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ABSTRACT  34 

Sensory problems, such as neuropathic pain, are common and debilitating symptoms in 35 

multiple sclerosis (MS), an autoimmune inflammatory disorder of the central nervous system 36 

(CNS). Regulatory T (Treg) cells are critical for maintaining immune homeostasis, however, 37 

their role in MS-associated pain remains unknown. Here, we demonstrate that Treg cell 38 

ablation is sufficient to trigger experimental autoimmune encephalomyelitis (EAE) and facial 39 

allodynia in immunised female mice. In EAE-induced female mice, adoptive transfer of Treg 40 

cells and spinal delivery of the Treg cell cytokine interleukin (IL)-35 significantly reduced 41 

facial stimulus-evoked pain and spontaneous pain independent of disease severity, and 42 

increased myelination of the facial nociceptive pathway. The effects of intrathecal IL-35 43 

therapy were Treg cell-dependent, and were associated with upregulated IL-10 expression in 44 

CNS-infiltrating lymphocytes, and reduced monocyte infiltration in the trigeminal afferent 45 

pathway. Taken together, we present evidence for a beneficial role of Treg cells and IL-35 in 46 

attenuating pain associated with EAE, independently of motor symptoms, by decreasing 47 

neuroinflammation and increasing myelination.  48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 
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SIGNIFICANCE STATEMENT 56 

Pain is a highly prevalent symptom affecting the majority of multiple sclerosis (MS) patients 57 

and dramatically affects overall health-related quality-of-life, yet represents a research area 58 

that has been largely ignored. Here we identify, for the first time, a role for regulatory T cells 59 

and interleukin-35 in suppressing facial allodynia and facial grimacing in animals with 60 

experimental autoimmune encephalomyelitis (EAE).  We demonstrate that spinal delivery of 61 

regulatory T cells and interleukin-35 reduces pain associated with EAE by decreasing 62 

neuroinflammation and increasing myelination, independently of motor symptoms. These 63 

findings increase our understanding of the mechanisms underlying pain in EAE, and suggest 64 

potential treatment strategies for pain relief in MS.  65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 
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INTRODUCTION  77 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central 78 

nervous system (CNS), with an estimated global prevalence of 2.5 million people (Browning 79 

et al., 2012). MS is a major cause of neurological disability in young adults (Rolak, 2003), 80 

and is characterised by inflammatory lesions within the CNS caused by autoimmune 81 

inflammation, demyelination, gliosis and neurodegeneration leading to a disruption of 82 

neuronal signalling (Dendrou et al., 2015). The presentation of MS is heterogenous, with 83 

patients showing a wide range of neurological symptoms dependent on the spatiotemporal 84 

distribution of lesions in the CNS. Symptoms may appear in a relapsing-remitting pattern or 85 

as a steady progression, and include sensory and motor disturbances, cognitive impairment, 86 

fatigue and pain (Duffy et al., 2017b). Despite the fact that pain afflicts approximately 67% 87 

of patients (Drulovic et al., 2015), and limits activities of daily living in 62% of patients 88 

(Feketova et al., 2016), it remains an understudied symptom with largely inadequate 89 

treatment options.  90 

 91 

Experimental autoimmune encephalomyelitis (EAE) is the most widely used animal model of 92 

MS, and mice with EAE develop robust stimulus-evoked pain behaviours including thermal 93 

hyperalgesia, and mechanical and cold allodynia of the tail, hind paws, fore paws and face 94 

(Aicher et al., 2004, Olechowski et al., 2009, Rodrigues et al., 2009, Lu et al., 2012, Yuan et 95 

al., 2012, Schmitz et al., 2013, Duffy et al., 2016, Thorburn et al., 2016). Mice with EAE also 96 

develop spontaneous pain, measured using the mouse grimace scale (MGS) (Duffy et al., 97 

2016). While the exact mechanisms underlying pain in MS and EAE are unclear, 98 

demyelination and neuroinflammation in nervous system areas involved in pain processing, 99 

such as the dorsal horn and spinothalamic pathway, have been implicated (Moalem and 100 
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Tracey, 2006, Olechowski et al., 2009, Truini et al., 2013). Thus, targeted 101 

immunosuppression and remyelination represent novel strategies in the treatment of MS-102 

associated pain. 103 

 104 

Regulatory T (Treg) cells expressing the forkhead box protein 3 (FoxP3) transcription factor 105 

play a pivotal role in maintaining self-tolerance and inhibiting autoimmunity. Treg cells exert 106 

their suppressive function by multiple mechanisms including cytolysis of effector cells,  107 

metabolic disruption of  T cell proliferation, modulation of antigen-presenting cell function, 108 

and the release of anti-inflammatory cytokines transforming growth factor (TGF)-β, 109 

interleukin (IL)-10, and IL-35 (Collison et al., 2007, Duffy et al., 2017a). Unlike IL-10, 110 

which has been demonstrated to significantly attenuate mechanical allodynia in EAE (Sloane 111 

et al., 2009, Grace et al., 2017), little is known about the effects of IL-35 in pain associated 112 

with EAE.  IL-35, the newest IL-12 family member, is a heterodimeric cytokine composed of 113 

p35 and EBI3, and its action appears to be purely immunosuppressive (Collison and Vignali, 114 

2008). It is produced primarily by Treg cells (Collison et al., 2007), but also by B cells (Shen 115 

et al., 2014, Wang et al., 2014) and tolerogenic dendritic cells (Dixon et al., 2015), and is 116 

capable of inhibiting T cell proliferation (Collison et al., 2007), as well as inducing the 117 

conversion of naïve T cells into IL-35-producing induced Treg (iTr35) cells (Collison et al., 118 

2010). Treg cell activation generates distinct effector IL-35-producing and IL-10-producing 119 

Treg cell subsets, which work cooperatively to maintain immune tolerance (Wei et al., 2017). 120 

While Treg cells are known negative modulators of inflammation, they have also recently 121 

been shown to exert direct regenerative effects in the CNS by promoting remyelination, an 122 

effect independent of their immunomodulatory function (Dombrowski et al., 2017).  123 
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In this study, we tested the hypothesis that treatment with Treg cells and IL-35 limits pain in 124 

EAE. We found that depletion of FoxP3+ Treg cells in mice time-dependently triggers severe 125 

EAE and increases pain behaviours. Conversely, adoptive transfer of activated Treg cells and 126 

intrathecal injection of IL-35 resulted in decreased facial allodynia and facial grimacing, 127 

independently of motor symptoms, as well as in decreased neuroinflammation and increased 128 

myelination of the facial nociceptive pathway. These findings have important implications for 129 

the management of pain in MS.  130 

 131 

 132 

133 
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MATERIALS AND METHODS 134 

Animals 135 

Female C57BL/6J mice or DEPletion of REGulatory T cell (DEREG) mice (Lahl et al., 2007) 136 

(Australian Biological Resources, Moss Vale, NSW, Australia) aged 10-18 weeks were used 137 

in all experiments. Mice were housed in individually ventilated cages with water and food ad 138 

libitum in groups of 3-5, and maintained on a 12-hour light-dark cycle. The facility was kept 139 

at a constant room temperature and humidity, and the animals were monitored daily 140 

throughout experiments. All experiments were approved by the Animal Care and Ethics 141 

Committee of the University of New South Wales, UNSW Sydney, Australia. 142 

 143 

EAE induction and assessment 144 

EAE was induced by subcutaneous immunisation with myelin oligodendrocyte glycoprotein 145 

(MOG)35-55 emulsified in complete Freund’s adjuvant (CFA). Emulsions were purchased 146 

from Hooke Laboratories (Lawrence, Massachusetts, USA) as pre-filled syringes, each 147 

containing ~1mg/mL MOG35-55 emulsified with 2-5 mg killed Mycobacterium tuberculosis 148 

H37Ra/mL in Incomplete Freund’s Adjuvant. Control mice were immunised with CFA alone 149 

(Hooke Laboratories; at the same concentration given to mice immunised with MOG35-150 

55/CFA). Immunisations were given under 3-5% isoflurane anaesthesia in oxygen as 2 x 151 

100μL subcutaneous injections; one either side of the spinal column on the lower back (final 152 

dose of 200 g MOG35-55 + 400-1000 g M. tuberculosis in CFA per 200 L/mouse). An 153 

intraperitoneal injection of 200ng Pertussis toxin (PTx) (Hooke Laboratories) in 100μL 154 

Dulbecco’s phosphate buffered saline (D-PBS; Life Technologies Pty Ltd, Victoria, 155 
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Australia) was given to all mice 2-6 hours after subcutaneous immunisation, and again 22-26 156 

hours later. 157 

 158 

In experiments incorporating Treg cell depletion, a modified EAE induction protocol was 159 

used whereby DEREG and WT mice were immunised with MOG35-55/CFA without the use of 160 

PTx injections (termed EAEnp). Treg cell depletion in DEREG mice has been shown to 161 

result in fatal EAE using a standard induction protocol utilising MOG35-55/CFA immunisation 162 

and PTx injection (Koutrolos et al., 2014), and our modified induction protocol produced 163 

milder clinical disease which allowed for the exacerbating effects of Treg cell depletion in 164 

DEREG mice without mortality. For these experiments, a 1:1 MOG35-55/CFA emulsion was 165 

prepared by mixing 1mg/mL MOG35-55 (Prospec, Rehovot, Israel) in sterile water with CFA. 166 

CFA was prepared as 2.5mg/mL killed M. tuberculosis H37Ra/mL (BD Difco, NJ, USA) in 167 

Incomplete Freund’s Adjuvant (Sigma-Aldrich, NSW, Australia). Immunisations were given 168 

under 3-5% isoflurane anaesthesia in oxygen as 2 x 100μL subcutaneous injections; one 169 

either side of the spinal column on the lower back (final dose of 200 g MOG35-55 + 500 g M. 170 

tuberculosis in CFA per 200 L/mouse). 171 

 172 

Post-induction, mice were monitored daily for body weight and EAE clinical scores 173 

according to a detailed EAE grading system supplied by Hooke Laboratories. Briefly, EAE 174 

clinical scores were assigned as follows: Grade 1 = limp tail; Grade 2 = limp tail and 175 

weakness of hind legs; Grade 3 = limp tail and complete paralysis of hind legs or limp tail 176 

with paralysis of one front and one hind leg; Grade 4 = limp tail, complete hind leg and 177 

partial front leg paralysis; Grade 5 = complete hind and complete front leg paralysis. If mice 178 
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reached a score of 4, they were immediately euthanised and a score of 4 was recorded for the 179 

remainder of the monitoring period for that animal. 180 

 181 

Measurement of facial allodynia 182 

In the week prior to baseline behavioural testing, animals were handled daily using a cotton 183 

glove in order to gradually acclimatise the mice to being gently restrained in the 184 

experimenter’s hand. Prior to testing, the same experimenter gently restrained the mouse in 185 

their palm with the head exposed using the cotton glove until the mouse was acclimated and 186 

calm. During testing, a second experimenter blinded to experimental groups applied a 0.07g 187 

von Frey filament to the whisker pad 5 times per side, with a 1-minute interval between tests. 188 

Responses were recorded as head withdrawal, fore paw swiping or facial flinching by a 189 

blinded experimenter. A percentage of total responses over the 5 tests per side were 190 

calculated for each animal.  191 

 192 

Mouse grimace scale 193 

During MGS testing, mice were placed in a 5x5x10cm plastic arch with glass windows at 194 

each end placed on an elevated wire mesh, with two Canon 500D cameras positioned at each 195 

end for high definition video recording. Mice were filmed for 11 minutes total, and screen 196 

grabs were later taken at each minute mark following beginning of recording for a total of 10 197 

photos per mouse. These were taken as soon as a clear head shot could be observed, and 198 

scored according to the criteria developed by Langford and colleagues (Langford et al., 2010) 199 

with the omission of the whisker change action unit as this was deemed difficult in C57BL/6J 200 
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mice due to coat colour. Mean MGS scores were calculated by an experimenter blind to 201 

treatment groups. 202 

 203 

Depletion of FoxP3+ Treg cells in DEREG mice 204 

For specific ablation of Treg cells, DEREG mice were used. These transgenic mice allow for 205 

selective FoxP3+ cell depletion with minimal off-target side effects (Lahl et al., 2007, Lahl 206 

and Sparwasser, 2011) following injection with Diphtheria toxin (DTx) (Merck Millipore, 207 

Victoria, Australia). This was delivered as an intraperitoneal injection of 500ng DTx 208 

dissolved in 100μL D-PBS, as previously shown to result in significant depletion of FoxP3+ 209 

Treg cells in DEREG mice (Lees et al., 2015). 210 

 211 

Fluorescence-activated cell sorting of GFP+ Treg cells from DEREG mice 212 

At day 30 post-EAE induction, DEREG donor mice were anesthetised using 3-5% isoflurane 213 

in oxygen. The inguinal lymph nodes (ILN), cervical lymph nodes (superficial and deep; 214 

CLN) and spleen were then removed and placed into 7mL of Hank’s balanced salt solution 215 

(HBSS) containing 0.5% fetal bovine serum (FBS; Gibco, MA, USA), 20mM HEPES 216 

(Gibco) and 1X 10,000U/mL penicillin-streptomycin (Gibco) at room temperature (RT). 217 

Mice were euthanised using 0.1mL of Lethabarb (Virbac, NSW, Australia). Pooled lymph 218 

nodes (LN), spleens and collecting media were mechanically ground through 70μm cell 219 

strainers (BD Biosciences). Cell suspensions were centrifuged for 5 minutes at 300 x g at RT, 220 

before discarding the supernatant. Cells were then resuspended in 5mL red blood cell (RBC) 221 

lysis buffer (Alfa Aesar, Lancashire, UK), agitated for 5 minutes at RT, and 8mL of HBSS 222 

was added to each sample. Cells were centrifuged at RT for 5 minutes at 300 x g, the 223 
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supernatant was discarded, and cells were washed once with RPMI-1640 (Gibco) with 5% 224 

FBS (Gibco) (300 x g, 5 minutes, RT). Cells were then resuspended in 8mL of RPMI-1640 225 

(Gibco) with 5% FBS (Gibco) pre-warmed to 37oC in a 50mL flask. Samples were incubated 226 

at 37oC with 5% CO2 for 1 hour to allow adherence of monocytes. Media with non-adherent 227 

cells was removed, put into a 15mL tube, and centrifuged at RT for 5 minutes at 300 x g. 228 

Cells were then resuspended in 4mL of HBSS (Gibco) with 2% FBS (Gibco), 20mM HEPES 229 

(Gibco) and 1X 10,000U/mL penicillin-streptomycin (Gibco), and green fluorescent protein 230 

(GFP)+ cells were sorted using fluorescence-activated cell sorting (FACS) on a BD 231 

FACSAria III (BD Biosciences, Franklins Lakes, NJ, USA). 232 

 233 

In vitro activation of GFP+ Treg cells 234 

Sorted GFP+ cells from DEREG mice were suspended in media containing RPMI-1640 235 

(Gibco) with 5% FBS (Gibco), 10mM HEPES (Gibco), 1X non-essential amino acid (NEAA) 236 

supplement (Gibco), 1X sodium pyruvate (Gibco), 1X β mercaptoethanol (Gibco) and 1X 237 

10,000U/mL penicillin-streptomycin (Gibco) at a concentration of 5 x 105 cells/mL of media. 238 

200μL of cells (1 x 105 cells) was added to individual wells of a 96-well plate, along with 239 

CD3/CD28 Dynabeads (Gibco) at a 1:1 ratio to cells and mouse recombinant IL-2 at a 240 

concentration of 50ng/mL (R&D Systems Inc, MN, USA). Cells were incubated for 7 days at 241 

37oC with 5% CO2.  242 

 243 

Adoptive transfer of activated GFP+ Treg cells 244 

Following the 7-day in vitro activation, cells were transferred from the 96-well plate to 245 

1.5mL tubes. Cells were vortexed to allow dissociation of cells and CD3/28 beads, and beads 246 
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were removed from the media using magnetic separation. Cells were then centrifuged to 247 

remove the media (600 x g, 5 minutes, RT), and resuspended in sterile D-PBS for injection 248 

into recipient mice. 2 x 106 cells in 100μL D-PBS were injected in intraperitoneal adoptive 249 

transfer experiments, and 0.5 x 106 cells in 5μL D-PBS were injected in intrathecal adoptive 250 

transfer experiments. Control groups were injected with D-PBS alone. Intrathecal injections 251 

were delivered under 3-5% isoflurane anaesthesia in oxygen via lumbar puncture between the 252 

L5/6 vertebrae. 253 

 254 

Interleukin-35 ELISA 255 

Mice were anaesthetised using 3-5% isoflurane in oxygen, and were then euthanised using 256 

0.1mL of Lethabarb (Virbac) i.p. and transcardially perfused with heparinised 0.9% saline 257 

solution. The brain and spinal cord were dissected and snap-frozen in liquid nitrogen. 258 

Samples were then stored at -80oC until further processing. Frozen tissue was then 259 

homogenised using scissors in an ice-cold lysis buffer (Total Protein Extraction Kit, 260 

Millipore, MA, USA). The tissue lysate was then transferred to tubes containing 1.5mm 261 

ceramic beads and homogenised in a cooled Precellys machine (Precellys 24 with cryolys 262 

cooling option, Bertin Instruments, MB, France) and then rotated in a cold room at 4°C for 20 263 

min. Samples were then centrifuged at 11,000 x g for 20 min at 4°C, and total protein per 264 

sample was quantified using a Pierce BCA protein assay kit (Thermo Scientific, NSW, 265 

Australia). 500μg of protein per nervous system sample was then added to a LEGEND MAX 266 

mouse IL-35 heterodimer enzyme-linked immunosorbent assay (ELISA) kit (Biolegend, CA, 267 

USA), and the assay carried out according to manufacturer’s protocol. 268 

 269 
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Intrathecal interleukin-35 therapy 270 

Mouse recombinant IL-35 consisting of the extracellular domain of the mouse IL-12a subunit 271 

fused to the Fc region of human IgG1, and the mouse Epstein-Barr virus induced gene 3 272 

(EBI3) subunit linked to IL-12a by disulphide bonds, was used (Chimerigen, Liestal, 273 

Switzerland). This was delivered under 3-5% isoflurane anaesthesia in oxygen via an 274 

intrathecal injection between the L5/6 vertebrae as 0.1μg IL-35 dissolved in 5μL sterile D-275 

PBS, or as 5μL D-PBS alone for control groups, per injection.  276 

 277 

Flow Cytometry 278 

At designated end-points post-EAE induction, mice were anaesthetised using 3-5% isoflurane 279 

in oxygen. The spleen, ILN and CLN were then removed and placed into phosphate buffered 280 

saline (PBS) on ice. Mice were euthanised using 0.1mL of Lethabarb (Virbac) injected 281 

intraperitoneally, and transcardially perfused with heparinised 0.9% saline solution. The 282 

dorsal root ganglia (DRG), spinal cord, brain or brain stem (caudal medulla to rostral pons) 283 

were then dissected, and placed into PBS on ice. Nervous system tissue was coarsely 284 

chopped, and incubated with 1mL of Accutase (Sigma Aldrich) for 30 minutes at 37oC 5% 285 

CO2. Nervous system tissue was then mechanically ground through 70μm cell strainers (BD 286 

Biosciences) in 10mL of PBS, and LN were crushed using a pestle and passed through a 287 

40μm cell strainers (BD Biosciences) in 10mL of PBS. Spleen samples were resuspended in 288 

5mL RBC lysis buffer (Alfa Aesar), agitated for 5 minutes at RT, and 8mL of HBSS was 289 

added to each sample. All cell suspensions (LN, spleen and nervous tissue) were centrifuged 290 

for 5 minutes at 1000 x g at 4oC, before discarding the supernatant. 10mL of 30% Percoll 291 

(GE Healthcare Australia Pty Ltd, NSW, Australia) in PBS was then added to each nervous 292 

system sample, which was then centrifuged for 25 minutes at 600 x g at RT. From these 293 
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samples, the supernatant, including the myelin/cell debris layer, was carefully removed using 294 

a pipette. All samples were then resuspended in autoMACS (Miltenyi Biotec Australia Pty 295 

Ltd) running buffer, and counted to give a final cell concentration of ~1 x 107 cells per mL. In 296 

antibody panels incorporating staining of intracellular cytokines and not assessing Treg cell 297 

phenotype, cells underwent activation prior to staining using a cell activation cocktail 298 

consisting of phorbol 12-myristate-13-acetate (PMA), ionomycin, and the protein transport 299 

inhibitor Brefeldin A (Biolegend). In these cases, cells were incubated at a concentration of 2 300 

x 106 cells/mL in RPMI-1640 (Gibco) with 10% FBS (Gibco) and 1X cell activation cocktail 301 

(Biolegend) for 4 hours at 37oC with 5% CO2. 302 

 303 

100μL of cells (~1x106 cells) were stained per sample. When stated, Zombie Violet or 304 

Zombie UltraViolet cell viability dye (Biolegend; 1:100) was added to samples in 100μL of 305 

PBS, which were then incubated in the dark for 15 minutes at RT. Extracellular antibodies 306 

were diluted in 100μL of autoMACS running buffer to give a total staining volume of 200μL, 307 

and cells were incubated for 30 minutes at 4oC in the dark. These antibodies included anti-308 

CD4-FITC (eBioscience; 1:1000), anti-CD4-BV711 (Biolegend; 1:1000), anti-CD8-PE/Cy7 309 

(Biolegend; 1:1000), anti-CD19-PerCP/Cy5.5 (Biolegend; 1:400), anti-CD25-PE/Dazzle 310 

(Biolegend; 1:400), anti-CD39-PerCPeFluor710 (eBioscience; 1:400) and anti-LAP-BV421 311 

(Biolegend; 1:100). After staining, samples were washed 3 times (600 x g, 5 minutes, 4oC) in 312 

1mL of autoMACS running buffer before being resuspended in 1mL of fixation solution 313 

(eBioscience) and left at 4oC overnight.  314 

 315 

Samples were spun down and washed twice (600 x g, 5 minutes, 4oC) in 1mL of 316 

permeabilisation solution (eBioscience), before adding all intracellular antibodies diluted in 317 
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100μL of permeabilisation solution to give a total staining volume of 200μL, and incubating 318 

for 30 minutes at RT in the dark. These antibodies included anti-FoxP3-PE/Cy7 319 

(eBioscience; 1:200), anti-IFN-γ-APC (Biolegend; 1:100), anti-IL-17a-PE (Biolegend, 320 

1:200), anti-IL-10-BV605 (Biolegend; 1:100), anti-IL-10-PerCP/Cy5.5 (Biolegend; 1:100), 321 

anti-IL-4-PerCP/Cy5.5 (Biolegend; 1:100), anti-p35-APC (R&D Systems Inc; 1:20) and anti-322 

EBI3-PE (R&D Systems Inc; 1:20). Samples were then washed 3 times (600 x g, 5 minutes, 323 

4oC) in 1mL of permeabilisation solution, resuspended in 200μL autoMACS running buffer 324 

and analysed on a BD FACS Canto II or BD FACS Fortessa-X20 flow cytometer (BD 325 

Biosciences). A minimum of 50,000 events was acquired per sample, and data were analysed 326 

using FlowJo software (FlowJo, OR, USA). Appropriate fluorescence minus one and/or 327 

isotype controls were included by staining pooled samples for each tissue analysed. 328 

 329 

Tissue preparation for immunohistochemistry and myelin staining 330 

At designated end-points post-EAE induction, mice were euthanised using 0.1mL of 331 

Lethabarb (Virbac) and transcardially perfused with heparinised 0.9% saline solution 332 

followed by 10% formalin solution (Sigma Aldrich). The brain (including brain stem) was 333 

then dissected, and post-fixed in formalin solution overnight at 4oC. The brain stem (caudal 334 

medulla to rostral pons) was then dissected from the brain, and all tissues were transferred to 335 

30% sucrose + 0.1% sodium azide solution and stored at 4oC until sectioning. Sections were 336 

cut coronally using a cryostat (Leica Biosystems, Buffalo Grove, IL, USA) at a thickness of 337 

20μm. All sections were cut sequentially such that each slide contained 4-8 serial sections 338 

representative of the entire thickness of the tissue. Each slide contained 8 representative 339 

sections of the entire spinal and principle trigeminal nuclei; two of the subnucleus caudalis, 340 

two of the subnucleus interpolaris, two of the subnucleus oralis and two of the principle 341 
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trigeminal nucleus. Sections were transferred directly to gelatin-coated glass slides, air dried 342 

overnight and stored at -80oC until staining. 343 

 344 

Immunohistochemistry 345 

Prior to staining, sections were fixed with ethanol for 10 minutes at RT. Sections were then 346 

washed twice with distilled water and once with PBS containing 0.05% Tween-20 (PBS-T). 347 

A blocking solution containing PBS with 5% donkey serum (Sigma Aldrich), 0.2% Tween-20 348 

and 0.3% Triton X-100 was applied to each slide for incubation at RT for 1 hour in the dark. 349 

The blocking solution was drained, and sections were incubated with the following primary 350 

antibodies diluted in PBS containing 5% bovine serum albumin and 0.03% Triton-X: rabbit 351 

anti-mouse/rat IBA-1 (ionised calcium-binding adapter molecule 1; macrophages/microglia; 352 

1:2000; Wako Chemicals USA, Richmond, VA, USA), mouse anti-mouse GFAP (glial 353 

fibrillary acidic protein; astrocytes; 1:2000; Chemicon, Temecula, CA, USA), rabbit anti-354 

mouse P2ry12 (resident homeostatic microglia; 1:500; generated by Dr. Oleg Butovsky) and 355 

rat anti-mouse 4C12 (infiltrating monocytes; 1:1000; generated by Dr. Oleg Butovsky).  IBA-356 

1 and GFAP primary antibody incubation was conducted at RT for 1 hour, whilst all other 357 

primary antibodies were incubated overnight at 4oC.  358 

 359 

Sections were then washed 4 times with PBS-T for 10 minutes each, before adding secondary 360 

antibodies which included: Alexa Fluor488 conjugated donkey anti-mouse (1:1000; Life 361 

Technologies, Mulgrave, VIC, Australia), Alexa Fluor488 donkey anti-rat (1:1000; Life 362 

Technologies) or Alexa Fluor546 conjugated donkey anti-rabbit (1:1000; Life Technologies) 363 

in the same buffer as the primary antibody. Negative staining controls were incorporated 364 
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whereby tissues were incubated with secondary antibody alone in the absence of the relevant 365 

primary antibody (to control for non-specific binding of the secondary antibody). Following a 366 

1-hour incubation at RT in the dark, sections were washed 4 times in PBS-T for 10 minutes 367 

each. Prolong gold anti-fade reagent with 4', 6-diamidino-2-phenylindole (DAPI; Life 368 

Technologies) was applied before slides were cover slipped and stored at 4oC until viewing. 369 

 370 

Black Gold II myelin staining 371 

For quantification of myelin in the spinal trigeminal tract, Black Gold II myelin staining was 372 

used (Merck Millipore). 0.3% Black-Gold II and 1% sodium thiosulfate solutions were pre-373 

heated to 60oC in glass Coplin jars. Sections were rehydrated in MilliQ water for 2 minutes, 374 

and then transferred to the pre-heated Black Gold II solutions and incubated at 60oC. After 15 375 

minutes, sections were washed twice in MilliQ water for 2 minutes each, before being 376 

transferred to the pre-heated sodium thiosulfate solution and incubated at 60oC. After 3 377 

minutes, sections were washed 3 times in MilliQ water for 2 minutes each. Sections were 378 

then dehydrated by consecutive 1-minute incubations in 70%, 95% and 100% ethanol for 1 379 

minute each at RT. Finally, sections were cleared for 1 minute in xylene at RT, cover slipped 380 

with DPX mounting media (VWR International, PA, USA), and stored at 4oC until viewing. 381 

 382 

Image analysis 383 

Analysis of images was conducted blind to experimental groups from which the tissue was 384 

derived. 385 

Slides containing 8 sections of trigeminal nucleus (extending from subnucleus caudalis to 386 

principle nucleus) per animal were used for a given antibody/stain. Images were taken at 20x 387 
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magnification of left and right trigeminal nucleus regions (4 images of each of the subnucleus 388 

caudalis, subnucelus interpolaris, subnucleus oralis and principle nucleus for a total of 16 389 

images per animal/slide), or at 10x magnification for the left and right spinal trigeminal tract 390 

(a total of 16 images per animal/slide). The number of images taken at each level of the brain 391 

stem trigeminal nuclei was consistent between animals and experimental groups. GFAP, 392 

IBA-1, P2ry12 and Black Gold II myelin staining was quantified by calculating the 393 

percentage of total reactive area after subtracting background area. The spinal trigeminal tract 394 

was first gated to exclude grey matters regions in Black Gold II myelin analyses. 4C12 395 

staining was calculated by counting the number of immunoreactive cells per area. All images 396 

were analysed using Image J software, and values for each trigeminal nucleus/tract region 397 

were averaged across sections to give the mean reactivity per animal.  398 

 399 

Image acquisition 400 

All images were viewed using an Olympus BX51 epifluorescence microscope, and images 401 

captured using an Olympus DP73 camera using cellSens software (Olympus, Tokyo, Japan). 402 

All images for a particular stain were taken using identical microscope settings. 403 

 404 

Experimental design and statistical analysis 405 

In animal experiments, mice were randomly assigned into a control CFA-immunised group, a 406 

MOG-immunised vehicle-treated EAE group, or a MOG-immunised Treg- or IL-35-treated 407 

EAE group. Details of specific experimental design, data collection, and experimenter 408 

blinding have been provided under each individual technique throughout the methods section. 409 

All statistical analyses were conducted using GraphPad Prism 7 software. EAE clinical scores 410 



 

19 
 

and body weight were analysed using repeated measures two-way analysis of variance 411 

(ANOVA) (treatment; time) with Tukey’s post-hoc test. Allodynia testing proved to be not 412 

normally distributed using a Shapiro-Wilk normality test, and a Kruskal-Wallis test with 413 

Dunn’s post-hoc test was used as the most appropriate statistical test. The Holm-Bonferroni 414 

correction for multiple comparisons was then used to account for repeated testing. MGS and 415 

immunohistochemistry/myelin staining data were analysed using a one-way ANOVA with 416 

Tukey’s post-hoc test. Heteroscedastic data sets were identified using Bartlett’s test, and log-417 

transformed prior to statistical analysis. This was conducted in MGS analyses in Figures 7 418 

and 14, and 4C12 analyses in Figures 8 and 12. Flow cytometry data were analysed using an 419 

unpaired two-tailed Student’s t-test (when comparing 2 groups) or a one-way ANOVA with 420 

Tukey’s post-hoc test (when comparing >2 groups). Multiple time point flow cytometry data 421 

were analysed using 2-way ANOVA (treatment; time) with Tukey’s post-hoc test. Cell 422 

proliferation measured pre- and post-in vitro CD3/28 and IL-2 activation was analysed using 423 

a paired two-tailed t-test. ELISA results were analysed using two-way ANOVA (treatment; 424 

tissue) with Tukey’s post-hoc test. Allodynia data analysed using non-parametric statistical 425 

tests are presented as box and whisker plots, where box limits show the first and third 426 

quartile, the centre line is the median and the whiskers represent the minimum and maximum 427 

values. EAE clinical score, body weight, MGS, flow cytometry, ELISA, cell count and 428 

immunohistochemistry/myelin staining data are presented as arithmetic mean ± standard error 429 

margin (SEM). The level of significance was set as p < 0.05 for all analyses. 430 

 431 

 432 

 433 

 434 

 435 



 

20 
 

 436 

RESULTS  437 

Treg cell depletion time-dependently triggers severe EAE and increases facial allodynia  438 

To assess the role of Treg cells in EAE and associated pain, we initiated our study with 439 

characterisation of the levels of Treg cells, as well as effector pro- and anti-inflammatory T 440 

cell subsets in the CNS over the course of chronic EAE. EAE mice were sacrificed in the pre-441 

clinical period (day 8), the clinical peak (day 16) or chronic phase (day 32) of EAE (Figure 442 

1A), and their spinal cord and brain analysed using flow cytometry. Pro-inflammatory Th1 443 

(CD4+IFN-ɣ+; Figure 1E) and Th17 cells (CD4+IL-17+; Figure 1I) were increased, while 444 

anti-inflammatory Th2 cells (CD4+IL-4+; Figure 1G) were decreased in the spinal cord and 445 

brain during the clinical stages of EAE compared to the pre-clinical period. Treg cells 446 

(CD4+CD25+FoxP3+) were increased in the spinal cord and brain during the clinical peak 447 

and chronic phase of EAE compared to the pre-clinical period (p < 0.0001). Treg cells were 448 

also increased at day 32 compared to day 16 in the brain, in association with partial recovery 449 

from clinical EAE at the chronic phase of the disease (Figure 1K; p < 0.0001, F(1, 24) = 27.96).  450 

 451 

To investigate the temporal effects of Treg cell ablation in EAE, we transiently depleted Treg 452 

cells at different time points over a mild form of EAE (induced without PTx injections), 453 

termed EAEnp in DEREG mice. DTx was injected into DEREG mice to deplete Treg cells at 454 

days -2 and -1; 8 and 9; 18 and 19; or 33 and 34 post-EAEnp induction. Control EAEnp mice 455 

injected with PBS at all injection time points did not develop clinical symptoms over the 60-456 

day monitoring period. Treg depletion at days -2 and -1 resulted in an extremely mild form of 457 

EAE with an average peak clinical score of 0.5 on day 16 post-EAEnp induction. Treg 458 

depletion at days 8 and 9 resulted in EAE with an average peak clinical score of 1.8 on day 459 



 

21 
 

49 post-EAEnp induction. Treg depletion at days 18 and 19 resulted in the most severe EAE 460 

with an average peak clinical score of 2.4 on day 38 post-EAEnp induction. Interestingly, 461 

Treg cell depletion as late as days 33 and 34 still triggered severe EAE with an average peak 462 

clinical score of 1.8 on day 57 post-EAEnp induction (Figure 2A). We next sought to 463 

investigate the effects of Treg cell depletion in EAEnp on pain behaviours. On day 19 post-464 

EAEnp induction, DEREG EAEnp mice depleted of Treg cells on days 8 and 9 developed 465 

increased facial allodynia compared to EAEnp mice injected with PBS (Figure 2B; p = 466 

0.0005, U(1, 16) = 49). 467 

 468 

Intraperitoneal adoptive transfer of activated Treg cells inhibits EAE progression and 469 

pain behaviours 470 

To assess the effects of adoptive transfer of Treg cells on EAE and associated pain, we firstly 471 

examined the optimal time-point for peripheral Treg cell isolation for adoptive transfer 472 

experiments. EAE mice were sacrificed in the pre-clinical period (day 8), the clinical peak 473 

(day 16) or chronic phase (day 30) of EAE, and flow cytometry was used to measure the 474 

proportion of Treg cells expressing a range of anti-inflammatory (CD39, latency-associated 475 

peptide (LAP), and IL-10) and pro-inflammatory (interferon (IFN)-ɣ and IL-17) markers in 476 

the inguinal and cervical lymph nodes and spleen. We observed increased numbers of Treg 477 

cells (Figure 3B) and increased levels of CD39 (Figure 3C-D) and LAP (Figure 3E-F), but 478 

not IL-10, IFN-ɣ and IL-17 (Figure 3G-L) within the Treg cell population, in the LN and 479 

spleen at the later stages of disease. As such, day 30 post-EAE induction was chosen as the 480 

optimal time point for Treg cell isolation from the LN and spleen of DEREG mice for 481 

adoptive transfer experiments. In addition, we confirmed the capacity of GFP+ Treg cells 482 

isolated from DEREG mice to suppress CD4+ T cell proliferation using an in vitro flow 483 

cytometry-based suppression assay (data not shown). Since in vitro activated FoxP3+ Treg 484 
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cells have been shown to be more potent than freshly isolated FoxP3+ Treg cells (Xia et al., 485 

2015), we next examined the effects of in vitro CD3/28 and IL-2 activation on Treg cell 486 

proliferation and expression of key pro- and anti-inflammatory markers. GFP+ Treg cells 487 

were isolated from pooled LN and spleen samples obtained from DEREG EAE mice at day 488 

30 post-induction and activated in vitro. Seven days of in vitro activation increased Treg cell 489 

numbers by approximately 4-fold (Figure 4A; p = 0.0012, t(5) = 6.607), and flow cytometric 490 

analysis revealed that activation not only increased the expression of anti-inflammatory 491 

markers CD39 (p < 0.0001, t(1, 4) = 43.58), LAP (p = 0.0003, t(1, 4) = 12.71), IL-10 (p = 0.013, 492 

t(1, 4) = 4.307), p35/EBI3 (IL-35; p = 0.0003, t(1, 4) = 11.52), but also increased expression of 493 

pro-inflammatory markers IFN-ɣ (p = 0.012, t(1, 4) = 4.356) and IL-17 (p = 0.0002, t(1, 4) = 494 

13.1), within the GFP+ Treg cell population (Figure 4B-N). 495 

 496 

Adoptive transfer of Treg cells by systemic injection has been previously shown to reduce 497 

EAE severity (Zhang et al., 2004, McGeachy et al., 2005), however the effects of adoptive 498 

transfer of activated Treg cells on pain behaviours in EAE are not known. Here, Treg cells 499 

were injected 1 day before EAE induction to test the suppressive activity of activated Treg 500 

cells in vivo, since systemic injection at the time of EAE induction allows for an assessment 501 

of peripheral suppression of EAE prior to the establishment of central clinical disease. 502 

Activated Treg cells delivered intraperitoneally one day prior to EAE induction resulted in 503 

long-term inhibition of disease progression (Figure 5A), without a change in body weight 504 

(Figure 5B). Both stimulus evoked pain (facial allodynia) and spontaneous pain (facial 505 

grimacing) were assessed, as previously described (Duffy et al., 2016). Facial allodynia was 506 

reduced in EAE mice injected with Treg cells compared to EAE mice injected with saline on 507 

days 22 (p = 0.002, H(2, 21) = 34.42) and 29 (p = 0.047, H(2, 21) = 22.9) post-EAE induction 508 

(Figure 5C). Facial grimacing was also decreased in EAE mice injected with Treg cells 509 
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compared to EAE mice injected with saline on day 20 post-EAE induction (Figure 5D; p = 510 

0.0402, F(2, 21) = 6.546).  511 

We then used flow cytometry to look for the presence of GFP+ Treg cells in central tissues, 512 

and assess the composition of the CNS inflammatory infiltrate, in EAE mice injected with 513 

Treg cells compared to EAE mice injected with saline on day 32 post-EAE induction. LAP 514 

expression was increased in the spinal cord of EAE mice injected with Treg cells compared 515 

to EAE mice injected with saline (Figure 5E-F; p = 0.014, t(1, 13) = 2.834), however no further 516 

changes were seen in the inflammatory infiltrate, and no GFP+ cells were identified 33 days 517 

after Treg cell injection (data not shown).   518 

 519 

Intrathecal adoptive transfer of activated GFP+ Treg cells reduces facial allodynia 520 

without affecting EAE progression 521 

Since adoptive transfer of Treg cells by systemic injection may affect EAE progression and 522 

associated pain through actions in the periphery, we next aimed to investigate the therapeutic 523 

potential of central injection of Treg cells on clinical EAE and associated pain behaviours. 524 

Treg cells were injected intrathecally 11 days after EAE induction as this coincided with the 525 

onset of clinical EAE and the development of central neuroinflammation. Little is known of 526 

the fate of Treg cells following intrathecal injection, which prompted us to use flow 527 

cytometry to assess the presence of GFP+ Treg cells in lymphatic and nervous tissue 48 hours 528 

after injection. GFP+ cells were observed in the brain of Treg cell-injected mice (Figure 6; p 529 

= 0.011, t(1, 8) = 3.285), but were absent in the inguinal and cervical lymph nodes, spinal cord 530 

and DRG.  531 

 532 
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Treg cells delivered intrathecally at the onset of EAE (day 11 post-EAE induction) had no 533 

effect on disease progression (Figure 7A) or body weight (Figure 7B). Following established 534 

facial allodynia in EAE mice on day 10, intrathecal Treg cell injection was found to reduce 535 

facial allodynia on days 16 (p = 0.001, H(2, 44) = 34) and 23 (p = 0.012, H(2, 44) = 35.1) post-536 

EAE induction. This effect lost statistical significance by day 31 post-EAE induction (Figure 537 

7C). No significant effect on facial grimacing was seen in EAE mice injected with Treg cells 538 

compared to EAE mice injected with saline (Figure 7D). Flow cytometry was performed on 539 

the spinal cord at the end of the 32-day monitoring period, and no changes in the 540 

inflammatory infiltrate, or numbers of GFP+ Treg cells were seen in the spinal cord 541 

following intrathecal injection of Treg cells (data not shown). 542 

 543 

Intrathecal adoptive transfer of activated Treg cells reduces astrocyte immunoreactivity 544 

and increases myelination in the trigeminal pathway of EAE mice 545 

Since intrathecal adoptive transfer of Treg cells decreased facial allodynia, mice were 546 

sacrificed at the end of the 32-day monitoring period for analysis of the trigeminal nuclei by 547 

immunohistochemistry for GFAP (astrocyte marker), IBA-1 (macrophage/microglial marker) 548 

and 4C12 (infiltrating monocytes). GFAP immunoreactivity (Figure 8A-C, J) and IBA-1 549 

immunoreactivity (Figure 8D-F, K) were significantly increased in EAE mice relative to 550 

controls. However, GFAP staining (Figure 8A-C) revealed a decrease in EAE mice injected 551 

with Treg cells compared to EAE mice injected with saline (Figure 8J; p < 0.0001, F(2, 11) = 552 

32.38), while IBA-1 staining (Figure 8D-F) showed no change (Figure 8K). Analysis of 4C12 553 

staining (Figure 8G-I) showed a trend for decreased cell numbers in EAE mice injected with 554 

Treg cells compared to EAE mice injected with saline, however this was not statistically 555 

significant (Figure 8L; p = 0.14). 556 
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 557 

Given that Treg cells have recently been shown to promote myelin regeneration in the CNS 558 

(Dombrowski et al., 2017), we investigated whether the inhibition of allodynia we saw in 559 

Treg cell-injected mice is accompanied by reduced demyelination in nociceptive pathways. 560 

Myelin was assessed using Black-Gold II staining (Figure 9A-C) of the spinal trigeminal tract 561 

(Figure 9D). This revealed a decrease in myelination in EAE mice injected with saline 562 

compared to control mice injected with saline (p = 0.0002), and an increase in myelination in 563 

EAE mice injected with Treg cells compared to EAE mice injected with saline (Figure 9E; p 564 

= 0.0088, F(2, 12) = 18.51).  565 

 566 

Intrathecal IL-35 therapy reduces clinical disease and pain behaviours in mice with 567 

EAE 568 

To investigate whether levels of IL-35 are altered at the clinical peak of EAE (day 16 post-569 

induction) in the CNS, an IL-35 ELISA was performed. IL-35 levels were decreased in the 570 

spinal cord of EAE mice compared to control mice (p = 0.0008, F(1, 12) = 105.4), with no 571 

change seen in the brain (Figure 10A). Considering this, we tested the effects of central 572 

delivery of IL-35 by intrathecal injection on EAE progression and pain behaviours. 573 

Following onset of clinical disease in EAE mice (day 11), intrathecal IL-35 or saline 574 

injections were given on days 11, 13 and 15 post-induction. Intrathecal IL-35 therapy in EAE 575 

mice resulted in a modest decrease in clinical disease on day 19 (p = 0.0039) and 20 (p = 576 

0.0428, F(2, 29) = 84.72) of the 20-day monitoring period (Figure 10B). No change in 577 

percentage body weight loss was seen between EAE mice receiving intrathecal IL-35 therapy 578 

compared to EAE mice injected with saline (Figure 10C). Facial allodynia was established in 579 

EAE mice on day 9 post-induction, and was decreased in EAE mice following IL-35 therapy 580 
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compared to EAE mice injected with saline on days 12 (p = 0.0498, H(2, 29) = 28.85), 14 (p = 581 

0.032, H(2, 29) = 29.95) and 16 post-induction (p = 0.032, H(2, 29) = 21.17) (i.e. one day after 582 

each IL-35 injection). This effect was lost by day 19 post-induction, suggesting that the effect 583 

of intrathecal IL-35 therapy on facial allodynia is transient (Figure 10D). The MGS revealed 584 

a decrease in spontaneous pain in EAE mice receiving intrathecal IL-35 therapy compared to 585 

EAE mice injected with saline on day 19 post-induction (Figure 10E; p = 0.043, F(2, 29) = 586 

9.316). 587 

 588 

Intrathecal IL-35 therapy increases IL-10 expression in T and B cells within the CNS 589 

Given that the effects of intrathecal IL-35 therapy on facial allodynia appeared to be 590 

transient, we next analysed the CNS for a range of T and B cell subtypes 1 day following the 591 

final intrathecal injection (day 16 post-induction) using flow cytometry. The spinal cord and 592 

brain stem (location of the trigeminal nuclei) were then analysed for the expression of the 593 

pro- and anti-inflammatory markers IFN-ɣ, IL-17, IL-4, LAP, IL-10 and IL-35 in CD4+, 594 

Treg, CD8+ and CD19+ cells. Following selection of CD4+, CD8+ or CD19+ cells (Figure 595 

11A, D and G, respectively), IL-10 levels were compared between IL-35-treated EAE mice 596 

and saline-injected EAE mice in the spinal cord and brain stem (Figure 11B, E, H). An 597 

increase in CD4+IL-10+ cells was observed in the spinal cord (p = 0.031, t(1, 11) = 2.481) and 598 

brain stem (p = 0.036, t(1, 11) = 2.394) of EAE mice receiving IL-35 therapy (Figure 11C). An 599 

increase in CD8+IL-10+ cells was also observed in the brain stem of EAE mice receiving IL-600 

35 therapy (Figure 11F; p = 0.0246, t(1, 11) = 2.601). In addition, CD19+IL-10+ cells were 601 

increased in the spinal cord of EAE mice receiving IL-35 therapy (Figure 11I; p = 0.0253, t(1, 602 

11) = 2.587). No changes were seen between IL-35- and saline-treated EAE mice in any of the 603 

other cell subtypes analysed within the spinal cord or brain stem (data not shown).  604 



 

27 
 

Intrathecal IL-35 therapy reduces monocyte infiltration and macrophage/microglial 605 

activation and increases myelination in the trigeminal pathway of EAE mice 606 

At the end of the 20-day monitoring period, mice were sacrificed for analysis of the 607 

trigeminal nuclei by immunohistochemistry. GFAP staining (astrocyte marker, Figure 12A-608 

C) revealed an increase in EAE mice injected intrathecally with saline compared to control 609 

mice (p = 0.0061, F(2, 12) = 7.386), with no significant change (despite a decreasing trend) in 610 

IL-35-treated mice compared to saline-treated EAE mice (Figure 12M). IBA-1 staining 611 

(macrophage/microglial marker, Figure 12D-F) was increased in EAE mice receiving 612 

intrathecal IL-35 (p = 0.031) and saline (p < 0.0001) compared to control mice, but decreased 613 

in EAE mice receiving intrathecal IL-35 therapy compared to EAE mice injected with saline 614 

(Figure 12N; p = 0.0014, F(2, 12) = 29.53). Due to the reduction in IBA-1 staining seen with 615 

IL-35 therapy, and since IBA-1 staining is unable to differentiate macrophages and microglia, 616 

further staining for P2ry12 (homeostatic microglia, Figure 12G-I) and 4C12 (infiltrating 617 

monocytes, Figure 12J-L) was conducted. P2ry12 staining was decreased in both EAE mice 618 

receiving intrathecal IL-35 therapy (p = 0.0057) and EAE mice injected with saline (p = 619 

0.0021, F(2, 12) = 11.75) compared to control mice (Figure 12O), but no change was seen 620 

between EAE groups. However, the number of 4C12 positive cells was significantly higher in 621 

EAE mice injected intrathecally with saline compared to both control mice (p <0.0001) and 622 

EAE mice receiving intrathecal IL-35 therapy (Figure 12P; p < 0.0001, F(2, 12) = 36.17), 623 

indicating reduced monocyte infiltration in IL-35-treated EAE mice.  624 

 625 

Black-Gold II staining of the spinal trigeminal tract (Figure 13A-C) revealed a decrease in 626 

myelination in EAE mice compared to control mice. However, myelination was increased in 627 
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EAE mice injected with IL-35 compared to EAE mice injected with saline (Figure 13D; p = 628 

0.0081, F(2, 12) = 22.99). 629 

 630 

Intrathecal IL-35 therapy in Treg-depleted mice has no effect on EAEnp disease 631 

progression or pain behaviours 632 

Next, we were interested in determining whether the effect of IL-35 on disease progression 633 

and facial allodynia is mediated through Treg cells. To this end, we tested whether Treg cell 634 

depletion by DTx injections in DEREG mice with EAEnp abrogates the effects of IL-35 635 

treatment. Treg cell depletion in DEREG mice triggered severe clinical EAE in both saline- 636 

and IL-35-treated mice. There was no change in clinical disease or percentage body weight 637 

loss between DEREG mice with EAEnp injected with DTx (Treg-depleted mice) and given 638 

intrathecal saline compared with those given intrathecal IL-35 (Figure 14A-B). Facial 639 

allodynia was increased in saline-injected Treg-depleted EAEnp mice (DEREG + DTx + 640 

saline) compared to non-Treg-depleted EAEnp mice (WT + DTx + saline) on day 16 (p = 641 

0.004, H(2, 24) = 12.24), 24 (p = 0.001, H(2, 24) = 17.84) and 28 (p = 0.001, H(2, 24) = 20.01) 642 

post-induction. There was also an increase in facial allodynia in IL-35-injected Treg-depleted 643 

EAEnp mice (DEREG + DTx + IL-35) compared to non-Treg-depleted EAEnp mice (WT+ 644 

DTx + saline) on day 24 (p = 0.046, H(2, 24) = 17.84) and 28 (p = 0.016, H(2, 24) = 20.01) post-645 

induction. However, no difference was seen between Treg-depleted EAEnp mice given 646 

intrathecal saline (DEREG + DTx + saline) compared to those injected with intrathecal IL-35 647 

(DEREG + DTx + IL-35) throughout the 30-day monitoring period (Figure 14C). Facial 648 

grimacing was increased in EAEnp mice that underwent Treg cell depletion (DEREG + DTx 649 

+ saline and DEREG + DTx + IL-35) compared to non-Treg-depleted EAEnp mice (WT+ 650 

DTx + saline) on day 20 post-EAE induction (p = 0.0495 and p = 0.0353, respectively; F(2, 12) 651 
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= 4.762). However, no change was seen following IL-35 therapy in Treg-depleted EAEnp 652 

mice (Figure 14D). 653 

 654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 

 670 
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DISCUSSION  671 

Treg cells, and their novel cytokine IL-35, have recently been shown to play a suppressive 672 

role in EAE (McGeachy et al., 2005, Zhang et al., 2006, Korn et al., 2007, Collison et al., 673 

2010, Matsushita et al., 2010, Koutrolos et al., 2014, Shen et al., 2014, Haller et al., 2017), 674 

however their role in EAE-associated pain is unknown. Here, using a range of behavioural, 675 

cellular and histological techniques we demonstrate that (i) depletion of Treg cells induces 676 

facial allodynia in EAE mice, and conversely, adoptive transfer of activated Treg cells 677 

reduces pain behaviours independent of disease progression, and increases myelination in 678 

EAE mice; (ii) intrathecal IL-35 therapy reduces pain behaviours in EAE mice, and is 679 

associated with changes in the inflammatory infiltrate and increased myelination; and (iii) the 680 

effects of intrathecal IL-35 therapy on pain behaviours appear to be dependent on the 681 

presence of Treg cells.  682 

 683 

Treg cell depletion in DEREG mice has been shown to induce mortality in animals with 684 

chronic EAE (Koutrolos et al., 2014). We demonstrated that Treg cell depletion time-685 

dependently triggers clinical EAE, which is most severe when Treg cells are depleted at time 686 

points following, but not prior to, EAEnp induction. In addition, we demonstrate that Treg 687 

cell depletion in DEREG mice with EAEnp increases facial allodynia. This result is in line 688 

with previous studies showing that depletion of Treg cells using anti-CD25 (Austin et al., 689 

2012) or DEREG mice (Lees et al., 2015) results in increased mechanical hypersensitivity in 690 

mouse models of peripheral nerve injury.  691 

 692 

Similar to previous studies using freshly-sorted non-activated CD4+CD25+ Treg cells 693 

(Zhang et al., 2004, McGeachy et al., 2005), activated FoxP3+ Treg cells injected 694 
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systemically prior to EAE induction suppressed clinical EAE. We show here that 695 

systemically-delivered activated Treg cells decrease both stimulus-evoked (facial allodynia) 696 

and spontaneous (facial grimacing) pain behaviours in EAE mice. Intrathecal injection of 697 

Treg cells at disease onset had no effect on disease progression, presumably due to the fact 698 

that EAE was already established in the CNS or the number of cells injected was insufficient. 699 

Intriguingly, Treg cells injected intrathecally reduced facial allodynia in recipient mice, 700 

despite no change in clinical EAE. Similar to other EAE studies (Duffy et al., 2016, Frezel et 701 

al., 2016, Wang et al., 2017), our findings further support the idea that pain behaviours are 702 

independent of clinical severity in EAE. Additionally, our results are in line with a previous 703 

report demonstrating that intrathecal injection of CD4+CD25+ Treg cells relieves mechanical 704 

allodynia in mice treated with the chemotherapeutic paclitaxel (Liu et al., 2014). We saw no 705 

change in facial grimacing, which may reflect differential mechanisms for spontaneous and 706 

stimulus-evoked pain in EAE (Duffy et al., 2016).  707 

 708 

Previous studies have reported links between inflammatory responses in the trigeminal nuclei  709 

and evoked pain behaviours in EAE (Duffy et al., 2016, Thorburn et al., 2016). Three weeks 710 

after intrathecal injection of Treg cells (day 32 post-EAE induction), we saw a decrease in 711 

astrocyte activation in the trigeminal nuclei. Astrocyte activation has long been known to 712 

potentiate pain behaviours in a range of animal models (Tsuda et al., 2011, Ji et al., 2013, 713 

Chen et al., 2014, Nam et al., 2016), and may have contributed to the inhibition of facial 714 

allodynia seen in our study. Demyelination contributes to neuropathic pain (Gillespie et al., 715 

2000, Zhu et al., 2012), and recent animal studies have shown that ablation of 716 

oligodendrocytes facilitates the development of pain behaviours (Gritsch et al., 2014), while 717 

Treg cells promote myelin regeneration in the CNS independent of their immunoregulatory 718 

function (Dombrowski et al., 2017). Intrathecal injection of Treg cells increased myelination 719 
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of the spinal trigeminal tract in EAE mice. Although this effect was modest, it suggests a 720 

potential regenerative or protective effect of Treg cells on oligodendrocytes, in addition to 721 

their effect on astrogliosis, which may be mediated through production of CCN3, a known 722 

mediator of oligodendrocyte differentiation and myelination (Dombrowski et al., 2017). 723 

Whether damaged axons in the trigeminal afferent pathway, or additional white matter tracts, 724 

are primary contributors to pain behaviours in the EAE model is yet to be elucidated. 725 

 726 

IL-35 is a primary cytokine produced by Treg cells (Collison et al., 2007), and it appears 727 

necessary for Treg cell contact-independent suppression of conventional T cells in vitro 728 

(Collison et al., 2009). Examination of IL-35 protein in CNS tissue of EAE mice revealed 729 

that IL-35 levels were decreased in the spinal cord compared to control mice. Intrathecal IL-730 

35 therapy commenced at the clinical onset of EAE was sufficient to cause a subtle, but 731 

significant decrease in EAE severity, presumably because the therapy was withheld until after 732 

CNS disease was already established. Our result is in line with a recent study showing limited 733 

effects of intracisternal delivery of an IL-35 gene therapy on EAE disease progression 734 

(Casella et al., 2017). Despite this, intrathecal IL-35 therapy was able to significantly reduce 735 

spontaneous pain, and transiently reduced facial allodynia in EAE mice. Fc fusion proteins, 736 

like the recombinant mouse IL-35 used in this study, have been reported to have a plasma 737 

half-life in the range of 2-3 hours (Unverdorben et al., 2016), which may explain the short-738 

lived analgesic effect of intrathecally injected IL-35 in EAE. Future studies aiming to 739 

investigate the fate of intrathecally-injected IL-35 and uncover more sustained methods of 740 

delivery are warranted. 741 

 742 
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Intrathecal IL-35 therapy increased numbers of IL-10-expressing CD4+ T cells, CD8+ T cells 743 

and CD19+ B cells in the CNS. This is in accordance with previous studies in multiple 744 

animal models of autoimmune disease which have shown that systemic IL-35 therapy 745 

increases IL-10 expression in CD4+ T cells (Zhang et al., 2016, Zhao et al., 2017), Treg cells 746 

(Niedbala et al., 2007, Kochetkova et al., 2010, Singh et al., 2015), and B cells (Wang et al., 747 

2014, Cai et al., 2015) in peripheral lymphatic tissues. Intrathecal injection of a plasmid 748 

encoding IL-10 at the onset of clinical EAE in rats suppresses clinical disease and pain 749 

behaviours (Sloane et al., 2009, Grace et al., 2017), so it is feasible that the increase in IL-10-750 

expressing T and B cells in the CNS may have contributed to the observed amelioration of 751 

EAE and associated pain seen in this study. Importantly, CD4+ and CD8+ T cells expressing 752 

IL-10 were increased in the brain stem of IL-35-treated EAE mice, where it is possible they 753 

contributed to modulation of nociceptive trigeminal afferent pathways, and consequently, 754 

reduced facial allodynia.  755 

 756 

P2ry12+ homeostatic microglia were unchanged following IL-35 treatment, but were reduced 757 

in the trigeminal nuclei of EAE mice. Spinal P2ry12 expression has also been shown to be 758 

reduced in mouse models of amyotrophic lateral sclerosis (ALS) (Butovsky et al., 2015) and 759 

chemotherapy-induced peripheral neuropathy (Makker et al., 2017), suggesting that microglia 760 

lose aspects of their homeostatic function during CNS insult. P2ry12-expressing homeostatic 761 

microglia are reduced in the normal-appearing white matter in MS compared to controls, and 762 

P2ry12 expression is completely lost in active and slowly expanding MS lesions. Conversely, 763 

inactive lesions are characterised by a reduced density of microglia/macrophages and 764 

conversion of microglia to a P2ry12+ homeostatic phenotype (Zrzavy et al., 2017). Analysis 765 

of 4C12, a marker specific for monocytes (Butovsky et al., 2014, Bisht et al., 2016), revealed 766 

a decrease in the trigeminal nuclei of IL-35-treated EAE mice compared to saline-injected 767 
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EAE mice. This suggests that a reduction in monocyte recruitment and/or non-homeostatic 768 

P2ry12-negative microglia numbers may be responsible for the reduction in total IBA-1+ 769 

cells seen in IL-35-injected EAE mice. Given that macrophages/microglia and their mediators 770 

are known to facilitate pain (Jin et al., 2003, Svensson et al., 2003, Tsuda et al., 2003, 771 

Ulmann et al., 2008, Hackel et al., 2013, Old et al., 2014, Trevisan et al., 2016), a decrease in 772 

their presence in the trigeminal nuclei may have played a role in the reduction of facial 773 

allodynia.  774 

 775 

We also observed a small, though significant, increase in myelination of the spinal trigeminal 776 

tract in EAE mice following IL-35 treatment, suggesting that centrally-delivered IL-35 has 777 

protective or regenerative effects on oligodendrocytes, which is likely mediated through Treg 778 

cells. However, it is unknown whether Treg cells or IL-35 have effects on the extent of 779 

underlying axonal damage in EAE. Treatment with intrathecal IL-35 was unable to reduce 780 

pain behaviours in Treg cell-depleted DEREG mice with EAEnp, suggesting that the 781 

analgesic effect of IL-35 is mediated through functional Treg cells. Indeed, Casella and 782 

colleagues recently demonstrated that intracisternal delivery of IL-35 gene therapy increases 783 

FoxP3 mRNA in CNS-infiltrating T cells in mice with EAE. Interestingly, this was 784 

associated with reduced inflammatory infiltrates, but no change in myelination of the spinal 785 

cord (Casella et al, 2017). Furthermore, since similar behavioural and functional effects were 786 

observed after Treg and IL-35 therapy, it would be worth investigating in future studies 787 

whether the level of IL-35 is altered following ablation or adoptive transfer of Treg cells in 788 

EAE.   789 

 790 
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In summary, our results highlight the therapeutic potential of Treg cells and IL-35 in 791 

supressing pain associated with EAE, independently of the motor symptoms. Several clinical 792 

trials involving adoptive transfer of ex vivo-activated Treg cells have demonstrated safety and 793 

efficacy in patients with graft versus host disease (Trzonkowski et al., 2009, Brunstein et al., 794 

2011), type 1 diabetes (Marek-Trzonkowska et al., 2012, Bluestone et al., 2015), refractory 795 

Crohn’s disease (Desreumaux et al., 2012), and ALS (Alsuliman et al., 2016). Both adoptive 796 

transfer of autologous Treg cells and IL-35 therapy provide exciting prospects for the 797 

treatment of pain in MS, a largely misunderstood affliction severely lacking in terms of 798 

efficacious treatment options. 799 
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FIGURE LEGENDS 1110 

Figure 1. T cell phenotyping in the CNS over the course of chronic EAE: An increase in 1111 

Treg cells in the chronic phase associated with partial clinical recovery of disease. (A) 1112 

Disease progression over the 32-day monitoring period post-induction in control and EAE 1113 

mice, and time points chosen for flow cytometric analysis of nervous tissue at preclinical, 1114 

peak and chronic phases of EAE (n = 12-13). Mononuclear cells were first gated (B), 1115 

followed by gating of singlets (C) for further analysis. (D) Representative dot plots showing 1116 

CD4+IFN-ɣ+ (Th1) staining out of total mononuclear singlets at day 8, 16 and 32 post-EAE 1117 

induction. (E) Bar graph showing an increase in Th1 cells at day 16 and 32 compared to day 1118 

8 post-EAE induction in the spinal cord (SC). Th1 cells were also increased at day 16 1119 

compared to day 8 post-EAE induction in the brain, but were decreased at day 32 compared 1120 

to day 16. (F) Representative dot plots out of total mononuclear singlets showing CD4+IL-4+ 1121 

(Th2) staining at day 8, 16 and 32 post-EAE induction. (G) Bar graph showing a decrease in 1122 

Th2 cells at day 16 compared to day 8 post-EAE induction in the SC. Th2 cells were also 1123 

decreased at day 16 and 32 compared to day 8 post-EAE induction in the brain. (H) 1124 

Representative dot plots out of total mononuclear singlets showing CD4+IL-17+ (Th17) 1125 

staining at day 8, 16 and 32 post-EAE induction. (I) Bar graph showing an increase in Th17 1126 

cells at day 16 compared to day 8, but a decrease at day 32 compared to day 16 post-EAE 1127 

induction in the SC and brain. (J) Representative dot plots showing CD25+FoxP3+ staining 1128 

out of total CD4+ mononuclear singlets at day 8, 16 and 32 post-EAE induction. (K) Bar 1129 

graph showing an increase in Treg cells at day 16 and 32 compared to day 8 in the SC and 1130 

brain, and an increase in Treg cells at day 32 compared to day 16 post-EAE induction in the 1131 

brain. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, two-way ANOVA followed 1132 

by Tukey’s post hoc test, n = 4-6. Data are expressed as mean ± SEM. 1133 

 1134 
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Figure 2. Treg cell depletion time-dependently triggers severe disease and increases 1135 

facial allodynia in DEREG mice with EAEnp. (A) Disease progression of DEREG mice 1136 

with EAEnp injected intraperitoneally (i.p.) with Diphtheria toxin (DTx) on days -2 and -1; 8 1137 

and 9; 18 and 19; 33 and 34; or injected with PBS at all time points (n = 6-8). (B) Increased 1138 

facial allodynia was observed on day 19 post-EAEnp induction in DEREG mice injected with 1139 

DTx compared to those injected with PBS i.p. on days 8 and 9 (***P < 0.001, Kruskal-Wallis 1140 

test with Dunn’s post-hoc test and Holm-Bonferroni correction for multiple comparisons, n = 1141 

8-9). Data are expressed as mean ± SEM. 1142 

 1143 

Figure 3. Peripheral Treg cell phenotyping over the course of chronic EAE: An 1144 

increased number of Treg cells expressing anti-inflammatory markers during the 1145 

chronic phase of EAE. Using flow cytometry, mononuclear cells were first gated, followed 1146 

by singlets (as in Figure 1B-C) and CD4+ cells. (A) Representative dot plots showing 1147 

CD25+FoxP3+ staining out of total CD4+ mononuclear singlets in naïve and EAE mice at 1148 

day 30 post-induction. (B) Bar graph showing an increase in Treg cells in the lymph nodes 1149 

(LN) and spleen at day 16 and 30 post-EAE induction compared to naïve animals. Treg cells 1150 

were also increased in the LN and spleen at day 30 compared to day 8 post-EAE induction. 1151 

(C) Representative histogram showing CD39+ staining out of total Treg cells in naïve and 1152 

EAE mice at day 30 post-induction. (D) Bar graph showing an increase in CD39+ Treg cells 1153 

in the LN and spleen at day 30 post-EAE induction compared to naïve animals. CD39+ Treg 1154 

cells were also increased in the LN and spleen at day 16 and 30 compared to day 8 post-EAE 1155 

induction, and at day 30 post-EAE induction in the spleen compared to naïve animals. (E) 1156 

Representative histogram showing LAP+ staining out of total Treg cells in naïve and EAE 1157 

mice at day 30 post-induction. (F) Bar graph showing an increase in LAP+ Treg cells in the 1158 

LN at day 8 and 30 post-EAE induction compared to naïve animals. (G) Representative 1159 



 

50 
 

histogram showing IL-10+ staining out of total Treg cells in naïve and EAE mice at day 30 1160 

post-induction. (H) Bar graph showing no change in IL-10+ Treg cells in the LN or spleen 1161 

over the course of chronic EAE. (I) Representative histogram showing IFN-ɣ+ staining out of 1162 

total Treg cells in naïve and EAE mice at day 30 post-induction. (J) Bar graph showing no 1163 

change in IFN-ɣ+ Treg cells in the LN or spleen over the course of chronic EAE. (K) 1164 

Representative histogram showing IL-17+ staining out of total Treg cells in naïve and EAE 1165 

mice at day 30 post-induction. (L) Bar graph showing no change in IL-17+ Treg cells in the 1166 

LN or spleen over the course of chronic EAE. *P < 0.05, **P < 0.01, ***P < 0.001 and 1167 

****P < 0.0001, one-way ANOVA followed by Tukey’s post hoc test, n = 5. Data are 1168 

expressed as mean ± SEM. 1169 

 1170 

Figure 4. In vitro activation of GFP+ Treg cells results in cell proliferation and 1171 

increased cytokine expression. In vitro activation of GFP+ Treg cells derived from DEREG 1172 

mice at day 30 post-EAE induction was carried out with CD3/28 + IL-2. (A) Bar graph 1173 

showing increased numbers of GFP+ Treg cells following the 7 day activation period 1174 

compared to numbers of GFP+ Treg cells pre-activation per donor animal (n = 3, paired t-1175 

test). For flow cytometric analysis of Treg cells following the 7 day activation, mononuclear 1176 

cells were first gated, followed by singlets (as in Figure 1B-C). GFP+ cells were then gated 1177 

(B), followed by analysis of CD39 (C), LAP (E), IL-10 (G), IL-35 (p35+EBI3+) (I), IFN-ɣ 1178 

(K) and IL-17 (M) expression in non-activated versus activated GFP+ Treg cells. 1179 

GFP+CD39+ (D), GFP+LAP+ (F), GFP+IL-10+ (H), GFP+IL-35+ (J), GFP+IFN-ɣ+ (L) 1180 

and GFP+IL-17+ (N) Treg cells were all increased following 7 day activation compared to 1181 

non-activated cells (n = 3, unpaired Student’s t-test). *P < 0.05, ***P < 0.001 and ****P < 1182 

0.0001. Data are expressed as mean ± SEM. 1183 
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Figure 5. EAE disease progression, pain behaviours and flow cytometry of the spinal 1184 

cord following intraperitoneal adoptive transfer of activated GFP+ Treg cells. (A) EAE 1185 

disease progression following intraperitoneal (i.p.) adoptive transfer of Treg cells. A 1186 

reduction in EAE clinical scores was seen from days 16 to 32 post-induction in EAE mice 1187 

injected with i.p. Treg cells compared to EAE mice injected with i.p. saline (n = 7-8, #P < 1188 

0.05, ##P < 0.01 and ###P < 0.001, repeated measures two-way ANOVA with Tukey’s post-1189 

hoc test). (B) Percentage body weight loss/gain recorded following i.p. adoptive transfer of 1190 

Treg cells. Black arrow heads represent time points at which Treg cells or saline were 1191 

injected i.p. (one day prior to EAE induction) (n = 7-8). (C) Facial allodynia observed over 1192 

the course of chronic EAE. On days 22 and 29 post-induction, a decrease in facial allodynia 1193 

was observed in EAE mice injected i.p. with Treg cells compared to EAE mice injected i.p. 1194 

with saline (n = 7-8; ***P < 0.001 signifies a significant difference between control and EAE 1195 

+ saline groups, ^^P < 0.01 signifies a significant difference between control and EAE + Treg 1196 

groups, and #P < 0.05 and ## P < 0.01 signify a significant difference between EAE + saline 1197 

and EAE + Treg groups; Kruskal-Wallis test with Dunn’s post-hoc test and Holm-Bonferroni 1198 

correction for multiple comparisons). (D) Facial grimacing observed on day 20 post-1199 

induction. A decreased mouse grimace scale (MGS) score was seen in EAE mice injected i.p. 1200 

with Treg cells compared to EAE mice injected i.p. with saline. An increased MGS score was 1201 

also seen in EAE mice injected i.p. with saline compared to control mice (n = 7-8, *P < 0.05 1202 

and **P < 0.01, one-way ANOVA with Tukey’s post-hoc test). (E) Representative histogram 1203 

showing LAP+ staining in the SC of EAE mice injected i.p. with saline and EAE mice 1204 

injected i.p. with Treg cells at day 32 post-induction. (F) Bar graph showing increased LAP 1205 

expression in the SC of EAE mice injected i.p. with Treg cells compared to EAE mice 1206 

injected i.p. with saline (n = 7-8, *P < 0.05, unpaired Student’s t-test). EAE clinical scores, 1207 

body weight, MGS, and flow cytometry data are expressed as mean ± SEM, while facial 1208 
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allodynia data are expressed as box and whisker plots where box limits show the first and 1209 

third quartile, the centre line is the median, and the whiskers represent the minimum and 1210 

maximum values. 1211 

 1212 

Figure 6. GFP+ Treg cells accumulate in the brain of mice 48 hours following 1213 

intrathecal adoptive transfer. Flow cytometry was carried out 48 hours following 1214 

intrathecal injection of activated GFP+ Treg cells in naïve mice.  Mononuclear cells were 1215 

first gated, followed by singlets (as in Figure 1B-C), and live cells (A). (B) Representative 1216 

histogram showing GFP staining in the brain of mice injected intrathecally (i.t.) with saline 1217 

versus mice injected i.t. with Treg cells. (C) Bar graph showing increased levels of GFP+ 1218 

staining in the brain of mice injected i.t. with Treg cells compared to mice injected i.t. with 1219 

saline. *P < 0.05, unpaired Student’s t-test, n = 5. Data are expressed as mean ± SEM. 1220 

 1221 

Figure 7. EAE disease progression and pain behaviours following intrathecal adoptive 1222 

transfer of activated GFP+ Treg cells. (A) EAE disease progression following intrathecal 1223 

(i.t.) adoptive transfer of Treg cells. (B) Percentage body weight loss/gain recorded following 1224 

i.t. adoptive transfer of Treg cells. Black arrow heads represent time points at which Treg 1225 

cells or saline were injected intrathecally (i.t.) (disease onset; day 11 post-EAE induction) (n 1226 

= 8). (C) Facial allodynia observed over the course of chronic EAE. On days 16 and 23 post-1227 

induction, a decrease in facial allodynia was observed in EAE mice injected i.t. with Treg 1228 

compared to EAE mice injected i.t. with saline (n = 15-16; ****P < 0.0001 signifies a 1229 

significant difference between control and EAE + saline groups, ^^P < 0.01 and ^^^^P < 1230 

0.0001 signify a significant difference between control and EAE + Treg groups, and ## P < 1231 

0.01 signifies a significant difference between EAE + saline and EAE + Treg groups; 1232 
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Kruskal-Wallis test with Dunn’s post-hoc test and Holm-Bonferroni correction for multiple 1233 

comparisons). (D) An increased mouse grimace scale (MGS) score was seen in EAE mice 1234 

injected i.t. with saline and EAE mice injected i.t. with IL-35 compared to control mice (n = 1235 

8, *P < 0.05, one-way ANOVA with Tukey’s post-hoc test). EAE clinical scores, body 1236 

weight and MGS data are expressed as mean ± SEM, while facial allodynia data are 1237 

expressed as box and whisker plots where box limits show the first and third quartile, the 1238 

centre line is the median, and the whiskers represent the minimum and maximum values. 1239 

 1240 

Figure 8. Changes in astrocyte and macrophage/microglia expression following 1241 

intrathecal adoptive transfer of activated GFP+ Treg cells in EAE. 1242 

Immunohistochemistry was performed on the trigeminal nuclei of mice injected intrathecally 1243 

with activated GFP+ Treg cells on day 11, and assessed on day 32 post-induction. 1244 

Representative images of GFAP (activated astrocytes; A-C), IBA-1 (macrophages/microglia; 1245 

D-F) and 4C12 (infiltrating monocytes; G-I) staining performed on the trigeminal nuclei in 1246 

control mice injected intrathecally (i.t.) with saline, EAE mice injected i.t. with saline and 1247 

EAE mice injected i.t. with Treg cells. Scale bar equals 25μm. (J) Bar graph showing 1248 

decreased levels of GFAP immunostaining in EAE mice injected i.t. with Treg cells 1249 

compared to EAE mice injected i.t. with saline. Levels of GFAP staining were also increased 1250 

in EAE mice injected i.t. with saline compared to control mice injected i.t. with saline, and 1251 

decreased in EAE mice injected i.t. with Treg cells compared to control mice injected i.t. with 1252 

saline. (K) Bar graph showing increased IBA-1 immunostaining in EAE mice injected i.t. 1253 

with Treg cells compared to control mice injected i.t. with saline. (L) Bar graph showing no 1254 

change in 4C12+ cell numbers between treatment groups, although a trend for decreased 1255 

numbers of 4C12+ cells was noted in EAE mice injected i.t. with Treg cells compared to 1256 
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EAE mice injected i.t. with saline (p = 0.1362). *P < 0.05, **P < 0.01 and ****P < 0.0001, 1257 

one-way ANOVA with Tukey’s post-hoc test, n = 3-5. Data are expressed as mean ± SEM.  1258 

 1259 

Figure 9. Increased myelination following intrathecal adoptive transfer of activated 1260 

GFP+ Treg cells in EAE. Myelin staining was performed on the spinal trigeminal tract of 1261 

mice injected intrathecally with activated GFP+ Treg cells on day 11, and assessed on day 32 1262 

post-induction. Representative images of Black-Gold II (myelin; A-C) staining performed on 1263 

the spinal trigeminal tract in control mice injected intrathecally (i.t.) with saline, EAE mice 1264 

injected i.t. with saline and EAE mice injected i.t. with Treg cells. Large myelinated tracts are 1265 

stained dark red-brown. Scale bar equals 100μm. (D) Representative image of a section of 1266 

medulla showing the region corresponding to the spinal trigeminal tract. Scale bar equals 1267 

1mm. (E) Bar graph showing decreased levels of Black-Gold II staining in EAE mice 1268 

injected i.t. with saline compared to control mice injected i.t. with saline, and increased levels 1269 

of staining in EAE mice injected i.t. with Treg cells compared to EAE mice injected i.t. with 1270 

saline. **P < 0.01 and ***P < 0.001, one-way ANOVA with Tukey’s post-hoc test, n = 5. 1271 

Data are expressed as mean ± SEM.  1272 

 1273 

Figure 10. EAE disease progression and pain behaviours following intrathecal IL-35 1274 

therapy. (A) Levels of IL-35 measured by ELISA in the brain and spinal cord (SC) of 1275 

control and EAE mice at day 16 post-induction. IL-35 was reduced in the SC of EAE mice 1276 

compared to control mice (n = 4-5, ***P < 0.001, two-way ANOVA with Tukey’s post-hoc 1277 

test). (B) EAE disease progression following intrathecal (i.t.) IL-35 therapy. A reduction in 1278 

EAE clinical scores was seen on days 19 and 20 post-induction in EAE mice injected with 1279 

IL-35 compared to EAE mice injected with saline (n = 10-11, *P < 0.05 and **P < 0.01, 1280 
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repeated measures two-way ANOVA with Tukey’s post-hoc test). (C) Percentage body 1281 

weight loss/gain recorded following i.t. IL-35 therapy. Black arrow heads represent time 1282 

points at which IL-35 was injected i.t. (days 11, 13 and 15 post-induction) (n = 10-11). (D) 1283 

Facial allodynia observed over the course of chronic EAE. On days 12, 14 and 16 post-1284 

induction, a decrease in facial allodynia was observed in EAE mice injected with IL-35 1285 

compared to EAE mice injected with saline (n = 10-11; ****P < 0.0001 signifies a significant 1286 

difference between control and EAE + saline groups, ^^^^P < 0.0001 signifies a significant 1287 

difference between control and EAE + IL-35 groups, and #P < 0.05 signifies a significant 1288 

difference between EAE + saline and EAE + IL-35 groups; Kruskal-Wallis test with Dunn’s 1289 

post-hoc test and Holm-Bonferroni correction for multiple comparisons). (E) Facial 1290 

grimacing observed on day 19 post-induction. A decreased mouse grimace scale (MGS) score 1291 

was seen in EAE mice injected with IL-35 compared to EAE mice injected with saline. An 1292 

increased MGS score was also seen in EAE mice injected with saline compared to control 1293 

mice (n = 10-11, *P < 0.05 and ***P < 0.001, one-way ANOVA with Tukey’s post-hoc test). 1294 

ELISA, EAE clinical scores, body weight and MGS data are expressed as mean ± SEM, 1295 

while facial allodynia data are expressed as box and whisker plots, where box limits show the 1296 

first and third quartile, the centre line is the median, and the whiskers represent the minimum 1297 

and maximum values. 1298 

 1299 

Figure 11. Changes in IL-10 expressing lymphocytes following intrathecal IL-35 1300 

therapy in EAE. Flow cytometry was performed on the spinal cord and brain stem of IL-35-1301 

treated and control mice on day 16 post-EAE induction. Representative histograms showing 1302 

CD4+ cell gating (A), which was subsequently analysed for IL-10 expression in EAE + saline 1303 

(red line) and EAE + IL-35 (green line) mice (B). (C) Bar graph showing increases in IL-10-1304 

expressing CD4+ cells in the spinal cord (SC) and brain stem (BS) in EAE mice injected with 1305 
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IL-35 compared to EAE mice injected with saline. Representative histograms showing CD8+ 1306 

cell gating (D), which was subsequently analysed for IL-10 expression in EAE + saline (red 1307 

line) and EAE + IL-35 (green line) mice (E). (F) Bar graph showing an increase in IL-10-1308 

expressing CD8+ cells in the BS in EAE mice injected with IL-35 compared to EAE mice 1309 

injected with saline. Representative histograms showing CD19+ cell gating (G), which was 1310 

subsequently analysed for IL-10 expression in EAE + saline (red line) and EAE + IL-35 1311 

(green line) mice (H). (I) Bar graph showing an increase in IL-10-expressing CD19+ cells in 1312 

the SC in EAE mice injected with IL-35 compared to EAE mice injected with saline. *P < 1313 

0.05, unpaired Student’s t-test, n = 6-7. Data are expressed as mean ± SEM.  1314 

 1315 

Figure 12. Changes in astrocyte and macrophage/microglia expression and monocyte 1316 

infiltration following intrathecal IL-35 therapy in EAE. Immunohistochemistry was 1317 

performed on the trigeminal nuclei in IL-35-treated and control mice on day 20 post-EAE 1318 

induction. Representative images of GFAP (activated astrocytes; A-C), IBA-1 1319 

(monocytes/microglia; D-F), P2ry12 (homeostatic resident microglia; G-I) and 4C12 1320 

(infiltrating monocytes; J-L) staining performed on the trigeminal nuclei in control mice 1321 

injected with saline, EAE mice injected with saline and EAE mice injected with IL-35. Scale 1322 

bar equals 25 μm. (M) Bar graph showing increased levels of GFAP immunostaining in EAE 1323 

mice injected with saline compared to control mice injected with saline. (N) Bar graph 1324 

showing increased IBA-1 immunostaining in EAE mice injected with saline and EAE mice 1325 

injected with IL-35 compared to control mice injected with saline. A decrease in IBA-1 1326 

immunostaining was seen in EAE mice injected with IL-35 compared to EAE mice injected 1327 

with saline. (O) Bar graph showing decreased P2ry12 immunostaining in EAE mice injected 1328 

with saline and EAE mice injected with IL-35 compared to control mice injected with saline. 1329 

(P) Bar graph showing an increase in 4C12+ cell numbers in EAE mice injected with saline 1330 
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compared to control mice injected with saline, and a decrease in 4C12+ cell numbers in EAE 1331 

mice injected with IL-35 compared to EAE mice injected with saline. *P < 0.05, **P < 0.01 1332 

and ****P < 0.0001, one-way ANOVA with Tukey’s post-hoc test, n = 5. Data are expressed 1333 

as mean ± SEM. 1334 

 1335 

Figure 13. Increased myelination in the spinal trigeminal tract following intrathecal IL-1336 

35 therapy in EAE. Myelin staining was performed on the spinal trigeminal tract in IL-35-1337 

treated and control mice on day 32 post-EAE induction. Representative images of Black-1338 

Gold II (myelin; A-C) staining performed on the spinal trigeminal tract in control mice 1339 

injected with saline, EAE mice injected with saline and EAE mice injected with IL-35. Large 1340 

myelinated tracts are stained dark red-brown. Scale bar equals 100μm. (D) Bar graph 1341 

showing decreased levels of Black-Gold II staining in EAE mice injected with saline 1342 

compared to control mice injected with saline, and increased levels of staining in EAE mice 1343 

injected with IL-35 compared to EAE mice injected with saline. *P < 0.05, **P < 0.01 and 1344 

****P < 0.0001, one-way ANOVA with Tukey’s post-hoc test, n = 5. Data are expressed as 1345 

mean ± SEM. 1346 

 1347 

Figure 14. EAEnp disease progression and facial allodynia in DEREG mice following 1348 

intrathecal IL-35 therapy. (A) EAEnp disease progression following Diphtheria toxin 1349 

(DTx) injection and intrathecal (i.t.) IL-35 or saline in WT and DEREG mice. (B) Percentage 1350 

body weight loss/gain recorded following DTx injection and i.t. IL-35 or saline in WT and 1351 

DEREG mice. Black diamonds represent time points at which DTx was injected 1352 

intraperitoneally (days 6, 7, 13 and 14 post-induction), and black arrow heads represent time 1353 

points at which IL-35 or saline was injected i.t. (days 15, 17 and 19 post-induction). (C) 1354 
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Facial allodynia observed in mice immunised with EAEnp. On day 16, 24 and 28 post-1355 

induction, an increase in facial allodynia was observed in DEREG mice with EAEnp injected 1356 

with DTx and given i.t. saline compared to WT mice with EAEnp injected with DTx and 1357 

given i.t. saline. On day 24 and 28, an increase in facial allodynia was also seen in DEREG 1358 

mice with EAEnp injected with DTx and given i.t. IL-35 compared to WT mice with EAEnp 1359 

injected with DTx and given i.t. saline  (n = 7-13 from 2 replicates; **P < 0.01 signifies a 1360 

significant difference between WT + DTx + saline and DEREG + DTx + saline groups, ^P < 1361 

0.05 signifies a significant difference between WT + DTx + saline and DEREG + DTx + IL-1362 

35 groups; Kruskal-Wallis test with Dunn’s post-hoc test and Holm-Bonferroni correction for 1363 

multiple comparisons). (D) Facial grimacing observed on day 20 post-induction. An 1364 

increased mouse grimace scale (MGS) score was seen in DEREG mice with EAEnp injected 1365 

with DTx and given i.t. saline and DEREG mice with EAEnp injected with DTx and given i.t. 1366 

IL-35 compared to WT mice with EAEnp injected with DTx and given i.t. saline (n = 4-6, *P 1367 

< 0.05, one-way ANOVA with Tukey’s post-hoc test). EAE clinical scores, body weight and 1368 

MGS data are expressed as mean ± SEM, while facial allodynia data are expressed as box 1369 

and whisker plots where box limits show the first and third quartile, the centre line is the 1370 

median, and the whiskers represent the minimum and maximum values. 1371 

 1372 

 1373 

 1374 

 1375 






























