Flow cytometry  149 

Cultured mixed glial cells and mononuclear cells isolated by percoll density centrifugation 150 

from the brains or spinal cords of PBS-perfused control mice and mice with EAE, were 151 

washed and blocked with FcγR blocker (1 µg/ml; BD Biosciences, USA). Cultured glial cells 152 

were stained with anti-CD11b, anti-MHC class II, anti-CD80, anti-CD86, or anti-CD40. 153 

Mononuclear cells were stained with anti-CD45, anti CD11b, anti-MHC class II, anti-CD80, 154 

anti-CD86, or anti-CD40 antibody, or alternatively with anti-CD3 and anti-CD4, these cells 155 

were then fixed and permeabilized (Fix and Perm Cell Permeabilization Kit; Caltag) and 156 

stained intracellularly for IL-17 or IFN-γ. Flow cytometric analysis was performed using a 157 

CyANADP Flow Cytometer (Dako Cytomation) with FloJo software, with gating set on FMOs.  158 

 159 

2.8. Statistical analysis   160 

Statistical analysis was performed using the computer-based statistical package GraphPad 161 

Prism. One-way ANOVA, using the Newman Keuls post-hoc test, was used to determine 162 

statistically significant differences. 163 
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3. Results 164 

3.1 Infiltration of CD3+ T cells and CD11b+CD45hi cells into the brain of C57BL/6 mice with 165 

EAE 166 

EAE was induced in C57BL/6 mice by s.c. injection of MOG35-55  emulsified in CFA, 167 

with PT injected i.p. on days 0 and 2.  Control animals were injected with PBS (200 µl) i.p. 168 

Animals were monitored daily for signs of clinical disease. 97% of mice had developed EAE 169 

by day 13 post immunization (Figure 1A). Clinical symptoms began with loss of tail tone 170 

(stage 1), and progressed through varying degrees of hind limb weakness and lead ultimately 171 

to hind limb paralysis (stage 4).  Mice were sacrificed 7, 10, 14 and 21 days post-172 

immunization and the brains and spinal cords were removed to assess immune cell infiltration 173 

and microglial and macrophage activation. 174 

To assess the level of T cell infiltration into the brain during EAE, mononuclear cells 175 

isolated from the brains of control mice and mice with EAE were stained with anti-CD3 and 176 

the total number of T cells was calculated. There was a significant increase in CD3+ T cell 177 

infiltration into the brain throughout the course of the disease (F(4,11)= 4.98, *p<0.05; Fig. 1B 178 

and C). The numbers of CD3+ cells increased steadily from less than 1x104 in control mice to 179 

a peak of over 2x105 14 days after induction of EAE.    180 

Microglia can be distinguished from macrophages on the basis of CD45 expression. In 181 

normal and pathological CNS tissue, CD45 expression has been correlated with the ability to 182 

present antigen to naïve T cells (Carson et al., 1998); activated microglia are known to 183 

upregulate their expression of CD45 to intermediate or high levels, thus improving their 184 

antigen presenting capabilities (Carson et al., 1998). Mononuclear cells isolated from the 185 

brains of control mice and mice with EAE were stained with anti-CD11b and anti-CD45 to 186 

identify a resting microglial population (CD11b+CD45lo) and activated microglia and brain 187 
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infiltrating macrophage population (CD11b+CD45hi). The number of resting microglia in the 188 

brain was not significantly altered throughout the course of disease. However, the numbers of 189 

activated microglia and activated infiltrating macrophages into the brain was markedly 190 

elevated at the onset of clinical symptoms (day 10) (F(4,14)= 6.32, **p<0.01; Fig. 1D). 191 

Representative dotplots of CD11b+CD45+ cells in the brains of control mice and mice with 192 

EAE at the onset of clinical symptoms are shown in Figure 1E. 193 

 194 

3.2  Increased frequency of CD4+ T cells that express IL-17, IFN-γ or both cyokines in the 195 

brain of mice with EAE   196 

 There has been some debate in the literature concerning the possible contribution of 197 

Th1 and Th17 cells to the pathogenesis of EAE.   Here we examined the induction of IL-17-198 

secreting and IFN-γ-secreting CD4+ T cells in the periphery and their infiltration into the 199 

brain and spinal cord during the development of EAE. Intracellular cytokine staining was 200 

performed on spleen cells and mononuclear cells isolated from the brain and spinal cord of 201 

control mice or mice with EAE. Cells were stained with anti-CD4, fixed and permeabilized, 202 

stained intracellularly with anti-IFNγ and anti-IL-17 and analysed by flow cytometry. There 203 

was a small and transient increase in the frequency of CD4+ T cells that secreted IL-17 (Th17 204 

cells) in the spleen 7 days after immunization (Fig. 2A). The frequency of CD4+ T cells that 205 

secreted IL-17 and IFN-γ (IL-17+IFN-γ+ CD4+ T cells, termed Th1/Th17 cells) was also 206 

increased approximately 3 fold compared with control mice 7 days after immunization (Fig. 207 

2A). The percentage of CD4+ T cells that secreted IFN-γ, but not IL-17 (Th1 cells) was 208 

marginally, though significantly greater than in control mice 14 days post immunization (Fig. 209 

2A). In contrast with the periphery, an examination of CD4+ T cells in the brain revealed 210 

substantial infiltration or activation of CD4+ T cells that secrete IL-17, IFN-γ or both 211 

cytokines, with different kinetics for different populations. There was a significant increase in 212 
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the percentage of IL-17-secreting CD4+ T cells in the brain at day 7, before the onset of 213 

clinical symptoms (F(4,15)=21.97, *p<0.05, ***p<0.001) and this increased further by day 10 214 

and remained higher than control levels on day 14 and 21  (Fig. 2B and D). The frequency of 215 

IL-17+IFN-γ+ CD4+ T cells was also significantly increased 7, 10 and 14 days after 216 

immunization, but the peak infiltration was observed a little later than the IL-17+IFN-γ- CD4+ 217 

T cells at 14 days post immunization (Fig. 2B).  There was also a significant increase in the 218 

percentage of IFN-γ+IL-17- CD4+ T cells in the brain of mice with EAE compared with 219 

control mice, but this was not observed until 14 days after immunization (F(4,15)=75.08, 220 

***p<0.001; Fig. 2B). In the spinal cord there was also a significant increase in the 221 

percentage of IL-17-secreting CD4+ T cells at day 7, before the onset of clinical symptoms 222 

(F(4,15)=24.16, *p<0.05; Fig 2C). There was also a modest and non-significant increased 223 

frequency of IL-17+IFN-γ+ CD4+ T cells in the spinal cord 7, 10 and 14 days after 224 

immunization. Finally,  the frequency of IFN-γ+IL-17- CD4+ T cells was significant enhanced 225 

in the spinal cord of mice 14 days after induction of EAE (F(4,15)=26.64, *p<0.05; Fig. 2C).   226 

We next evaluated the absolute number of cytokine-secreting CD4+ T cells in the brain 227 

and spinal cord during the course of EAE and these were generally consistent with the data 228 

presented as percentage of total CD4+ T cells, except for the later time points (partly due to an 229 

overall increase in the total number of immune cells in the brain), with evidence of significant 230 

infiltration of Th17, Th1/Th17 and Th1 cells into the brain at different stages of disease. The 231 

total number of IL-17+IFN-γ- and IL-17+IFN-γ+ CD4+ T cells was significantly increased at or 232 

before the onset of disease (days 7 and 10) and was maintained at high levels at least until day 233 

21 post immunization (Fig 3A). The increase in the number of IFN-γ+IL-17- CD4+ T cells, 234 

although greater at the peak, did not occur until a little later in disease (Fig 3A). Our findings 235 

demonstrate that frequency of IL-17, IFN-γ or double positive CD4+ T cells is significantly 236 

greater in the brain than in the periphery. In the spinal cord the absolute numbers of 237 
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infiltrating T cells were substantially lower and the variability greater due to the low and 238 

variable recovery of cells from this tissue. Nevertheless, we did see a non-significant increase 239 

in T cell expressing IL-17, IFN-γ or both cytokines on days 10-21 at and after onset of 240 

symptoms of disease (Fig 3B). Our findings demonstrate that Th1, Th17 and T cell secreting 241 

IL-17 and IFN-γ infiltrated the brain and spinal cord during development of EAE. Th17 and 242 

Th1/Th17 first infiltrate the brain before the onset of disease, whereas the Th1 cells are not 243 

detected at significant numbers until after the onset of clinical symptoms.  In general there 244 

were more Th1 relative to Th17 cells in the spinal cord when compared with the brain.  In 245 

particular at day 10, the number of Th17 cells exceeded that of Th1 cells in the brain but not 246 

in the spinal cord.  247 

 248 

3.3 Enhanced expression of MHC class II, CD40, CD80 and CD86 on CD11b+CD45hi cells in 249 

the brain of mice with EAE 250 

 It has been shown that CD11b+CD45hi cells purified from the inflamed CNS are more 251 

efficient than CD11b+CD45lo cells in presenting antigens to T cells (Miller et al., 2007). Here, 252 

we examined MHC class II, CD40, CD80 and CD86 expression on CD11b+CD45lo and 253 

CD11b+CD45hi cells prepared from the brain over the course of EAE. There was a non-254 

significant increase in the expression of MHC class II on resting microglia (CD11b+CD45lo) 255 

and a small, but significant, increase in the frequency of CD11b+CD45lo cells expressing 256 

CD40 (F(4,15)=34.52, ***p<0.001) and CD80 F(4,15)=66.07, ***p<0.001, in the brain at the 257 

onset of clinical symptoms, 10 days post immunization (Fig. 4). However, the expression of 258 

CD86 on resting microglia in the brain was not significantly elevated throughout the course of 259 

disease (Fig. 4).  260 

In comparison with CD11b+CD45lo microglia, CD11b+CD45hi cells showed a significantly 261 

greater degree of activation over the course of EAE.  The percentage of CD11b+CD45hi cells 262 
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expressing MHC class II was significantly enhanced in the brain 10, 14 and 21 days post-263 

immunization (F(4,15)=7.71, *p<0.05; ***p<0.001, Fig. 4A). In addition, the number of 264 

CD11b+CD45hi cells expressing CD40 was significantly elevated in the brain on days 7, 10 265 

and 21 days after immunization (F(4,15)=226.1, *p<0.05, **p<0.01, ***p<0.001; Fig. 5). The 266 

frequency of CD80 expressing CD11b+CD45hi cells was significantly increased in the brain 267 

before and at disease onset (day 7 and day 10) (F(4,15)=53.85, *p<0.05, ***p<0.001; Fig. 5).  268 

The expression of CD86 was also significantly elevated on CD11b+CD45hi cells in the brain 269 

on days 10, 14 and 21 after immunization (F(4,15)=46.66, *p<0.05, ***p<0.001; Fig. 5).  270 

Collectively the data reveal significant activation of CD11b+CD45hi cells at the onset of 271 

clinical symptoms of EAE; because expression of CD45 increases when the cells are 272 

activated, these cells may be either macrophages or activated microglia. 273 

 274 

3.4 Expression of IL-1β, TNF-α and IL-6 is significantly increased in the brain during 275 

development of EAE 276 

Since IL-1β, IL-6 and TNF-α play a role in CNS inflammation, we examined their 277 

expression in the brain during the course of EAE. The concentration of IL-1β was 278 

significantly elevated 7 days after immunization before the onset of clinical symptoms of 279 

EAE, reached a peak at day 10 and remained greater than background on day 21 (Fig. 6A). 280 

Consistent with this, IL-1β mRNA expression in the brain was a significantly increased on 281 

day 7 and was further elevated at the onset of clinical symptoms (F(4,15)=12.85, **p<0.01; 282 

***p<0.001, Fig. 6B). TNF-α mRNA expression was significantly augmented in the brain at 283 

the onset of clinical symptoms (F(4,15)=2.72, **p<0.01; Fig. 6B). IL-6 mRNA expression was 284 

enhanced in the brain of mice with EAE 7 and 10 days post immunization (F(4,15)=5.20, 285 

*p<0.05; Fig. 6B) .Although close to the detection limit of the assay,  TNF-α and IL-6 protein 286 
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concentrations were also significantly increased TNF-α on day 10 and IL-6 on day 7 and 10 287 

post immunization (data not shown).  288 

 289 

3.5 IFN-γ or IFN-γ and IL-17-secreting MOG-specific T cells enhances proinflammatory 290 

cytokine production and MHC class II and co-stimulatory molecule expression on microglia  291 

Having demonstrated that IFN-γ+,  IL-17+ and  IFN-γ+IL-17+ CD4+ T cells infiltrate 292 

the brain during development of EAE, and that this is temporally associated with activation of 293 

CD11b+CD45hi cells in the brain, we examined the influence of the MOG-specific T cells on 294 

microglial activation in vitro.  MOG35-55-specific T cell lines were generated from mice with 295 

EAE by culture of spleen and lymph node cells with MOG35-55 (25 µg/ml) and IL-12 (1 296 

ng/ml) or MOG, IL-23 (10 ng/ml) and IL-1β (10 ng/ml). We had previously shown that 297 

MOG-specific T cells cultured under either of these conditions induced EAE following 298 

transfer into naïve mice (Sutton et al., 2006). An examination of cytokine secretion by these 299 

short-term MOG-specific T cell lines revealed that IL-12-polarized cells secreted high levels 300 

of IFN-γ and no IL-17 or IL-4, a clear Th1-type profile. In contrast, MOG-specific T cells 301 

polarized with IL-1β and IL-23 produced high levels of IL-17 as well as IFN-γ, but no IL-4 302 

(Fig. 7A).  These cells are referred to as Th1/Th17 cells hereafter.  303 

  We examined the ability of MOG-specific T cells to induce microglia activation in 304 

vitro. Co-cultures of glia and Th1/Th17 cells significantly increased IL-1β, TNF-α and IL-6 305 

production when compared with glia co-cultured with Th1 cells or medium only 306 

(F(4,10)=539.8, ***p<0.001;  F(4,10)=3872, ***p<0.001; F(4,10)=77.19, ***p<0.001 respectively, 307 

+++p<0.001 versus glia co-cultured with Th1 cells, Fig. 7B). Low concentrations of IL-1β, 308 

TNF-α and IL-6 were detected in cultures of MOG-stimulated Th1/Th17 cells alone, but this 309 

substantially enhanced following co-culture with glia. In contrast any pro-inflammatory 310 

cytokines produced by Th1 cells alone was not enhanced by addition of glia (Fig. 7B).       311 
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 The effect of the MOG35-55-specific T cell subsets on the expression of MHC-class II 312 

and co-stimulatory molecules on the surface of CD11b+ microglia was examined by flow 313 

cytometry. Co-culture of glia with Th1 cells or with Th1/Th17 cells in the presence of 314 

MOG35-55 (25µg/ml) significantly enhanced expression of MHC class II on the surface of 315 

microglia (F(2,6)=32.07, **p<0.01, ***p<0.001; Fig. 7C and D). Expression of CD40, CD80 316 

and CD86 on microglia was also enhanced, although not significantly, following co-culture 317 

with Th1 cells and Th1/Th17 cells (Fig. 7). These findings demonstrate that interaction with 318 

Th1 cells enhanced surface marker expression on microglia, whereas MOG-specific T cells 319 

that secrete IFN-γ and IL-17 enhance pro-inflammatory cytokine as well as surface marker 320 

expression of CD11b+ microglia.  321 
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4. Discussion  322 

The significant findings of this study are that IL-17+ and  IFN-γ+IL-17+ CD4+ T cells 323 

infiltrate the CNS during EAE prior to the onset of clinical symptoms and this is associated 324 

with activation of microglia and elevated expression of IL-1β and IL-6 in the brain. The 325 

numbers of CD11b+CD45hi microglia and infiltrating macrophages with an activated 326 

phenotype, characterized by enhanced expression of MHC class II and the co-stimulatory 327 

molecules CD80, CD86 and CD40, peaked at the onset of clinical symptoms. In contrast, we 328 

found that the numbers of resting microglial cells (CD11b+CD45lo) was not significantly 329 

altered and MHC class II and co-stimulatory molecule expression was only modestly 330 

increased on CD11b+CD45lo cells during the course of EAE. Microglia in active MS lesions 331 

exhibit an activated morphology with increased expression of cell surface MHC class II and 332 

the adhesion/costimulatory molecules CD54, CD40, CD80 and CD86 (Cannella et al., 1995; 333 

Cannella and Raine, 1995). It has also been shown that CD11b+CD45lo microglia purified 334 

from the inflamed CNS are largely incapable of activating either naïve or effector T cells, 335 

whereas CD11b+CD45hi cells can efficiently present endogenous myelin antigens to pre-336 

activated effector myelin-specific T cells and naïve T cells (Miller et al., 2007). Collectively 337 

these findings suggest that the CD11b+CD45hi cells are more likely to have antigen 338 

presentation capabilities in the CNS during EAE.  339 

IL-1β, IL-6 and TNF-α play a role in CNS inflammation, either directly through 340 

activation of microglia and astrocytes (Ferrari et al., 2004) and alteration of chemokine and 341 

adhesion molecule expression and antigen presentation within the CNS (Sedgwick et al., 342 

2000; Selmaj, 2000), or indirectly by promoting the differentiation and expansion of Th17 343 

cells.  We found that expression of pro-inflammatory cytokines, IL-1β, TNF-α and IL-6 was 344 

significantly increased in the brain before the onset of clinical symptoms of EAE. Although 345 

expression of these cytokines was also enhanced in the spleen 7 days after immunization, it 346 
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was substantially greater in brain and spinal cord (Lalor et al, unpublished observations). It 347 

has previously been reported that activated microglia are the major cellular source of IL-1β in 348 

the brain (Minogue et al., 2003), but we found that the enhanced expression of IL-1β preceded 349 

the activation of microglia, as assessed by surface marker expression. IL-1β, TNF-α and IL-6 350 

are known to be involved in the pathology of EAE and are considered to be downstream 351 

inflammatory mediators induced by Th17 cells. However, these cytokines are also involved 352 

upstream of Th17 cell activation. IL-1β is involved in the induction of Th17 cells (Sutton et 353 

al., 2006) and activation of γδ T cells (Sutton et al., 2009). Furthermore, IL-6, together with 354 

TGF-β, supports Th17 cell differentiation, a process which is then amplified by IL-1β and 355 

TNF-α (Veldhoen et al., 2006). (Lalor et al unpublished data). Therefore it is possible that 356 

early IL-1β and IL-6 production by microglia may promote the re-activation or expansion of 357 

Th17 and γδ T cells in the brain.  358 

 IL-17-secreting CD4+, CD8+ and γδ T cells have been shown to produce IL-1β 359 

(McCandless et al., 2009). Therefore, the IL-17-secreting CD4+ T cells may also contribute to 360 

the production of IL-1β in the brain during disease. CD4+ T cells that secrete IL-17 or IL-17 361 

and IFN-γ first infiltrate the brain around day 7 prior to the onset of clinical symptoms of 362 

EAE and this correlates with IL-1β production in the brain. The frequency of these cells peaks 363 

at day 10-14 and declines thereafter. CD4+ T cells that secrete IFN-γ but not IL-17 also 364 

infiltrate the brain during development of EAE, but these cells are not detected in significant 365 

numbers until day 10-14, which follows the onset of clinical symptoms, and the numbers of 366 

these cells continues to increase at least until day 21. We found comparatively greater 367 

infiltration of Th17 cells in the brain than in the spinal cord. Indeed the number of Th17 cells 368 

was greater than Th1 cells in the brain at day 10 post immunization, whereas there were 4 fold 369 

more Th1 than Th17 cells in the spinal cord at the same time point. This is consistent with a 370 

report that Th17 cells homed preferentially to the brain, while Th1 cells homed preferentially 371 
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to the spinal cord (Stromnes et al., 2008).  However, we found that at later time points during 372 

active disease that Th1 cells were the dominant cell type in the brain and spinal cord. An early 373 

report had suggested that EAE can be induced by transfer of T cells that secrete IL-17, but not 374 

by T cells that secrete IFN-γ, although both types of cells can cross the blood-brain barrier 375 

and infiltrate the CNS (Langrish et al., 2005). More recent studies have suggested that both 376 

Th1 and Th17 cells mediate pathology in EAE by distinct mechanisms. O’Connor and 377 

colleagues (2008) reported that adoptively transferred Th1 cells infiltrate the non-inflamed 378 

CNS and facilitate the entry of Th17 cells into established lesions. Conversely, Kroenke and 379 

colleagues (2008) found that adoptive transfer of IL-12p70- or IL-23-polarised T cells 380 

resulted in clinically indistinguishable disease. However, IL-12p70-driven disease was 381 

characterised by macrophage-rich infiltrates and enhanced iNOS expression, whereas 382 

neutrophils and GM-CSF were prominent in IL-23-driven lesions. A possible protective 383 

function for IFN-   has been suggested following the demonstration that IFN-  can inhibit the 384 

development of Th17 cells in vitro, possibly by down-regulating expression of the IL-23 385 

receptor (Harrington et al., 2005). Consequently, whilst CD4+ Th1 cells may contribute to 386 

inflammation in CNS inflammatory disease, they may also have a regulatory role by 387 

suppressing expansion of activated of IL-17-secreting T cells. This is consistent with our 388 

demonstration that the decreased frequency of IL-17-producing T cells later in disease 389 

corresponds with an increase in Th1 cells. 390 

 In order to examine the possible role of IL-17 or IFN-γ-secreting T cells in microglial 391 

activation, we established MOG-specific T cell lines from mice with EAE. MOG-specific T 392 

cells polarized with IL-12 or IL-1β and IL-23 secreted IFN-γ and not IL-17 or IFN-γ and IL-393 

17, respectively. It was possible to generate Th17-type cells that secrete IL-17, but not IFN-γ, 394 

by culture with IL-1β and IL-23 in the presence of anti-IFN-γ, but this phenotype was 395 

unstable and the cells reverted to double producers after 2 rounds of antigen stimulation 396 
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(unpublished observations). Furthermore, short term highly polarized MOG-specific Th17 397 

cell lines were less effective than the double producers at inducing EAE following transfer 398 

into naive mice (Brereton et al., 2009). Therefore we confined our experiments to a study of 399 

Th1 or IL-17 and IFN-γ-producing cells, which we have called Th1/Th17 cells. Indeed, 400 

consistent with a previous report (Suryani and Sutton, 2007), we found that IL-17+IFN-γ+ 401 

CD4+ T cells represent a major subtype in the brain throughout the course of EAE. Co-402 

culturing of glia with Th1 or Th1/Th17 cells significantly enhanced expression of MHC class 403 

II and co-stimulatory molecules on CD11b+ microglia. In contrast, MOG-specific Th1/Th17 404 

cells consistently produced more TNF-α, IL-6 and IL-1β than Th1 cells. This may account for 405 

their greater encephalitogenic potential in the brain during EAE (Brereton et al., 2009). 406 

This study provides new insights into the infiltration of T cell subsets, expression of 407 

MHC class II and co-stimulatory molecules on activated microglia and infiltrating 408 

macrophages and production of proinflammatory cytokines in the brain during EAE. Our 409 

study has assessed for the first time the comparative infiltration of Th1, Th17 and double 410 

producing Th1/Th17 cells in the brain, spinal cord and periphery and reveals that each of 411 

these cell types infiltrates the brain and spinal cord with different kinetics. Infiltration of Th17 412 

cells into the brain precedes the onset of clinical symptoms and corresponds to an increase in 413 

expression of IL-1β and IL-6. Activation of microglia and infiltration of macrophages occurs 414 

at the onset of clinical symptoms while Th1 cells infiltrate the brain later in disease. Th1 and 415 

Th1/Th17 cells activated microglia towards an inflammatory phenotype, characterised by co-416 

stimulatory molecule expression, and crucially only the interaction of glia with Th1/Th17 417 

cells induced significant production of proinflammatory cytokines. Specifically targeting the 418 

interactions of glia and Th1/Th17 cells may be an important therapeutic approach to modulate 419 

inflammatory responses in the CNS during disease.    420 

 421 
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Figure legends 

 

Figure 1. Infiltration of CD3+ T cells and CD11b+CD45hi cells into the brain of C57BL/6 

mice with EAE. (A) EAE was induced in C57BL/6 mice by immunization of MOG35-55 in 

CFA followed by PT. Control animals were injected i.p.with PBS (200µl). Mice were 

observed for clinical signs of EAE. Data are mean clinical score ± SEM. (B-D) Mononuclear 

cells were isolated from the brain of control mice and  mice 7, 10, 14 and 21 days post 

induction of EAE. Cells were stained with anti-CD3 to quantify the number of CD3+ T cells 

infiltrating the brain (B; with representative dot plot in C) and with anti-CD11b and anti-

CD45 to identify the total numbers of CD11b+CD45lo cells and CD11b+CD45hi cells in the 

brain during EAE (D; with representative dot plot in E). *p<0.05, **p<0.01; versus control 

mice, by one-way ANOVA, Student Newman-Keuls. Results are representatives of two 

experiments with 4 or 5 mice per group at each time point.  Numbers in gates are percentage 

of total mononuclear cells.  

 

Figure 2.  Increased frequency of CD4+T cells that secrete IL-17, IFN-γ or both 

cytokines in the brain and spinal cord of mice with EAE.  Spleen cells (A) and 

mononuclear cells from the brain (B) or spinal cord (C) were prepared from control mice or 

mice day 7, 10, 14 and 21 induction of EAE (n=4 per timepoint). Cells were stimulated 

overnight with PMA (10 ng/ml) and ionomycin (1 µg/ml), and incubated with Brefeldin A (5 

µg/ml).  Cells were stained with anti-CD45, anti-CD3 and anti-CD4, fixed and permeabilized, 

stained intracellularly with anti-IL-17 and anti-IFN-γ and analysed by flow cytometry.  

Results are presented as the mean frequency of CD4+ cells in the CD3+ population ± SEM for 

spleen (A), brain (B) and spinal cord (C), with representative dot plots for the brain (D).   

Results are representatives of two experiments with 4 or 5 mice per group at each time point.   
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*p<0.05, **p<0.01, ***p<0.001, versus control mice, by one-way ANOVA, Student 

Newman-Keuls.  

 

Figure 3.  Absolute numbers of CD4+T cells that secrete IL-17, IFN-γ or both cytokines 

in the brain and spinal cord of mice with EAE.  Mononuclear cells were prepared from the 

brain (A) or spinal cord (B) and intracellular cytokine staining perfomed as described in the 

legend to Fig 2. Results are presented as the absolute numbers of CD4+ cells expressing IL-

17, IFN-γ or both cytokines, and are representatives of two experiments with 4 or 5 mice per 

group at each time point.  *p<0.05, versus control mice, by one-way ANOVA, Student 

Newman-Keuls. 

 

Figure 4. Increased frequency of CD11b+CD45lo cells expressing CD40 and CD80 in the 

brain of mice with EAE. Mononuclear cells were isolated from the brain of control mice and 

mice 7, 10, 14 and 21 days after induction of EAE. The cells were gated on CD11b+ and 

CD45lo expression, the percentage of MHC class II, CD40, CD80 and CD86 expressing 

CD11b+CD45lo cells are shown in the scatter plots (A). Representative histograms for control 

mice (gray histogram) and mice with EAE on day 10 (solid line) (B). Results are 

representatives of 3 experiments with 4  mice per group at each time point. ***p<0.001; 

versus control mice, by one-way ANOVA, Student Newman-Keuls.  

 

Figure 5. Enhanced expression of MHC class II, CD40, CD80 and CD86 on  

CD11b+CD45hi cells in the brain of mice with EAE. Mononuclear cells were isolated from 

the brain of control mice and mice 7, 10, 14 and 21 days post induction of EAE (n=4 per 

timepoint). The cells were gated on CD11b and CD45hi expression and the percentage of 

CD11b+CD45hi cells expressing MHC class II, CD40, CD80 and CD86 are shown in the 
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scatter plots (A). Representative histograms for control mice (gray histogram) and mice with 

EAE on day 10 (solid line) (B). Results are representatives of 3 experiments with 4  mice per 

group at each time point. *p<0.05, **p<0.01, ***p<0.001; versus control mice, by one-way 

ANOVA, Student Newman-Keuls.  

 

Figure 6. Expression of IL-1β, TNF-α and IL-6 mRNA is significantly increased in the 

brain during EAE. Brains from control mice or mice with EAE were dissected at 7, 10, 14 

and 21 days after the induction of EAE. (A) The concentration of IL-1β was quantified in 

brain homogenate by ELISA. (B) RNA was extracted to assess IL-1β mRNA, TNF-α mRNA 

and IL-6 mRNA. Values are expressed as relative quantities (RQ) normalized to the 

endogenous control gene, 18S. Results are representatives of 3 experiments with 4 or 5 mice 

per group at each time point *p<0.05; **p<0.01, ***p<0.001; versus control mice, by one-

way ANOVA, Student Newman-Keuls. Data presented as mean ± SEM.  

 

Figure 7. Addition of MOG-specific Th1/Th17 cells enhances proinflammatory cytokine 

production in co-cultures with glia and upregulates the expression of MHC class II, 

CD40, CD80 and CD86 on microglia (A) EAE was induced in C57BL/6 mice by 

immunization with MOG in CFA followed by PT. After 7 days, spleen and inguinal nodes 

were removed, the cells were stimulated with MOG35-55 (25 µg/ml) and Th1 polarising 

cytokine IL-12 (1 ng/ml) and Th1/Th17 polarising cytokines IL-23 (10 ng/ml) and IL-1β (10 

ng/ml). After 7 days, supernatants were removed and IFN-γ, IL-17 and IL-4 concentrations 

were quantified by ELISA. (B-D) MOG-specific Th1 cells and Th1/Th17 cells were added to 

cultured glial cells for 24 h at a ratio of 0.5:1. (B) Supernatant was removed and the 

concentration of IL-1β, TNF-α and IL-6 was quantified by ELISA.  **p<0.01; ***p<0.001; 

versus medium treated glia, +++p<0.001; versus Th1/Th17 cells alone and glia treated with 
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Th1 cells, by one-way ANOVA, Student Newman-Keuls. Data presented as mean ± SEM. 

Representative of 3 independent experiments. (C) Cells were harvested and stained for flow 

cytometry. Cells were gated on CD11b expression and the percentage of these cells 

expressing MHC class II, CD40, CD80 and CD86 was assessed. (D) Representative 

histograms of CD11b+ cells expressing MHC class II, CD40, CD80 and CD86 after treatment 

for 24 h with medium only (gray histogram), Th1 cells (solid line) and Th1/Th17 cells (dotted 

line). Representative of 3 independent experiments. 
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