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ABSTRACT 23 

Multiple sclerosis (MS) involves a CD4+ T-cell-driven autoimmune response to central 24 

nervous system (CNS) derived antigens. Previous evidence has suggested that B-cells play 25 

a fundamental role as antigen-presenting cells (APC) in mouse models of MS re-stimulating 26 

CD4+ T-cells in the CNS as well as regulating the T-cell response by mean of inflammatory 27 

or anti-inflammatory cytokines. Despite an important dopaminergic regulation of T-cells has 28 

been previously described in MS, the effects of dopaminergic signalling in B-cells in this 29 

pathology remains unexplored. Here we addressed the role of the dopamine receptor D3 30 

(DRD3), which display the highest affinity for dopamine, in B-cells in animal models of MS. 31 

Experimental autoimmune encephalomyelitis (EAE) was induced in mice harbouring Drd3-32 

deficient or Drd3-suficient B-cells. Our data shows that, by promoting the expression of the 33 

chemokine receptor CXCR3 in autoreactive B-cells, DRD3-stimulation favours the CNS-34 

tropism in a subset of B-cells that act as APC in the CNS, which is fundamental for disease 35 

development. Furthermore, we found that DRD3-stimulation induced the expression of the 36 

CNS-homing molecule CD49d in a B-cell subset with anti-inflammatory features, thus 37 

attenuating EAE manifestation in a CNS-autoimmunity model independent of the APC 38 

function of B-cells. Our findings demonstrate that DRD3-stimulation in B-cells exerts a dual 39 

role in CNS-autoimmunity, favouring CNS-tropism of pro-inflammatory B-cells with APC 40 

function, and also promoting CNS-homing of B-cells with anti-inflammatory features. Thus, 41 

these results show DRD3-stimulation in B-cells as a key regulator of CNS-autoimmunity. 42 

 43 

Keywords: regulatory B lymphocytes; antigen-presenting cells; chemokine receptors; 44 

neuroinflammation; experimental autoimmune encephalomyelitis; central nervous system 45 

homing 46 

 47 
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LIST OF NON-STANDARD ABBREVIATIONS 48 

Ammonium-Chloride-Potassium, ACK; Antibody, Ab; Antigen-presenting cells, APC; B-cell 49 

receptor, BCR; Bone marrow, BM; Central Nervous System, CNS; Cluster of differentiation 50 

n, CDn; dendritic cells, DCs; draining lymph nodes, dLN; Dopamine Receptor, DR; DR Dn, 51 

DRDn; Experimental Autoimmune Encephalomyelitis, EAE; human MOG, huMOG; mean 52 

fluorescence intensity, MFI; myelin oligodendrocyte glicoprotein, MOG; multiple sclerosis, 53 

MS; peptide MOG35-55, pMOG; peripheral blood mononuclear cells, PBMC; recombination 54 

activating gene 1, Rag1; regulatory T-cells, Tregs; T-box transcrption factor encoded by 55 

TBX21, Tbet; T helper n, Thn; vascular cell adhesion molecule 1, VCAM-1.  56 

 57 

  58 
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INTRODUCTION 59 

Multiple Sclerosis (MS) is a chronic inflammatory disorder involving an autoimmune 60 

response to the central nervous system (CNS) characterized by demyelination, axonal 61 

degeneration and gliosis 1, 2. Several studies have consistently shown a major role of CD4+ 62 

T-cells leading the damage of the CNS, whereas the involvement of B-cells in the 63 

pathogenesis of MS was attributed for many years just to autoantibody production 3. 64 

Nevertheless, current successful therapeutic approaches based on B-cell depletion have 65 

motivated to invest efforts in understanding the role of B-cells in the pathophysiology of MS 66 

4-7. Accordingly, recent evidence has suggested that, in addition to the production of 67 

autoantibodies, B-cells might play an important role in the initiation of neuroinflammation in 68 

animal models of MS. A number of studies performed in mice have indicated that B-cells 69 

play an important role as antigen-presenting cells (APC) in the CNS, which is required for 70 

the re-stimulation of autoreactive T-cells infiltrating the target tissue 4, 8-11. Moreover, another 71 

group of studies has shown that B-cells participate as potent regulators of inflammation 72 

providing both pro-inflammatory or immunosuppressive cytokines. Of note, the production 73 

of regulatory cytokines by B-cells might be induced by the recognition of autoantigens or by 74 

mechanisms independent of Ag-recognition 11-14.  75 

 76 

The main animal model to study MS is the experimental autoimmune encephalomyelitis 77 

(EAE), for which there are many variants. Two different EAE variants have been used to 78 

study different features of B-cells in MS, which differ in the nature of the autoantigen 15, 16. 79 

The first one is induced by immunization with a short peptide derived from the myelin 80 

oligodendrocyte glycoprotein (MOG35-55; pMOG), in which B-cells play only a regulatory role, 81 

immunosuppressive at early-stage and pro-inflammatory at late-stage 12. In this model B-82 

cells are activated independent of the B-cell receptor (BCR) specificity. Although in the 83 
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pMOG-induced EAE model B-cells are capable of presenting short peptides through direct 84 

binding to cell surface MHC-II molecules, their APC-function is irrelevant in comparison with 85 

other APCs, such as dendritic cells (DCs) and macrophages 11. The second EAE model is 86 

induced by immunization with the full-length human MOG protein (huMOG), in which 87 

antigen-specific activated B-cells display a fundamental APCs function in the CNS, and also 88 

provide significant pro-inflammatory cytokines and participate as a source of antibody-89 

producing plasma cells 11, 17-19. 90 

 91 

Recently, dopamine has emerged as a major regulator of inflammation by stimulating 92 

dopamine receptors (DRs) in innate and adaptive immune cells 20, 21. Remarkably, the 93 

stimulation of low-affinity DRs, including DRD1 and DRD2, by high levels of dopamine has 94 

shown to exert anti-inflammatory effects in sepsis 22, Parkinson’s disease 23, 24, inflammatory 95 

bowel diseases 25, 26 and MS 27, 28. Conversely, low dopamine levels, through the stimulation 96 

of high-affinity DRs, including DRD3, DRD4 and DRD5, have shown to promote 97 

inflammation in animal models of Parkinson’s disease 29-32, inflammatory bowel diseases 33, 98 

allergic asthma 34 and MS  35-38. Interestingly, increased dopamine levels have been detected 99 

in the striatum during the peak of EAE manifestation 39. Moreover, the dopaminergic system 100 

has been found to be altered in both innate and adaptive immune system in MS patients 36, 101 

40, 41. Since the reduction of striatal dopamine has been shown to induce an earlier onset of 102 

the disease and to increase EAE severity 42, it is likely that dopaminergic signalling through 103 

high-affinity DRs in immune cells infiltrating the brain might play a regulatory role in CNS 104 

autoimmunity. According to this possibility, previous studies have addressed the role of 105 

DRD5 in DCs and CD4+ T-cells. DRD5-signalling in DCs potentiated IL-12 and IL-23 106 

production, thereby promoting Th1 and Th17 mediated autoimmunity in the CNS 36-38. In 107 

addition, DRD5-signalling in CD4+ T-cells exerted a dual role in the physiopathology of EAE, 108 



 6 

potentiating early inflammation mediated by effector T-cells, but exacerbating suppressive 109 

activity in Treg cells and thereby dampening disease manifestation in late EAE stages 35. 110 

Although dopaminergic signalling through DRD3, which display the highest affinity for 111 

dopamine, has been strongly associated with the development and progression of 112 

inflammatory affections 43, the involvement of this receptor in the physiopathology of 113 

MS/EAE remains poorly explored.  114 

 115 

Despite B-cells play an important role in the physiopathology of MS 7 and constitute one of 116 

the leukocyte population with the highest levels of DRs expression 44, the role of 117 

dopaminergic-stimulation in B-cells in CNS autoimmunity has not been yet studied. Indeed, 118 

B-cells have been shown to express the highest levels of DRD3 31, 44, whose stimulation has 119 

been strongly associated to inflammation 43. Here we addressed the role of DRD3-120 

stimulation in the adaptive immune system in CNS autoimmunity. Our findings indicate that 121 

DRD3-stimulation in CD4+ T-cells was irrelevant in EAE, whilst DRD3-stimulation in B-cells 122 

exerted fundamental regulatory processes in CNS autoimmunity. Mechanistic analysis 123 

revealed a dual role of DRD3-stimulation in B-cells, promoting CNS tropism of B-cells with 124 

APC-potential, and favouring the infiltration of regulatory (suppressive) B-cells into the CNS. 125 
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MATERIALS AND METHODS 126 

 127 

Animals. Six- to eight- week-old male or female mice of the C57BL/6 background were used 128 

in all experiments. Wild-type (WT, Drd3+/+), µMT (B-cell deficient), Rag1-/- (B- and T-cell 129 

deficient) and 2D2 (bearing the transgenic TCR specific for the MOG35-55 peptide on IAb 130 

molecules; TCRMOG) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). 131 

DRD3-knockout (Drd3-/-) mice were kindly donated by Dr. Marc Caron 45 and B6.SJL.PTPRC 132 

(Cd45.1+/+, Drd3+/+) mice were kindly donated by Dr. Maria Rosa Bono 46. Transgenic 2D2 133 

Drd3-/- mice were generated by crossing parental mouse strains. All procedures performed 134 

in animals were approved by and complied with regulations of the Institutional Animal Care 135 

and Use Committee at Fundación Ciencia & Vida. 136 

 137 

Generation of mixed bone-marrow chimera mice. Mice harbouring Drd3-deficiency in 138 

specific cell populations were generated using the mixed bone-marrow (BM) chimera system 139 

as described previously 14, 47. Briefly, Rag1-/- or µMT mice were irradiated with 1100 cGy γ-140 

irradiation (Cs source) and 24h later received the i.v. transfer of a mix of donor BM cells from 141 

indicated mouse strains (107 total BM cells per recipient mouse). Before EAE experiments, 142 

chimeric mice were left untreated for 8 weeks to let the hematopoietic system to reconstitute 143 

the peripheral lymphoid system, as described before 35. To restrict the genetic Drd3-144 

deficiency to B- and T-cells, irradiated Rag1-/- mice received a BM mix composed of 80% 145 

from Rag1-/- mice and 20% from Drd3-/- mice. The control group received a BM mix 146 

composed of 80% from Rag1-/- mice and 20% from Drd3+/+ mice. Thus, all B- and T-cells 147 

were originated from the Drd3-/- (or Drd3+/+ in the control group) BM. On the other hand, the 148 

4:1 ratio (Rag1-/--to-Drd3-/- or Rag1-/--to-Drd3+/+) in the donor BM 48 ensure that all the other 149 

hematopoietic lineages different from lymphocytes were predominantly originated from the 150 
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Rag1-/- BM, and therefore were Drd3 sufficient.  To restrict genetic Drd3-deficiency only to 151 

B-cells, irradiated µMT mice received a BM mix composed of 80% from µMT mice and 20% 152 

from Drd3-/- mice. The control group received a BM mix composed of 80% from µMT mice 153 

and 20% from Drd3+/+ mice. Thus, all B-cells were originated from the Drd3-/- (or Drd3+/+ in 154 

the control group) BM, whilst all the other hematopoietic lineages were predominantly 155 

originated from the µMT BM. FACS analysis confirmed hematopoietic reconstitution of sub-156 

lethally irradiated mice. Characterization of chimeras is outlined in Figure S3. In some 157 

experiments, mixed BM chimera mice were generated by reconstituting irradiated µMT mice 158 

with a BM mix from B6.SJL.PTPRC Drd3+/+ (Cd45.1+/+) mice and BM from Drd3-/- mice 159 

(Cd45.2+/+) at 50-to-50 or 30-to-70 ratios. 160 

 161 

EAE induction and evaluation. Experimental mice were s.c. immunized with 50 µg myelin 162 

oligodendrocyte glycoprotein 35–55 peptide (pMOG35-55; Genetel Laboratories, Madison, 163 

WI) or 100 µg human MOG protein (huMOG; Anaspec) emulsified in CFA (Invitrogen) 164 

supplemented with heat-inactivated Mycobacterium tuberculosis H37 RA (Difco 165 

Laboratories, Detroit, MI). In addition, mice received the i.p. administration of 500 ng 166 

pertussis toxin (Calbiochem, La Jolla, CA) on days 0 and 2. In primary progressive EAE 167 

experiments, 24h before disease induction Rag1-/- mice received the i.v. transfer of 7,5x105 168 

splenic naïve (CD25-CD44-CD62L+) CD4+ T-cells purified from Drd3+/+ or Drd3-/- 2D2 169 

transgenic mice. Clinical manifestation was assessed daily according to the following 170 

scoring criteria: 0, no detectable signs; 1, flaccid tail; 2, hind limb weakness or abnormal 171 

gait; 3, complete hind limb paralysis; 4, paralysis of fore and hind limbs; and 5, moribund or 172 

death. For the isolation of CNS mononuclear cells, mice were perfused through the left 173 

cardiac ventricle with cold PBS. The brain and spinal cord were dissected, and CNS tissue 174 

was minced into small pieces and digested by collagenase D (2.5 mg/ml; Roche 175 
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Diagnostics) and DNase I (1 mg/ml; Sigma) at 37°C for 45 min. Digested tissue was filtered 176 

through a 70 µm cell strainer obtaining single cell suspension that was subjected to 177 

centrifugation in a Percoll gradient (70%/30%). Mononuclear cells were removed from the 178 

interphase and resuspended in culture medium for further analysis. 179 

 180 

Antibodies and Flow cytometry analysis. For all analyses, live/dead discrimination was 181 

assessed using Zombie Aqua (ZAq) Fixable Viability kit (Biolegend). Spleens were minced 182 

until reach a cell-suspension and then red blood cells were lysed using Ammonium-Chloride-183 

Potassium (ACK) buffer. Fluorochrome-conjugated mAb specific to mouse CD45 (clone 30-184 

F11), CD19 (clone 6D5), IgD (clone 11-26c.2a), IgM (clone RRM-1), CXCR3 (clone CXCR3-185 

A3), CD49d (clone R1-2), Tbet (clone 4B10), CD4 (clone GK-1.5), IFNγ (clone XMG1.2), IL-186 

17 (clone TC11-18H10.1), GM-CSF (clone MP1-22E), CD20 (clone SA275A11), MHC-II 187 

(clone M5/114.15.2), CD21/CD35 (clone 7E9), CD1d (clone 1B1), CD5 (clone 53-73), CD23 188 

(clone B3B4), CD138 (clone 281-2), CD44 (clone IM7), TCRβ (clone B183983), CD11c 189 

(clone N418), CD3 (clone 145-2C11), CD8 (clone 58-6,7), CD11b (clone M1/70), F4/80 190 

(clone BM8), Ly6G (clone 1A8), CD45.1 (clone A20) and CD45.2 (clone 104) were 191 

purchased from Biolegend and to mouse FoxP3 (clone FJK-16s) from eBioscience. To 192 

analyse dopamine receptor D3 (DRD3) expression, a polyclonal rabbit anti-mouse DRD3 193 

(ab42114) and a polyclonal rabbit IgG (isotype control for DRD3 staining, ab171870) were 194 

purchased from Abcam; secondary goat anti-rabbit IgG-PE (50-8036) was obtained from 195 

TONBO Biosciences. For intracellular immunostaining, cells were first labeled with 196 

antibodies specific for cell-surface markers and then fixed and permeabilized with FoxP3 197 

Fixation/Permeabilization kit (eBioscience). Afterwards, FoxP3 immunostaining or 198 

intracellular cytokine immunostaining was performed in permeabilized cells followed by flow 199 

cytometry analysis. For analysis of cytokine production, cells were re-stimulated with 200 
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ionomycin (Sigma) and PMA (Sigma) in the presence of brefeldin A (Invitrogen) during 5 h 201 

before immunostaining. All immunostaining were performed for 30 min at 4°C. To quantify 202 

the absolute number of cells, 50 µL of 123 count eBeads (Thermofisher Scientific) was 203 

added to each sample prior to analysis by flow cytometry and cell concentration was 204 

calculated using the following formula: 205 

𝐶𝑒𝑙𝑙	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	(𝐶𝑒𝑙𝑙𝑠 𝑚𝐿⁄ ) =
𝐶𝑒𝑙𝑙	𝐶𝑜𝑢𝑛𝑡 × 𝑒𝐵𝑒𝑎𝑑	𝑉𝑜𝑙𝑢𝑚𝑒

𝑒𝐵𝑒𝑎𝑑	𝐶𝑜𝑢𝑛𝑡 × 𝐶𝑒𝑙𝑙	𝑉𝑜𝑙𝑢𝑚𝑒
× 𝑒𝐵𝑒𝑎𝑑	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 206 

Data were collected with a FACSCanto II (BD) and results were analysed with FACSDiva 207 

(BD) and FlowJo software (Tree Star). 208 

 209 

In vitro B-cell culture. Splenic naïve B-cells (TCRβ-CD11c-CD19+IgDhiIgMint) were isolated 210 

by cell-sorting from Drd3+/+ or Drd3-/- mice. When proliferation was determined, naïve B-cells 211 

were loaded with 5 µM Cell trace violet (CTV; Invitrogen, Carlsbad, CA, USA) before 212 

stimulation. Cells were stimulated with 10 µg/mL of goat anti-mouse IgM F(ab)’2 fragments 213 

(eBioscience); 1 µg/mL anti-CD40 (clone 1C10; Biolegend); 1 µM CpG DNA (ODN 1824; 214 

InvivoGen) and 10 ng/mL IFN-γ (Peprotech) for 5 d. Then, Tbet and CXCR3 expression was 215 

determined by flow cytometry analysis. The extent of cell death was quantified using the 216 

ZAq Fixable Viability kit (Biolegend).   217 

 218 

In vitro Antigen presentation assays. huMOG protein or pMOG35-55 were coupled to 219 

glutaraldehyde-activated amino beads (40x106 beads for 20 𝜇g huMOR or pMOG) together 220 

with F(ab’)2 anti-mouse-IgM fragments in equal concentrations, as previously described 221 

(Obino, 2018). Splenic CD19+ B-cells were sorted from Drd3+/+ or Drd3-/- animals and then 222 

incubated with huMOG- or pMOG35-55- coated beads in a B-cell-to-bead ratio 1:1 for 5h at 223 
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37°C to allows the uptake and processing of antigens. Afterwards, B-cells were washed and 224 

then incubated with MOG-specific CD4+ T-cells at B-cell-to-T-cell ratio 1:5 for 5 days. For 225 

each point, 105 CD4+ 2D2 T-cells loaded with Cell Trace Violet (Invitrogen) were used. 226 

Proliferation and production of cytokines were evaluated by FACS analysis. 227 

 228 

Real-Time Quantitative PCR. Total RNA was extracted from cells using the Total-RNA 229 

EZNA kit (Omega Bio-Tek). The RNA was DNase-digested using the TURBO DNA-free kit 230 

(Ambion) and then used to synthesize cDNA catalysed by the M-MLV reverse transcriptase 231 

(Life Technologies). Quantitative gene-expression analysis was performed using Brilliant II 232 

SYBR Green QPCR Master Mix (Agilent). Expression of target genes was normalized to the 233 

levels of gapdh transcripts and multiplied by an arbitrary factor. il10 Forward 5’-GAA GAC 234 

AAT AAC TGC ACC CA-3’; il10 Reverse 5’- CAA CCC AAG TAA CCC TTA AAG TC-3’; il6 235 

Forward 5’-AGG ATA CCA CTC CCA ACA GAC CT-3’; il6 Reverse 5’-CAA GTG CAT CGT 236 

TGT TCA TAC-3’; csf2 Forward 5’-ACC ACC GCG GAT TTC AT-3’; csf2 Reverse 5-TCA 237 

TTA CGC AGG CAC AAA AG-3’; gapdh Forward 5’- TCC GTG TTC CTA CCC CCA ATG-238 

3’; gapdh Reverse 5’- GAG TGG GAG TTG CTG TTG AAG-3’. 239 

 240 

Statistical Analyses. All values are expressed as the mean ± SEM. Statistical analysis 241 

were performed with two-tailed unpaired Student’s t-test when comparing only two groups 242 

and with one-way ANOVA followed by Tukey's post-hoc test when comparing more than two 243 

groups with only one variable (treatment or genotype). To analyse differences in 244 

experiments comparing different genotypes and different treatments, two-way ANOVA 245 

followed by Sidak's post-hoc test was performed. All analyses were carried out using the 246 

GraphPad Prism 6 Software. P values < 0.05 were considered significant. 247 
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 248 

RESULTS 249 

 250 

DRD3-stimulation in the adaptive immune system is required to the development of 251 

CNS autoimmunity 252 

To address the role of DRD3 in the adaptive immune system in the development of CNS 253 

autoimmunity we generated chimeric mice bearing Drd3-deficient adaptive immune system 254 

and Drd3-sufficient innate immune system. For this purpose, recombination-activating gene 255 

1 knockout (Rag1-/-) mice, which are devoid of T and B lymphocytes, were g-irradiated with 256 

a myeloablative dose and then received the transfer of donor bone marrow (BM) obtained 257 

from Rag1-/- mice and Drd3-/- mice mixed in a 4:1 ratio Rag1-/--to-Drd3-/- as described before 258 

48. Thus, after BM reconstitution, Drd3-deficiency was confined to T and B lymphocytes, 259 

whilst non-lymphocytic hematopoietic cells were mostly originated from Drd3-sufficient 260 

(Rag1-/-) BM. The control group of mice, harbouring Drd3-sufficient adaptive immune 261 

system, received the transfer of BM obtained from Rag1-/- mice (80%) and Drd3+/+ mice 262 

(20%). Eight weeks after BM-transfer, experimental autoimmune encephalomyelitis (EAE) 263 

was induced and the extent of disease severity was evaluated throughout the time-course 264 

of disease development. The results show that EAE manifestation was abrogated in mice 265 

bearing Drd3-deficient adaptive immune system (Fig. 1A), indicating that DRD3 in T and/or 266 

B lymphocytes was required for EAE development. Of note, DRD3-signalling in CD4+ T-cells 267 

has been shown to promote inflammation in animal models of Parkinson’s disease 29-31 and 268 

inflammatory bowel diseases 33. Accordingly, we next evaluated the role of DRD3 in 269 

autoreactive CD4+ T-cells in a mouse model of primary-progressive multiple sclerosis (MS). 270 

To this end, 24h before EAE induction, Rag1-/- mice received the transfer of naïve CD4+ T-271 

cells isolated from Drd3-deficient or Drd3-sufficient 2D2 transgenic mice, which express a 272 
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transgenic TCR specific for the MOG35-55 peptide (pMOG) on IAb molecules 49. The results 273 

show that mice receiving Drd3-deficient or Drd3-sufficient CD4+ T-cells developed EAE with 274 

similar kinetics and severity (Fig. 1B), thus ruling out a relevant role of DRD3 in CD4+ T-cells 275 

in the development of CNS autoimmunity. We next attempted to determine the role of DRD3-276 

stimulation in B-cells, which have been associated with the production of pro-inflammatory 277 

and anti-inflammatory cytokines in EAE 12 and have been involved as key APC in the 278 

development of CNS autoimmunity 11. Accordingly, to analyse the protective and pathogenic 279 

potential DRD3-stimulation in B-cells in CNS autoimmunity, we used two EAE models, which 280 

differ in the nature of the autoantigen and display differential B-cell involvement: i. the EAE 281 

model independent of the APC-function of B-cells, which is induced by immunization with 282 

pMOG; and ii. the EAE model dependent of the APC-function of B-cells, which is induced 283 

by immunization with huMOG. In this regard, we first compared the time-course of clinical 284 

manifestation, and the extent of DRD3 expression and B-cell frequency in relevant tissues 285 

when EAE was induced by immunization of WT mice with pMOG or huMOG. The results 286 

show EAE manifestation was similar in both models, although the peak of severity was 287 

higher in huMOG-induced EAE than pMOG-induced EAE (Fig. 1C). In addition, in both 288 

models B-cells frequency was significantly reduced in the spleen and the CNS, whereas it 289 

remained unchanged in the cervical lymph nodes (CNS draining lymph nodes; dLN) during 290 

the peak of disease manifestation (Fig. 1D). Interestingly, the frequency of DRD3-expression 291 

was selectively increased in B-cells infiltrating the CNS upon huMOG-induced EAE but not 292 

upon pMOG-induced EAE (Fig. 1E). Conversely, the percentage of DRD3-expression was 293 

reduced in a similar extent in dLN and splenic B-cells in both EAE models (Fig. 1E; see the 294 

gating strategy for the analysis of DRD3 expression in figure S1A). Interestingly, the density 295 

of DRD3 expression in B-cells infiltrating the CNS was selectively reduced upon pMOG-296 

induced but not in huMOG-induced EAE (Fig. S1B-C). Nonetheless, the density of DRD3 297 

expression was reduced in those B-cells circulating through peripheral blood and the spleen 298 
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upon both pMOG-induced or huMOG-induced EAE (Fig. S1B-C). Further analysis of DRD3-299 

expression in different B-cells subsets indicated that DRD3 upregulation observed in B-cells 300 

infiltrating the CNS upon huMOG-EAE occurred selectively in CD20+ MHC-II+ B-cells (Fig. 301 

S2D), which display APC function 11. In addition to CD20+ MHC-II+ B-cells, we found that 302 

CD21+ CD23+ IgM+ B-cells, which have been described to exert suppressive function 50, was 303 

the only B-cell subset expressing detectable levels of DRD3 upon pMOG-induced EAE in 304 

the CNS and dLN (Fig. S2B-D). Taken together, these results suggest that DRD3-305 

stimulation in B-cells plays an important role in the development of CNS autoimmunity, 306 

involving different B-cell subsets depending on the nature of the antigen. 307 

 308 

Drd3-deficiency in B-cells exacerbates disease severity in an EAE model that does 309 

not depend on the APC-function of B-cells 310 

To confirm the relevance of DRD3 in B-cells in CNS autoimmunity, we next generated mice 311 

harbouring Drd3-deficiency restricted only to B-cells. For this purpose, µMT mice, which are 312 

devoid of B-cells 51, were g-irradiated with a myeloablative dose and then received the i.v. 313 

transfer of mixed BM progenitors coming from µMT (80%) and Drd3-/- or Drd3+/+ (20%) mice 314 

(Fig. 2A). Since B-cells arose from Drd3-/- BM progenitors and all the other cells arose 315 

predominantly from µMT BM progenitors in mice bearing µMT/Drd3-/- BM (µMT/Drd3-/-®µMT 316 

mice) after reconstitution of the haematopoietic system, Drd3-deficiency was restricted to B-317 

cells in these mice. Conversely, all haematopoietic system was Drd3+/+ in control mice 318 

bearing µMT/Drd3-+/+ BM (µMT/Drd3+/+®µMT mice) (Fig. 2A). Of note, the frequencies of 319 

the main leukocyte populations were equivalent in BM chimera mice containing either 320 

Drd3+/+ or Drd3-/- B-cells (Fig. S3). Using these chimeric mice, we first attempted to 321 

determine the relevance of DRD3 in B-cells in CNS autoimmunity in a model that does not 322 

depend on the APC-function of B-cells. Accordingly, EAE was induced with pMOG in 323 
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µMT/Drd3-/-®µMT and µMT/Drd3+/+®µMT mice and the disease severity as well as the 324 

phenotype of CD4+ T-cells infiltrating the CNS were determined at the peak of disease 325 

manifestation. The results show that EAE severity was significantly higher in µMT/Drd3-/-326 

®µMT mice when compared with control µMT/Drd3+/+®µMT mice (Fig. 2B). According to 327 

the exacerbated disease manifestation, µMT/Drd3-/-®µMT mice displayed increased 328 

frequency of CD4+ T-cells producing GM-CSF in the CNS (Fig. 2C-D), which has been 329 

described to be the most inflammatory cytokine promoting neuroinflammation in EAE 52. 330 

Conversely, no significant alterations were detected in the phenotype of peripheral CD4+ T-331 

cells when compared both experimental groups of mice (Fig. 2E). Thus, these results 332 

together indicate that DRD3 in B-cells limits the generation of CD4+ T-cells producing GM-333 

CSF in the CNS and consequently attenuates disease manifestation in a model independent 334 

of the APC-function of B-cells. 335 

 336 

DRD3 in B-cell is required for disease manifestation in an EAE model that depends 337 

on the APC-function of B-cells 338 

We next evaluated the role of DRD3 in B-cells in a model of CNS autoimmunity that depends 339 

on the APC-function of B-cells. To this end, EAE was induced in µMT/Drd3-/-®µMT and 340 

µMT/Drd3+/+®µMT mice (Fig. 2A) using huMOG and disease severity as well as the extent 341 

of T-cell infiltration into the CNS were analysed. Strikingly, Drd3-deficiency in B-cells 342 

abolished EAE manifestation (Fig. 3A). According to this result, we observed that Drd3-343 

deficiency resulted in a sharp reduction of the frequency of inflammatory CD4+ T-cells in the 344 

CNS, including Th1, Th17 and GM-CSF producers CD4+ T-cells (Fig. 3B-C). Nevertheless, 345 

the frequency of different CD4+ T-cell subsets in the periphery was not altered by Drd3-346 

deficiency in B-cells (Fig. 3D). Taken together these results provide evidence that DRD3-347 
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stimulation in B-cells plays a pro-inflammatory role in a model of CNS autoimmunity that 348 

depends on the APC-function of B-cells, favouring the participation of inflammatory CD4+ T-349 

cells in the CNS and, thereby, promoting disease development. 350 

 351 

Drd3-deficiency impairs the expression of a4-integrin and increases the 352 

immunosuppressive profile of B-cells infiltrating the CNS in an EAE model that does 353 

not depend on the APC-function of B-cells 354 

Next, we attempted to determine the mechanism by which DRD3 in B-cells exerts a 355 

suppressive effect on the development of CNS autoimmunity in a model independent of the 356 

APC-function of B-cells. Since Drd3-deficency in B-cells affected the T-cell response only in 357 

the CNS, but not in the spleen (Fig. 2D-E), we addressed the possibility that DRD3-358 

stimulation was affecting B-cell migration into the CNS. In this regard, both α4-integrin 359 

(CD49d) and the chemokine receptor CXCR3 53 have been involved in the infiltration of B-360 

cells into the CNS upon autoimmunity. Accordingly, EAE was induced with pMOG in 361 

µMT/Drd3-/-®µMT and µMT/Drd3+/+®µMT mice and the extent of α4-integrin and CXCR3 362 

expression was quantified in B-cells infiltrating the CNS and the spleen (see the gating 363 

strategy in Figure S4). Whereas similar levels of α4-integrin and CXCR3 expression was 364 

detected in splenic B-cells, a significant and selective reduction in the frequency and density 365 

of α4-integrin expression was observed in B-cells infiltrating the CNS from µMT/Drd3-/-366 

®µMT mice when compared with µMT/Drd3+/+®µMT mice (Fig. 4A-C). These results 367 

suggest that B-cell infiltration into the CNS may be impaired upon pMOG-induced EAE. 368 

Next, we addressed the possibility that DRD3 was regulating B-cell infiltration into the CNS 369 

upon pMOG-induced EAE. For this purpose, using congenic donor mice (Cd45.1+/+/Cd45.2-370 

/-/Drd3+/+ and Cd45.1-/-/Cd45.2+/+/Drd3-/- mice) we generated chimeric BM mice harbouring 371 

both Drd3-sufficient and Drd3-deficient B-cells (Fig. 4D). In these animals, EAE was induced 372 
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with pMOG and the extent of B-cells from different genotypes was compared in the CNS as 373 

well as in the spleen and peripheral blood. Interestingly, whereas the frequency of Drd3-374 

sufficient B-cells was increased in peripheral blood and the CNS upon EAE development, 375 

the frequency of Drd3-deficient B-cells remained unaltered in all tissues evaluated upon 376 

EAE-development (Fig. 4E). Moreover, the analysis of absolute numbers of B-cells revealed 377 

that in healthy conditions Drd3-deficiency resulted in a reduction in the number of B-cells 378 

circulating through peripheral blood and the spleen, but without effect in the CNS. 379 

Conversely, upon EAE development, Drd3-deficiency induced a selective decrease in the 380 

number of B-cells infiltrating the CNS, and without effect in the number of B-cells circulating 381 

through peripheral blood and the spleen (Fig. S5). To explore whether the differences 382 

observed between Drd3-sufficient and Drd3-deficient B lymphocytes in the frequency and 383 

number of cells infiltrating the different tissues analysed were due an effect of DRD3 in 384 

proliferation or cell death, we performed experiments in which B-cell activation was induced 385 

in Drd3+/+ or Drd3-/- CD19+ cells and the extent of proliferation and viability were determined. 386 

The results showed that Drd3-deficiency resulted in a slight increase in B-cell proliferation 387 

and without effect in cell death (Fig. 4F-G), thereby ruling out the possibility that the reduction 388 

of cell number or frequency of Drd3-deficient B-cells in the CNS was due to impaired 389 

proliferation or increased cell death. Thus, these results suggest that Drd3-deficiency in B-390 

cells results in reduced α4-integrin expression and, consequently, in impaired B-cell 391 

infiltration into the CNS upon pMOG-induced EAE. Since our results associated DRD3 to 392 

the B-cell subset CD21+ CD23+ IgM+ (Fig. S2B-D), which exerts anti-inflammatory activity in 393 

the CNS in the pMOG-induced EAE model (Fig. 2), we reasoned that Drd3-deficiency should 394 

result in accumulation of suppressive B-cells in the spleen. Accordingly, we next sought to 395 

confirm the nature of cytokine produced by Drd3-deficient and Drd3-sufficient B-cells 396 

retained in the periphery in this EAE model. For this purpose, at the peak of pMOG-induced 397 

EAE manifestation, CD45.1+ and CD45.2+ B-cells were isolated from the spleen by cell-398 
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sorting and the transcripts encoding for pro-inflammatory and anti-inflammatory cytokines 399 

were quantified by qRT-PCR. The results show that Drd3-deficiency in B-cells results in 400 

exacerbated il10 transcription and reduced expression of the mRNA encoding for GM-CSF 401 

(Fig. 4H). Taken together, these results indicate that DRD3 in B-cells is required to induce 402 

full CNS-tropism in B-cells with anti-inflammatory activity in a model of CNS autoimmunity 403 

that is independent of the APC-function of B-cells.  404 

 405 

DRD3-stimulation in B-cell favours the acquisition of CXCR3 and their infiltration into 406 

the CNS in an EAE model that depends on the APC-function of B-cells 407 

Finally, we attempted to determine the mechanism by which DRD3-stimulation in B-cells 408 

exerts a pro-inflammatory effect in the development of CNS autoimmunity in a model 409 

dependent of the APC-function of B-cells. Since our results show that disease manifestation 410 

was completely abrogated in mice harbouring Drd3-deficient B-cells in this animal model, 411 

we next evaluated the role of DRD3 in the ability of B-cells to act as APC. Accordingly, EAE 412 

was induced in µMT/Drd3-/-®µMT and µMT/Drd3+/+®µMT mice using huMOG and at the 413 

peak of disease manifestation the extent of class II MHC expression was evaluated in 414 

splenic B-cells, nevertheless no significant differences were found between both 415 

experimental groups (Fig. S6A-B). Furthermore, the APC ability of Drd3+/+ and Drd3-/- B-cells 416 

was evaluated in vitro using huMOG-coupled beads as antigen and CD4+ T-cells expressing 417 

a MOG-specific TCR as described before 54. The results show that Drd3-deficiency in B-418 

cells did not affect neither T-cell proliferation nor T-cell differentiation (Fig. S6C-D), thus 419 

ruling out the possibility that DRD3 was relevant for APC-function of B-cells upon huMOG-420 

induced EAE. Since Drd3-deficency in B-cells affected the T-cell response only in the CNS, 421 

but not in the spleen (Fig. 3B-D) upon huMOG-induced EAE, we addressed the possibility 422 

that DRD3-stimulation was affecting B-cell migration into the CNS in this model. Accordingly, 423 
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EAE was induced with huMOG in µMT/Drd3-/-®µMT and µMT/Drd3+/+®µMT mice and the 424 

extent of α4-integrin and CXCR3 expression was quantified in B-cells infiltrating the CNS 425 

and the spleen (see the gating strategy in Figure S4). The results show that Drd3-deficiency 426 

in B-cells resulted in increased frequency of CXCR3 expression in the spleen and reduced 427 

CXCR3 expression in the CNS, without effect in α4-integrin expression in any tissue (Fig. 428 

5A-C). Thus, these results suggest that B-cell infiltration into the CNS may be impaired by 429 

Drd3-deficiency upon huMOG-induced EAE. 430 

Afterwards, we addressed the possibility that DRD3 was regulating B-cell infiltration into the 431 

CNS upon huMOG-induced EAE. For this purpose, using congenic donor mice (Cd45.1-/-432 

/Cd45.2+/+/Drd3-/- and Cd45.1+/+/Cd45.2-/-/Drd3+/+ mice) we generated chimeric BM mice 433 

harbouring both Drd3-sufficient and Drd3-deficient B-cells (Fig. 5D). Because the transfer of 434 

Drd3+/+-to-Drd3-/- BM at the 1:1 ratio resulted in decreased Drd3-defficient B-cells in steady 435 

state (Fig. 4D-E), in these experiments we carried out the transfer of Drd3+/+-to-Drd3-/- BM at 436 

3:7 ratio. In these animals, EAE was induced with huMOG and the extent of B-cells from 437 

different genotypes was compared in the CNS as well as in the spleen and peripheral blood. 438 

The results show that frequency of Drd3-sufficient B-cells was significantly increased in the 439 

CNS upon EAE development, whilst it was not changed in Drd3-deficient B-cells (Fig. 5E). 440 

On the other hand, whereas the frequency of Drd3-/- B-cells was higher than Drd3+/+ B-cells 441 

in the periphery upon steady-state, only Drd3-/- B-cells were reduced in frequency in 442 

peripheral blood and the spleen upon huMOG-induced EAE (Fig. 5E). Thus, these results 443 

suggest that Drd3-deficiency in B-cells results in altered CXCR3 expression and thereby 444 

impaired B-cell infiltration into the CNS upon huMOG-induced EAE. To gain a deeper 445 

mechanistic insight of the role of DRD3 in CXCR3 expression on B-cells, we performed in 446 

vitro B-cell activation assay induced by anti-CD40, anti-IgM, IFNγ and the TLR9-ligand CpG 447 

55-57. Since CXCR3 expression is dependent on the activity of the transcription factor Tbet in 448 
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B-cells 58, we activated naïve B-cells isolated from Drd3+/+ and Drd3-/- mice and the extent of 449 

CXCR3 and Tbet expression was determined by flow cytometry. The results show that Drd3-450 

deficiency resulted in reduced frequency and density of CXCR3 expression without effect 451 

on Tbet expression (Fig. 5F-G), thus indicating that DRD3-stimulation promotes CXCR3 452 

expression down-stream Tbet action. Together these results indicate that DRD3-stimulation 453 

promotes CXCR3 expression on pro-inflammatory B-cells and the consequent infiltration 454 

into the CNS upon huMOG- induced EAE. 455 

 456 

 457 

  458 
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DISCUSSION 459 

Our findings demonstrated an important role of dopaminergic stimulation mediated by DRD3 460 

in promoting the infiltration of pro-inflammatory and anti-inflammatory B-cells in the CNS in 461 

two different animal models of CNS autoimmunity.  462 

Interestingly our data shows that frequency of DRD3+ B-cells was selectively increased in 463 

the CNS upon huMOG-induced EAE. Further phenotypical analysis shows that the only B-464 

cell population expressing DRD3 in the CNS in this EAE model was the CD20+ MHC-II+ 465 

subset. A previous study shows that his B-cell population exerts a fundamental function as 466 

APC in the CNS upon huMOG-induced EAE 11. Nevertheless, it is important to consider that 467 

MHC-II expression in B-cells is also required for the production of T-cell dependent 468 

autoantibodies 59-61. According to the fundamental function of CD20+ MHC-II+ B-cells in CNS 469 

autoimmunity and to the important role of DRD3 favouring the infiltration of these B-cells in 470 

the CNS, Drd3-deficiency in B-cells abrogated disease manifestation completely and 471 

strongly reduced the frequency of inflammatory CD4+ T-cells in this animal model (Fig. 3).  472 

Our mechanistic analysis showed that DRD3 was not necessary for APC function of B-cells, 473 

but was required to induce an efficient CNS tropism in this B-cell subset. This DRD3-induced 474 

CNS tropism was mediated by an up-regulation of CXCR3 expression. According to these 475 

findings, a recent study showed that B-cells expressing CXCR3 were enriched in the CNS 476 

of MS patients 58. Moreover, the treatment of MS patients with a clinically effective drug, 477 

natalizumab, which avoids lymphocytes infiltration into the CNS, decreased the 478 

accumulation of CXCR3+ B-cells into the CNS 58. Interestingly, IFNγ might induce the 479 

expression of the transcription factor Tbet, which promotes the expression of CXCR3 in 480 

lymphocytes, including B-cells. This chemokine receptor confers responsiveness to the 481 

chemokines CXCL9, CXCL10 and CXCL11, which are produced at high levels in sites of 482 

inflammation in response to IFNγ 62. Our results showed that Drd3-deficiency in B-cells 483 
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attenuated the expression of CXCR3 without effects in the level of Tbet expression, 484 

indicating that DRD3 in B-cells favours CXCR3 expression downstream Tbet.  485 

Using a model of CNS autoimmunity in which the APC function of B-cells is irrelevant, we 486 

found another important regulatory effect of DRD3 in the control of B-cell function. Our data 487 

shows that Drd3-deficiency in B-cells resulted in exacerbated disease manifestation and 488 

increased frequency of CD4+ T-cells producing GM-CSF in the CNS upon pMOG-induced 489 

EAE. Of note, it has been demonstrated that GM-CSF is the most pro-inflammatory cytokine 490 

produced by CD4+ T-cells in the CNS. In contrast to IL-17 and IFNγ, GM-CSF is essential to 491 

promote EAE manifestation 52. Thereby, our results suggested that DRD3-stimulation 492 

favoured the function of B-cells with anti-inflammatory activity. In this regard, three different 493 

subsets of B-cells with immunosuppressive function have been described so far, including 494 

CD1d+ CD5+ (also called B10) 12, 63, CD138+ CD44+ 64  and CD21+ CD23+ IgM+ B-cells 50. All 495 

of these subsets of regulatory B-cells exert immunosuppressive effects, attenuating the T-496 

cell-mediated inflammation, which is mediated by IL-10. Interestingly, we observed that 497 

CD21+ CD23+ IgM+ was the only subset of regulatory B-cells detectable in the CNS upon 498 

pMOG-induced EAE, whilst CD1d+ CD5+ and CD138+ CD44+ subsets were barely 499 

detectable in these conditions. In addition, CD21+ CD23+ IgM+ B-cells were the only subset 500 

of regulatory B-cells expressing detectable levels of DRD3 on the cell surface upon pMOG-501 

induced EAE. Further analysis showed that DRD3 was necessary to induce the upregulation 502 

of a4-integrin (CD49d) on the cell surface and the subsequent B-cell upon pMOG-induced 503 

EAE. Importantly, the a4-integrin together b1-integrin (CD29) form a heterodimeric complex 504 

on the lymphocyte surface that recognizes its ligand, the vascular cell adhesion protein 1 505 

(VCAM-1) expressed in the blood-brain barrier, allowing the lymphocyte infiltration into the 506 

CNS 65, 66. It is noteworthy that the genetic deficiency of a4-integrin restricted to the CD19+ 507 

B-cells, resulted in exacerbated CNS autoimmunity in a model of pMOG-induced EAE 67, 508 
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indicating the high relevance of a4-integrin in the infiltration of regulatory B-cells into the 509 

CNS in this EAE model. Accordingly, our results showed that Drd3-deficiency in B-cells not 510 

only resulted in impaired a4-integrin expression and reduced B-cell infiltration into the CNS, 511 

but also in the accumulation of B-cells with higher immunosuppressive potential (higher il10 512 

and lower cfs2 transcription) in the periphery. 513 

Although the pMOG-induced EAE model represents a useful experimental system to study 514 

the regulatory role of B-cells irrespective to their APC function in the CNS, it seems that the 515 

huMOG-induced EAE model mimics better the B-cell participation in MS. According to this 516 

notion, it has been shown that natalizumab, an anti-a4-integrin monoclonal antibody, exerts 517 

an efficient therapeutic effect reducing disease manifestation in relapsing remitting MS 518 

patients 53, 68. Agree with this observation in human patients, mice harbouring a4-integrin-519 

deficient B-cells display a significant reduction in disease manifestation upon huMOG-520 

induced EAE model 66. In contrast to the results observed in MS patients, the genetic 521 

deficiency of a4-integrin in B-cells resulted in exacerbated disease manifestation in a 522 

pMOG-induced EAE model 67. Another aspect supporting the idea that huMOG-induced 523 

EAE is a proper experimental system to study B-cell participation in MS is based on CXCR3. 524 

According to the relevant role of CXCR3 in the infiltration of inflammatory B-cells observed 525 

here upon huMOG-induced EAE, CXCR3 has been found highly expressed on B-cells 526 

obtained from the CSF, meninges and brain of MS patients 53, 58. In addition, the treatment 527 

of patients with natalizumab, which exerts an efficient therapeutic effect, reduced the 528 

accumulation of CXCR3+ B-cells into the CNS 58. 529 

Dopaminergic signalling has been previously involved in the control of migration of other 530 

cells of the immune system. A recent study described that DRD4-stimulation induced an up-531 

regulation of CCR5 in human macrophages and thus increasing their migratory ability to 532 

infiltrate the brain 69. Conversely, signalling through DRD1 was identified as a negative 533 
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regulator of CCR5 expression 69. According to these results, the inhibition of dopamine 534 

synthesis induced by a-methylparatyrosine resulted in a decreased recruitment of peripheral 535 

monocytes into the nigrostriatal pathway in a mouse model of Parkinson’s disease 70. In 536 

addition, addressing the role of dopamine in the migration of lymphocytes, Watanabe et al. 537 

have provided pharmacologic evidence suggesting that DRD3-signalling favours CD8+ T-538 

cell migration in response to CCL19, CCL21 and CXCL12 71. According to the role of CCR7 539 

(receptor for CCL19 and CCL21) in the recirculation of naïve T-cells into the lymph nodes 540 

throughout the body, the systemic antagonism of DRD3 decreased the recruitment of naïve 541 

CD8+ T-cells into the lymph nodes 71. Moreover, another work provided pharmacologic 542 

evidence supporting the notion that DRD5-signalling reduces CCR4 expression in Treg and 543 

thereby, attenuates the recruitment of these cells to CCL22 72. Here, we provide in vivo 544 

evidence using genetic approaches demonstrating that DRD3 in B-cells mediates the up-545 

regulation of CXCR3 and a4-integrin, thus affecting the recruitment of important B-cell 546 

subsets into the CNS upon the development of CNS autoimmunity.  547 

 548 

In conclusion, our findings demonstrate here for the first time how dopaminergic stimulation 549 

in B-cells exerts an important regulation in the development of CNS autoimmunity. First, by 550 

the stimulation of DRD3, dopamine favours CNS-tropism in a pro-inflammatory B-cell subset 551 

with APC function, thus contributing to the re-stimulation of encephalitogenic effector CD4+ 552 

T-cells and thereby reinforcing CNS autoimmunity. Secondly, DRD3-stimulation promotes 553 

CNS-homing of B-cells with anti-inflammatory features and, consequently, dampening the 554 

T-cell mediated autoimmunity. 555 

 556 

 557 

 558 
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FIGURE LEGENDS 866 

Figure 1. DRD3-signalling in lymphocytes is required for the development of CNS-867 

autoimmunity. (A) BM chimeric mice harbouring Drd3-deficient or Drd3-sufficient 868 

lymphocytes were generated by the i.v. transfer of a 4:1 mixed BM from Rag1-/- and Drd3-/- 869 

mice (grey symbols) or 4:1 mixed BM from Rag1-/- and Drd3+/+ mice (white symbols) 870 

respectively into g-irradiated Rag1-/- recipient mice. Afterwards, EAE was induced in chimeric 871 

mice by immunization with pMOG35-55 in CFA followed by pertussis toxin injection and 872 

disease severity was determined throughout the time-course of the disease development. n 873 

= 4-5 mice per group. Top panel shows an illustration of the experimental strategy for 874 

generation of chimeric mice. Bottom panel shows the quantification of clinical score for 875 

different experimental groups. (B) Primary progressive EAE was induced in mice bearing 876 

Drd3-deficient (grey symbols) or Drd3-sufficient (white symbols) CD4+ T-cells by the i.v. 877 

transfer of transgenic naïve CD4+ T-cells (Tn; 7,5x105 cells per mouse) isolated from Drd3-/- 878 

2D2 or Drd3+/+ 2D2 mice into Rag1-/- recipient mice. Disease severity was determined 879 

throughout the time-course of the disease development. n = 4 mice per group. Top panel 880 

illustrates the experimental design to induce primary progressive EAE. Bottom panel shows 881 

the quantification of clinical score for different experimental groups.  (C) EAE was induced 882 

in wild-type C57BL/6 mice by immunization with pMOG35-55 (black symbols) or huMOG (grey 883 

symbols) in CFA followed by pertussis toxin injection. Disease severity was evaluated 884 

throughout the time-course of the disease development. n = 6-8 mice per group. (D and E) 885 

At the peak of disease severity (indicated by an arrow in C), mononuclear cells were isolated 886 

from the spleen, draining lymph nodes (dLN) and central nervous system (CNS) and the 887 

frequency of CD19+ B-cells from the CD45+ gate (D) and the percentage of DRD3 888 

expression in CD19+ B-cells (E) were evaluated. A control group (white bars) without 889 

immunization (-) was included in the analysis. Data representative from one out of three 890 
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independent experiments is shown. (A-E) Values represent mean ± SEM. *, p<0.05; **, 891 

p<0.01; ****, p<0.0001 by Mann–Whitney U test (A-C) or unpaired Student’s t-test (D-E). 892 

 893 

Figure 2. DRD3-signalling in B-cells attenuates disease severity in an EAE model that 894 

does not depend on the APC-function of B-cells. BM chimeric mice harbouring Drd3-895 

deficient or Drd3-sufficient B-cells were generated by the i.v. transfer of a 4:1 mixed BM from 896 

µMT and Drd3-/- mice (grey symbols) or 4:1 mixed BM from µMT and Drd3+/+ mice (black 897 

symbols) respectively into g-irradiated µMT recipient mice. (A) Schematic illustration of 898 

chimeric mice generation. (B-E) EAE was induced in chimeric mice by immunization with 899 

pMOG35-55 in CFA followed by pertussis toxin injection. n = 8 mice per group. (B) Disease 900 

severity was evaluated throughout the time-course of the disease development. (C-E) At the 901 

peak of disease severity (day 15 post-induction), mononuclear cells were isolated from the 902 

CNS (C and D) and the spleen (E) followed by ex vivo stimulation with PMA/ionomycin in 903 

the presence of brefeldin A, and intracellular cytokine staining analysis in CD4+ T-cells was 904 

carried out by flow cytometry. (C) Representative dot-plots in the CD4+ gate are shown. 905 

Numbers indicate the percentage of cells in the corresponding quadrant. (D and E) 906 

Quantification of the frequency of CD4+ T-cells producing IFNγ, IL-17, GM-CSF or 907 

expressing FoxP3. Data representative from one out of three independent experiments is 908 

shown. (B, D and E) Values represent the mean ± SEM. *, p<0.05; **, p<0.01; by Mann–909 

Whitney U test (B) or unpaired Student’s t-test (D-E). 910 

 911 

Figure 3. Drd3-deficiency in B-cell abrogates disease manifestation in an EAE model 912 

that depends on the APC-function of B-cells. BM chimeric mice harbouring Drd3-913 

deficient (grey symbols) or Drd3-sufficient (black symbols) B-cells were generated as 914 
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described in figure 2A. Afterwards, EAE was induced in chimeric mice by immunization with 915 

huMOG in CFA followed by pertussis toxin injection. n = 6-8 mice per group. (A) Disease 916 

severity was evaluated throughout the time-course of the disease development. (B-D) At the 917 

peak of disease severity (day 15 post-induction), mononuclear cells were isolated from the 918 

CNS (B and C) and the spleen (D) followed by ex vivo stimulation with PMA/ionomycin in 919 

the presence of brefeldin A, and intracellular cytokine staining analysis in CD4+ T-cells was 920 

carried out by flow cytometry. (B) Representative dot-plots in the CD4+ gate are shown. 921 

Numbers indicate the percentage of cells in the corresponding quadrant. (C and D) 922 

Quantification of the frequency of CD4+ T-cells producing IFNγ, IL-17, GM-CSF or 923 

expressing FoxP3. Data representative from one out of three independent experiments is 924 

shown. (A-D) Values represent the mean ± SEM. *, p<0.05; **, p<0.01; ****, p<0.0001 by 925 

Mann–Whitney U test (A) or unpaired Student’s t-test (C-D). 926 

 927 

Figure 4. DRD3-signalling favours the expression of a4-integrin and attenuates the 928 

immunosuppressive profile in B-cells infiltrating the CNS in an EAE model that does 929 

not depend on the APC-function of B-cells. (A-C) BM chimeric mice harbouring Drd3-930 

deficient (grey symbols) or Drd3-sufficient (white symbols) B-cells were generated as 931 

described in figure 2A. Afterwards, EAE was induced in chimeric mice by immunization with 932 

pMOG35-55 in CFA followed by pertussis toxin injection. n = 6-9 mice per group. At the peak 933 

of disease severity (day 15 post-induction), mononuclear cells were isolated from the spleen 934 

and the CNS and the surface expression of CXCR3 and α4 integrin (CD49d) were analysed 935 

in the CD19+ population by flow cytometry. (A) Representative histograms for the expression 936 

of CXCR3 and CD49d in the CD19+ cells are shown. (B) Quantification of the mean 937 

fluorescence intensity (MFI) associated to the surface expression of CXCR3 and CD49d in 938 

living (ZAq-) CD19+ cells isolated from the spleen (top panel) and CNS (bottom panel). (C) 939 



 36 

Quantification of the percentage of surface expression of CXCR3 and CD49d in living (ZAq-940 

) CD19+ cells isolated from the spleen (top panel) and CNS (bottom panel). (B-C) Values 941 

represent the mean ± SEM. *, p<0.05; **, p<0.01 by unpaired Student’s t-test. (D-E) BM 942 

chimeric mice harbouring Drd3-deficient and Drd3-sufficient B-cells were generated by the 943 

i.v. transfer of a 1:1 mixed BM from Cd45.1+/+/Cd45.2-/-/Drd3+/+ mice (white symbols) and 944 

Cd45.1-/-/Cd45.2+/+//Drd3-/- mice (grey symbols) into g-irradiated µMT recipient mice. 945 

Afterwards, EAE was induced in chimeric mice by immunization with pMOG35-55 in CFA 946 

followed by pertussis toxin injection. n = 8 mice per group. (D) Schematic illustration of the 947 

experimental design. (E) At the peak of disease severity (day 15 post-induction), 948 

mononuclear cells were isolated from peripheral blood (left panel), the spleen (middle panel) 949 

and the CNS (right panel) and the frequency of total CD19+ B-cells was analysed by flow 950 

cytometry. Top panels show representative dot-plots of CD45.1+ versus CD45.2+ cells in the 951 

CD19+ gate. Numbers indicate the percentage of cells in the corresponding region. Bottom 952 

panels show the percentage quantification. Values represent the mean ± SEM from three 953 

determinations. Data representative from one out of three independent experiments is 954 

shown. *. P<0.05; **, p<0.01, ****, p<0.0001 by two-way ANOVA followed by Sidak’s post-955 

hoc test. (F-G) Naïve B-cells (CD19+ IgDhi IgMint CD11c- TCRβ-) were isolated from the spleen 956 

of Drd3-deficient (grey bars/histograms) or Drd3-sufficient (white bars/histograms) mice by 957 

cell-sorting, loaded with cell-trace violet (CTV) and incubated in vitro in the presence of anti-958 

CD40, anti-IgM, IFNγ and the TLR9-ligand CpG for 5 days. (F) The extent of proliferation 959 

was evaluated as the dilution of the fluorescence associated to CTV in living (ZAq-) CD19+ 960 

cells by flow cytometry. Representative histograms are shown in the left panel. The marker 961 

indicates cells displaying dilution of CTV-associated fluorescence. Quantification of the 962 

percentage of cells displaying diluted CTV-associated fluorescence (top right panel) and the 963 

MFI of CTV-associated fluorescence (bottom right panel) are shown. (G) The extent of cell 964 

dead was determined as the percentage of ZAq+ cells in the CD19+ gate. (F-G) Values 965 
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represent the mean ± SEM from three determinations. *, p<0.05 by unpaired two-tailed 966 

Student’s t-test. n.s. non significant. (H) Chimeric mice were treated as shown in (D) and at 967 

the peak of disease severity (day 15 post-induction), CD19+ B-cells were isolated from the 968 

spleen and the levels of cytokine transcripts was analysed by qRT-PCR. The levels of gapdh 969 

transcripts were used as a housekeeping. Data representative from one out of three 970 

independent experiments is shown. Values represent mean ± SEM. *, p<0.05; **, p<0.01 by 971 

unpaired Student’s t-test. 972 

 973 

Figure 5. Drd3-deficiency in B-cells impairs the acquisition of CXCR3 and their 974 

infiltration into the CNS in an EAE model that depends on the APC-function of B-cells. 975 

(A-C) BM chimeric mice harbouring Drd3-deficient (grey symbols) or Drd3-sufficient (white 976 

symbols) B-cells were generated as described in figure 2A. Afterwards, EAE was induced 977 

in chimeric mice by immunization with huMOG in CFA followed by pertussis toxin injection. 978 

n = 5 mice per group. At the peak of disease severity (day 15 post-induction), mononuclear 979 

cells were isolated from the spleen and the CNS and the surface expression of CXCR3 and 980 

α4 integrin (CD49d) were analysed in the CD19+ population by flow cytometry. (A) 981 

Representative histograms for the expression of CXCR3 and CD49d in the CD19+ cells are 982 

shown. Quantification of the MFI (B) and frequency (C) associated to the surface expression 983 

of CXCR3 and CD49d in living (ZAq-) CD19+ cells isolated from the spleen (top panel) and 984 

CNS (bottom panel). (B-C) Values represent the mean ± SEM. **, p<0.01 by unpaired 985 

Student’s t-test. (D-E) BM chimeric mice harbouring Drd3-deficient and Drd3-sufficient B-986 

cells were generated by the i.v. transfer of a 3:7 mixed BM from Cd45.1+/+/Cd45.2-/-/Drd3+/+ 987 

mice (white bars) and Cd45.1-/-/Cd45.2+/+/Drd3-/- mice (grey bars) into g-irradiated µMT 988 

recipient mice. Afterwards, EAE was induced in chimeric mice by immunization with huMOG 989 

in CFA followed by pertussis toxin injection. (D) Schematic illustration of the experimental 990 
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design. (E) At the peak of disease severity (day 15 post-induction), mononuclear cells were 991 

isolated from peripheral blood (left panels), the spleen (middle panels) and the CNS (right 992 

panels) and the frequency of total CD19+ B-cells was analysed by flow cytometry. Top panels 993 

show representative dot-plots of CD45.1+ versus CD45.2+ cells in the CD19+ gate. Numbers 994 

indicate the percentage of cells in the corresponding region. Bottom panels show the 995 

percentage quantification. Values represent the mean ± SEM from three determinations. 996 

Data representative from one out of three independent experiments is shown. **, p<0.01, 997 

***, p<0.001 by two-way ANOVA followed by Sidak’s post-hoc test. (F-G) Naïve B-cells 998 

(CD19+ IgDhi IgMint CD11c- TCRβ-) were isolated from the spleen of Drd3-deficient (grey 999 

histograms/bars) or Drd3-sufficient (white histograms/bars) mice by cell-sorting and 1000 

incubated in vitro in the presence of anti-CD40, anti-IgM, IFNγ and the TLR9-ligand CpG. 1001 

After 5 days, CXCR3 and Tbet expression were evaluated by flow cytometry. (F) 1002 

Representative histograms of CXCR3 and Tbet expression in the CD19+ population are 1003 

shown in top panels. Quantification of the mean fluorescence intensity (MFI) associated to 1004 

CXCR3 (bottom left panel) and Tbet (bottom right panel) are shown. (G) Quantification of 1005 

the percentage (left panel) and absolute number (right panel) of CD19+ B-cells positive for 1006 

CXCR3, Tbet or both are shown. (F-G) Values represent the mean ± SEM from three 1007 

determinations. **, p<0.01; ***, p<0.001; ****, p<0.0001 by unpaired two-tailed Student’s t-1008 

test. 1009 

 1010 



Figures

Figure 1

DRD3-signalling in lymphocytes is required for the development of CNS-autoimmunity. (A) BM chimeric
mice harbouring Drd3-de�cient or Drd3-su�cient lymphocytes were generated by the i.v. transfer of a 4:1
mixed BM from Rag1-/- and Drd3-/- mice (grey symbols) or 4:1 mixed BM from Rag1-/- and Drd3+/+ mice
(white symbols) respectively into g-irradiated Rag1-/- recipient mice. Afterwards, EAE was induced in
chimeric mice by immunization with pMOG35-55 in CFA followed by pertussis toxin injection and disease
severity was determined throughout the time-course of the disease development. n = 4-5 mice per group.
Top panel shows an illustration of the experimental strategy for generation of chimeric mice. Bottom
panel shows the quanti�cation of clinical score for different experimental groups. (B) Primary progressive
EAE was induced in mice bearing Drd3-de�cient (grey symbols) or Drd3-su�cient (white symbols) CD4+
T-cells by the i.v. transfer of transgenic naïve CD4+ T-cells (Tn; 7,5x105 cells per mouse) isolated from
Drd3-/- 2D2 or Drd3+/+ 2D2 mice into Rag1-/- recipient mice. Disease severity was determined



throughout the time-course of the disease development. n = 4 mice per group. Top panel illustrates the
experimental design to induce primary progressive EAE. Bottom panel shows the quanti�cation of clinical
score for different experimental groups. (C) EAE was induced in wild-type C57BL/6 mice by immunization
with pMOG35-55 (black symbols) or huMOG (grey symbols) in CFA followed by pertussis toxin injection.
Disease severity was evaluated throughout the time-course of the disease development. n = 6-8 mice per
group. (D and E) At the peak of disease severity (indicated by an arrow in C), mononuclear cells were
isolated from the spleen, draining lymph nodes (dLN) and central nervous system (CNS) and the
frequency of CD19+ B-cells from the CD45+ gate (D) and the percentage of DRD3 expression in CD19+ B-
cells (E) were evaluated. A control group (white bars) without immunization (-) was included in the
analysis. Data representative from one out of three independent experiments is shown. (A-E) Values
represent mean ± SEM. *, p<0.05; **, p<0.01; ****, p<0.0001 by Mann–Whitney U test (A-C) or unpaired
Student’s t-test (D-E).

Figure 2

DRD3-signalling in B-cells attenuates disease severity in an EAE model that does not depend on the APC-
function of B-cells. BM chimeric mice harbouring Drd3- de�cient or Drd3-su�cient B-cells were generated
by the i.v. transfer of a 4:1 mixed BM from μMT and Drd3-/- mice (grey symbols) or 4:1 mixed BM from
μMT and Drd3+/+ mice (black symbols) respectively into g-irradiated μMT recipient mice. (A) Schematic
illustration of chimeric mice generation. (B-E) EAE was induced in chimeric mice by immunization with
pMOG35-55 in CFA followed by pertussis toxin injection. n = 8 mice per group. (B) Disease severity was
evaluated throughout the time-course of the disease development. (C-E) At the peak of disease severity
(day 15 post-induction), mononuclear cells were isolated from the CNS (C and D) and the spleen (E)



followed by ex vivo stimulation with PMA/ionomycin in the presence of brefeldin A, and intracellular
cytokine staining analysis in CD4+ T-cells was carried out by �ow cytometry. (C) Representative dot-plots
in the CD4+ gate are shown. Numbers indicate the percentage of cells in the corresponding quadrant. (D
and E) Quanti�cation of the frequency of CD4+ T-cells producing IFNγ, IL-17, GM-CSF or expressing
FoxP3. Data representative from one out of three independent experiments is shown. (B, D and E) Values
represent the mean ± SEM. *, p<0.05; **, p<0.01; by Mann–Whitney U test (B) or unpaired Student’s t-test
(D-E).

Figure 3

Drd3-de�ciency in B-cell abrogates disease manifestation in an EAE model that depends on the APC-
function of B-cells. BM chimeric mice harbouring Drd3- de�cient (grey symbols) or Drd3-su�cient (black
symbols) B-cells were generated as described in �gure 2A. Afterwards, EAE was induced in chimeric mice
by immunization with huMOG in CFA followed by pertussis toxin injection. n = 6-8 mice per group. (A)
Disease severity was evaluated throughout the time-course of the disease development. (B-D) At the peak
of disease severity (day 15 post-induction), mononuclear cells were isolated from the CNS (B and C) and
the spleen (D) followed by ex vivo stimulation with PMA/ionomycin in the presence of brefeldin A, and
intracellular cytokine staining analysis in CD4+ T-cells was carried out by �ow cytometry. (B)
Representative dot-plots in the CD4+ gate are shown. Numbers indicate the percentage of cells in the
corresponding quadrant. (C and D) Quanti�cation of the frequency of CD4+ T-cells producing IFNγ, IL-17,
GM-CSF or expressing FoxP3. Data representative from one out of three independent experiments is
shown. (A-D) Values represent the mean ± SEM. *, p<0.05; **, p<0.01; ****, p<0.0001 by Mann–Whitney U
test (A) or unpaired Student’s t-test (C-D).



Figure 4

DRD3-signalling favours the expression of a4-integrin and attenuates the immunosuppressive pro�le in B-
cells in�ltrating the CNS in an EAE model that does not depend on the APC-function of B-cells. (A-C) BM
chimeric mice harbouring Drd3- de�cient (grey symbols) or Drd3-su�cient (white symbols) B-cells were
generated as described in �gure 2A. Afterwards, EAE was induced in chimeric mice by immunization with
pMOG35-55 in CFA followed by pertussis toxin injection. n = 6-9 mice per group. At the peak of disease



severity (day 15 post-induction), mononuclear cells were isolated from the spleen and the CNS and the
surface expression of CXCR3 and α4 integrin (CD49d) were analysed in the CD19+ population by �ow
cytometry. (A) Representative histograms for the expression of CXCR3 and CD49d in the CD19+ cells are
shown. (B) Quanti�cation of the mean �uorescence intensity (MFI) associated to the surface expression
of CXCR3 and CD49d in living (ZAq-) CD19+ cells isolated from the spleen (top panel) and CNS (bottom
panel). (C) Quanti�cation of the percentage of surface expression of CXCR3 and CD49d in living (ZAq- )
CD19+ cells isolated from the spleen (top panel) and CNS (bottom panel). (B-C) Values represent the
mean ± SEM. *, p<0.05; **, p<0.01 by unpaired Student’s t-test. (D-E) BM chimeric mice harbouring Drd3-
de�cient and Drd3-su�cient B-cells were generated by the i.v. transfer of a 1:1 mixed BM from
Cd45.1+/+/Cd45.2-/-/Drd3+/+ mice (white symbols) and Cd45.1-/-/Cd45.2+/+//Drd3-/- mice (grey
symbols) into g-irradiated μMT recipient mice. Afterwards, EAE was induced in chimeric mice by
immunization with pMOG35-55 in CFA followed by pertussis toxin injection. n = 8 mice per group. (D)
Schematic illustration of the experimental design. (E) At the peak of disease severity (day 15 post-
induction), mononuclear cells were isolated from peripheral blood (left panel), the spleen (middle panel)
and the CNS (right panel) and the frequency of total CD19+ B-cells was analysed by �ow cytometry. Top
panels show representative dot-plots of CD45.1+ versus CD45.2+ cells in the CD19+ gate. Numbers
indicate the percentage of cells in the corresponding region. Bottom panels show the percentage
quanti�cation. Values represent the mean ± SEM from three determinations. Data representative from
one out of three independent experiments is shown. *. P<0.05; **, p<0.01, ****, p<0.0001 by two-way
ANOVA followed by Sidak’s posthoc test. (F-G) Naïve B-cells (CD19+ IgDhi IgMint CD11c- TCRβ-) were
isolated from the spleen of Drd3-de�cient (grey bars/histograms) or Drd3-su�cient (white
bars/histograms) mice by cell-sorting, loaded with cell-trace violet (CTV) and incubated in vitro in the
presence of anti- CD40, anti-IgM, IFNγ and the TLR9-ligand CpG for 5 days. (F) The extent of proliferation
was evaluated as the dilution of the �uorescence associated to CTV in living (ZAq-) CD19+ cells by �ow
cytometry. Representative histograms are shown in the left panel. The marker indicates cells displaying
dilution of CTV-associated �uorescence. Quanti�cation of the percentage of cells displaying diluted CTV-
associated �uorescence (top right panel) and the MFI of CTV-associated �uorescence (bottom right
panel) are shown. (G) The extent of cell dead was determined as the percentage of ZAq+ cells in the
CD19+ gate. (F-G) Values represent the mean ± SEM from three determinations. *, p<0.05 by unpaired
two-tailed Student’s t-test. n.s. non signi�cant. (H) Chimeric mice were treated as shown in (D) and at the
peak of disease severity (day 15 post-induction), CD19+ B-cells were isolated from the spleen and the
levels of cytokine transcripts was analysed by qRT-PCR. The levels of gapdh transcripts were used as a
housekeeping. Data representative from one out of three independent experiments is shown. Values
represent mean ± SEM. *, p<0.05; **, p<0.01 by unpaired Student’s t-test.



Figure 5

Drd3-de�ciency in B-cells impairs the acquisition of CXCR3 and their in�ltration into the CNS in an EAE
model that depends on the APC-function of B-cells. (A-C) BM chimeric mice harbouring Drd3-de�cient
(grey symbols) or Drd3-su�cient (white symbols) B-cells were generated as described in �gure 2A.
Afterwards, EAE was induced in chimeric mice by immunization with huMOG in CFA followed by pertussis
toxin injection. n = 5 mice per group. At the peak of disease severity (day 15 post-induction), mononuclear



cells were isolated from the spleen and the CNS and the surface expression of CXCR3 and α4 integrin
(CD49d) were analysed in the CD19+ population by �ow cytometry. (A) Representative histograms for the
expression of CXCR3 and CD49d in the CD19+ cells are shown. Quanti�cation of the MFI (B) and
frequency (C) associated to the surface expression of CXCR3 and CD49d in living (ZAq-) CD19+ cells
isolated from the spleen (top panel) and CNS (bottom panel). (B-C) Values represent the mean ± SEM. **,
p<0.01 by unpaired Student’s t-test. (D-E) BM chimeric mice harbouring Drd3-de�cient and Drd3-su�cient
Bcells were generated by the i.v. transfer of a 3:7 mixed BM from Cd45.1+/+/Cd45.2-/-/Drd3+/+ mice
(white bars) and Cd45.1-/-/Cd45.2+/+/Drd3-/- mice (grey bars) into g-irradiated μMT recipient mice.
Afterwards, EAE was induced in chimeric mice by immunization with huMOG in CFA followed by pertussis
toxin injection. (D) Schematic illustration of the experimental design. (E) At the peak of disease severity
(day 15 post-induction), mononuclear cells were isolated from peripheral blood (left panels), the spleen
(middle panels) and the CNS (right panels) and the frequency of total CD19+ B-cells was analysed by
�ow cytometry. Top panels show representative dot-plots of CD45.1+ versus CD45.2+ cells in the CD19+
gate. Numbers indicate the percentage of cells in the corresponding region. Bottom panels show the
percentage quanti�cation. Values represent the mean ± SEM from three determinations. Data
representative from one out of three independent experiments is shown. **, p<0.01, ***, p<0.001 by two-
way ANOVA followed by Sidak’s post-hoc test. (F-G) Naïve B-cells (CD19+ IgDhi IgMint CD11c- TCRβ-)
were isolated from the spleen of Drd3-de�cient (grey histograms/bars) or Drd3-su�cient (white
histograms/bars) mice by cell-sorting and incubated in vitro in the presence of anti-CD40, anti-IgM, IFNγ
and the TLR9-ligand CpG. After 5 days, CXCR3 and Tbet expression were evaluated by �ow cytometry. (F)
Representative histograms of CXCR3 and Tbet expression in the CD19+ population are shown in top
panels. Quanti�cation of the mean �uorescence intensity (MFI) associated to CXCR3 (bottom left panel)
and Tbet (bottom right panel) are shown. (G) Quanti�cation of the percentage (left panel) and absolute
number (right panel) of CD19+ B-cells positive for CXCR3, Tbet or both are shown. (F-G) Values represent
the mean ± SEM from three determinations. **, p<0.01; ***, p<0.001; ****, p<0.0001 by unpaired two-tailed
Student’s t-test.
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