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SUMMARY

The lack of approaches to produce interleukin (IL)-10-producing B cells at high frequency has hampered 
mechanistic investigation into the generation, fate, and activity of these regulatory cells. We screened phar-

macological compounds for their ability to induce IL-10 expression in B cells. One compound, N6, promoted 
stable IL-10 expression in >95% of B cells. Transfer of IL-10 + B cells induced remission of experimental auto-

immune encephalomyelitis. N6-induced B cells accumulated in the central nervous system (CNS) and differ-

entiated into IL-10 + plasma cells, promoting transcriptional and phenotypic changes in myeloid cells within 
the CNS. The therapeutic effect of IL-10 + B cell transfer was abrogated in mice lacking IL-10 receptor expres-

sion in long-lived myeloid cells, pointing to microglia as targets of B cell-derived IL-10. Importantly, an N6 
analog corrected defective IL-10 expression in B cells from multiple sclerosis patients. Our findings establish 
a pharmacological strategy to generate IL-10 + B cells with therapeutic potential and identify microglia as crit-

ical targets for intercepting neuroinflammatory disease progression.

INTRODUCTION

The immune system has evolved to provide defenses against in-

fectious diseases. Besides infections, antimicrobial immune re-

sponses can also cause tissue pathology. It follows that the acti-

vation of the immune system is often associated with tissue 

pathology. As a counteracting process, regulatory immune cells 

provide mechanisms to control ongoing inflammation and initiate
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6 CNRS UMR 9187, INSERM U1196, Chemistry and Modeling for the Biological of Cancer, Institut Curie, PSL Research University, 91405, 
Orsay, France
7 CNRS UMR 9187, INSERM U1196, Chemistry and Modeling for the Biological of Cancer, Orsay, France
8 Université Paris-Saclay, 91405 Orsay, France
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tissue repair programs. Elucidating the regulatory pathways 

active specifically during ongoing immune responses may inform 

therapeutic strategies for chronic immune-mediated inflamma-

tory diseases (IMIDs). 1,2

Upon activation, B cells can express interleukin (IL)-10 and 

exert regulatory functions in ongoing autoimmune, allergic, in-

fectious, and malignant diseases, as well as in transplantation 

in mice and humans. 3–7 B cell regulatory functions involve the 

canonical signaling pathways implicated in B cell activation, 

such as intrinsic signaling via the B cell receptor (BCR), 

CD40, or Toll-like receptors (TLRs). 3,8 In multiple sclerosis 

(MS), B cells often exhibit impaired IL-10 production, 9 and 

normalized IL-10 expression in a patient subgroup correlates 

with improved disease course. 10 A defect in IL-10 expression 

in B cells might thus facilitate disease progression in this hu-

man disease. In the pre-clinical model for MS experimental 

autoimmune encephalomyelitis (EAE), mice with an Il10 defi-

ciency restricted to B cells develop a severe chronic disease, 

whereas mice with wild-type (WT) B cells spontaneously 

recover after a short paralysis. 3 IL-10-producing B cells can 

be used as cell therapy to intercept disease. 3,11–13

Although the utilization of IL-10-producing B lymphocytes in 

cell therapy is appealing, this is currently challenged by the 

lack of strategy to produce such therapeutic cells. The lack of 

such a strategy also limits the investigation of the mechanisms 

underpinning their differentiation from naive B cells and the eluci-

dation of the processes behind their capacity to reverse clinical 

signs during ongoing inflammatory diseases.

The mechanisms controlling the resolution versus chronifica-

tion of ongoing immune-mediated disease indeed remain incom-

pletely characterized even though CD4 + T cells and myeloid cells 

are known to be involved. 14–17 Thus, the contribution of specific 

myeloid cell types such as infiltrating monocytes, resident mac-

rophages, and microglia, as well as the signals competent for 

their control have not yet been fully delineated with specific ge-

netic approaches. The establishment of an approach to intercept 

ongoing disease without depleting any cell type would facilitate

the analysis of the cellular and molecular circuits driving disease 

progression versus those driving its resolution.

We aimed to establish a strategy to easily produce high 

numbers of IL-10-producing B cells (iBreg cells) and to examine 

their therapeutic capacity. A high-throughput screen identified 

IL-10-inducing compounds allowing the production of B cell cul-

tures in which >95% of cells stably expressed IL-10. iBreg cells 

reversed ongoing EAE in recipient mice upon adoptive cell ther-

apy, which operated independently of their reactivity toward a 

disease-relevant autoantigen through the modulation of CNS 

monocytes, macrophages, and microglia.

RESULTS

Identification of chemical compounds allowing the 

production of B cells highly enriched in IL-10 expression 

TLR and CD40 signaling are important for the regulatory func-

tions of B cells. 3,8 However, these signals induced Il10 in fewer 

than 30% of B cells in vitro (Figure S1A). To improve this 

response, we established a high-throughput screen to evaluate 

chemical libraries by flow cytometry. B cells from Il10.EGFP re-

porter mice were stimulated with individual compounds from a 

40,128-molecule library and lipopolysaccharides (LPSs, TLR4 

agonist) for 3 days. The frequency of Il10-expressing cells was 

then analyzed by flow cytometry. This screen and validation 

steps (see high-throughput flow cytometry screen section in 

method details) led to compound C3 as inducer of Il10 expres-

sion in B cells (Figure S1A). Because TLR9 agonists can activate 

both mouse and human B cells 18 while LPS poorly stimulates hu-

man B cells, we then focused on C–phosphate–G (CpG) oligonu-

cleotides. The assessment of 9 chemical analogs to C3 on B cells 

stimulated via TLR9 identified N6 as more efficient compound 

(Figure 1A). C3 and N6 were active at low concentration 

(250 nM) (Figure 1A) and across various stimulation protocols 

(Figure S1A). N6 augmented the frequency of Il10-producing 

cells from ∼24% to ∼75% in B cells activated with CpG for 

3 days (Figures 1A and S1A), without affecting viability
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Figure 1. Ex vivo generation of highly enriched Il10-expressing plasmocytes

(A) Left: mouse WT B cells mice were stimulated with CpG and C3 or similar molecules and supernatants analyzed by Bio-Plex (mean ± SEM, n = 2 independent 

experiments) (top). Cell viability was analyzed using a CellTiter-Glo assay (bottom) (mean ± SD, n = 2 independent experiments). Right: B cells from Il10.EGFP-

(legend continued on next page)
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(Figure 1A) and expression of IL-6 (data not shown), a mediator of 

pathogenic B cell functions in autoimmune diseases. 19,20

To increase the impact of N6, the 3-day culture was extended 

by 4 days in presence of N6, CpG, and CD40L-expressing L47 

cells. This 2-step protocol yielded highly enriched (∼95%) Il10-

expressing B cells and amplified the B cell number by 30-fold 

(Figure 1B). Control cultures with vehicle (DMSO) had only

∼50% Il10-expressing cells (Figure 1B). B cells re-stimulated 

with L47/IL-4/B cell activating factor (BAFF) during the second 

culture step did not express Il10 (Figure 1B). B cells did not ex-

press IL-6 in any of these 7-day cultures (Figure 1B). Similar re-

sults were obtained using an agonistic antibody to CD40 instead 

of L47 cells (Figure S1B). The up-regulation of Il10 expression 

similarly occurred when IL-10 and IL-10 receptor (IL-10R) were 

blocked (Figure S1C). This protocol fully polarized splenic follic-

ular (FO) B cells and marginal zone (MZ) B cells into Il10 pro-

ducers (Figure S1D), even though FO B cells have been reported 

to be less proficient at expressing IL-10. 5,21

To characterize the effect of N6, B cells activated for 2 h, 24 h, 

48 h, and 7 days with CpG and N6 or DMSO vehicle, as well as 

resting B cells, were analyzed by single-cell RNA sequencing 

(scRNA-seq, 10× Genomics). A uniform manifold approximation 

and projection (UMAP) of these data showed the impact of N6 on 

B cells along their activation (Figure 1C). Il10 became detectable 

at 24 h and was preferentially localized in N6-B cell areas 

(Figures 1C and 1D). A Gene Ontology (GO) search on day 7 sam-

ples revealed an enrichment for genes associated with the 

unfolded protein response (UPR) in N6-B cells (Figure 1E), which 

was confirmed by projecting the inferred UPR pathway activity 

on the UMAP (Figure S1E). This suggested that N6 promoted B 

cell differentiation into plasmocytes. 22 Indeed, compared with 

control cultures, N6-B cells displayed a higher frequency of 

B220 lo CD138 hi plasmocytes (Figure S1F) and a higher expres-

sion of PR domain zinc finger protein 1 (Prdm1) (Figure S1G) 

that encodes B lymphocyte-induced maturation protein 1 

(BLIMP1), a master transcription factor for plasmocyte differen-

tiation. This enhanced plasmocyte differentiation was preserved 

when IL-10R signaling was blocked (Figure S1H). We next as-

sessed whether Il10 expression in B cells was mechanistically 

linked to their differentiation into plasmocytes. To this end, 

Prdm1 and interferon regulatory factor 4 (Irf4) genes were inacti-

vated in B cells using CRISPR-Cas9 before they were exposed to

N6. In brief, B cells from H11.Cas9-Il10.EGFP-Il6.tdTomato were 

pre-activated at day − 1 with anti-CD180 for 24 h, then trans-

duced at day 0 with retroviral vectors to express the guide 

RNA (gRNA), a puromycin resistance gene, and a blue fluores-

cent protein (Figure S2A). B cells were then immediately sub-

jected to the 7-day protocol. B cell stimulation with anti-CD180 

led to their activation (thus enabling their retroviral transduction), 

without inducing their differentiation into Il10- or Il6-expressing 

cells (Figure S2B). As expected, the inactivation of either Irf4 or 

Prdm1 prevented plasmocyte differentiation (Figure S2C). The 

inactivation of Prdm1 did not affect Il10 expression, while Irf4 

inactivation reduced the frequency of Il10-expressing cells 

from around 91% to 69% (Figure S2C). Plasmocyte differentia-

tion is thus not strictly required for Il10 expression, even though 

the two processes involve Irf4.

We next examined whether N6 induced a bias in BCR reper-

toire. There was no obvious bias in V H -J H repertoire between 

N6-B cells and DMSO-control B cells at day 7 (Figures 1F 

and 1G).

Collectively, this work established a strategy permitting, with 

the identified compounds, the production of large numbers of 

B cells showing a high proportion of IL-10-producing cells.

N6 induces stable IL-10 expression in treated B cells

To identify the effects of N6 in B cells that were constant along 

the culture period, we searched for genes stably modulated in 

B cells by N6. Comparing the single-cell transcriptomes of N6-

treated and control B cells at 2 h, 24 h, 48 h, and day 7 post-acti-

vation and the bulk transcriptomes of unstimulated B cells 

exposed to N6 or DMSO for 6 h, we found that Il10 and nineteen 

other genes were differentially expressed in at least 4 of these 5 

comparisons between N6-treated samples and controls (Arh-

gap6, Armcx6, Cd36, Cd81, Edem3, Ehd4, Ets2, Hepacam2, 

Ifngr1, Il7r, Klra4, Leprotl1, Net1, P2ry14, Phgdh, Rnd3, Saraf, 

St3gal5, and Stim2). The projection of this ‘‘N6 gene signature’’ 

on the UMAP (Figure S3A) and of its genes in a heatmap 

(Figure S3B) illustrated its higher expression in N6-B cells.

To gain further insights into the stability of N6’s effects, we 

analyzed the epigenome of N6-treated and control B cells using 

assay for transposase-accessible chromatin using sequencing 

(ATAC-seq). A principal component analysis (PCA) of ATAC-

seq data highlighted the distinct epigenetic profiles of N6-treated

Il6.tdTomato mice were stimulated with CpG for 3 days, with N6 or C3 (2-fold dilutions starting at 5 μM) or DMSO as control (mean ± SD, n = 2 independent 

experiments) (top). N6 structure is shown (bottom).

(B) B cells from WT and Il10.EGFP-Il6.tdTomato mice were stimulated with CpG/N6 for 3 days and then transferred on CD40L-expressing cells (L47) with IL-4/ 

BAFF, CpG/DMSO (DMSO as vehicle control), or CpG/N6 (N6 initially dissolved in DMSO) for 4 days. Representative fluorescence-activated cell sorting (FACS) 

plots for Il10.EGFP and Il6.tdTomato expression at day 7 for cultures with L47/CpG/N6 for the last 4 days (left) and quantification on viable/singlets/CD45 + CD19 + 

cells (middle) (mean ± SD, n = 5 independent experiments). B cells from WT mice were used to determine autofluorescence. Similar cultures were repeated with 

WT B cells to analyze supernatants by ELISA for IL-10 and IL-6 at day 7 and to determine B cell number at day 7 (mean ± SD, n = 4 independent experiments).

(C) A UMAP was generated by integrating the scRNA-seq data obtained from samples stimulated as indicated.

(D) Il10 expression was projected on the UMAP.

(E) A GO enrichment was performed on differentially expressed genes between L47/CpG/DMSO- and L47/CpG/N6-generated cells (day 7). Genes expressed at 

higher level in N6-treated cells are in red in the log 2 -fold change scale.

(F) Mouse WT B cells were stimulated as in (B), and immunoglobulin heavy-chain repertoire sequencing was performed. Circos plots depicting the frequencies of 

V H -J H usage and combinations of productive sequences are shown (representative of 5 independent cultures).

(G) Species richness of 3.000 randomly selected variable-diversity-joining (VDJ) reads (mean ± SD from 5 independent cultures).

Statistical analyses were performed with a two-way ANOVA followed by Tukey’s multiple comparisons test (A and B) or with an unpaired Mann-Whitney test (G). 

ns > 0.05, ****p < 0.0001.

See also Figures S1 and S2.
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and control B cells (Figure 2A). N6-treated B cells tended to group 

together and separately from the control groups regardless of the 

culture duration, suggesting a specific and stable epigenetic re-

programming. N6 increased Il10 locus accessibility in B cells

within 24 h (cells stimulated with CpG for 24 h and then CpG + 

N6 for 24 h; CpG 48 h w/ 24 h N6 in Figures 2A and 2B) acting 

at the promoter and several enhancers (Figure 2B). At this time 

point, N6 increased accessibility at 1,264 differentially accessible
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Figure 2. N6 confers IL-10 expression stability in B cells

(A) Mouse B cells were stimulated as indicated and analyzed by ATAC-seq. Data are shown as principal component analysis (PCA).

(B) DARs from all pairwise comparisons indicated by 7 brown rectangles and model-based analaysis for ChIP-seq 2 (MACS2) ATAC peaks showing accessible 

regions of the Il10 region.

(C and D) Cells generated as in Figure 1B were washed and left unstimulated (RPMI) for 3 additional days and analyzed daily for Il10 (C) and Il6 (D) expression. B 

cells from WT and Il10.EGFP-Il6.tdTomato reporter mice were used to determine autofluorescence and Il10 or Il6, respectively. Representative histograms are 

shown (top). Gray and green or red histograms represent autofluorescence and Il10 or Il6, respectively. Quantification is shown (bottom left). Supernatants from 

WT B cells were analyzed by ELISA (bottom right). Data pooled from 3 independent experiments.

Statistical analyses were performed with a two-way ANOVA followed by Tukey’s multiple comparisons test (C and D). **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

See also Figure S3 and Table S1.
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Figure 3. iBreg cells protect mice from EAE

(A) EAE was induced in WT mice and WT B cells stimulated as in Figure 1B were administered on day − 1. Data show clinical scores (mean ± SEM, n ≥ 9 mice/ 

group, 2 independent experiments). At day +30 p.i., splenocytes were stimulated for 5 h with MOG 35–55 and analyzed by flow cytometry for frequency of IL-17 + in

(legend continued on next page)
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regions (DARs) and reduced it at 46 DARs, indicating that only a 

limited number of regions were affected, mainly in introns, inter-

genic regions, and promoters (Table S1). Several genes, 

including Il10, had multiple DARs (Table S1). The accessibility 

at these 1,310 DARs remained globally distinct in N6-B cells 

across time, as indicated by their separation from control sam-

ples in the unsupervised clustering (Figure S3C). The accessibility 

of the 20 genes composing the ‘‘N6 gene signature’’ was then 

analyzed. Among these genes Il10, Rnd3, and Stim2 had DARs 

showing an increased accessibility in N6-B cells at all tested 

time points (Figure S3D).

The durable increase in Il10 expression and in genomic acces-

sibility at the Il10 locus achieved by N6 suggested that N6 might 

induce stable IL-10-producing B cells. To test this possibility, B 

cells were cultured for 7 days as described in Figure 1B, washed, 

and then re-cultured in different conditions for 3 days without N6. 

N6-B cells displayed a stable Il10 expression from days 8 to 10, 

when kept in medium (RPMI, Figure 2C) or when re-activated 

with CpG (Figure S3E). Similar results were obtained when 

N6-B cells were re-cultured with an anti-CD40 and/or anti-immu-

noglobulin M (IgM), with CpG, LPS, or R848 (Figure S3E; data not 

shown). Accordingly, the amount of IL-10 increased from days 8 

to 9 and, depending on the condition, increased or remained sta-

ble from days 9 to 10 (Figures 2C and S3E; data not shown). In 

contrast, control B cells displayed a progressive loss of Il10 

expression from days 8 to 10 and reduced IL-10 in supernatants 

on day 10 compared with day 9 in all conditions (Figures 2C and 

S3E; data not shown). N6-B cells did not express Il6 between 

days 8 and 10 unlike control B cells stimulated with L47/CpG/ 

DMSO or L47/IL-4/BAFF from days 4 to 7 (Figures 2D and 

S3F; data not shown).

We conclude that N6 induces highly enriched and stable IL-

10-producing B cells.

Therapeutic effect of induced IL-10-producing B cells 

against CNS autoimmunity

We next determined the protective effect of ‘‘N6-B cells’’ (corre-

sponding below to B cells activated with CpG/N6 for 3 days fol-

lowed by L47/CpG/N6 for 4 days, as in Figure 1B) in EAE. 10 7 

N6-B cells were administered once to recipient mice 1 day before

immunization with myelin oligodendrocyte glycoprotein peptide 

(MOG 35–55 ) peptide. This almost completely suppressed EAE 

development in recipient mice, whereas B cells generated with 

L47/IL-4/BAFF or L47/CpG/DMSO during the second culture 

step had no effect on disease course (Figure 3A). Protection 

was associated with a reduced CD4 + autoreactive T H 17 response 

and an increased accumulation of IL-10 + B cells (Figure 3A). N6-B 

cells had no effect on the frequency of CD25 + FoxP3 + Treg cells, 

CD4 + T cells expressing lymphocyte-activation gene 3 protein 

(LAG-3) and/or programmed cell death 1 (PD-1), autoreactive 

CD4 + T cells expressing granulocyte-macrophage colony-stimu-

lating factor (GM-CSF), tumor necrosis factor (TNF), interferon γ 
(IFN-γ), IL-10, or CD40L (Figures S4A and S4B). It also had no ef-

fect on the relative frequency of B cell subsets (FO, MZ, double-

negative [DN]) (Figure S4C). N6-B cells similarly controlled EAE 

development when administered at day +10 post-immunization 

(p.i.) (Figure 3B).

Remarkably, a single administration of 10 7 N6-B cells into 

recipient mice near the peak of EAE led to rapid disease resolu-

tion, whereas PBS-treated controls maintained a persistent pa-

ralysis (Figure 3B). As demonstrated by histology, treated mice 

showed lower numbers of infiltrating CD3 + T cells as well as 

Mac-3 + myeloid cells, an improved myelination status, and a 

preserved neuronal integrity in spinal cords at day +30 p.i. 

(Figure S4D). Serum neurofilament light chain (sNfL), a biomarker 

of neuronal damage and disease activity in MS patients, 23 was 

strongly increased at day +17 p.i. (data not shown) and N6-B 

cell treatment triggered a higher reduction of sNfL levels at day - 

+30 p.i. compared with untreated mice (Figure S4D). The im-

mune phenotyping of mice treated at days +10 or +17 p.i. with 

N6-B cells highlighted the reduction of CD4 + autoreactive T H 17 

cells and the increased frequency of IL-10-producing B cells 

as key distinctive features (Figure 3B), while other parameters 

analyzed, such as frequencies of Treg cells, CD4 + T cells ex-

pressing LAG-3 and/or PD-1, autoreactive CD4 + T cells express-

ing GM-CSF, TNF, IFN-γ, IL-10, or CD40L, or the proportion of 

FO, MZ, and DN cells within B cells, were unchanged 

(Table S2; Figures S4E–S4G). The clinical and immunological ef-

fects of N6-B cells depended on their expression of IL-10 but 

were independent of major histocompatibility complex class II

CD4 + T cells. At day +30 p.i., splenocytes were also stimulated for 5 h with PMA/ionomycin/LPS and analyzed for frequency of CD19 + IL-10 + B cells. Data show 

quantifications and representative stainings (mean ± SD, n ≥ 5 mice/group, 2 independent experiments).

(B) EAE was induced in WT mice and N6-B cells were transferred at days − 1, +10, or +17 p.i. Data show clinical scores (mean ± SEM, n = 5 mice/group for days

− 1, and n ≥ 10 for day +10 p.i. and day +17 p.i., 2 independent experiments). At day +30 p.i., splenocytes were analyzed to quantify IL-17 + CD4 + T cells and 

CD19 + IL-10 + B cells, as in (A).

(C) EAE was induced in WT mice and N6-B cells from WT, Il10 − /− , or H2 − /− mice were transferred at day +17 p.i. Data show clinical scores (mean ± SEM, n ≥ 10 

mice/group, 2 independent experiments). At day +30 p.i., splenocytes were analyzed to quantify IL-17 + CD4 + T cells and CD19 + IL-10 + B cells, as in (A).

(D) CD25 + Treg cells were depleted at day − 5. Data show representative FACS plots and quantification of CD25 + FoxP3 + cells within CD4 + T cells and of FoxP3 + 

cells within CD4 + T cells at day 0 (mean ± SD, n = 4 mice/group from 2 independent experiments. Unpaired Mann-Whitney test comparing Ctrl group with a-CD25 

group, *p < 0.05).

(E) EAE was induced in WT mice, including groups treated with a-CD25 (− Treg cells) at day − 5, as in (D). N6-B cells were transferred at days − 1, +10 p.i., or +17 

p.i. Mice not depleted for Treg cells were used as control. Data show clinical score (mean ± SEM, n ≥ 10 mice/group, 2 independent experiments).

(F) EAE was induced in Ly5.1 − Ly5.2 + mice and iBreg cells from CD45.1 + CD45.2 − mice were transferred at day +17 p.i. Brains and spinal cords (SCs) were 

harvested at days +19 or +30 p.i. and CD45.1 + CD45.2 − iBreg cells quantified (mean ± SD, n = 7 mice/group from 2 independent experiments). A representative 

FACS plot of CD45.1/CD45.2 staining is shown for SC at day +19 p.i. of iBreg cells-treated mouse.

(G) EAE was induced in Ly5.1 + Ly5.2 − mice and iBreg cells from Il10.EGFP-Il6.tdTomato reporter mice (Ly5.1 − Ly5.2 + ) were transferred at day +17 p.i. Organs were 

harvested at day +30 p.i. and Il10 + iBreg cells were quantified among viable/singlets/CD45 + /CD45.2 + CD45.1 − cells. Representative FACS plot for Il10/Il6 

expression in a SC sample is shown.

Statistical analyses were performed with Kruskal-Wallis test with Dunn’s correction. *p < 0.05, ***p < 0.001, and ****p < 0.0001.

See also Figures S4 and S5 and Table S2.
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(MHC class II) (Figure 3C). Thus, N6-B cells drove disease reso-

lution and suppressed CD4 + autoreactive T H 17 cells in an IL-10-

dependent manner without requiring cognate interaction with 

CD4 + T cells.

Because IMIDs often involve Treg cell defects, we addressed 

whether N6-B cells could protect Treg cell-depleted mice. Mice 

treated with an anti-CD25 (Figure 3D) developed a worsening 

disease and were sacrificed around day +22 p.i. for ethical rea-

sons (Figure 3E). The administration of N6-B cells at days − 1 or - 

+10 p.i. into Treg cells-depleted mice prevented severe disease 

development (Figure 3E). Remarkably, the injection of N6-B cells 

into Treg cells-depleted mice at day +17 p.i. restored remission 

from EAE (Figure 3E). N6-B cells can therefore compensate for a 

defect in Treg cells.

Based on the frequency of IL-10-expressing cells among N6-B 

cells, their stability, and their protective function in EAE, we 

named these cells induced regulatory B cells (iBreg cells).

The rapid effect of iBreg cells on ongoing EAE suggested that 

they acted in the CNS. Already 2 days after transfer near the peak 

of EAE, iBreg cells generated from CD45.1 congenic mice were 

found in spinal cord and brain of CD45.2 recipient mice, where 

they persisted for at least 2 weeks (Figure 3F). Transfer of iBreg 

cells generated from Il10.EGFP-Il6.tdTomato mice revealed that,

2 weeks after administration, CNS-infiltrating iBreg cells main-

tained a stable Il10 expression while remaining Il6 negative 

(Figure 3G). Further phenotyping showed that iBreg cells ex-

pressed high level of Ki-67 before injection (Figure S5A), yet 

were no longer Ki-67 positive in CNS at 2 weeks post-injection 

(Figure S5A). iBregs also displayed a B220 lo CD138 hi plasma 

cell phenotype in CNS at day 13 post-transfer (Figure S5B).

We next explored whether iBreg cells infiltration into the CNS 

required local inflammation. Upon administration into naive 

mice, iBreg cells accumulated in spleen but not in CNS 

(Figure S5C). When iBreg cells were injected at day − 1 and 

mice were immunized at day 0, iBreg cells were also not found 

in CNS at day +7 p.i. (Figure S5D). However, the CNS displayed 

some inflammatory features at this early time point, notably the 

accumulation of neutrophils (Figure S5E), which was reduced 

in mice pre-treated with iBreg cells (Figure S5F). We conclude 

that iBreg cells require specific conditions to accumulate in the 

inflamed CNS, which are provided at the peak of the disease.

iBreg cells rapidly modulate the transcriptome of 

myeloid cells in the CNS of treated mice

We next asked how iBreg cells transferred at day +17 p.i. 

affected the transcriptomes of CNS CD45 + cells on days +19

and +31 p.i. The treatment with iBreg cells was associated 

with a reduced clinical score (treated day +19 p.i.: 2 ± 0.4; 

non-treated day +19 p.i.: 3.6 ± 0.4; treated day +31 p.i.: 0.8 ± 

0.3; non-treated day +31 p.i.: 2.6 ± 0.6), so that any transcrip-

tomic change could be due to a direct iBreg cell effect or indi-

rectly due to the modulation of disease score. CD45 + cells 

from brain and spinal cord were analyzed by scRNA-seq (10× 

Genomics). A UMAP distinguished microglia, 24,25 monocytes, 

CNS-associated macrophages (CAMs), dendritic cells (DCs), 

T cells, B cells, natural killer (NK) cells, and neutrophils 

(Figure 4A; Table S3). Microglia transcripts were then re-pro-

cessed in a separate UMAP and subjected to clustree analysis 

to deconvolute homeostatic and disease-associated microglia 

states, which were manually annotated using reference genes 

in brain (Figures 4A and 4B; Table S3) and spinal cord (data 

not shown). 26

B cells were found in CNS based on their expression of Cd19 

and iBreg cells were identified at days +19 and +31 p.i. with 

CD45.1 expression detected via cellular indexing of transcrip-

tomes and epitopes by sequencing (CITE-seq). iBreg cells 

were found in the plasmocyte cluster, where they accounted 

for 74% of cells in treated mice (Figure S6A). In comparison to 

endogenous B cells and plasmocytes, iBreg cells displayed a 

higher expression of genes from the N6 signature (Il10, Net1, 

P2ry14, Phgdh, and Rnd3) and plasmocyte-related genes (Irf4, 

Jchain, Mzb1, Prdm1, and Xbp1), as well as immunoglobulin 

genes (Figures S6B and S6C). iBreg cells were the major source 

of Il10 derived from immune cells in the CNS of treated mice 

(Figure S6B).

CellPhoneDB was used to score potential interactions be-

tween iBreg cells and other cell types. This revealed microglia, 

CAMs, and monocytes as candidate targets of iBreg cells 

(Figure 4C). These cell types expressed the two IL-10R subunits 

(Figure 4D). Further analysis of the interactions between iBreg 

cells and microglia with NicheNet highlighted IL-10 as an impor-

tant actor in this intercellular communication (Figure S6D). Mi-

croglia considered as a whole displayed remodeled transcrip-

tomes in iBreg cells-treated mice compared with controls at

2 days post-treatment (day +19 p.i., Figure S6E). In contrast, 

there was little change in the transcriptome of CD4 + T cells be-

tween treated and untreated mice (data not shown). A machine 

learning algorithm called multivariate information-based induc-

tive causation (MIIC) was applied to these data in order to infer 

causal networks and visualize the impact of the treatment on mi-

croglia. 27 Considering microglia as a whole, MIIC indicated an 

effect of iBreg cells on their antigen-presenting capacity (various

Figure 4. iBreg cells target microglia in the brain of EAE mice

(A) EAE was induced in WT mice and iBreg cells from Ly5.1 + Ly5.2 − were transferred at day +17 p.i. CD45 + cells were FACS-isolated from brain at days +19 

and +31 p.i. and analyzed by scRNA-seq. UMAP showing cell subsets identified among CD45 + cells (left) and UMAP showing microglia states after re-clustering 

all microglia (MG) (right). Individual UMAPs and numbers of cells per microglia states are shown in Table S3.

(B) List of genes used to identify microglia states, as described in Jordã o et al., 26 combining brain samples obtained at days +19 and +31 p.i.

(C) CellPhoneDB analysis of cell-cell interactions between the cluster ‘‘B cells-plasma cells,’’ which contains almost all iBreg cells in treated mice (see Figure S6A) 

and indicated cell types in treated (T) versus non-treated mice (NT). TScale shows the absolute number of interactions.

(D) Il10ra (top) and Il10rb (bottom) expression levels in indicated subsets. Subsets with the highest number of interactions in (C) are highlighted in red.

(E) MIIC causal networks inferred on the microglia population (excluding daMG-Mki67) at day +19 p.i. The highlighted ‘‘treatment’’ variable subnetwork shows 

inferred causal and correlated effects of the iBreg cells treatment on microglia genes expression.

(F) Heatmaps and gene set enrichment analysis with associated genes based on differentially expressed genes in indicated microglia states between T and NT 

mice analyzed at day +19 p.i. Heatmaps with all annotated genes are provided in Table S3.

See also Figure S6 and Table S3.
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MHC class I and MHC class II molecules, Cd74, and Tap1), lipid 

metabolism (Apoe, Apoc1, Apoc2, and Apoc4), lysosome M 

(Lyz2), complement (C3), chemokines (Ccl3 and Ccl4), and 

Fos-controlled genes (Figure 4E). A gene set enrichment analysis 

on different microglial clusters indicated that iBreg cells also 

regulated pathways related to cytokine and inflammation as 

well as aging and lipid metabolism (Figure 4F; Table S3). 26 

DEGs were shared between homeostatic microglia (hMG), dis-

ease-associated microglia state 1 (daMG1), and daMG2 states, 

including Cd74, Dusp1, Fosb, Fcrls, H2-Ab1, Il1b, Klf4, H2-Eb1, 

Zfp36, AW112010, Klf2, Junb, Ier2, 2410006H16Rik, Lgals3bp, 

Ccrl2, Tnfaip3, H2-Aa, Fos, Rpl22l1, Pim1, Ccl5, Atf3, Lyz2, 

Apoe, and Neat1 (Table S3). DEGs with a lower expression in 

cells from the treated group included genes coding for molecules 

involved in antigen presentation (Cd74, H2-Ab1, H2-Eb1, and 

H2-Aa), immediate-early activation genes (Fos, Fosb, Junb, 

Ier2, and Atf3), and genes coding for inflammatory mediators 

(Il1b and Ccl5). The only gene increased in all three states 

upon treatment was Fcrls, which is expressed at high level in mi-

croglia, 28 possibly reflecting an improvement of microglia 

health. 29 Fcrls was also increased in daMG4. Noteworthy, iBreg 

cells modulated in microglia the expression of 21 of the 24 genes 

identifying the shared ‘‘disease-inflammatory macrophages 

signature’’ defined by Silvin et al., 30 which was found in myeloid 

cells (identified initially as macrophages or microglia) in different 

studies focused on ageing and neurodegenerative disease (Alz-

heimer’s disease) 31–33 (Table S3). This suggests a therapeutic 

potential for iBreg cells beyond EAE.

The control of long-lived CNS-resident myeloid cells 

(microglia and CAMs) is required for iBreg cells to 

reverse EAE in recipient mice

The analysis of CNS myeloid cells by flow cytometry confirmed 

that iBreg cells acted on microglia (CD45 mid CD11b mid Ly-

6C neg CX3CR1 hi ), reducing the frequency of cells co-expressing 

CD86 and MHC class II (Figures 5A and S7A). The expression of 

CD86 on microglia was confirmed by comparison to neutrophils 

(Figure S7B). This treatment also restored the expression of 

P2RY12, a marker of resting microglia whose expression goes 

down in parallel to their activation 34 (Figure 5A), without affecting 

microglia cell number (Figure S7A). CD45 hi CD11b hi Ly-6C neg 

CX3CR1 mid CAMs and CD45 hi CD11b hi Ly-6C hi CX3CR1 mid mono-

cytes also showed a reduced CD86/MHC class II expression in 

iBreg cells-treated mice (Figure S7C). To characterize further the 

effect of iBreg cells on CNS myeloid cells, we applied a spectral 

flow cytometry panel measuring 20 markers (Table S4) at 2 days 

post-treatment with iBregs (day +19 p.i.). The analysis of individual 

activation markers showed a reduction of the frequency of CD44 hi 

cells and F4/80 + microglia as well as a global reduction of CD68, 

CD83, and CD206 expression in microglia from iBreg cells-treated 

mice, compared with microglia from control mice, suggesting a 

reduction of their activation status (Figure 5B). The unsupervised 

analysis of these data identified 8 clusters corresponding to mi-

croglia (clusters 5 and 6) and monocytes/macrophages (the other 

clusters) and confirmed the modulation of microglia as well as 

monocytes by the treatment. Focusing on the most abundant 

clusters (representing >10% of total cells), we found that the treat-

ment with iBreg cells induced an increase and a reduction of the 

relative abundances of microglia cluster 6 and of monocyte cluster 

7 within live CD11b + Ly6G − cells, respectively (Figure S7D). 

Compared with all other microglia, cells in cluster 6 displayed an 

increased expression of P2RY12 and CX3CR1 and a lower 

expression of CD11a, in agreement with a return toward a homeo-

static state (Figure S7D). This was corroborated by changes in mi-

croglia morphology at day +30 p.i., with microglia from iBreg cells-

treated mice displaying an increased covered volume over soma 

volume, covering an increased volume, and showing a slightly 

higher sphericity (Figure 5C).

Monocytes from cluster 7 displayed a higher expression of 

CD11c compared with other monocytes (Figure S7D), suggest-

ing that these cells, which were less abundant in treated mice, 

were engaged in DC differentiation. Thus, treatment with iBreg 

cells might reduce the accumulation of monocyte-derived DC 

in the inflamed CNS. These data support the notion that iBreg 

cells modulate CNS myeloid cells, including monocytes and 

microglia.

The role of monocytes in neuroinflammation has been previ-

ously documented, 35–37 while the role of microglia in the transi-

tion from acute to chronic disease remains less defined. 38 We 

thus focused on microglia for further analysis. To delineate the 

role of IL-10R signaling in microglia for the iBreg cells effect, 

Cx3cr1 creER :Il10ra fl/fl mice were treated with tamoxifen to mutate 

the Il10ra gene and used 6–8 weeks later to restrict Il10ra defi-

ciency to long-lived cells. 39 Mice with the selective deletion of

Figure 5. IL-10R signaling in microglia is required for the iBreg cells therapeutic effect

(A) EAE was induced in WT mice and iBreg cells from Ly5.1 + Ly5.2 − mice were transferred at day +17 p.i. Brain and spinal cord (SC) were harvested at days +19 

or +30 p.i., and viable/singlets/CD45 mid CD11b mid Ly-6C neg CX3CR1 hi microglia were stained for CD86/MHC class II and P2RY12 in treated (+ iBreg cells) and 

untreated mice. Data show representative FACS plots and quantifications (mean ± SD, n = 7 mice/group, 2 independent experiments).

(B) EAE was induced in WT mice and iBreg cells were transferred at day +17 p.i. Mice were analyzed at day +19 p.i. Data show representative FACS histograms 

(top) and quantifications for activation markers in SC microglia (bottom) (mean ± SEM, n ≥ 10 mice/group from 2 independent experiments). Mann-Whitney test. 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

(C) EAE was induced in WT mice and iBreg cells were transferred at day +17 p.i. Mice were analyzed at day +30 p.i. Data show representative IMARIS image 

reconstruction of microglia and quantification of microglia density as well as morphological parameters (n = 4 per group, up to 5 microglia per animal re-

constructed) presented as mean ± SEM. Unpaired t test. *p < 0.05 and **p < 0.01.

(D) EAE was induced in Cx3cr1 creER :Il10ra fl/fl mice pre-treated or not with tamoxifen (Tamox.), and iBreg cells were transferred at day +17 p.i. Data show clinical 

scores (mean ± SEM, n ≥ 9 mice/group, 2 independent experiments).

(E) Viable/singlets/CD45 mid CD11b mid Ly-6C neg CX3CR1 hi microglia from mice treated as indicated were stained for CD86/MHC class II and P2RY12 at day +30 p.i. 

(mean ± SD, n = 6 mice/group, 2 independent experiments).

Statistical analyses were with a two-way ANOVA followed by Tukey’s multiple comparisons test (A and E) or with a Kruskal-Wallis test with Dunn’s correction (D). 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S7 and Table S4.
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Il10ra in long-lived microglia and CAMs had a minor response to 

iBreg cells treatment (Figure 5D). This was associated with the 

maintenance of activated microglia and CAM phenotypes indi-

cated by the elevated expression of CD86/MHC class II as well 

as a low expression of P2RY12 (Figures 5E and S7E). However, 

mice with an Il10ra deficiency in microglia and treated with iBreg 

cells displayed a reduced expression of CD86/MHC class II in 

monocytes (Figure S7E). Thus, the control of short-lived mono-

cytes is insufficient to reverse disease as long as long-lived mi-

croglia (and CAMs) are unreached by iBreg cells-derived IL-10. 

iBreg cells thus provide an IL-10 delivery platform to control 

the deleterious function of CNS-resident myeloid cells that drive 

chronic CNS autoimmunity.

iBreg cells drive disease resolution in a B cell-

dependent model of CNS autoimmunity

Because B cells can be deleterious in MS, 40 we next evaluated 

the function of iBreg cells in a B cell-dependent EAE model using 

recombinant human MOG 1–125 (hMOG 1–125 ) to induce disease. 41 

The administration of iBreg cells also triggered disease resolu-

tion in this model (Figure 6A), which was associated with iBreg 

cells accumulating in CNS as B220 lo CD138 hi Ki-67 neg plasma 

cells (Figures S8A and S8B). Disease improvement was linked 

to the downregulation of CD86/MHC class II in microglia, 

CAMs, and monocytes and to the increased expression of 

P2RY12 in microglia (Figures 6B, S8C, and S8D). iBreg cells 

had no effect on anti-hMOG 1–125 antibodies levels (Figure S8E).

We next addressed whether iBreg cells produced from a B cell 

compartment containing autoreactive B cells were protective. To 

this end, we generated iBreg cells from the spleen of mice immu-

nized with hMOG 1–125 . Such iBreg cells were as efficient as iBreg 

cells produced from naive mice against EAE (Figure 6C), control-

ling similarly the activation of microglia (Figure 6D), CAMs, and 

monocytes (Figures S8F and S8G), without leading to increased 

anti-hMOG 1–125 antibodies in treated mice (Figure S8H).

We infer from these results that iBreg cells keep their thera-

peutic benefit in CNS autoimmune disease involving pathogenic 

autoreactive B cells.

These results led us to consider that iBreg cells might operate 

in an antigen-independent manner. We thus tested whether 

monoclonal iBreg cells expressing an irrelevant BCR were also 

protective. To this end, iBreg cells were produced from 

MD4xRAG − /− mice expressing a single transgenic BCR specific 

for hen egg lysozyme. These iBreg cells displayed a comparable 

therapeutic effect as polyclonal iBreg cells from WT mice and 

achieved a similar control of myeloid cell activation in the CNS 

(Figures 6E, 6F, S8I, and S8J).

We conclude that BCR (auto)reactivity does not play a key role 

in iBreg cells effect, in contrast to what is known about Treg cells.

Identification of analog small molecules inducing IL-10 

expression in human B cells

To prepare for the clinical translation of these findings, we tested 

the capacity of C3, N6, and 13 additional chemical analogs to in-

crease IL-10 expression in human B cells. This led to the identifi-

cation of N4 as inducer of IL-10 expression, which achieved a su-

perior effect than C3 and N6 in human B cells (Figure S9A). To 

obtain additional active compounds, new structural analogs 

related to N4 were synthesized (see STAR Methods). We de-

signed 3 series of compounds related to N4. We prepared 130 

compounds based on a N-methylbenzimidazole scaffold (series 

1), 90 compounds based on an imidazopyridine scaffold (series 

2), and 23 compounds based on a N-methyldeazapurine scaffold 

(series 3) and identified 7 additional compounds inducing IL-10 

(Figure S9B). The analysis of human B cells activated with com-

pound 1n showed that the increased IL-10 expression could 

also be detected by flow cytometry (Figures S9C and S9D). Note-

worthy, 1n also augmented IL-10 expression in B cells from 

healthy donors (HDs), patients with clinically isolated syndrome 

(CIS), or relapsing remitting multiple sclerosis (RRMS) (Table 1; 

Figures 7A and 7B), erasing the defect in IL-10 production seen 

in B cells from these patients compared with controls (Figure 7C).

We conclude that identified compounds are active in human B 

cells and might be useful to restore B cell-mediated immune 

regulation in patients suffering from defects in this protec-

tive axis.

DISCUSSION

IL-10-producing B cells have protective functions in multiple 

models of IMIDs and are defective in subgroups of patients 

with such disorders. 6 It is thus of interest to develop a cell ther-

apy based on regulatory B cells. This would benefit from having a 

strategy to produce a cell product highly enriched in stable IL-

10-producing cells. Here, we identified IL-10-inducing com-

pounds and a strategy to easily generate such B cells in mice, 

which we term iBreg cells. iBreg cell administration to recipient 

mice near the peak of EAE led to rapid disease resolution.

IL-10-producing B cells display a plasma cell phenotype in 

many diseases. In EAE B cells providing protective IL-10 show 

a plasmocyte phenotype in lymph nodes, 42 spleen, 21 and 

CNS. 43 Plasmocytes are also a major source of B cell-derived 

IL-10 in other autoimmune, infectious, and malignant disease 

models. 4,13,44–46 In MS patients, IL-10-producing plasmocytes 

are found in active CNS lesions. 47,48 iBreg cells progressively ac-

quired a plasmocyte phenotype in treated mice, suggesting that 

our approach might generate cells mimicking the IL-10-express-

ing plasmocytes naturally occurring in diseases in mice 43 and 

humans. 47,48

The differentiation of B cells into Il10-expressing iBreg cells 

in vitro was, however, not strictly dependent on their plasmocyte 

differentiation. These observations are consistent with the re-

sults from Matsumoto et al. on the role of Prdm1 and Irf4 for 

IL-10 expression in B cells activated through TLR4 and BCR 

for 72 h. 42

The protective function of iBreg cells required IL-10 but was in-

dependent of MHC class II and of their antigen-reactivity. This 

may relate to the fact that iBreg cells were already well-

advanced in vitro in their differentiation trajectory toward IL-10-

producing plasmocytes and did not depend on T cell-derived 

survival or differentiation signals in vivo.

iBreg cells modulated microglia, which have complex roles 49 

and can be detrimental in EAE. 15,50–53 iBreg cells modulated 

molecules important for microglia pathogenic functions during 

EAE and neurodegenerative diseases, such as the nuclear factor 

κB (NF-κB) and the triggering receptor expression on myeloid 

cells 2 (TREM2)/apolipoprotein E (ApoE) pathways. 54,55 In addi-

tion, iBreg cells modulated the expression of genes identified as
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the signature of DIMs that accumulated in brain during ageing 

and neurodegenerative disease (Alzheimer’s disease). 30 iBreg 

cells might thus be able to erase the deleterious functions of mi-

croglia and CNS macrophages during ageing and neurodegen-

erative diseases such as Alzheimer’s disease.

IL-10 is a key mediator of the protective function of iBreg cells, 

and microglia were identified as an important target. IL-10 has 

been shown to protect mice from several CNS disorders by 

acting on microglia. IL-10 prevented microglia hyperactivation

after endotoxin challenge 38 and microglia-specific gene delivery 

of IL-10 inhibited neuroinflammation and neurodegeneration in a 

mouse model of Parkinson’s disease. 56 It was recently shown 

that a mutated version of IL-10 could improve age-related cogni-

tive loss in mice. 57 It is noteworthy that the utilization of IL-10 on 

its own in EAE has, however, yielded conflicting results with re-

gards to its capacity to reverse disease. 58,59 Several explana-

tions could account for this including differences in dose, local-

ization, and duration of IL-10 provision. It is also possible that

A B

C D

E F

Figure 6. BCR (auto)reactivity does not play a key role in iBreg cells effect

(A) EAE was induced in WT mice with hMOG 1–125 , and iBreg cells from Ly5.1 + Ly5.2 − mice were transferred at day +17 p.i. Clinical score and weight loss are 

presented (mean ± SEM, n ≥ 22 mice/group, 4 independent experiments).

(B, D, and F) Viable/singlets/CD45 mid CD11b mid Ly6C neg CX3CR1 hi microglia were quantified for indicated markers in indicated organs at day +30 p.i. (mean ± SD).

(B) n = 11 mice/group, 4 independent experiments for mice in (A), (D) n = 7 mice/group, 2 independent experiments for mice in (C), and (F) n = 6 mice/group, 2 

independent experiments for mice in (E).

(C) EAE was induced in WT mice with MOG 35–55 , and iBreg cells from naive mice or from mice that previously experienced EAE induced with hMOG 1–125 (B cells 

isolated at day +30 p.i.) were transferred at day +17 p.i. Clinical score and weight loss are presented (mean ± SEM, n = 10 mice/group, 2 independent exper-

iments).

(E) EAE was induced in WT mice with MOG 35–55 , and iBreg cells from WT or MD4xRAG − /− mice were transferred at day +17 p.i. Clinical score and weight loss are 

presented (mean ± SEM, n ≥ 9 mice/group, 2 independent experiments).

Statistical analyses were performed with an unpaired Mann-Whitney test (A and B) or with a Kruskal-Wallis test with Dunn’s correction (C–F). **p < 0.01, 

***p < 0.001, and ****p < 0.0001.

See also Figure S8.
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Table 1. Characteristics of human biological samples

ID Gender Treatment 1 Treatment 2 Treatment 3

Wash out (last treatment 

and sampling, days)

Age (disease 

onset, years)

Age (sampling, 

years)

HD n1 M – – – – N/A 35

HD n2 F – – – – N/A 50

HD n3 F – – – – N/A 30

HD n4 F – – – – N/A 18

HD n5 F – – – – N/A 35

HD n6 F – – – – N/A 32

HD n7 F – – – – N/A 33

HD n8 F – – – – N/A 39

HD n9 F – – – – N/A 24

HD n10 F – – – – N/A 48

HD n11 F – – – N/A 35

HD n12 F – – – – N/A 54

HD n13 F – – – – N/A 26

HD n14 F – – – – N/A 28

HD n15 M – – – – N/A 45

CIS n1 F none – – – 53 53

CIS n2 F none – – – 30 30

CIS n3 F none – – – 18 18

CIS n4 F none – – – 32 32

CIS n5 F none – – – 33 33

CIS n6 F none – – – 39 39

CIS n7 F none – – – 24 24

CIS n8 F none – – – 48 48

CIS n9 F none – – – 35 35

CIS n10 F none – – – 62 62

CIS n11 F none – – – 25 25

CIS n12 F none – – – 28 28

CIS n13 M none – – – 45 45

RRMSn1 M Copaxone Betaferon – 883 25 31

RRMSn2 F Copaxone – – 78 22 21

RRMSn3 F Tecfidera – – 209 34 35

RRMSn4 F Rebif Avonex – 570 22 31

RRMSn5 F Betaferon – – 1,152 38 43

RRMSn6 F IFN-β – – 78 17 27

RRMSn7 F Avonex Rebif – 395 22 43

RRMSn8 F Betaferon Copaxone – 355 34 53

RRMSn9 F Betaferon – – 77 21 27

RRMSn10 F Copaxone Rebif Copaxone 70 28 33

RRMSn11 M Copaxone – – 262 24 42

RRMSn12 F none – – – 33 33

RRMSn13 M none – – – 42 42

RRMSn14 F none – – – 23 23

RRMSn15 F none – – – 22 24

RRMSn16 F none – – – 40 40

RRMSn17 F methylpre

dnisolone

– – 92 22 22

RRMSn18 M methylprednisolone – – 31 42 42

RRMSn19 M none – – – 30 30

(Continued on next page)
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iBreg cells produce other factors that synergize with IL-10 to 

control established disease.

It is important that iBreg cells also modulated CAMs and 

monocytes. Monocytes are known to play pathogenic roles dur-

ing EAE, and their depletion using anti-C-C chemokine receptor 

type 2 (CCR2) (which led to the depletion of

CCR2 + CD11b + Ly6C hi monocytes) starting at the peak of the dis-

ease led to improvement of clinical symptoms. 37 Testing the 

relevance of IL-10R signaling in these cells is, however, compli-

cated because mice lacking Il10ra in monocytes spontaneously 

develop colitis at a young age, 60,61 which would confound the 

interpretation of the results for EAE.

Table 1. Continued

ID Gender Treatment 1 Treatment 2 Treatment 3

Wash out (last treatment 

and sampling, days)

Age (disease 

onset, years)

Age (sampling, 

years)

RRMSn20 F none – – – 43 43

RRMSn21 F none – – – 55 55

Characteristics of human biological samples, related to Figure 7. M, male; F, female; N/A, not applicable; HD, healthy donor; CIS, clinically isolated 

syndrome; and RRMS, relapsing remitting multiple sclerosis.

A B

C

Figure 7. Compound 1n corrects IL-10 secretion defects in B cells from CIS and MS donors

(A) B cells were isolated from PBMCs of healthy donors (HDs), clinically isolated syndrome (CIS), or relapsing remitting multiple sclerosis (RRMS) patients and 

stimulated with CpG/anti-IgM for 3 days. Medium was supplemented with 1n (0.25 μM) or DMSO. Supernatants were analyzed by ELISA for IL-10.

(B) IL-10 fold-increase (relative to DMSO-control condition) for indicated groups (mean ± SD).

(C) IL-10 concentration in supernatants for B cells from indicated groups is shown (mean ± SD).

HD n = 15, CIS n = 13, and RRMS n = 21. Paired samples were analyzed with a Wilcoxon test (A); otherwise, statistical analyses were performed with a Kruskal-

Wallis test with Dunn’s correction (B and C). ns > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S9.
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Limitations of the study

A first limitation is the lack of knowledge of the target of the com-

pounds. A second limitation is the fact that we have not estab-

lished a protocol to produce highly enriched and stable IL-10-ex-

pressing human B cells. Third, deciphering the molecular and 

cellular networks within the CNS that are mobilized by iBreg cells 

to reverse disease might offer novel insights into the pathogen-

esis of these diseases and highlight novel therapeutic possibil-

ities. We have focused here on microglia, but our data also 

show that monocytes and CAMs are modulated by the iBreg 

cells treatment. Fourth, the precise identity of the long-lived 

CX3CR1-expressing myeloid cells targeted by iBreg cells remain 

to be defined. Finally, the administration of IL-10 into the CNS at 

the peak of EAE has yielded conflicting results. It remains to be 

established whether iBreg cells rely on other mechanisms than 

IL-10 to reverse disease.
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many and Forschungsstiftung Medizin (University Hospital Erlangen).

AUTHOR CONTRIBUTIONS

B.M. performed experiments for the establishment of the protocol to generate 

iBreg cells and their assessment in cell therapy. V.D.D. realized the screen and 

experiments leading to C3, N6, and N4, as well as short-term cultures of B 

cells. B.T.C. performed EAE experiments to address the effect of iBreg cells 

on CNS cells. J.P.v.K. and E.S. provided the chemical library and helped 

with the identification of C3 analogs. Z.W. helped with EAE experiments. 

D.A.-S. performed the unsupervised flow cytometry analyses. A.H. and S.F. 

established the high-throughput screening platform. A.J. and J.W. performed 

the ATAC-seq experiments and analyzed corresponding data. S.B., C.B., and 

F.M.-B. synthesized novel IL-10-inducing compounds for human B cells. L.D. 

and H.I. analyzed the scRNA-seq data from CD45 + CNS cells. E.G., K.B., and 

M.P. performed the histology and the analysis of CNS samples. L.S.A. pro-

vided support for the spectral analysis of the CNS myeloid cell compartment. 

G.C. analyzed the scRNA-seq data on in vitro activated B cells. Y.T. contrib-

uted to the characterization of N6 on B cells activated in vitro. N.T.N. and 

L.S.W. characterized the effect of novel compounds on human B cells. 

M.E.B., M.L., and M.M. contributed to scRNA-seq analyses. L.J. and P.B. 

analyzed Affymetrix data. S.S., R.G.G., and T.H.W. contributed to BCR reper-

toire analyses. R.L. and R.M. contributed to analyses of B cells from CIS and 

RRMS patients as well as controls. S.J. contributed to analysis of the expres-

sion of IL-10R on CNS myeloid cells during EAE. S.F. designed the study and 

supervised the research. B.M. and S.F. wrote the manuscript. All authors 

contributed to the editing and correction of the manuscript.

DECLARATION OF INTERESTS

S.F., B.M., V.D.D., F.M.-B., C.B., and S.B. are authors on patents describing 

compounds to modulate protein expression in immune cells (EP22169529, 

EP22169542, and EP22169555) and a patent application (EP26305238.3) 

related to the work described here.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include 

the following:

• KEY RESOURCES TABLE

• EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

○ Mouse lines

○ Construction of Il6-IRES_Mer-iCre-Mer_GSG_2A_tdT mice

○ Construction of Prdm1-OST-STOP-Ires-MerCreMer-2A-tdT mice

○ Experimental autoimmune encephalomyelitis

○ CD25 + T cell depletion

○ Tamoxifen treatment

○ Tissue collection

○ Murine B cell cultures

○ Human B cell cultures

○ Clinically isolated syndrome and multiple sclerosis patients

• METHOD DETAILS

○ Flow cytometry staining procedures

○ Intracellular cytokine straining

○ Fluorescence activated cell sorting

○ High-throughput flow cytometry screen

○ Unsupervised flow cytometry data analysis for CNS CD45 + CD11b -

+ Ly6G - cells

○ Immunoassays

○ Serum neurofilament light chain quantification

○ scRNA-seq

○ scRNA-sequencing data processing for in vitro activated mouse 

B cells

○ scRNA-sequencing data processing for CD45 + cells from brain and 

spinal cord of EAE mice

○ ATAC-sequencing

○ Immunoglobulin heavy chain repertoire sequencing

○ Affymetrix arrays

○ Histology

ll
Article

16 Immunity 59, 1–20, October 13, 2026

Please cite this article in press as: Manfroi et al., Induced regulatory B cells stably expressing interleukin-10 reverse central nervous system autoim-

munity by targeting myeloid cells, Immunity (2026), https://doi.org/10.1016/j.immuni.2026.09.006

mailto:simon.fillatreau@inserm.fr
mailto:simon.fillatreau@inserm.fr


○ Confocal imaging and three-dimensional reconstruction of mi-

croglia

○ Chemical compound synthesis

• QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j. 

immuni.2026.09.006.

Received: October 24, 2024 

Revised: March 4, 2026 

Accepted: September 9, 2026

REFERENCES

1. Visperas, A., and Vignali, D.A.A. (2016). Are Regulatory T Cells Defective in 

Type 1 Diabetes and Can We Fix Them? J. Immunol. 197, 3762–3770. 

https://doi.org/10.4049/jimmunol.1601118.

2. Grayling, M.J., Bigirumurame, T., Cherlin, S., Ouma, L., Zheng, H., and 

Wason, J.M.S. (2021). Innovative trial approaches in immune-mediated in-

flammatory diseases: current use and future potential. BMC Rheumatol. 5,

21. https://doi.org/10.1186/s41927-021-00192-5.

3. Fillatreau, S., Sweenie, C.H., McGeachy, M.J., Gray, D., and Anderton, 

S.M. (2002). B cells regulate autoimmunity by provision of IL-10. Nat. 

Immunol. 3, 944–950. https://doi.org/10.1038/ni833.

4. Neves, P., Lampropoulou, V., Calderon-Gomez, E., Roch, T., Stervbo, U., 

Shen, P., Kü hl, A.A., Loddenkemper, C., Haury, M., Nedospasov, S.A., 

et al. (2010). Signaling via the MyD88 adaptor protein in B cells suppresses 

protective immunity during Salmonella typhimurium infection. Immunity 

33, 777–790. https://doi.org/10.1016/j.immuni.2010.10.016.

5. Yanaba, K., Bouaziz, J.D., Haas, K.M., Poe, J.C., Fujimoto, M., and 

Tedder, T.F. (2008). A regulatory B cell subset with a unique 

CD1dhiCD5+ phenotype controls T cell-dependent inflammatory re-

sponses. Immunity 28, 639–650. https://doi.org/10.1016/j.immuni.2008. 

03.017.

6. Mauri, C., and Bosma, A. (2012). Immune regulatory function of B cells.

Annu. Rev. Immunol. 30, 221–241. https://doi.org/10.1146/annurev-im-

munol-020711-074934.

7. Mauri, C., and Menon, M. (2017). Human regulatory B cells in health and 

disease: therapeutic potential. J. Clin. Invest. 127, 772–779. https://doi. 

org/10.1172/JCI85113.

8. Lampropoulou, V., Hoehlig, K., Roch, T., Neves, P., Calderó n Gó mez, E., 
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Macrophage-restricted interleukin-10 receptor deficiency, but not IL-10 

deficiency, causes severe spontaneous colitis. Immunity 40, 720–733. 

https://doi.org/10.1016/j.immuni.2014.03.012.

61. Redhu, N.S., Bakthavatchalu, V., Conaway, E.A., Shouval, D.S., Tsou, A., 

Goettel, J.A., Biswas, A., Wang, C., Field, M., Muller, W., et al. (2017). 

Macrophage dysfunction initiates colitis during weaning of infant mice 

lacking the interleukin-10 receptor. eLife 6, e27652. https://doi.org/10. 

7554/eLife.27652.

62. Wohlleben, G., Gray, D., and Schimpl, A. (1996). In vitro immunization of 

naive mouse B cells: establishment of IgM secreting hybridomas specific 

for souble protein or hapten from B cells cultured on CD40 ligand trans-

fected mouse fibroblasts. Int. Immunol. 8, 343–349. https://doi.org/10. 

1093/intimm/8.3.343.

63. Chiou, S.H., Winters, I.P., Wang, J., Naranjo, S., Dudgeon, C., Tamburini, 
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Anti-mouse CD83 FITC Biolegend Cat# 121506; RRID: AB_572009
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Anti-mouse CD11c BUV563 BD Cat# 749040; RRID: AB_2873434

Anti-mouse F4/80 RB780 BD Cat# 569223; RRID: AB_3684882

Anti-mouse Folate Receptor β (FRβ) BUV615 BD Cat# 759706; RRID: AB_3691778

Anti-Mouse CD115 (CSF-1R) BUV496 BD Cat# 749974; RRID: AB_2874201

Anti-Mouse CD44 PE-Cy5 BD Cat# 561861; RRID: AB_10896296

Anti-Mouse CD68 Brilliant Ultra Violet 805 Invitrogen Cat# 368-0681-82; RRID: AB_3250963

Anti-mouse CD22 APC Biolegend Cat# 126110; RRID: AB_2561630

Anti-mouse CD83 Brilliant Violet 650 Biolegend Cat# 121515; RRID: AB_11203713

Anti-mouse CD36 PerCP/Cyanine5.5 Biolegend Cat# 102620; RRID: AB_2750188

Anti-mouse Ly-49D Biotin Invitrogen Cat# 13-5782-82; RRID: AB_10596515

Anti-mouse Ly-49D APC Invitrogen Cat# 17-5782-82; RRID: AB_10717290

Anti-mouse CD180 (RP105) pure-functional grade Miltenyi biotec Cat# 130-101-182; RRID: AB_2661341

Anti-mouse CD9 PE/Cyanine7 Biolegend Cat# 124816; RRID: AB_2783075

InVivoMAb anti-mouse IL-10 Bio X Cell Cat# BE0049, Clone: JES5-2A5; RRID: AB_1107696

InVivoMAb anti-mouse IL-10R (CD210) Bio X Cell Cat# BE0050, Clone: 1B1.3A; RRID: AB_1107611

Biological samples

Buffy coats from healthy donors Charité Universitä tsmedizin 

Berlin and Blutspendedienst 

Berlin,

Application numbers EA1/116/13

Human spleen Hô pital intercommunal 

Cré teil, France

N/A

PBMCs from CIS patients University Hospital, 

Toulouse, France

NCT01981161/NCT00942214

PBMCs from heatlhy donors University Hospital, 

Toulouse, France

reporting number DC-20152488

PBMCs from RRMS patients University Hospital, 

Toulouse

NCT01981161/NCT00942214

PBMCs from RRMS patients CRB HCL, Lyon, France reporting number DC-2008-72

Whole blood from healthy donors Etablissement Franç ais 

du Sang, France

N/A

Chemicals, peptides, and recombinant proteins

0.5M EDTA, pH 8.0 Invitrogen Cat# 15575-038

4% buffered formalin SAV Liquid Production GmbH N/A
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β-mercaptoethanol Life technologies Cat# 31350010

Brefeldin A Sigma Cat# B5936

Cell Activation Cocktail BioLegend Cat# 423302

CFA Sigma Cat# #F5881

Collagenase IV Gibco Cat# 17104-019

CpG ODN 2006 Invivogen Cat# tlrl-2006

CpG ODN1826 Invivogen Cat# tlrl-1826

DMEM Life technologies Cat# 61965-059

DMSO Sigma Cat# D2650

DNAseI Sigma Cat# DN25

Eosin Epredia Cat# 6766007

Fetal bovine serum Biowest Cat# S1810-500

FVS575V BD Biosciences Cat# 565694

G418 Life technologies Cat# 10131035

GolgiStop BD Biosciences Cat# 554724

Hemalaun Morphisto Cat #11769

HEPES Life technologies Cat# 15630056

human MOG 1-125 protein Anaspec Cat# AS-55158-1000

LPS Sigma Cat# L2637

Luxol fast blue Morphisto Cat# 11125.00500

MACS BSA Stock Solution Miltenyi Biotec Cat# 130-091-376

Mitomycin C Sigma Cat# M5353

MOG 35-55 peptide Proteogenix N/A, synthesis on demand

Mycobacterium tuberculosis H37RA Difco Laboratories Cat# 10218823

Non essential amino acids Life technologies Cat# 11140035

Penicillin/streptomycin Life technologies Cat# 15140-122

Percoll GE Healthcare Cat# 17-0891-02

R848 Sigma Cat# SML0196-10MG

Retronectin Takara T100B

RBC lysis buffer Sigma Cat# R7757

Recombinant mouse BAFF Home-made N/A

Recombinant mouse IL-4 Home-made N/A

RPMI Life technologies Cat# 61870044

Saponin Sigma Cat# 47035-50G-F

Sodium pyruvate Life technologies Cat# 11360070

Streptavidin BV711 BioLegend Cat# 405241

Streptavidin BV785 BioLegend Cat# 405249

Streptavidin HRP BioLegend Cat# 405210

Sunflower seed oil Sigma Cat# S5007

Tamoxifen Sigma Cat# T5648

TMB High Sensitivity Substrate Solution BioLegend Cat# 421501

Zombie UV Fixable Viability Kit BioLegend Cat# 423108

4-(acetylamino)-N-[4-(6-{[4-

(acetylamino)benzoyl]amino}-1H-benzimidazol-2-

yl)phenyl]benzamide

Chembridge Cat# 5181420; C3 in this paper

4-(acetylamino)-N-[4-(1H-benzimidazol-2-

yl)phenyl]benzamide

Chembridge Cat# 5770906; N1 is this paper

N-[4-(1H-1,3-benzodiazol-2-yl)phenyl]-3-

acetamidobenzamide

UOrsy Cat# PB30348097; N2 is this paper

N-[3-(1H-1,3-benzodiazol-2-yl)phenyl]-4-

acetamidobenzamide

Enamine Cat# Z52370542; N3 is this paper
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N-(2-phenyl-1H-benzimidazol-5-yl)benzamide Chembridge Cat# 7192352; N4 is this paper

N-(2-phenyl-1H-1,3-benzodiazol-5-yl)acetamide Otava Cat# 4630668; N5 is this paper

4-amino-N-(4-{6-[(4-aminobenzoyl)amino]-1H-

benzimidazol-2-yl}phenyl)benzamide

Chembridge Cat# 5180084; N6 in this paper

N-(2-phenyl-1H-benzimidazol-6-yl)acetamide Chembridge Cat# 5248911; N7 in this paper

N-[2-(4-acetamidophenyl)-1H-1,3-benzodiazol-5-

yl]acetamide

IBS Cat# STOCK1S-10281; N8 is this paper

N-[4-(1H-benzimidazol-2-yl)phenyl]benzamide Chembridge Cat# 5577834; N9 is this paper

4-methyl-N-(4-(5-(4-methylbenzamido)-1H-

benzo[d]imidazol-2-yl)phenyl)benzamide

Specs Cat# AN-153/I159346; N10 is this paper

4-methoxy-N-(4-(5-(4-methoxybenzamido)-

1H-benzo[d]imidazol-2-yl)phenyl)benzamide

Specs Cat# AN-153/I159347; N11 is this paper

4-fluoro-N-(4-(5-(4-fluorobenzamido)-1H-

benzo[d]imidazol-2-yl)phenyl)benzamide

Specs Cat# AN-153/I159348; N12 is this paper

4-cyano-N-(4-(5-(4-cyanobenzamido)-1H-

benzo[d]imidazol-2-yl)phenyl)benzamide

Specs Cat# AN-153/I170708; N13 is this paper

2-phenyl-N-{2-[4-(2-phenylacetamido)phenyl]-1H-

1,3-benzodiazol-5-yl}acetamide

Specs Cat# STIK223482; N14 is this paper

N-(2-(2-fluorophenyl)-1-methyl-

1H-benzo[d]imidazol-6-yl)-2-

methoxybenzamide

This paper 1b

N-(2-(4-fluorophenyl)-1-methyl-1H-

benzo[d]imidazol-6-yl)-2-methoxybenzamide

This paper 1f

2-methoxy-N-(1-methyl-2-(pyridin-2-yl)-1H-

benzo[d]imidazol-6-yl)benzamide

This paper 1i

2-methoxy-N-(1-methyl-2-(pyridin-3-yl)-1H-

benzo[d]imidazol-6-yl)benzamide

This paper 1j

2-methoxy-N-(1-methyl-2-(pyridin-4-yl)-1H-

benzo[d]imidazol-6-yl)benzamide

This paper 1m

2-methoxy-N-(2-(4-methoxyphenyl)-1-methyl-1H-

benzo[d]imidazol-6-yl)benzamide

This paper 1n

2-methoxy-N-(2-(pyridin-3-yl)imidazo[1,

2-a]pyridin-6-yl)benzamide

This paper 2a

Critical commercial assays

anti-mouse CD19 microbeads Miltenyi Biotec Cat# 130-121-301

B cell isolation kit II Miltenyi Biotec Cat# 130-091-151

Bio-Plex system for mouse IL-10 BioRad Cat# Y6000000V3

CD43 microbeads Miltenyi Biotec Cat# 130-049-801

ELISA for mouse IL-10 BioTechne Cat# DY419-05

ELISA for mouse IL-6 BioTechne Cat# DY406-05

Foxp3/Transcription Factor Staining Buffer Set Invitrogen Cat# 00-5523-00

NF-light for CSF samples UmanDiagnostics Cat# 10-7001

RNeasy Mini Kit Qiagen Cat# 74106

CellTiter-Glo® 2.0 Cell Viability Assay Promega Cat# G9242

Deposited data

Affymetrix array data This paper GEO: GSE220719

ATAC-seq data This paper GEO: GSE222227

scRNA-seq ex vivo data This paper GEO: GSE222061

scRNA-seq in vitro data This paper GEO: GSE219282

Experimental models: Cell lines

CD40L-expressing L cells (L47) Wohlleben et al. 62 N/A

(Continued on next page)

ll
Article

e4 Immunity 59, 1–20.e1–e15, October 13, 2026

Please cite this article in press as: Manfroi et al., Induced regulatory B cells stably expressing interleukin-10 reverse central nervous system autoim-

munity by targeting myeloid cells, Immunity (2026), https://doi.org/10.1016/j.immuni.2026.09.006



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57BL/6NRj Janvier Labs, France Strain #SC-C57N-F

CD45.1 Charles River, France Strain# 494

Cx3cr1 creER :Il10ra fl/fl Shemer et al. 38 N/A

H2 -/- The Jackson Laboratory Strain #003584, RRID:IMSR_JAX:003584

Il6.tdTomato This paper N/A

Il10.EGFP Neves et al. 4 N/A

Il10.EGFP-Il6.tdTomato This paper N/A

H11cas9 The Jackson Laboratory; 

Chiou et al. 63

Strain #027650

H11.Cas9-Il10.EGFP-Il6.tdTomato This paper N/A

Il10 -/- The Jackson Laboratory Strain #002251, RRID:IMSR_JAX:002251

MD4 The Jackson Laboratory Strain #002595, RRID:IMSR_JAX:002595

MD4xRAG -/- This paper N/A

Prdm1.tdTomato This paper N/A

Rag2 -/- The Jackson Laboratory Strain #008449, RRID:IMSR_JAX:008449

Recombinant DNA and oligonucleotides

MSCV-pU6-(BbsI)-CcdB-(BbsI)-

Pgk-Puro-T2A-BFP

Addgene 64 # 86457

Scramble1 This paper AACCCCGGCTGTCATCGCCG

Scramble2 This paper GCGACAAGCGTTGAGTTCGC

Scramble3 This paper CCTATTAGTCCGGTTTAGTC

Irf4 1 This paper ACCCGGACGACAATGGACAG

Irf4 2 This paper CCGCATCCCGTGGAAACACG

Irf4 3 This paper ACGCGTCATGAACTTGGAGA

Prdm1 1 This paper GACGAGAGTAGTCCCCCCAG

Prdm1 2 This paper GATGTTCATCCCGTTCTGAC

Software and algorithms

BioRender BioRender N/A

CellPhoneDB Efremova et al. 65 N/A

ddqcR library pipeline Subramanian et al. 66 N/A

DecoupleR Badia-I-Mompel et al. 67 N/A

EnrichR pipeline Xie et al. 68 N/A

FlowJo FlowJo LLC, USA N/A

ForeCyt™ Sartorius N/A

GrapPad Prism Dotmatics N/A

Harmony pipeline Korsunsky et al. 69 N/A

Kallisto | bustools workflow Melsted et al. 70 N/A

Louvain algorithm and clustree pipeline Zappia et al. 71 N/A

MIIC network analysis; Brain - Microglia D+19 p.i. This paper https://miic.curie.fr/job_results_showcase_2022.

php?id=Necker_CNS_Brain_MG_D2

MIIC network analysis; Brain - Microglia D+31 p.i. This paper https://miic.curie.fr/job_results_showcase_2022.

php?id=Necker_CNS_Brain_MG_D14

MIIC network analysis; SC - Microglia D+19 p.i. This paper https://miic.curie.fr/job_results_showcase_2022.

php?id=Necker_CNS_SC_MG_D2

MIIC network analysis; SC - Microglia D+31 p.i. This paper https://miic.curie.fr/job_results_showcase_2022.

php?id=Necker_CNS_SC_MG_D14

MIIC network inference Cabeli et al. 72 ; 

Verny et al. 73

N/A

MSigDB hallmark gene set collection Liberzon et al. 74 N/A

(Continued on next page)

ll
Article

Immunity 59, 1–20.e1–e15, October 13, 2026 e5

Please cite this article in press as: Manfroi et al., Induced regulatory B cells stably expressing interleukin-10 reverse central nervous system autoim-

munity by targeting myeloid cells, Immunity (2026), https://doi.org/10.1016/j.immuni.2026.09.006

https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_Brain_MG_D2
https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_Brain_MG_D2
https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_Brain_MG_D14
https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_Brain_MG_D14
https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_SC_MG_D2
https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_SC_MG_D2
https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_SC_MG_D14
https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_SC_MG_D14


EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse lines

C57BL/6NRj mice (Ly5.1 - Ly5.2 + ) were used and referred as WT mice (Janvier Labs, France). Il10.EGFP mice were previously 

described. 4 Heterozygous Il10.EGFP mice were used for the chemical compound screen. Il10.EGFP-Il6.tdTomato mice were gener-

ated by crossing Il10.EGFP and Il6.tdTomato mice. Homozygous mice at both alleles were used. These mice were crossed with 

H11.Cas9 63 to create H11.Cas9-Il10.EGFP-Il6.tdTomato mice. Cx3cr1 creER :Il10ra fl/fl mice were a gift from Steffen Jung (Weizmann 

Institute of Science, Israel). 38 Il10 -/- (strain #002251), H2 -/- (strain #003584), MD4 (strain #002595), H11.Cas9 (strain #027650) and 

Rag2 -/- (strain #008449) mice were purchased from the Jackson Laboratory (Bar Harbor, USA). MD4 mice were backcrossed into 

Rag2 -/- background for at least 5 generations to generate MD4xRAG -/- mice used hereafter. CD45.1 (Ly5.1 + Ly5.2 - ) mice (strain 

#494) were purchased from Charles River (France) and bred in-house. All mice were bred and kept under specific and opportunistic 

pathogen free conditions. Experiments were reviewed and approved by appropriate institutional review committees and conducted 

according to German and French legislations.

Construction of Il6-IRES_Mer-iCre-Mer_GSG_2A_tdT mice

A 7,04kb genomic fragment (4,5kb for the 5’ arm and 2,5kb for the 3’ arm) encompassing terminal stop codon of the Il6 gene was 

isolated from a BAC clone of C57BL/6 origin (clone n ◦ RPCIB731M02121Q; http://www.lifesciences.sourcebioscience.com). An 

IRES_Mer-iCre-Mer_GSG_2A_tdT_Frt-NeoR-Frt cassette was introduced at twenty bases after the stop codon contained in the 

exon 5 of the Il6 transcript and before the 3’ untranslated region of the Il6 gene. The targeting construct was abutted to a cassette 

coding for the diphtheria toxin fragment A expression cassette, and linearized with Pme1. JM8.F6 C57BL/6N ES cells 85 were electro-

porated with the targeting vector. After selection in G418, ES cell clones were screened for proper homologous recombination by 

DNA-PCR. A neomycin-specific probe was used to ensure that adventitious non-homologous recombination events had not 

occurred in the selected ES clones. Properly recombined ES cells were injected into BALB/c blastocysts. Germline transmission 

led to the excision of the Frt-Cre-NeoR-Frt cassette in the N1 mice due to the crossing between chimaeras (F0) and Flippase WT 

mice. Il6-Mer-iCre-Mer_GSG_2A_tdT mice were identified by PCR of tail DNA. The pair of primers named 1333-ScM_01_Fwd 

(5’ATAAAATAGTCCTTCCTACCC) and 1333-ScM_01_Rev (5’TTGTCAGTTCTTCGTAGAGA) amplifies a 263 bp band in case of 

the wild-type Il6 allele, whereas the pairs of primers: 1333_ScM_03_Fwd (5’ATGGACGAGCTGTACAAGTA) and 1333_ScM_01_Rev 

(5’TTGTCAGTTCTTCGTAGAGA) amplified a 235 bp band in the case of the Il6-Mer-iCre-Mer_GSG_2A_tdT allele.

Construction of Prdm1-OST-STOP-Ires-MerCreMer-2A-tdT mice

A 6 kb genomic fragment (3kb for 5’ arm and 3kb for de 3’ arm) encompassing terminal stop codon of the Prdm1 gene was isolated 

from a BAC clone of C57BL/6 origin (clone n ◦ RPCIB731E17298Q; http://www.lifesciences.sourcebioscience.com). A Twin OST-

STOP-Ires-MerCreMer-2A-tdT_Frt-NeoR-Frt cassette was introduced just before the 3’ ′ untranslated region of the Prdm1 gene, 

with the twin-OST sequence fused in frame with that coded by exon 7 of Prdm1. To ensure the flexibility between Prdm1 and 

Twin OST, a GSG linker was placed between Prdm1 and OST tag. The targeting construct was abutted to a cassette coding for 

the diphtheria toxin fragment A expression cassette, and linearized with Pme1. JM8.F6 C57BL/6N ES cells 85 were electroporated 

with the targeting vector. After selection in G418, ES cell clones were screened for proper homologous recombination by DNA-

PCR. A neomycin-specific probe was used to ensure that adventitious non-homologous recombination events had not occurred 

in the selected ES clones. Properly recombined ES cells were injected into BALB/c blastocysts. Germline transmission led to the
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excision of the Frt-Cre-NeoR-Frt cassette in the N1 mice due to the crossing between chimaeras (F0) and Flippase WT mice. Prdm1-

OST-STOP_Ires-MerCreMer-2A-tdT mice were identified by PCR of tail DNA. The pair of primers named 1405-ScQ_01_Fwd 

(5’GCTGCCTTTGGAGGATCTGA) and 1405-ScQ_01_Rev (5’GCCTCATTTATGCCCTGAGA) amplifies a 517 bp band in case of 

the wild-type Prdm1 allele, whereas the pairs of primers: 1405-ScQ_02_Fwd (5’GCCACCACCTGTTCCTGTAC) and 1405-ScQ_ 

01_Rev (5’GCCTCATTTATGCCCTGAGA) amplified a 339 bp band in the case of the Prdm1-OST-STOP_Ires- MerCreMer-2A-tdT 

allele.

Experimental autoimmune encephalomyelitis

To induce T cell- and B cell-dependent active experimental autoimmune encephalomyelitis (EAE), mice were immunized subcuta-

neously with 150μg of MOG 35-55 peptide (MEVGWYRSPFSRVVHLYRNGK, Proteogenix, France) or with 100μg human MOG 1-125 pro-

tein (Anaspec, #AS-55158-1000), respectively. Antigens were emulsified in CFA (Sigma, #F5881) supplemented with 400μg of Myco-

bacterium tuberculosis H37RA (Difco Laboratories, #10218823). Then, mice received intraperitoneal injections with 320ng pertussis 

toxin (Sigma, #P2980) at the time of immunization and 48 hours later. For experiments involving WT or Ly5.1 mice, immunization was 

performed in 8- to 10-week-old female mice. For experiments with Cx3cr1 creER :Il10ra fl/fl mice, immunization was performed 6-

8 weeks after tamoxifen (TAM, Sigma, #T5648) induction in male and female mice. Mice were monitored daily for the weight and 

based on the following clinical scores: 0=healthy; 1=flaccid tail; 2=impaired righting reflex and/or abnormal gait; 3=partial hind leg 

paralysis; 4=total hind leg paralysis; 5=hind leg paralysis with partial front leg paralysis. Mice sacrificed for ethical reasons (persistent 

weight loss >20%) were given a score 5.

CD25 + T cell depletion

CD25 + T cells were depleted in vivo by a single intravenous injection of anti-CD25 (clone PC-61.5.3, BioXcell, #BE0014) at 300μg/ 

mouse 5 days prior to EAE induction. Depletion efficiency was monitored by flow cytometry the day of immunization, which showed 

a total loss of CD25 + T cells in blood, LNs and spleen (see Figure 3D).

Tamoxifen treatment

For induction of the Cre recombinase in Cx3cr1 creER :Il10ra fl/fl mice, Tamoxifen (Sigma, #T5648) was dissolved in warm sunflower 

seed oil (Sigma, #S5007) and administrated to animals via gavage in four times, every other day. All animals were Tamoxifen-treated 

at 5-6 weeks of age. Each oral application consisted of 5mg of Tamoxifen at a concentration of 0.1 mg Tamoxifen/μl. Mice were 

immunized 6-8 weeks after Tamoxifen treatment.

Tissue collection

Bone marrow: femurs and tibias were collected and bones were flushed using U100-Insulin syringes followed by the removal of red 

blood cells using RBC lysis buffer (Sigma, #R7757). Blood was drawn at the submandibular level using a lancet and collected in hep-

arin-coated tubes. Spleen, inguinal/draining lymph nodes were removed from mice and mechanically dissociated using a syringe-

plunger followed by the removal of red blood cells using RBC lysis buffer. For CNS cell isolation, mice were anesthetized using a 

mixture of ketamine/xylasine and trans-cardiac perfusion was made with ice-cold PBS. Brain and spinal cord were removed and di-

gested for 30 minutes at 37 ◦ C with Collagenase IV (1mg/ml, Gibco, #17104-019) and DNAseI (0.5mg/ml, Sigma, #DN25) in HBSS, 

followed by mechanical dissociation to obtain a single-cell suspension. Cells were isolated on a 30% Percoll gradient (GE Healthcare, 

#17-0891-02) by centrifugation for 20 min at 2000 rpm (without break).

Murine B cell cultures

Mouse B cells were isolated from spleens by negative selection using CD43 microbeads (Miltenyi Biotec, #130-049-801) and an auto-

mated magnetic-activated cell sorting (autoMACS) cell separator following manufacturer’s instructions (Miltenyi Biotec). B cell purity 

after isolation was routinely >90%. B cells were isolated from both female and male mice.

For 3 day-culture protocols, mouse B cells were seeded at 5x10 5 cells/well in 96-well plates at 37 ◦ C. RPMI was supplemented with 

10% fetal bovine serum (Eurobio), 1% penicillin/streptomycin, 0.1% β-mercaptoethanol, 0.1% HEPES, 1% non-essential amino 

acids and 1% sodium pyruvate (all from Life Technologies) and subsequently referred as RPMI complete medium. B cells were stim-

ulated in RPMI complete medium and supplemented with stimuli as mentioned in figures’ legends.

For 7 day-culture protocols, B cells stimulated for 3 days were extensively washed with PBS and added on top of CD40L-express-

ing L47 stromal cells 62 previously treated with Mitomycin C (Sigma, #M5353) using 400,000 L47 cells and 100,000 activated B cells 

per well in 6-well plates. The second 4-days culture step was done at 37 ◦ C in RPMI complete medium supplemented with IL-4/BAFF 

(1ng/ml and 100ng/ml, respectively), CpG/DMSO (1μg/ml) or CpG/N6 (1μg/ml and 0.25μM, respectively). For in vivo treatment before 

or during EAE induction, day 7-B cells were extensively washed, re-suspended in PBS at a concentration of 5x10 7 cells/ml and 10 7 

cells/mouse were injected intravenously in the tail vein. For in vivo treatment, B cells were generated from the recipient mouse’s cor-

responding sex.

For stability assessment cultures, cells harvested after 7 days of culture, as described above, were extensively washed with PBS 

and either left unstimulated (RPMI complete medium) or stimulated with TLR-agonists (1μg/ml each), anti-IgM (5μg/ml), anti-CD40 

(10μg/ml, clone FGK4.5/FGK45), alone or in combination for 3 additional days at 37 ◦ C and analyzed daily.
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For CRISPR-Cas9 editing of genes, naive B cells were isolated from the spleens of H11.Cas9-Il10.EGFP-Il6.tdTomato mice and 

preactivated on day -1 with anti-CD180 (RP105; 1 μg/mL). On day 0, cells were transduced with retroviral particles produced with 

MSCV-pU6-(BbsI)-CcdB-(BbsI)-Pgk-Puro-T2A-BFP 64 (Addgene #86457) encoding single guide RNAs (sgRNAs) targeting the 

gene of interest. Retroviral transduction was performed on retronectin-coated, non-tissue culture-treated plates by centrifugation. 

After incubation for 3 h, cells were washed and cultured under iBreg cells-inducing conditions as described above. Puromycin 

was added to the culture on day1, and cells were analyzed on day 7 gating on BFP + cells.

To examine the role of IL-10 in iBreg cells differentiation, naive B cells isolated from the spleens of WT or H11.Cas9-Il10.EGFP-

Il6.tdTomato mice were cultured under iBreg cells-inducing conditions as described above, in the presence or absence of anti-IL-

10 (10 μg/mL) and anti-IL-10R (10 μg/mL). Cells were harvested on day 7 and analyzed by flow cytometry.

Human B cell cultures

Human B cells were isolated from peripheral blood mononuclear cells (PBMCs) of healthy donors obtained from buffy coats or from 

heparin-coated tubes. For the screening of molecules inducing IL-10 secretion in human B cells (Figure S9B), B cells were isolated 

from spleens of patients undergoing a splenectomy for nonimmunological disease-related reasons (spherocytosis or sickle cell ane-

mia). This study was conducted in accordance with the Declaration of Helsinki, with informed consent from each patient or the pa-

tient’s family. B cells were isolated by negative selection using the B cell Isolation kit II (Miltenyi Biotec, #130-091-151) and automated 

cell separator autoMACS (Miltenyi Biotec) following the manufacturer’s instructions. B cell purity after isolation was >90%. B cells 

were next seeded at 1x10 5 or 2x10 5 cells/well in 96-well plates with RPMI complete medium. Cells were stimulated at 37 ◦ C with 

1.5μg/ml CpG ODN2006 and 2μg/ml anti-IgM for 48 hours. Chemical compounds were added at 0.25 μM. For detection of IL-10 

by flow cytometry, B cells were activated at 3x10 5 cells/well with CpG ODN2006 or at 1x10 5 cells/well with CpG ODN2006 and 

anti-IgM, in the presence of DMSO or compound 1n at 0.25 μM (Figure S9C).

Clinically isolated syndrome and multiple sclerosis patients

Information about multiple sclerosis (MS) patient samples and associated controls used in this study are in Table S1. Part of the re-

lapsing remitting (RR)MS samples and associated clinical data were obtained from NeuroBioTec (CRB HCL, Lyon, France, Biobank 

BB-0033-00046) with the MS collection reporting number DC-2008-72. Studies concerning clinically isolated syndrome patients and 

other RRMS patients were approved by the French South-West & Overseas ethical committee and were registered with the following 

identifiers: NCT01981161 and NCT00942214. For healthy donors, the study was approved by the French South-West & Overseas 

ethical committee and was registered at the French Ministry of Higher Education and Research (DC-20152488).

METHOD DETAILS

Flow cytometry staining procedures

Flow cytometry analyses were conducted according to the guidelines for the use of flow cytometry and cell sorting in immunological 

studies 86 using reagents described in STAR Methods. Fc receptors were systematically blocked with anti-mouse CD16/CD32 (clone 

2.4G2, BD Biosciences) and viable cells were identified with the fixable viability stain FVS575V (BD Bioscience, #565694) or with the 

Zombie UV™ Fixable Viability Kit (BioLegend, #423108). Ki-67 expression was detected by intracellular staining using the eBioscience 

Foxp3/Transcription Factor Staining Buffer Set (Invitrogen, #00-5523-00) following manufacturer’s instructions. For analysis, dou-

blets were excluded by plotting SSC-H vs FSC-A. Data were acquired with a BD LSR Fortessa SORP or a SONY ID7000™ spectral 

flow cytometer. Data were analyzed with FlowJo (FlowJo LLC, USA).

Intracellular cytokine straining

For T cell cytokine detection, total splenocytes were isolated and stimulated for 5 hours with 30μg/ml of MOG 35-55 in the presence of 

GolgiStop (BD Bioscience, #554724). For B cell cytokine detection, total splenocytes were isolated and stimulated for 5 hours with a 

mix of Cell Activation Cocktail (BioLegend, #423302) and 1μg/ml LPS from E. coli O55:B5 (Sigma, #L2637). Then, cells were 

collected, surface stained, fixed and intracellular staining performed using the eBioscience Foxp3/Transcription Factor Staining 

Buffer Set (Invitrogen, #00-5523-00) following manufacturer’s instructions.

For the detection of intracellular IL-10 expression in human B cells, after 3 days of culture, cells were restimulated for 5 hours in the 

presence of Brefeldin A (1μg/ml, Sigma, #B5936), GolgiStop (BD Bioscience, #554724) and Cell Activation Cocktail (BioLegend, 

#423302). Then, cells were collected, surface stained, fixed and intracellular staining performed using a home-made permeabilization 

buffer (0.5% Saponin, 2mM EDTA and 0.5% BSA in 1X PBS).

Fluorescence activated cell sorting

Mouse B cells were first enriched as described above using CD43 microbeads. Total mouse B cells (CD19 + ), follicular B cells (CD19 + / 

CD21 low/- /CD23 hi /CD1d lo/- ) and marginal zone B cells (CD19 + /CD21 hi /CD23 low/- /CD1d hi/+ ) were purified by FACS using a BD Aria IIIu. 

Total mouse CD19 + blood B cells were directly purified by FACS after red blood cell lysis (Sigma, #R7757-100ML). Purity of sorted 

cells was >90%.
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High-throughput flow cytometry screen

The 40,128-compound library was constituted at the Leibniz-Institut fü r Molekulare Pharmakologie im Forschungsverbund Berlin 

(FMP) and provided in 384-well plates with 352 compounds/plate. Analyses were performed in duplicates. Mouse B cells were iso-

lated from heterozygous Il10.EGFP reporter mice using anti-CD19 microbeads (Miltenyi Biotec, #130-121-301). Purity was system-

atically >95%. 10 5 B cells were added per well of 384-well plate containing one compound/well at 6.7μM and LPS at 1.25μg/ml final 

concentration. On day 3, cells were resuspended in PBS/0.2% BSA supplemented with propidium iodide and measured by the High 

Throughput Flow Cytometry Screening System (IntelliCyt). Data were analyzed with ForeCyt™ software. 258 compounds were iden-

tified that significantly increased the percentage of Il10.EGFP + B cells. These were re-tested using WT B cells for validation. Thus, WT 

B cells were stimulated in the presence or absence of compounds, and day 3 supernatants were assessed for IL-10 concentration by 

Bio-Plex system (Bio-Rad). This identified 14 compounds that increased IL-10 levels in culture supernatants, including C3 that was 

used in this study. The investigation of 9 analogs to C3 led to the identification of N6 that was used throughout this study.

Unsupervised flow cytometry data analysis for CNS CD45 + CD11b + Ly6G - cells

CNS cells were stained using a panel comprising 20 antibodies (Table S4) and data acquired on a SONY ID7000™. Initial cleanup of 

flow cytometry data was performed in individual FCS files using FlowJo (v10.10). Debris, doublets, and dead cells were excluded

using standard gating strategies based on FSC/SSC and viability dye exclusion. Moreover, CD45-negative cells and CD45 + CD4 + ,

CD45 + CD8 + , CD45 + CD19 + , as well as CD45 hi Ly6G hi were also excluded by manual gating. Remaining CD45 int/hi CD11b + populations 

from individual samples were concatenated, ensuring equal representation across experimental groups.

Uniform manifold approximation and projection (UMAP) algorithm was used for data dimensionality reduction. UMAP was 

computed using a nearest neighbors value of 15 and a minimum distance of 0.5, utilizing all extracellular and intracellular markers 

as input dimensions. Unsupervised clustering was then performed using the X-Shift algorithm to identify distinct cell subsets in an 

unbiased manner. 87 X-Shift was computed using a K-nearest neighbor (KNN) value of 20 to find "centroids" in high-dimensional 

space. The resulting X-Shift clusters were projected onto the UMAP embeddings to validate spatial coherence. The relative abun-

dance (frequency) of each cluster was calculated as a percentage of total CD45 + CD11b + Ly6G - cells. Clusters with frequency under 

10% are not shown. A heatmap was generated based on the normalized Median Fluorescence Intensity (MFI) of all markers 

(Figure S7D). The difference in MFI is indicated for each marker by a blue/red scale that shows its relative expression across the

8 clusters.

Immunoassays

In Figures 1A and S9A, IL-10 concentrations in cell-free culture supernatants were determined using Bio-Plex kits (Bio-Rad) accord-

ing to the manufacturer’s instruction.

Cell-free supernatants from murine B cell cultures were otherwise used to determine IL-10 (Biotechne, #DY419-05) and IL-6 (Bio-

techne, #DY406-05) concentration by ELISA using manufacturer’s instructions.

Cell-free supernatants from human B cell cultures were used to determine IL-10 (Biotechne, #DY217B-05) concentration by ELISA 

using manufacturer’s instructions.

To detect anti-hMOG 1-125 IgG1 and anti-hMOG 1-125 Ig, hMOG 1-125 was coated on high binding ELISA plates at 5μg/ml overnight at

4 ◦ C. After blocking with PBS 1% BSA, serial dilutions (5-fold dilutions, from 1:20 to 1:2500) of mouse serum was applied. hMOG 1-125 - 

specific IgG1 and hMOG 1-125 -specific-Ig were detected using anti-mouse IgG1-biotin (800ng/ml) or anti-mouse Ig-biotin (333.33ng/ 

ml), respectively. Streptavidin-HRP (1:2000 dilution) and TMB High Sensitivity Substrate Solution (BioLegend, #421501) were next 

used. Optical density (O.D.) was measured at 450nm and corrected by removing corresponding value obtained at 620nm.

Serum neurofilament light chain quantification

Mouse serum was prepared using standard procedure. Briefly, blood was drawn at the submandibular level in dry tubes, and, when 

clotted, serum was collected after centrifugation (2000g, 10 minutes, 4 ◦ C). Neurofilament light chain was quantified in the serum of 

mice using the NF-light™ ELISA for CSF samples (UmanDiagnostics, #10-7001) according to manufacturer’s instructions.

scRNA-seq

For data related to Figures 1C–1E, S1E, S3A, and S3B, B cells were stimulated as described and viable CD19 + CD45 + cells were 

sorted from cultures by FACS for sequencing. For data related to Figures 4 and S6, EAE was induced in WT mice. At day 17 

post-EAE induction, mice were treated with 10 7 Ly5.1 + iBreg cells injected intravenously. 2 days (D+19 p.i.) and 14 days after treat-

ment (D+31 p.i.), CNS (brain + spinal cord) was isolated from two batches of mice (four mice each). After tissue digestion, cells were 

stained with TotalSeq™-B anti-mouse CD45.1 (BioLegend, #110755) and viable CD45 + cells were sorted by FACS for library prep-

aration. The scRNA-seq libraries were generated using Chromium Single Cell Next GEM 3’ Library & Gel Bead Kit version 3.1 with 

Feature Barcode Technology (10X Genomics) according to the manufacturer’s protocol. Gene expression (mRNA) and ADT libraries 

were generated. Briefly, cells were counted, diluted at 1,000 cells/μL in PBS + 0.04% BSA and 20,000 cells were loaded in the 10X 

chromium controller to generate single-cell gel beads in emulsion. After reverse transcription, gel beads in emulsion were disrupted. 

Barcoded complementary DNA was isolated and amplified by PCR. Following fragmentation, end repair and A-tailing, sample in-

dexes were added during index PCR. The purified libraries were sequenced on a Novaseq (Illumina) with 28 cycles of read 1, 8 cycles 

of i7 index and 91 cycles of read 2, targeting a median depth of 45,000 reads per cell for gene expression and 5,000 reads per cell for
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CITE-seq ADT libraries. scRNA-seq data for B cells activated in vitro have been deposited at NCBI GEO depository and are acces-

sible with the accession number GSE219282, or using the link (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE219282). 

scRNA-seq data for CNS CD45 + cells (brain and spinal cord) have been deposited at NCBI GEO depository and are accessible with 

the accession number GSE222061, or using the link (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222061).

scRNA-sequencing data processing for in vitro activated mouse B cells

The kallisto | bustools workflow 70 was used to pseudo align reads from the RNA libraries to the mouse reference genome (GRCm38, 

release 98) and generate molecular identifier (UMI) counts for each cellular barcode. The resulting cell × gene count matrices were 

imported to the Scanpy framework for subsequent analyses. 79 We manually set different thresholds for each sample on the number 

of counts, number of genes, and proportion of mitochondrial genes to eliminate low quality cells by looking at the corresponding qual-

ity metric distributions. We then excluded the genes Gm42418 and AY036118, which were reported to overlap with an unannotated 

rRNA locus, 88 and all genes expressed in less than 50 cells in the whole dataset. The count matrix was then log-normalized with ln(1-

+x), and genes were scaled to unit variance and zero mean. For the UMAP visualizations, the two replicates for naive cells were 

merged.

For differential gene expression, and gene co-expression analyses, we excluded mitochondrial and ribosomal genes and used 

Normalisr. 77 p-values were corrected with the Benjamini–Hochberg procedure. To determine significant genes, we set a dot product 

or fold change threshold of 2 and determined a different q-value threshold for each sample. The q-value threshold was 10 -n where n is 

the lowest positive integer for which there were less than 25 q-values between 10 -n and 10 -(n+1) . We then intersected the gene lists 

resulting from the differential gene expression or gene co-expression analyses to create the N6-gene signature. For UPR pathway 

activity inference, we used decoupleR 67 together with the MSigDB hallmark gene set collection. 74 The scripts written for the analysis 

of this dataset are available at: https://github.com/GChyzak/bcell-il10-mouse.

scRNA-sequencing data processing for CD45 + cells from brain and spinal cord of EAE mice

Sequencing reads were demultiplexed and aligned to the mouse reference genome (mm10, release 98, built from Ensembl sources) 

using the CellRanger Pipeline version 6.0.0. Filtered UMI count matrices were used for downstream analysis using the Seurat work-

flow. 82 41,000 cells were harvested from brain (respectively 37,000 for spinal cord) with expression of 32,000 features. Seurat ob-

jects 81 were created with the particularity of including one CITE-seq column to identify CD45.1-positive cells. Removal of doublets 

was done according to scDblFinder pipeline 80 then straining of ambient RNAs was performed using default SoupX algorithm. 84 

Manual quality control was achieved by manual subsetting after visualization of usual QC features: percentage of mitochondrial 

genes under 5%, RNA counts in each cell between 1,000 and 45,000, and more than 1,000 features detected for both brain and spinal 

cord. A data driven quality control was then accomplished using ddqcR library pipeline, 66 resulting in 30,000 (resp. 22,000) QC-

controlled cells for the brain (resp. spinal cord). After that, normalization was performed using scRNA-seq assay-dependent of 

the theoretical size of cells normalization by SingleCellExperiment library 83 and using classic CLR normalization for the CITE-seq 

assay; both followed by scaling and PCA from Seurat library. The integration was achieved using default Harmony pipeline 69 and 

used solely for cell annotation (no use of integrated data for the rest of the analysis). After UMAP reduction (Seurat library), clustering 

of cells was obtained using the original Louvain algorithm and the clustree pipeline 71 : a resolution of 2 (resp. 2.5) was chosen for the 

brain (resp. spinal cord).

To identify cell populations, an extensive list of genes was used. At this resolution, microglia were considered as a unique cluster 

(with the exception of the daMG cluster expressing Mki67 isolated from the other microglia) and were reprocessed and clustered 

individually later on to gain insights on functional states (UMAP reduction included (Figure 4A)). Subclusters of microglia were 

then annotated using marker genes of homeostatic and disease-associated microglia 26 (Figure 4B), marking the end of the pre-pro-

cessing. Individual UMAPs are shown in Table S3, with the number of cells in each microglia states.

For the multiple differentially expressed genes (DEG) analysis, a Wilcoxon Rank Sum test with a Benjamini-Hochberg correction of 

the p-value was performed using FindMarkers from the Seurat library. Samples retrieved 2 days and 14 days post-iBreg cells injec-

tion were computed separately to avoid batch effect. Gm10076A and AY036118 were excluded from the analysis as indicated above. 

In addition, a list of genes (Igkc, Jchain, Ighm, Iglc1, Iglc2, Ighd, Mzb1) was removed from analyses of non-B cells because they were 

identified as genes polluting the samples.

For CellPhoneDB analysis, 65 cell-cell interactions were inferred from combined expression of multi-subunit receptor-ligand com-

plexes after conversion of the mouse genes to human genes using biomaRt. The CellPhoneDB pipeline was then run using the sta-

tistical analysis method and default parameters.

For the Gene Set Enrichment Analysis, genes of the subpopulation of interest were chosen from the DEG analysis (adjusted p-

value<0.05) if expressed (count >0) by at least 60% of the cells of said subpopulation. The top 30 resulting genes (arranged by 

log2FC) were searched for enrichment using the EnrichR pipeline 68 (focusing on GO_Biological_Process_2015 database) and top 

10 functions (arranged by adjusted p-value) were selected.

For MIIC network inference, 72,73 genes of interest were selected considering results from previous analyses (DEG iBreg cells-

treated vs non-treated, genes coding for ligand-receptor pairs highlighted by CellPhoneDB, genes of interest from bibliography) 

and were kept if expressed (count >0) by at least 60% of the cells of one of the subpopulations. All ribosomal (Rps and Rpl) genes 

were averaged as Rps_mean and Rpl_mean in the networks. Treatment was added as a contextual variable. For microglia networks, 

daMG3-Mki67 cluster was considered as separate and removed from the analysis. The MIIC algorithm was then ran on raw RNA
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counts of selected variables using 0.01-skeleton confidence cut and 0.01-orientation confidence cut. Treatment subnetworks are 

shown in Figure 4E and full networks can be seen on the MIIC server website. 27,89

Brain - Microglia D+19 p.i.: https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_Brain_MG_D2

Brain - Microglia D+31 p.i.: https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_Brain_MG_D14

SC - Microglia D+19 p.i.: https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_SC_MG_D2

SC - Microglia D+31 p.i.: https://miic.curie.fr/job_results_showcase_2022.php?id=Necker_CNS_SC_MG_D14

For the NicheNET analysis, 75 their step-by-step Seurat analysis was performed on iBreg cell-microglia and iBreg cell-monocyte 

interactions from brain samples analyzed 2 days after iBreg cells injection (D+19 p.i.). Around 70 ligands were found active with 

95% of them having Pearson score above 0.08 (default NicheNet threshold) for each analysis. Top ligands are shown. IL-10 interac-

tions were highlighted with a different color for readability.

ATAC-sequencing

100,000 cells were harvested and nuclei isolated by incubating cells for 10 min on ice in nuclei extraction buffer (15 mM Tris-HCl, 

60 mM KCl, 15 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.5 mM spermidine (free base), 1X cOmplete Protease Inhibitor Cocktail, 

0.1% NP-40). Nuclei were centrifuged at 500g for 10 min at 4 ◦ C, the supernatant was discarded, the pellet was resuspended in 

50μl ATAC reaction buffer (25μl 2x Illumina Tagment DNA buffer, 2.5μl Illumina Tagment DNA Enzyme 1, 22.5μl nuclease free water) 

and incubated at 37 ◦ C for 30 min. The reaction was stopped by adding 25mM EDTA. The tagmented DNA was purified (MinElute PCR 

Purification Kit, Qiagen) followed by PCR amplification using the NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs) 

and 0.2μM Nextera-Index-adapters (5 ′ -AAT GAT ACG GCG ACC ACC GAG ATC TAC AC [i5] TCG TCG GCA GCG TC-3 ′ and 5 ′ -CAA 

GCA GAA GAC GGC ATA CGA GAT [i7] GT CTC GTG GGC TCG G-3 ′ , Illumina) with 10 PCR cycles. The libraries were purified with 1x 

Agencourt AMPure XP (Beckman Coulter), the concentration was measured (Qbit HS kit) and the fragment distribution was checked 

on the Agilent 2100 Bioanalyzer before sequencing on the Illumina HiSeq 2500 with 2x50bp paired-end reads. The processing of the 

ATAC sequencing data, including the differential pairwise analyses, was done by the use of the nf-core atacseq pipeline (version 

1.2.1; doi: 10.5281/zenodo.2634132). Differentially accessible regions (DARs) were defined by applying the following filters to the 

DEseq2 output: FDR ≤ 0.01; |FC| ≥ 1. The DARs were annotated to the closest genes by the use of the R package 

GenomicRanges. The annotation of genomic features was done by the use of the R package Chipseeker. Genomic annotations 

of the DARs relate to the mouse genome version (mm10). ATAC coverage was set to the same range for all samples (0-3). ATAC-

seq data for in vitro stimulated B cells have been deposited at NCBI GEO depository and are accessible with the accession number 

GSE222227, or using the link (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222227). The 7 DARs indicated for Il10 

(Figure 2B) correspond to DAR1: chr1: 130987200 – 130988103. DAR2: chr1: 130993664 – 130994178. DAR3: chr1: 131019577 – 

131020171. DAR4: chr1: 131020589 – 131021890. DAR5: chr1: 131022527 – 131023266. DAR6: chr1: 131025088 – 131026376. 

DAR7: chr1: 131037954 – 131039084.

Immunoglobulin heavy chain repertoire sequencing

Immunoglobulin heavy chain repertoire sequencing was performed as described. 90 In brief, RNA was isolated with the RNeasy mini 

kit (Qiagen, #74106) from WT murine resting B cells and from B cells stimulated for 7 days with: CpG/DMSO, then L47/CpG/DMSO or 

CpG/N6, then L47/CpG/N6. Both first strand synthesis primers as well as reverse PCR primers contained UMI to correct for over-

amplification bias. The pRESTO and Change-O tools were used for paired-end merging, quality filtering and VDJ annotation. 78 

The diversity was calculated with the Alakazam package. The Argalaxy workflow was done as previously described. 90,91 All these 

tools are part of the Immcantation/suite Docker image.

Affymetrix arrays

WT B cells were incubated with DMSO or N6 (0.25 μM) in RPMI complete medium for 6 hours and used for transcriptome analysis. 

cRNA were hybridized on Affymetrix MG 430 2.0 arrays, using standard Affymetrix protocol after quality control with Agilent 2100 

Bioanalyzer and quantification with NanoDrop ND-1000 spectrophotometer. The significantly differentially regulated genes were de-

tected using a t-test based R-script, with p-values adjusted using Benjamini-Hochberg procedure. In order to be selected in a com-

parison of two conditions, each Affy IDs had to fulfill the following criteria: (i) be present in at least 2 of the 3 arrays for at least one of the 

two conditions compared, (ii) to have a mean signal intensity higher than 50 in at least one of the two conditions, and (iii) to show an 

adjusted p-value <0.01 (t-test) in the comparison of the two conditions. The genes differentially expressed between control and N6-

treated B cells were identified using t-test (p<0.01). Affymetrix gene array data for B cells treated with DMSO or N6 have been depos-

ited at NCBI GEO depository and are accessible with the accession number GSE220719, or using the link (https://www.ncbi.nlm.nih. 

gov/geo/query/acc.cgi?acc=GSE220719)

Histology

Histology was performed after perfusion as described before. 37,92 Spinal cords were removed on day 30 post-EAE induction and 

fixed in 4% buffered formalin (vol/vol). The spinal cord was cut in cross-sections. 5 cylinders of standing spinal cord were embedded 

into the FFPE block and sectioned within the FFPE block so that cross sections were created. Sections were stained with either he-

malaun and eosin or LFB to assess the degree of demyelination. Immunohistochemistry was performed using MAC-3 (BD Pharmin-

gen, clone M3/84) for macrophages and microglia, CD3 (BioRad, clone CD3-12) for T cells and APP (Millipore, clone 22C11) to
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determine axonal damage. All regions were analyzed; white and grey matter. In total, 10 sections were analyzed per mouse, 5 mice 

per group; 1 mean = mean of 10 counted sections, presented mean = mean of 5 mice. Spinal cord sections were evaluated using a 

Keyence BZ-X810 device and the NIH ImageJ software. 76

Confocal imaging and three-dimensional reconstruction of microglia

Formalin-fixed, paraffin-embedded (FFPE) spinal cord tissues were sectioned at 25 μm and stained with an anti-Iba1 antibody and 

DAPI. Z-stack images were acquired using a confocal microscope (Leica SP8) with a step size of 0.33 μm. For each animal, a min-

imum of three and a maximum of five individual microglial cells were selected and reconstructed in three dimensions using Imaris 

software (Oxford Instruments).

Morphological parameters, including dendrite number, soma sphericity, and the ratio of covered volume to soma volume, were 

quantified using Imaris. Soma sphericity values ranged from 0 to 1, with higher values indicating increased spherical morphology. 

Quantitative analyses were performed in a blinded manner where applicable.

Chemical compound synthesis

Reagents were purchased as reagent-grade and used without further purification unless otherwise stated. Dioxane and Toluene were 

purchased as anhydrous-grade. Dimethylformamide (DMF) were freshly distilled before use. Analytical thin-layer chromatographies 

(TLC) were carried out on Macherey Nagel Alugram Xtra SIL G/UV254 plates using UV light (λ = 254 nm) as visualizing agent. Flash 

chromatographies were carried out on puriFlash from Interchim equipped with packed silica cartridges from Macherey Nagel using a 

100% DCM to 90/10 DCM/Ethanol (EtOH) gradient or a 100% Cyclohexane to 30/70 Cyclohexane/Ethyl acetate (EtOAc) gradient. 

Yields refer to chromatographically and spectroscopically pure compounds. NMR spectra were recorded on Bruker AV300 spec-

trometer at room temperature. Chemical shifts (δ), which are expressed in part per million (ppm), were determined relative to residual 

nondeuterated solvent as an internal reference respectively CDCl 3 and DMSO-d 6 ((CD 3 ) 2 SO) ( 13 C NMR: δ = 77.23, 39.52 ppm; 1 H 

NMR: δ = 7.26; 2.50 ppm). Coupling constant(s) in hertz (Hz) were measured from one-dimensional spectra and multiplicities 

were abbreviated as following: s (singlet), d (doublet), t (triplet), q (quadruplet), m (multiplet). The purity was determined by high per-

formance liquid chromatography (HPLC) using an Alliance Waters system [Alliance Waters 2695 (pump) and Waters 2998 (Photo-

diode Array detector)] with a column Phenomenex Luna Omega C-18, 3 μm particle size (3,0 mm x 50 mm). Low-resolution mass 

spectrometry (ESI-MS) was recorded on a Waters Acquity QDa instrument (source voltage: 20 V). Syntheses under microwave irra-

diation are performed on a Discover microwave CEM equipped with an Explorer feeder.

General procedure A for N-methylbenzimidazole formation of compounds 6b, 6e, 6i–6j, 6l, and 6n 

5-Bromo-N1-methylbenzene-1,2-diamine (4) (0.2 g, 1 mmol) is placed in anhydrous DMF (2 mL). Aldehyde 5 (1-2 eq) is then added in 

presence Na 2 S 2 O 5 (1-2 eq). The reaction mixture is irradiated under microwave at 110 ◦ C during 30 min or heated at 110 ◦ C during 4 to 

18 hours. The reaction mixture is cooled and poured on ice to precipitate the compound 6. Then the precipitate is washed by water 

and dried under vacuum overnight. Or, the reaction mixture is concentrated under reduced pressure and the residue is diluted with 

EtOAc. The organic phase is washed with water, decanted and dried over magnesium sulfate, filtered and concentrated under 

reduced pressure. The resulting residue is purified by column chromatography on silica gel to give compound 6. 

6-bromo-2-(2-fluorophenyl)-1-methyl-1H-benzo[d]imidazole (6b)

C 14 H 10 BrFN 2 , MW: 305,15

Reaction was performed following general procedure A. Brown Solid (28%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 7.96 (d, J = 1.8 Hz, 

1H), 7.78–7.60 (m, 3H), 7.53-7.37 (m, 3H), 3.71 (d, J = 1.8 Hz, 3H); MS (ES+): m/z = 305.2, 307.2 [M+H] + 

6-bromo-2-(4-fluorophenyl)-1-methyl-1H-benzo[d]imidazole (6e)

C 14 H 10 BrFN 2 , MW: 305,15

Reaction was performed following general procedure A. Beige solid (90%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 8.04 – 7.83 (m, 3H), 

7.64 (d, J = 8.5 Hz, 1H), 7.50 – 7.32 (m, 3H), 3.87 (s, 3H); MS (ES+): m/z = 305.0, 307.0 [M+H] +
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6-bromo-1-methyl-2-(pyridin-2-yl)-1H-benzo[d]imidazole (6i)

C 13 H 10 BrN 3 , MW: 288,15

Reaction was performed following general procedure A. Yellow solid (66%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 8.76 (d, J = 4.1 Hz, 

1H), 8.30 (d, J = 7.9 Hz, 1H), 8.02 (td, J = 7.8, 1.8 Hz, 1H), 7.97 (d, J = 1.7 Hz, 1H), 7.68 (d, J = 8.6 Hz, 1H), 7.58-7.51 (m, 1H), 7.41 (dd, 

J = 8.6, 1.8 Hz, 1H), 4.22 (s, 3H); MS (ES+): m/z = 287.9, 289.9 [M+H] +

6-bromo-1-methyl-2-(pyridin-3-yl)-1H-benzo[d]imidazole (6j)

C 13 H 10 BrN 3 , MW: 288,15

Reaction was performed following general procedure A. Pale purple solid (83%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 9.05 (d, J = 

1.5 Hz, 1H), 8.76 (dd, J = 4.8, 1.5Hz, 1H), 8.39 – 8.20 (m, 1H), 7.99 (d, J = 1.6 Hz, 1H), 7.67 (d, J = 8.6 Hz, 1H), 7.62 (dd, J = 7.9, 

4.8 Hz, 1H), 7.41 (dd, J = 8.6, 1.6 Hz, 1H), 3.91 (s, 3H); MS (ES+): m/z = 288.3, 290.3 [M+H] + 

6-bromo-1-methyl-2-(pyridin-4-yl)-1H-benzo[d]imidazole (6l)

C 13 H 10 BrN 3 , MW: 288,15

Reaction was performed following general procedure A. Orange solid (67%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 8.79 (dd, J = 4.5, 

1.5 Hz, 2H), 8.01 (d, J = 1.8 Hz, 1H), 7.88 (dd, J = 4.5, 1.5 Hz, 2H), 7.69 (d, J = 8.6 Hz, 1H), 7.42 (dd, J = 8.6, 1.8 Hz, 1H), 3.94 (s, 

3H); MS (ES+): m/z = 287.9, 289.9 [M+H] +

6-bromo-2-(4-methoxyphenyl)-1-methyl-1H-benzo[d]imidazole (6n)

C 15 H 13 BrN 2 ,O MW: 317,19

Reaction was performed following general procedure A. Pink solid (71%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 7.71 (d, J = 8.7 Hz, 2H), 

7.65 (d, J = 8.5 Hz, 1H), 7.53 (d, J = 1.8 Hz, 1H), 7.39 (dd, J = 8.5, 1.8 Hz, 1H), 7.05 (d, J = 8.7 Hz, 2H), 3.89 (s, 3H), 3.83 (s, 3H).; MS 

(ES+): m/z = 316.9, 318.9 [M+H] +

6-iodo-2-(pyridin-3-yl)imidazo[1,2-a]pyridine (10a)

C 12 H 8 IN 3 , MW: 321,12

2-amino-5-iodopyridine (7) (6.82 g, 31 mmol, 1.24 eq) is placed in absolute ethanol (50 mL). 2-bromo-1-(pyridin-3-yl)ethan-1-one 

hydrobromide (8) (5 g, 25 mmol, 1 eq) is then added in presence of NaHCO 3 (3.04 g, 36 mmol, 1.45 eq). The reaction mixture is heated 

at 80 ◦ C and stirred during 12 hours. The reaction is concentrated under reduced pressure and the resulting residue is purified by 

column chromatography on silica gel to give the compound 10a in 8% yield (642 mg) as a yellow solid
1 H NMR (300 MHz, DMSO-d 6 ) δ 9.15 (d, J = 1.5 Hz, 1H), 8.95 (s, 1H), 8.53 (dd, J = 4.7, 1.5 Hz, 1H), 8.44 (s, 1H), 8.30 (d, J = 8.1 Hz, 

1H), 7.54 – 7.39 (m, 3H); MS (ES+) : m/z = 322.1 [M+H] +

General procedure B for Palladium-catalyzed arylation of benzamide for 1b, 1f, 1i, 1j, 1m, and 1f

Compound 6 (50 mg, 1 eq) is placed in anhydrous dioxane (1 mL). Benzamide 9 (1-2 eq) is then added in presence of Xantphos (0.05 

eq), Cs 2 CO 3 (1.8 eq) and Tris(dibenzylideneacetone)dipalladium(0) (0.02 eq). The reaction mixture is heated at 150 ◦ C and stirred
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during 15 to 72 hours in sealed tube under argon. The reaction mixture is concentrated under reduced pressure and the residue is 

diluted with DCM. The organic phase is washed with water, decanted and dried over magnesium sulfate, filtered and concentrated 

under reduced pressure. The resulting residue is dried purified by column chromatography on silica gel to give compound 1. 

N-(2-(2-fluorophenyl)-1-methyl-1H-benzo[d]imidazol-6-yl)-2-methoxybenzamide (1b)

C 22 H 18 FN 3 O 2 , MW: 375,40

Reaction was performed following the general procedure B. Yellow solid (31%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 10.29 (s, 1H), 8.28 

(s, 1H), 7.77 – 7.59 (m, 4H), 7.57-7.38 (m, 4H), 7.21 (d, J = 8.2 Hz, 1H), 7.09 (t, J = 7.2 Hz, 1H), 3.94 (s, 3H), 3.69 (d, J = 1.6 Hz, 3H); MS 

(ES+): m/z = 376.4 [M+H] +

N-(2-(4-fluorophenyl)-1-methyl-1H-benzo[d]imidazol-6-yl)-2-methoxybenzamide (1f)

C 22 H 18 FN 3 O 2 , MW: 375,40

Reaction was performed following the general procedure B. Pale pink solid (15%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 10.27 (s, 1H), 

8.26 (d, J = 1.6 Hz, 1H), 7.92 (dd, J = 8.8, 5.5 Hz, 2H), 7.70 (dd, J = 7.5, 1.6 Hz, 1H), 7.63 (d, J = 8.6 Hz, 1H), 7.56 – 7.48 (m, 1H), 

7.47-7.37 (m, 3H), 7.21 (d, J = 8.3 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 3.94 (s, 3H), 3.85 (s, 3H); MS (ES+): m/z = 376.4 [M+H] + 

2-methoxy-N-(1-methyl-2-(pyridin-2-yl)-1H-benzo[d]imidazol-6-yl)benzamide (1i)

C 21 H 18 N 4 O 2 , MW: 358,40

Reaction was performed following the general procedure B. Orange solid (66%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 10.30 (s, 1H), 8.75 

(d, J = 5.4 Hz, 1H), 8.36-8.24 (m, 2H), 8.00 (td, J = 7.7, 1.9 Hz, 1H), 7.74 – 7.63 (m, 2H), 7.57 – 7.46 (m, 2H), 7.44 (dd, J = 8.8, 1.9 Hz, 1H), 

7.21 (d, J = 8.8 Hz, 1H), 7.09 (t, J = 7.2 Hz, 1H), 4.23 (s, 3H), 3.93 (s, 3H); MS (ES+): m/z = 359.1 [M+H] + 

2-methoxy-N-(1-methyl-2-(pyridin-3-yl)-1H-benzo[d]imidazol-6-yl)benzamide (1j)

C 21 H 18 N 4 O 2 , MW: 358,40

Reaction was performed following the general procedure B. Beige solid (76%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 10.29 (s, 1H), 9.05 

(d, J = 1.6 Hz, 1H), 8.74 (dd, J = 4.8, 1.6 Hz, 1H), 8.31-8,24 (m, 2H), 7.74 – 7.64 (m, 2H), 7.62 (dd, J = 7.9, 4.8 Hz, 1H), 7.57 – 7.48 (m, 

1H), 7.44 (dd, J = 8.7, 1.8 Hz, 1H), 7.21 (d, J = 8.3 Hz, 1H), 7.09 (t, J = 7.4 Hz, 1H), 3.94 (s, 3H), 3.89 (s, 3H); MS (ES+): m/z = 359.3 

[M+H] + ; HRMS (ES+): calculated for C 21 H 19 N 4 O 2 + 359.1508 found 359.1495.
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2-methoxy-N-(1-methyl-2-(pyridin-4-yl)-1H-benzo[d]imidazol-6-yl)benzamide (1m)

C 21 H 18 N 4 O 2 , MW: 358,40

Reaction was performed following the general procedure B. Yellow solid (72%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 10.31 (s, 1H), 8.78 

(d, J = 6.0 Hz, 2H), 8.31 (s, 1H), 7.88 (d, J = 6.0 Hz, 2H), 7.74-7.63 (m, 2H), 7.59-7.47 (m, 1H), 7.45 (d, J = 7.1 Hz, 1H), 7.21 (d, J = 8.4 Hz, 

1H), 7.09 (t, J = 7.3 Hz, 1H), 3.93 (s, 6H); MS (ES+): m/z = 359.1 [M+H] + 

2-methoxy-N-(2-(4-methoxyphenyl)-1-methyl-1H-benzo[d]imidazol-6-yl)benzamide (1n)

C 23 H 21 N 3 O 3 , MW: 387,44

Reaction was performed following the general procedure B. White solid (80%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 10.24 (s, 1H), 8.22 

(s, 1H), 7.79 (d, J = 8.8 Hz, 2H), 7.70 (dd, J = 7.5, 1.8 Hz, 1H), 7.59 (d, J = 8.6 Hz, 1H), 7.52 (td, J = 7.9, 1.8 Hz, 1H), 7.39 (dd, J = 8.7, 

1.9 Hz, 1H), 7.20 (d, J = 8.4 Hz, 1H), 7.16 – 7.05 (m, 3H), 3.94 (s, 3H), 3.85 (s, 3H), 3.84 (s, 3H); MS (ES+): m/z = 388.1 [M+H] + 

2-methoxy-N-(2-(pyridin-3-yl)imidazo[1,2-a]pyridin-6-yl)benzamide (2a)

C 20 H 16 N 4 O 2 , MW: 344,37

6-iodo-2-(pyridin-3-yl)imidazo[1,2-a]pyridine (10a) (50 mg, 0.16 mmol) is placed in dry toluene (1 mL). Benzamide 7 (1.2 eq., 

0.19 mmol) is then added in presence of K 3 PO 4 (66.3 mg, 0.32 mmol, 2 eq), copper(I) iodide (5.9 mg, 0.032 mmol, 0.2 eq), and 

trans-N,N’-dimethylcyclohexane-1,2-diamine (4.4 mg, 0.032 mmol, 0.2 eq). The reaction mixture is heated at 120 ◦ C and stirred dur-

ing 48 hours in sealed tube under argon. The reaction mixture is diluted with DCM and filtrated through a celite pad. The filtrate is 

concentrated under reduced pressure. The resulting residue is purified by column chromatography on silica gel to give compound 

2a. Orange solid (19%); 1 H NMR (300 MHz, DMSO-d 6 ) δ 10.29 (s, 1H), 9.39 (s, 1H), 9.15 (s, 1H), 8.63 (s, 1H), 8.51 (d, J = 5.1 Hz, 1H), 

8.28 (d, J = 8.0 Hz, 1H), 7.68-7.58 (m, 2H), 7.56-7.43 (m, 2H), 7.36 (d, J = 9.4 Hz, 1H), 7.21 (d, J = 8.6 Hz, 1H), 7.09 (t, J = 7.3 Hz, 1H), 

3.91 (s, 3H); MS (ES+): m/z = 345.4 [M+H] + ; HRMS (ES+): calculated for C 20 H 17 N 4 O 2 
+ 345.1352 found 345.1357.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data presentation and statistical analyses were performed using GraphPad Prism (GraphPad Software, USA). Dispersion and pre-

cision of the data are indicated in figure legends. When two groups were compared, statistical analyses were performed with an un-

paired Mann-Whitney test. Paired samples were analyzed with a Wilcoxon test. When more than two groups were compared, sta-

tistical analyses were performed with a Kruskal-Wallis test with Dunn’s correction. When more than two groups with independent 

variables were compared, statistical analyses were performed with a two-way ANOVA followed by Tukey’s multiple comparisons 

test. Level of significance were defined as followed: ns > 0.05, *p<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data analysis and 

representation of scRNA-seq and ATAC-seq data are described in the corresponding sections.
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