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Abstract
B cells contribute to the pathogenesis of both cellular- and humoral-mediated central nervous system (CNS) inflammatory 
diseases through a variety of mechanisms. In such conditions, B cells may enter the CNS parenchyma and contribute to 
local tissue destruction. It remains unexplored, however, how infection and autoimmunity drive transcriptional phenotypes, 
repertoire features, and antibody functionality. Here, we profiled B cells from the CNS of murine models of intracranial 
(i.c.) viral infections and autoimmunity. We identified a population of clonally expanded, antibody-secreting cells (ASCs) 
that had undergone class-switch recombination and extensive somatic hypermutation following i.c. infection with attenuated 
lymphocytic choriomeningitis virus (rLCMV). Recombinant expression and characterisation of these antibodies revealed 
specificity to viral antigens (LCMV glycoprotein GP), correlating with ASC persistence in the brain weeks after resolved 
infection. Furthermore, these virus-specific ASCs upregulated proliferation and expansion programs in response to the con-
ditional and transient induction of the LCMV GP as a neo-self antigen by astrocytes. This class-switched, clonally expanded, 
and mutated population persisted and was even more pronounced when peripheral B cells were depleted prior to autoantigen 
induction in the CNS. In contrast, the most expanded B cell clones in mice with persistent expression of LCMV GP in the 
CNS did not exhibit neo-self antigen specificity, potentially a consequence of local tolerance induction. Finally, a comparable 
population of clonally expanded, class-switched, and proliferating ASCs was detected in the cerebrospinal fluid of relapsing 
multiple sclerosis (RMS) patients. Taken together, our findings support the existence of B cells that populate the CNS and 
are capable of responding to locally encountered autoantigens.
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Introduction

The access of circulating immune cells into the CNS is 
restricted in healthy individuals under steady-state condi-
tions with only very low numbers of lymphocytes residing 
in the brain. However, in CNS inflammatory conditions, 
the number of immune cells entering the CNS parenchyma 
through the blood–brain barrier or blood–cerebrospinal 
fluid barrier increases dramatically [2, 26, 55, 59, 67, 77]. 
Upon infiltration, T and B cells can adopt a wide range 
of phenotypes and effector functions that can either pro-
tect against pathogenic threat or, conversely, contribute 
to disease [25, 34, 34]. Thereby, T cells have previously 
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been shown to be able to locally reside in a variety of 
non-lymphoid tissues, including the CNS, and to adopt a 
tissue-resident memory phenotype (Trm) [12, 16, 21, 36, 
66]. Such Trm are poised to respond to secondary expo-
sures [70, 73, 75] or can participate in compartmentalized 
inflammation in the CNS [75], In contrast, much less is 
known about the phenotype and function of tissue-resident 
B cells [4, 27] and their interference with circulating coun-
terparts. This is particularly true in the case of the CNS, 
where the formation and existence of resident B cells is 
still under debate. Yet, B cells are involved in the patho-
genesis of neuroinflammatory diseases by a variety of 
mechanisms including antigen presentation to T cells [51], 
transport of antigens to secondary lymphoid organs, secre-
tion of pro-inflammatory or anti-inflammatory cytokines 
[6, 23], and pathogenic antibodies [34, 64]. Furthermore, 
the success of B cell-depleting therapies in patients with 
multiple sclerosis and other chronic autoimmune condi-
tions with presence of neuronal auto-antibodies provides 
compelling evidence that B cells are crucially involved in 
the pathophysiology of these diseases [15, 29, 39, 41, 69]. 
While autoreactive antibodies to various protein targets 
such as MOG [10], DPPX [8], and aquaporin-4 [35] have 
been profiled and are even used in diagnostics of certain 
neurological disorders [19, 60], the cellular counterparts 
and origins within or outside the CNS of these antibodies 
remain unclear. In addition, despite recent advances in the 
field regarding transcriptional characteristics of disease-
relevant B cells subsets found in the inflamed CNS [62], 
whether these cells can undergo clonal selection and be 
locally reactivated to CNS-restricted autoantigens remains 
unknown.

Recent advancements in sequencing and microfluidic 
techniques have enabled comprehensive profiling of B 
cells and their corresponding antibody repertoires [1, 32, 
52, 80]. Current iterations of this technology provide both 
single-cell antibody repertoires (full-length, paired heavy 
and light chain antibody sequences) and single-cell tran-
scriptomes [17]. This results in a quantitative profile of 
B cell clonal selection that can further be validated via 
recombinant expression of antibodies of interest. How-
ever, the relationship between gene expression and B cell 
receptor (BCR) repertoire of CNS B cells has not yet been 
linked to the functional properties of their corresponding 
antibodies. Here, we leveraged single-cell antibody rep-
ertoire and transcriptome sequencing in combination with 
transgenic murine models of infection and autoimmunity 
to investigate the clonal selection of virus-specific B cells. 
We discovered populations of antigen-specific ASCs that 
had undergone class-switch recombination, clonal expan-
sion, and somatic hypermutation after viral infection in the 
CNS. Upon induction of localized LCMV GP as a neo-self 
antigen in glia cells after viral clearance, we observed that 

ASCs adopted a proliferative transcriptional program and 
produced antibodies specific to the induced neo-self anti-
gen. In contrast, such GP-specific antibodies were absent 
after a corresponding transient viral infection in which 
LCMV GP was persistently expressed as a neo-self antigen 
in oligodendrocytes, pointing towards a CNS-mediated 
tolerance mechanism. Mirroring our experimental obser-
vations, we uncovered expanded and class-switched ASCs 
in the cerebrospinal fluid of patients with relapsing multi-
ple sclerosis suggesting a disease-relevant involvement of 
ASC in CNS autoimmunity which may serve as a starting 
point for future specific therapeutic approaches.

Materials and methods

Mice

The C57Bl/6J GFAP:GP (GFAP-CreERT2 tg/+;Stop-GPflox/+) 
mouse line was bred by crossing C57Bl/6 GFAP-CreERT2 
mice [31] expressing the TAM-inducible Cre-recombinase 
under the astrocyte-specific GFAP promoter with C57Bl/6J 
Stop-GP mice [56]. The C57BL/6J MOG:GP (MOGiCre/+: 
Stop-GPflox/+) mouse line was generated by crossing mice 
expressing the Cre-recombinase under the control of the 
oligodendrocyte-specific promoter (MOGiCre; [33]) with 
Stop-GP mice, as described previously [56]. All mice were 
bred and lodged under specific-pathogen-free P2 conditions 
in the animal facilities of the University Medical Center of 
Geneva. Age-matched male and female sex mice between 
6 and 12 weeks of age were used for experiments. Animal 
experiments were authorized by the cantonal veterinary 
office of Geneva and performed in conformity with institu-
tional guidelines and Swiss federal regulations under license 
number XGE3920D.

Virus infections

The recombinant LCMV-GP58 were generated and propa-
gated on baby hamster kidney 21 cells BHK21 (ATCC​® 
CCL-10) [22]. Virus stocks were titrated using MC57G 
cells (ATCC​® CRL-2295) [37]. In the recombinant LCMV-
GP58, the LCMV full-length-GP was replaced by a fusion 
protein of the LCMV GP signal sequence including the 
GP33-41 epitope and the vesicular stomatitis virus glycopro-
tein (VSVG). For transient infection of the CNS, mice were 
intracranially injected with 104 plaque-forming units (PFU) 
of rLCMV-GP58 diluted in 30 μl of minimum essential 
medium (MEM, Gibco).
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Tamoxifen (TAM) administration

TAM (Sigma, T5648) was dissolved in a 9:1 mix of sun-
flower oil and ethanol to a concentration of 10 mg/ml by 
mixing the solution for 20 min at 50 °C. A dose of 100 µl of 
TAM solution was administered intraperitoneally twice per 
day for 4 consecutive days.

Antibody‑mediated depletion

Circulating CD20+ cells were depleted by intraperitoneal 
administration of 200 μg of rat-anti-mouse-CD20-deplet-
ing antibody (Biolegend, 152104) 2 days before the start 
of TAM administration. Depletion of circulating CD20 + B 
cells was confirmed by flow cytometry.

Rotarod

The rotarod test was used to monitor the ability of motor 
coordination and balance of mice. Mice were placed on a 
rotating rod (Rotarod 7650; Ugo Basile Biological Research) 
constantly accelerating from 10 to 80 rounds per minute for 
a maximum of 180 s. Endurance time was monitored, and 
the two best runs out of three at each time point were aver-
aged for analysis. Animals were habituated and trained to 
the rotarod daily from day − 3 to day 0. Displayed values 
(% latency to fall) are normalized to the running values of 
mice at day 0.

Cell isolation and flow cytometry

For the isolation of cells in the CNS, mice were anesthetized 
and transcardially perfused with PBS. CNS tissues were 
cut and digested in DMEM with Collagenase A (1 mg/ml, 
Roche) and DNase I (0.1 mg/ml, Roche) at 37 °C for one 
hour. Cells were homogenized using a 70-μm cell strainer 
(BD Biosciences) before leukocytes were separated using 
30 and 70% Percoll gradients and subsequently stained 
for 30 min in FACS buffer (PBS/2.5%FCS/10 mM EDTA/ 
0.01% NaN3) with the following primary antibodies: CD45-
PacificBlue (Biolegend, 103126), CD19-biotin (Biolegend, 
115503), CD3E-APC (Biolegend, 100311). Oligonucleotide 
barcodes conjugated to phycoerythrin (PE) and streptavidin 
(TotalSeq™-C0951 PE Streptavidin, TotalSeq™-C0952 PE 
Streptavidin and TotalSeq™-C0953) were added to bioti-
nylated anti-CD19 antibodies to maintain sample identity 
following pooling of B cells for each experimental condi-
tion. CD19 + B cells were sorted individually for each mouse 
using a BD LSRFortessa (BD Biosciences) and BD FACS-
Diva (BD Biosciences, v8.0.2) using appropriate filter sets 
and compensation controls. B cells arising from the same 
experimental condition were subsequently pooled and used 

as input to single-cell immune repertoire sequencing. Data 
were analyzed using FlowJo software (v10).

Single‑cell immune repertoire sequencing of murine 
B cells

For single-cell sequencing, brain B cells (CD19 + CD3- 
CD45.1 +) were FACS-sorted from STOP:GP, aCD8-
GFAP:GP and GFAP:GP mice 7 days after start of TAM, and 
from MOG:GP mice 47 days after i.c infection. Combined 
single-cell transcriptome and immune repertoire sequencing 
was performed using the 10 × Genomics Chromium Single 
Cell V(D)J Reagents Kit (CG000166 Rev A) according to 
established methods [52]. Single cells together with gel 
beads (10 × Genomics, 1,000,006) were encapsulated in 
gel emulsion microdroplets using 4 lanes of one Chromium 
Single Cell A Chip (10 × Genomics, 1,000,009) with a tar-
get loading of 13,000 cells per reaction. Subsequent cDNA 
amplification was performed using 14 cycles. The samples 
were then split for separate GEX, VDJ and feature barcode 
library preparation (10 × Genomics, 1,000,080). GEX and 
feature barcode libraries were amplified using the Chromium 
Single Cell 5’ Library Kit (10 × Genomics, 1,000,006) and 
BCR libraries were amplified using the Chromium Single 
Cell V(D)J Enrichment Kit, Mouse B Cell (10 × Genomics, 
1,000,072). The final libraries were pooled and sequenced 
using the Illumina NovaSeq S1 platform at a concentration 
of 1.8 pM with 5% PhiX.

Single‑cell immune repertoire sequencing of B cells 
from CSF of RMS and RIS patients

For single-cell sequencing of B cells in the CSF of RMS and 
radiologically isolated syndrome (RIS) patients, fresh CSF 
samples were processed within one hour after collection. 
CSF samples (3–6 ml) were centrifuged at 300 g for 10 min. 
The pellet was then transferred to a 2-ml tube and further 
processed using the 10 × Chromium Next GEM Single Cell 
VDJ v1.1 Reagents Kit (CG000208 Rev B) as previously 
described [30]. GEX and BCR libraries were sequenced on 
an Illumina NovaSeq6000 S4 using read lengths of 150 bp 
read 1, 8 bp i7 index, 150 bp read 2. The study was approved 
by the local ethics committee of the Ludwig-Maximilian 
University Munich (project no. 163-16 and 18-419), and 
written informed consent was granted by all participants 
included in the study.

Immune repertoire analysis

Raw paired-end sequencing files of the GEX, V(D)J, and 
feature barcode libraries were aligned to the murine refer-
ence genome (mm10), V(D)J germlines (GRCm38) and 
reference feature barcode sequences using 10 × Genomics 
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Cell Ranger (v6.0.0). Accordingly, GEX and V(D)J librar-
ies from human samples were aligned to the human refer-
ence genome and V(D)J germlines (GRCh38). Specifically, 
the count argument of Cell Ranger was used to align GEX 
and feature barcode libraries separately while the V(D)J was 
aligned using the vdj argument. The filtered feature matrix 
GEX and V(D)J files as well as unfiltered feature barcode 
files were supplied into the VDJ_GEX_matrix function of 
the R package Platypus (v3.1) [80], which relies on the R 
package Seurat (v4.0.3) [65] for gene expression analysis. 
For human samples, cells were filtered based on CD3E, CD4 
and CD8A expression to exclude T cells from the analysis. 
Annotations from GEX were transferred to VDJ and vice 
versa by matching cellular 10 × barcodes. Cells contain-
ing more than 5% mitochondrial genes were removed from 
transcriptome analysis. Gene expression was log-normalized 
with a scaling factor of 10,000 and the mean expression and 
variance were additionally scaled to 0 and 1, respectively. 
2000 variable features were supplied as input to principal 
component analysis (PCA) using the “vst” selection method. 
The first ten dimensions were used to assign the cells to tran-
scriptional clusters with the Seurat functions FindNeighbors 
and FindClusters (Satija et al. 2015) at a cluster resolution of 
0.5 using a graph-based clustering approach incorporating 
Louvain modularity optimization and hierarchical cluster-
ing. UMAP was calculated using the first ten dimensions. 
Gene expression feature plots and violin plots were created 
by supplying selected genes to the FeaturePlot and VlnPlot 
functions of Seurat. The GEX_cluster_genes function 
from Platypus, which relies on the FindMarkers function 
from Seurat, was used to calculate differentially expressed 
genes across clusters and conditions with logfc.threshold 
set to 0 using the Wilcoxon Rank Sum. Mitochondrial and 
ribosomal genes were removed when visualizing differen-
tially expressed genes (DEG) using the GEX_volcano and 
GEX_cluster_genes_heatmap functions from Platypus or 
supplying the top DE genes as input to GEX_volcano and 
GEX_gsea functions from Platypus to perform gene ontol-
ogy and gene set enrichment analyses, respectively. The C7 
immunological signatures gene set from the Molecular Sig-
natures Database (MSigDB) was used as an input for the 
GEX_gsea function, which relies on the R package fgsea 
(v1.16.0) [38]. The GEX_GOterm function of Platypus is 
based on the R package edgeR (v3.14) [63]. Clonotyping 
was performed based on those B cells containing identical 
CDRH3 + CDRL3 amino acid sequences using the VDJ_clo-
notype function of the R package Platypus. Only clones con-
taining exactly one VH and one VL sequence were included 
in the BCR analysis. Heatmaps visualizing the number of 
public clones and the VH and VL gene usage were created 
using the R package pheatmap (v1.0.12). For antibodies 
that were selected for expression in PnP-mRuby hybrid-
oma cells, the full-length VH and VL sequences including 

framework region 1 to framework region 4 were annotated 
using MiXCR (v3.0.1) and exported by the VDJRegion gene 
feature.

Histology and image analyses

Mice were perfused with PFA and CNS tissue was collected, 
PFA fixed overnight, paraffin embedded and cut at 2um. For 
immunofluorescence, endogenous mouse IgG was visual-
ized by incubating tissue sections 1 h with an AlexaFluor 
647-conjugated anti-mouse IgG (JacksonImmunoresearch, 
715-605-151). Sections were washed and incubated with 
Dako REAL peroxidase blocking solution (Dako, K0672) 
to inactivate endogenous peroxidases and unspecific bind-
ings were blocked (PBS/10% FCS). Tissue sections were 
incubated with rabbit anti-Ki67 antibody (Abcam, ab66155) 
overnight at 4 °C in Dako REAL antibody diluent (Dako, 
S2022). To visualize the specific signal, anti-rabbit HRP 
(Dako, K4003) with amplification (Opal 570, Akoya, 
FP1488001KT) was used as a secondary system. After wash, 
sections were incubated with Fab fragment-goat-anti-mouse 
IgG (JacksonImmunoResearch, 115-007-003) and goat 
serum to avoid unspecific bindings. Rat anti-CD138 anti-
body (rat anti-CD138, clone 281-2, Biolegend, 142502) was 
applied to each section and specific bounds were visualized 
using a Alexa Fluor488-conjugated anti-rat antibody (Jack-
sonImmunoResearch, 712-545-153). Nuclei were visualized 
using DAPI (Invitrogen, D1306). For immunohistochemis-
try, sections were incubated with Dako REAL peroxidase 
blocking solution (Dako, K0672) to inactivate endogenous 
peroxidase and Fab fragment-goat-anti-mouse IgG (Jack-
sonImmunoResearch, 115-007-003) to avoid nonspecific 
bindings. Slides were incubated with a rat anti-B220 anti-
body (RA3-6B2, eBioscience, 14-0452-85). Bound primary 
antibodies were visualized with a goat anti-rat HRP (Vector 
Laboratories, MP-7444-15) and bound secondary antibodies 
with 3,3’-diaminobenzidine as chromogen (Dako, K3468) 
and counterstained with Hemalum (Merck, 1.09249.0500) 
for brightfield microscopy. Coverslips were mounted in 
Fluoromount aqueous mounting medium (Sigma-Aldrich, 
F4680) for image acquisition. Immunostained sections 
were scanned using Pannoramic Digital Slide Scanner 
250 FLASHII (3DHISTECH) in 200 × magnification. All 
quantifications were performed manually using Pannoramic 
Viewer software (3DHISTECH). The examiner was blinded 
to the experimental group. For representative images, white 
balance was adjusted, and contrast was enhanced using the 
tools “levels,” “curves,” “brightness,” and “contrast” in 
Photoshop CS6 (Adobe). All modifications were acquired 
uniformly on the entire image.
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Antibody expression and validation

Selected antibodies were produced in PnP-mRuby hybri-
doma cells as previously described (Parola et al., 2019) and 
validated using normalized supernatant ELISAs against 
purified LCMV clone 13 NP, LCMV clone 13 GP, DNP-
OVA, insulin (Sigma, I5500), mouse genomic DNA (Sigma, 
692339), MOG 1-125 (Anaspec, 55158), as previously 
described [52]. An anti-mouse IgG-HRP (Sigma, A2554) 
was employed at 1:1500 and used for detection. Purified 
antigens were tested at 5 μg/ml while self-made extracts 
were tested at 100 μg/ml coating concentration. Infected 
MC57G cells were centrifuged for 10 min at 1600 rpm at 
4 °C and the pellet was resuspended in 5 ml of PBS. Cells 
were lysed using a syringe (28G needle), homogenized 
several times and additionally sonicated (3 times 20 s at 
40 MHz) on ice. Anti-mouse beta actin IgG (Sigma, A2228), 
anti-OVA IgG (in house), anti-NP-IgG PANK1, anti-GP-IgG 
Wen3.1, anti-MOG clone 8-18C5 (Sigma, MAB5680) and 
anti-dsDNA IgG AE-2 (Sigma, MAB1293) were used as 
negative and positive controls for respective experiments 
and employed at 4 μg/ml.

Serum ELISA

ELISA 96-well plates (Corning Incorporated) were coated 
with purified LCMV NP or LCMV GP at 3 mg/ml, blocked 
with PBS supplemented with 2% (w/v) milk (AppliChem, 
A0830) and incubated with fivefold serial dilutions of 1:100 
pre-diluted serum (naive serum served as control). Igk bind-
ing was detected using anti-mouse kappa light chain-HRP 
(Abcam, ab99617) secondary antibody. Binding was quanti-
fied using the 1-Step Ultra TMB-ELISA substrate solution 
(Thermo, 34028) and 1 M H2SO4 for reaction termination. 
Absorbance at 450 nm was recorded on an Infinite 200 PRO 
(Tecan). All commercial antibodies were used according to 
the manufacturer’s recommendations.

Data visualization

The graphical abstract and experimental setup were created 
using Biorender. The R packages ggplot (v3.3.3), ggrepel 
(v0.9.1), VennDiagram (v1.1.0), Seurat (v1.1.1) and gridEx-
tra (v2.3) were used for data visualization. Donut plots and 
bar graphs were created using GraphPad Prism® Software 
version 9. All figures were assembled using Adobe Illustra-
tor for Mac (v26.0.1).

Statistical analysis

Unless otherwise mentioned, statistical significance (∗ p ≤ 
0.05, ∗∗ p ≤ 0.01, ∗∗∗ p ≤ 0.001, ∗ ∗ ∗ ∗ p ≤ 0.0001) was cal-
culated using an unpaired, two-tailed t test for comparing 

two groups or a two-way analysis of variance (ANOVA) 
with post hoc Tukey’s multiple comparison test when mul-
tiple time points were present. All error bars represent the 
standard error of the mean. All statistical analyses were per-
formed in GraphPad Prism® Software version 9 or in R using 
the base statistics package.

Results

Models of inducible and chronic expression 
of CNS‑localized neo‑self antigen

To characterize virus-specific and potentially autoreactive 
B cells in the CNS, we utilized four different experimental 
conditions involving viral infection and autoimmunity in the 
CNS (Fig. 1a). Three conditions utilized a recently described 
CNS autoimmune mouse model driven by brain-resident 
memory T cells (bTRM) [75], which involves GFAP-CreERT2 

tg/+;Stop-GPflox/+ mice (referred to as GFAP:GP). GFAP:GP 
mice express a tamoxifen-inducible Cre recombinase under 
the glial fibrillary acidic protein (GFAP) promoter driving 
the expression of LCMV glycoprotein (GP). The GFAP:GP 
model generates LCMV-GP33-41-specific bTRM by an 
intracranial infection with rLCMV-GP58, a recombinant 
LCMV strain containing the first 58 amino acids of LCMV 
GP fused to the vesicular stomatitis virus (VSV) glycopro-
tein (termed rLCMV-GP58) (Fig. 1a). Six weeks after viral 
clearance, intraperitoneal (i.p.) tamoxifen (TAM) adminis-
tration induces full-length LCMV-GP as a neo-self antigen 
in astrocytes and results in bTRM reactivation and devel-
opment of locomotor deficits [75]. Littermate Stop-GPflox/+ 
mice, termed STOP:GP, served as post-infection controls 
as they lack the GFAP-CreERT2tg/+ and therefore do not 
express the full-length LCMV GP upon TAM administra-
tion [75] (Fig. 1a). To exclude recruitment of peripheral B 
cells during induced neo-self antigen expression (LCMV-
GP), we included an experimental condition that received 
i.p. administration of a B cell CD20-depleting monoclonal 
antibody before administration of TAM (supplementary 
Fig. 1a, online resource), referred to as aCD20-GFAP:GP 
(Fig. 1a), which was assessed at day 0 and day 7 follow-
ing TAM administration (supplementary Fig. 1b, online 
resource). Lastly, we leveraged recently described transgenic 
mice that constitutively express the full-length LCMV GP 
under the control of the myelin oligodendrocyte glycoprotein 
(MOG) promoter, termed MOG:GP, to create a condition in 
which viral infection induces chronic autoimmune disease 
[57] (Fig. 1a). 6-week-old mice of the GFAP:GP, aCD20-
GFAP:GP, and STOP:GP conditions were treated with TAM 
(6 weeks post-infection) and sacrificed seven days after ini-
tial TAM administration, while mice of MOG:GP were sac-
rificed 47 days after initial infection. Mice started to lose 
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weight approximately three days following neo-self antigen 
induction in all groups excluding STOP:GP mice (Fig. 1b). 
Furthermore, all groups losing weight demonstrated 

locomotor impairments and ataxia based on reduced perfor-
mance on the rotarod test (Fig. 1b). Together, this revealed 
that circulating CD20-expressing B cells are not required for 
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the observed disease in the previously described GFAP:GP 
model of autoimmunity despite histology revealing a sig-
nificant increase in B220 + cell number in brains and spinal 
cords of GFAP:GP mice compared to naive mice (Fig. 1c, 
d).

Single‑cell immune repertoire sequencing 
reveals heterogeneous populations of CNS B cells 
following infection and autoimmunity

Given previous findings demonstrating B cell infiltration 
in GFAP:GP, STOP:GP and MOG:GP conditions [57, 
75], in conjunction with our observed disease manifesta-
tions (Fig. 1b), we questioned whether single-cell immune 
repertoire sequencing would provide insight into selection 
fingerprints of CNS B cells and their functional role in the 
context of CNS infection and autoimmunity. We therefore 
isolated brain-infiltrating B cells using flow cytometry and 
anti-CD19 antibodies tagged with mouse-specific oligonu-
cleotide barcodes (Fig. 1e). Sorted CD19+/CD3− B cells 
(Fig. 1f, supplementary Fig. 1c, online resource) from three 
mice per group were pooled for each of the aforementioned 
experimental conditions (Fig. 1a) and subjected to single-
cell sequencing of their antibody repertoires, transcriptomes, 
and mouse-specific oligonucleotide barcodes (Fig. 1e). Fol-
lowing library construction, deep sequencing, and alignment 
to reference genomes, we recovered a total of 22,444 single 
cells per condition with an average of 766 genes per cell and 
a low percentage (~ 1–3%) of reads mapping to mitochon-
drial genes (supplementary Fig. 2a, b, c, online resource). 
The fractions of cells assigned to each mouse-specific oli-
gonucleotide barcode were comparable within all experi-
mental conditions for both the transcriptomes and antibody 
repertoires with only a minor fraction (~ 5%) of cells that 

could not be assigned to any of the barcodes (supplementary 
Fig. 2d, online resource), thereby signifying high reproduc-
ibility across mice.

We performed uniform manifold approximation projec-
tion (UMAP) and unsupervised clustering for an unbiased 
overview of all cell populations based on global gene expres-
sion (Fig. 2a, supplementary Fig. 3, online resource). This 
revealed that cells arising from STOP:GP and MOG:GP 
mice occupied multiple clusters at comparable frequencies, 
indicating that brain-infiltrating B cells after long-term CNS 
autoimmunity are transcriptionally similar to steady-state 
B cells generated via infection. Cells from GFAP:GP were 
present in the majority of observed clusters but were espe-
cially present in cluster 0 (Fig. 2b, c), whereas cells arising 
from the aCD20-GFAP:GP group were largely restricted to 
clusters 2, 5, and 9 (Fig. 2b, c). Together this highlights the 
effects of peripheral B cell depletion before the induction of 
LCMV GP expression in astrocytes and suggests that cluster 
0 is most derived from peripherally recruited cells whereas 
clusters 2, 5, and 9 are not recirculating persisting in the 
CNS.

CNS infection generates long‑lived brain‑infiltrating 
ASCs that persist during autoimmunity

To further characterize B cell phenotypic diversity across 
all experimental conditions, we performed differential gene 
analysis, gene ontology, and gene set enrichment for each 
of the transcriptional clusters. Cluster 0 expressed genes 
related to interferon and antigen-presentation and was almost 
entirely composed of cells arising from GFAP:GP mice fol-
lowing TAM-mediated induction of GP and almost entirely 
absent in aCD20-GFAP:GP mice (Fig. 2c, d, supplementary 
Fig. 4a, 5, online resource). Cells from cluster 2 expressed 
genes related to germinal center B cells and contained com-
parable fractions of B cells from all four groups (Fig. 2c–e, 
supplementary Fig. 4b, online resource), representing a 
cluster that was likely induced by rLCMV-GP58 infection 
and was independent of GP neo-self antigen expression. 
Cells from clusters 4, 5 and 9 expressed genes related to 
ASCs (Fig. 2d, supplementary Fig. 4b, 5, online resource). 
Visualizing the expression of known B cell markers con-
firmed the unbiased transcriptional property of an ASC-
phenotype of clusters 4, 5, and 9, as they expressed genes 
associated with antibody secretion programs (e.g., Cd138 
(Sdc1), Taci (Tnfrsf13b), Xbp1, Slamf7, Nur77) (Fig. 2e, 
supplementary Fig. 6, online resource). When performing 
B cell subset assignment we observed that cluster 4 was 
assigned the marginal zone (MZ) module. MZ B cells have 
been reported as precursors of PCs with additional evidence 
demonstrating that CD9, the main determinant of the MZ-
module [49], is acquired by PCs during immune responses 
in a T cell-dependent fashion [78, 82]. Cells from GFAP:GP 

Fig. 1   Models of inducible and chronic expression of CNS-localized 
self-antigen. a Experimental overview of intracranial (i.c.) infection 
and models of autoimmunity. b Weight loss (top) and rotarod perfor-
mance measuring locomotor impairment and ataxia (bottom), where 
symbols represent one individual mouse  group and bars represent 
means ± SEM. *p < 0.05; ns, not significant; two-way ANOVA fol-
lowed by Tukey’s multiple comparisons test (three mice per group). c 
Representative immunostainings and d quantification of B220 + cells 
in brain and spinal cord sections of indicated groups. Tissues were 
collected 7  days after tamoxifen treatment, except for the  MOG:GP 
group, where tissue collection occurred 50 days post infection. Scale: 
150 um. Inset: 20 um. Symbols represent one individual mouse, and 
bars represent means ± SEM. *p < 0.05, **p < 0.01***p < 0.001; ns, 
not significant; one-way ANOVA followed by Dunnett’s multiple 
comparisons test. e Fluorescent activated cell sorting strategy to iso-
late CD19+ expressing cells from murine brains followed by library 
construction and single-cell sequencing. f Representative flow cytom-
etry dot plots illustrating the gating strategy of the pre-sorted CD19+/
CD3− B cell populations per mouse for each experimental group. One 
representative mouse per group is shown with the percentage of the 
sorted population indicated
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mice expressed higher levels of genes associated with 
naive B cells and antigen-presentation (Cd19, Sell, Ccr7, 
and MHCII genes) (Fig. 2e, supplementary Fig. 6, online 
resource). The observed ASC and GC B cell phenotypes 
were in stark contrast to the transcriptional profiles of previ-
ously profiled CD19 + B cells populating the CNS in naive 
and aged mice which entirely lacked ASC-signatures [81]. 
Together, this implies that i.c. infection with rLCMV-GP58 
induced ASCs in the brain that persist weeks following viral 
clearance (STOP:GP group) and that are maintained during 
autoimmunity (aCD20-GFAP:GP and MOG:GP groups).

As cluster 2 did not correspond to an ASC-phenotype yet 
remained after peripheral B cell depletion (~ 25% of all B 
cells from aCD20-GFAP:GP located in cluster 2 (Fig. 2b), 
we therefore calculated the differentially expressed genes 
between clusters 0 and 2 to shed light on those cells highly 
specific to the GFAP:GP group. This demonstrated that 
genes such as Apoe, Mzb1, Ccnd2, and genes related to Bcl2, 
were upregulated in cluster 2, whereas genes such as MHCII 
genes were relatively upregulated in cluster 0 (Fig. 2f, sup-
plementary Fig. 4a, online resource). Together with the 
detected expression of Fas and Cxcr3, this suggests that 
TAM-driven induction of astrocytic GP recruits peripheral 
B cells that contribute in antigen-presentation and that B 
cells with upregulated germinal center markers persist in the 
CNS following peripheral B cell depletion.

Peripheral B cell depletion enriches proliferating 
ASCs upon neo‑self‑antigen induction

Having observed that ASC phenotypes were present across 
multiple clusters (4, 5, and 9) in a group-specific manner 
(Fig.  2a), we next questioned the underlying transcrip-
tional heterogeneity of these subsets. While MOG:GP and 
STOP:GP mice contained cells located predominantly in 
cluster 4, the B cells isolated from aCD20-GFAP:GP mice 
were preferentially located in clusters 5 and 9 (Fig. 2b), 

suggesting that the inducible expression of LCMV GP by 
astrocytes further differentiated these cells. Of note, this 
ASC-phenotype is also visible in cells from GFAP:GP 
group, although likely masked due to massive recruitment 
of peripheral B cells that do not belong to clusters 4, 5 
and 9. Expression of CD20 could still be detected within 
brain-derived cells from the aCD20-GFAP:GP group, 
albeit at a lower frequency (supplementary Fig. 7, online 
resource), suggesting that these cells were located behind 
the blood–brain barrier and thus inaccessible for depleting 
antibodies in the circulation. We next hypothesized that the 
B cells could have potentially adopted distinct transcrip-
tional phenotypes due to the inflammatory milieu present 
following the induction and expression of GP by astrocytes. 
Performing differential gene expression analysis between 
clusters 4 and 9 revealed that cell-cycle and proliferation 
genes were enriched in cluster 9 (Fig. 2g), which paralleled 
the expression of the proliferation marker Mki67 (Fig. 2h). 
Similarly, we observed cell proliferation associated genes, 
such as Sub1 and Fkbp11 [13, 61], enriched in cluster 5 
relative to cluster 4 and less pronounced in cluster 9 (sup-
plementary Fig. 8a, b, online resource), which further sug-
gests a proliferative phenotype of the ASCs arising from 
aCD20-GFAP:GP brains.

Brain ASCs are clonally expanded 
and class‑switched following viral infection 
and induction of autoimmunity

After having observed ASC expression profiles of B cells 
following infection and autoimmunity, we next questioned 
whether integrating antibody repertoire sequencing infor-
mation would help elucidate the selection histories expe-
rienced by these B cells. We could recover full-length, 
paired-heavy-light chain antibody sequences for approxi-
mately 12,000 B cells, which resulted in a total of 8,187 
clones across all experimental groups. Visualizing the 
fraction of clones that were supported by two or more 
unique cell barcodes demonstrated that clonal expansion 
was only detected in 17% of cells in the GFAP:GP group 
(Fig. 3a), supporting a model where peripheral B cells 
infiltrate in an antigen-independent manner. This was in 
stark contrast to the condition in which peripheral B cells 
were depleted, as clonal expansion was detected in 77% 
of clones (Fig. 3a). This high degree of clonal expansion 
in aCD20-GFAP:GP mice relative to other groups hinted 
towards a local antigen-reencounter event and local prolif-
eration during the induction of GP following TAM admin-
istration, as baseline clonal expansion was detected in 45% 
of clones in STOP:GP mice (Fig. 3a).

To provide a more detailed description of these clon-
ally expanded B cells, we next integrated repertoire fea-
tures with transcriptional information. When overlaying 

Fig. 2   Single-cell immune repertoire sequencing reveals heterogene-
ous populations of CNS B cells following infection and autoimmun-
ity. a Uniform manifold approximate projection (UMAP) split by 
sample and colored by transcriptional cluster. b The fraction of cells 
in each transcriptional cluster separated by experimental group. c 
Distribution of experimental groups per transcriptional cluster. d Dif-
ferentially expressed genes defining each cluster. e Gene expression 
levels of B cell markers separated by cluster membership (x-axis). 
The size of the dot corresponds to the percentage of cells expressing 
the given marker and the color indicates the mean expression per cell 
within each cluster. f Differentially expressed genes between clusters 
0 and 2. Points in red indicate differentially expressed genes (adjusted 
P value < 0.01 and average log2 fold change (FC) > 0.25). 204 differ-
entially expressed genes were upregulated in cluster 0 and 573 and in 
cluster 2. g Differentially expressed genes between clusters 4 and 9. 
862 differentially expressed genes were upregulated in cluster 4 and 
573 in cluster 9. h Normalized expression of Mki67 separated by tran-
scriptional cluster
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antibody isotype onto the previously computed UMAP 
(Fig. 2a), we discovered that the ASCs like B cells in clus-
ters 4, 5, and 9 were IgG-expressing and had higher levels 
of clonal expansion relative to the remaining IgM-dom-
inant clusters (Fig. 3b). When quantifying isotype usage, 
we observed that GFAP:GP mice had the least amount of 

IgG, whereas this isotype represented the highest propor-
tion for aCD20-GFAP:GP mice (Fig. 3c, d). In contrast, a 
considerable fraction (~ 50%) of B cells expressed IgG in 
STOP:GP and MOG:GP mice (Fig. 3c, d). The presence 
of these cells in MOG:GP mice shows that a population of 
clonally expanded, IgG-expressing ASCs cells persist in the 

Fig. 3   Profiling the clonally expanded, class-switched antibody-
secreting cells (ASCs) populating the brain following intracranial 
infection. a Distribution of clonal expansion for each experimental 
group. Each section corresponds to a unique clone and the size cor-
responds to the fraction of cells relative to the total repertoire. Red 
color highlights the fraction of clones containing 1 cell. The num-
ber in the center of the circle refers to the total number of recovered 
B cells. b Uniform manifold approximation projection (UMAP) 

depicting transcriptional cluster, group identity, antibody isotype, 
and clonal expansion for all recovered single-cells. Clonal expan-
sion refers to the number of cells assigned to a single clone based on 
default clonotyping using Enclone. c Distribution of antibody isotype 
for all cells within each experimental group. d Distribution of anti-
body isotype for all cells within each transcriptional cluster. Cells 
with no isotype assigned (unknown) were removed. e Heavy chain 
clonal V gene usage across transcriptional clusters
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brain 7 weeks following i.c. viral infection despite persistent 
neo-self antigen expression. Having observed that certain B 
cell phenotypes were dominated by IgG-producing cells, we 
questioned whether these clusters preferentially employed 
certain germline genes, as this could hint towards shared 
antigen exposure. Indeed, hierarchical clustering dem-
onstrated that ASC clusters (4, 5, 9) diverged from those 
clusters lacking the ASC phenotype (Fig. 3e), suggesting 
common selective pressures for those clonally expanded 
and IgG-expressing ASCs. Interestingly, this is in contrast 
to prior studies that have demonstrated IgA-secreting plasma 
cells in the meninges during homeostasis [24].

Clonally expanded and class‑switched ASCs 
in the CNS are virus‑specific and modulated 
by neo‑self antigen induction

After characterizing the repertoire and transcriptional prop-
erties of clonally expanded ASCs cells, we investigated the 
functional properties of their antibodies. Visualizing the 
most expanded clones for each group demonstrated that 
despite GFAP:GP, STOP:GP, and MOG:GP groups hav-
ing significant fractions of IgM-expressing cells (Fig. 3c, 
d), the vast majority of the most expanded clones were 
exclusively of the IgG isotype (supplementary Fig.  9a, 
online resource). Furthermore, we detected considerable 
somatic hypermutation within these expanded clones, as 
demonstrated by clonally related B cells expressing differ-
ent antibodies (Fig. 4a). To discover the antigenic targets of 
these expanded IgG-producing B cells, we recombinantly 
expressed the antibodies from the most expanded clones 
for each group and interrogated antigen-specificity using 
enzyme-linked immunosorbent assay (ELISA) against a 
panel of LCMV, VSV, OVA and self-antigens (insulin and 
MOG). While no specificity was observed towards the self-
antigens or OVA, we discovered that multiple clones arising 
from GFAP:GP, aCD20-GFAP:GP, and STOP:GP were spe-
cific to LCMV GP, whereas only LCMV nucleoprotein (NP) 
and no LCMV GP specificity was detected in the MOG:GP 
group (Fig. 4b, supplementary Fig. 9b, 10, online resource). 
While the GP- and NP-binding clones demonstrated distinct 
evolutionary histories, CDR3 sequence motifs, and germline 
gene usage, the majority of cells were located preferentially 
in clusters 4, 5 and 9 (Fig. 4c). Importantly, GP-specific 
clones from the GFAP:GP and aCD20-GFAP:GP groups 
were located in clusters 5 and 9, despite the relatively few 
cells occupying this cluster for the former group. The results 
of this functional validation strongly suggest that antigen-
mediated reactivation of ASCs in the brain are common in 
both GFAP:GP and aCD20-GFAP:GP groups, but the high 
number of circulating B cells entering the CNS masked the 
detection of these cells in the former group. This was in con-
trast to the antigen-specific cells of STOP:GP and MOG:GP 

mice, where cells were preferentially located in cluster 4 
(Fig. 4c, supplementary Fig. 9c, online resource), which cor-
responds to an ASC-cluster with relatively lower expression 
of proliferative genes and lower clonal expansion (Fig. 2g). 
Together, this further suggests that B cells in the CNS are 
capable of expansion in response to reencounters with cog-
nate neo-self antigen.

Given that we only detected LCMV NP-specificity 
amongst the most expanded clones from the MOG:GP mice 
(Fig. 4b), we questioned whether the constitutive expression 
of GP by oligodendrocytes resulted in a deletion of GP spe-
cific B cells and thereby to B cell tolerance in the CNS. In 
contrast to brain-infiltrating B cells, ELISA on serum from 
infected MOG:GP mice (50 dpi) demonstrated reactivity to 
LCMV GP and LCMV NP (Fig. 5a), which was in accord-
ance with previous results that MOG:GP mice did not induce 
peripheral tolerance in secondary lymphoid organs [57] and 
suggesting a tolerance specifically within the CNS. Given 
a recent report of local B cell tolerance to CNS antigens in 
the meninges [76], we profiled deeper into the expanded rep-
ertoire to uncover GP-specificity and investigated tolerance 
in secondary lymphoid organs occurring in our model. We 
therefore recombinantly produced an additional 10 clones 
from the expanded repertoire in the CNS of MOG:GP mice, 
which uncovered additional NP- but not GP-specific B cells 
(Fig. 5b). To provide further support for local CNS toler-
ance, we calculated the number of GP-specific clones (as 
determined in the other three experimental groups) present 
throughout the MOG:GP repertoire. Although minor clonal 
overlap was detected across all groups for both IgM/IgD and 
IgG isotypes when disregarding specificity (Fig. 5c), we did 
not detect any CDR3 sequences in the MOG:GP mice that 
corresponded to previously discovered GP-specific clones 
(Fig. 5d). Taken together, these findings support a model in 
which a constitutive expression of LCMV GP by glial cells 
induces localized elimination of self-reactive B cells and 
thus CNS tolerance.

Proliferating and class‑switched ASCs are present 
across the brain and spinal cord following infection 
and induction of neo‑self antigen

After confirming phenotypic and functional properties of 
CNS B cells, we next questioned where proliferating and 
class-switched ASCs were located within the CNS. We 
detected CD138 + IgG + cells within the brains of all experi-
mental groups that were not present in naive mice (Fig. 6a). 
CD138 + IgG + cells co-expressing Ki67 could be detected 
in various anatomical regions of aCD20-GFAP:GP and 
GFAP:GP mice such as the meninges, the perivascular space 
and the parenchyma (Fig. 6b). Notably, we detected several 
instances of CD138 + IgG + Ki67 + cells located in clusters 
(Fig. 6c), in line with our hypothesis of antigen-mediated 



346	 Acta Neuropathologica (2023) 145:335–355

1 3



347Acta Neuropathologica (2023) 145:335–355	

1 3

proliferation. In contrast, CD138 + IgG + cells from 
STOP:GP mice were almost entirely detected in the menin-
ges and rarely in the perivascular space or the paren-
chyma. Finally, we observed several instances where two 
CD138 + IgG + cells appeared to maintain membrane 
connections (Fig. 6c), suggesting that cell division occurs 
locally within the CNS (Fig. 6c). Interestingly, we addition-
ally observed that while the connected cells maintained 
expression of CD138 and IgG, only one of the two cells had 
detectable expression of Ki67 (Fig. 6c), which may indicate 
that ASCs undergo asymmetric cell division in the CNS. 
Taken together, our histological data supported our hypoth-
esis that virus-specific B cells can be activated by encoun-
tering neo-self antigen in the CNS and adopt proliferative 
profiles.

Clonally expanded, class‑switched, ASCs detected 
in the cerebrospinal fluid of human neurological 
diseases

We next questioned whether our experimental findings could 
be recapitulated in patients affected with inflammatory CNS 
conditions (Fig. 7a, supplementary Table 1, online resource). 
We therefore performed single-cell immune repertoire 
sequencing of the cerebrospinal fluid from three relapsing 
multiple sclerosis (RMS) patients. After filtering out T cells 
based on expression of CD3e, CD4 and CD8a expression, 
we performed unsupervised clustering and subsequently 
visualized the transcriptional landscape. This demonstrated 
the presence of multiple distinct B cell phenotypes shared 
across RMS patients (Fig. 7b). Consistent with our murine 
model, a distinct population of cerebrospinal fluid (CSF) B 

cells could be distinguished on the UMAP by ASC-asso-
ciated genes, such as SDC1 (CD138), TNFRSF99 (TACI), 
SLAMF7, and PRDM1 (BLIMP1) (Fig. 7c, d). In accordance 
with previous studies [43], we saw approximately 20% of 
the ASC cluster expressing the proliferative marker MKI67 
(Fig. 7c). We next integrated immune receptor information 
onto the transcriptional landscape and observed that, in line 
with our murine model, the ASC clusters coincided with 
IgG expression (Fig. 7e). As we had discovered that clon-
ally expanded, IgG-expressing ASCs were antigen-specific, 
we next questioned whether comparable levels of clonal 
expansion could be detected in the CSF of RMS patients. 
Overlaying expansion information for those clones sup-
ported by at least two distinct cell barcodes revealed that 
the vast majority of expanded clones were localized in the 
IgG-expressing ASC population (Fig. 7f). Given the high 
proportion of expanded clones located across all repertoires, 
we wondered whether somatic variants could be detected 
amongst the most expanded clones, similar as previously 
observed for the expanded IgG-expressing ASCs in our 
murine models. We therefore inferred phylogenetic networks 
for the most expanded clones (Fig. 7g), which indeed con-
firmed the presence of clonally related B cells expressing 
distinct antibodies within the CSF of all patients (Fig. 7h). 
In line with previous studies, we also observed the presence 
of the IgG1 isotype among the expanded ASCs, whereas 
the IgM isotype was expressed by other B cell populations 
(Fig. 7e, h) [43, 46, 74]. Taken together, these data suggest 
that the B-cell transcriptional properties in the CSF of RMS 
patients with relapsing disease share properties similar to 
those observed in our animal models.

Finally, we wondered if we can recapitulate our experi-
mental findings of B cell phenotypes and patterns of clonal 
selection in the CSF of RMS patients. To this end, we fur-
thermore compared the B cell populations in the CSF of 
patients with RMS to those with radiologically isolated 
syndrome (RIS), a preclinical stage of MS, by single-cell 
sequencing followed by integration of transcriptomic and 
repertoire features (supplementary Fig. 11, 12, Table 1, 
online resource). Unsupervised clustering demonstrated 
the presence of different B cell transcriptional signatures, 
among which three clusters (3, 4 and 5) were composed 
of IgG-class switched, expanded cells expressing ASC 
markers (supplementary Fig. 11a, b, c, online resource). 
Interestingly, we observed reduced expression of Mki67 in 
the RIS group as compared to RMS both in the fraction 
of cells and in overall expression levels (supplementary 
Fig. 11d, e, online resource). We further observed lower 
B cell numbers per patient within the RIS group compared 
to MS patients, which is in line with previous reports of 
increased B cells in the CNS of MS patients compared to 
non-MS patients [28]. Next, we investigated the repertoire 
features of the B cells in the CSF from RIS patients, which 

Fig. 4   The antigen specificity of clonally expanded and class-
switched ASCs of the brain. a The relationship between the number 
of cells per clone and the number of clonally related antibody vari-
ants within the indicated clone. The thirty most expanded clones were 
selected per experimental group. Clone was determined by group-
ing those B cells containing identical CDRH3 + CDRL3 amino acid 
sequences. Variants within each clone are separated by a white line. 
Bar color refers to the isotype corresponding to the highest fraction 
of cells within the variant. b ELISA signal against lymphocytic cho-
riomeningitis virus (LCMV) glycoprotein (GP) and nucleocapsid 
protein (NP). Clonal rank was determined within each group based 
on the highest number of cells within each clonotype. c Mutational 
networks of those specific clones. Nodes represent unique anti-
body variants (combined variable heavy [VH] and variable light 
[VL] chain nucleotide sequence) and edges demonstrate sequences 
with the smallest separation calculated by edit distance. Nodes are 
colored by transcriptional clusters. The size and label of the nodes 
indicate how many cells express each full-length antibody variant. 
Clone was determined by grouping those B cells containing identi-
cal CDRH3 + CDRL3 amino acid sequences. Only cells containing 
exactly one VH and VL were considered. The germline node repre-
sents the unmutated reference sequence determined by 10X Genom-
ics cellranger. CDR3 Sequence motifs on top of each network and 
corresponding V genes. Color corresponds to biophysical properties
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demonstrated a lower magnitude of clonal expansion and 
class-switching compared to RMS patients (supplementary 
Fig. 12a, online resource). In contrast to the RMS patients, 
the most expanded clones from the RIS patients featured 
less intraclonal sequence variants after inferring phyloge-
netic networks (supplementary Fig. 12b, online resource). 
Visualizing the distribution of heavy chain V gene usage 
suggested preferential expression of the IGHV4 segment in 
both RIS and RMS patients (supplementary Fig. 12c, online 
resource), which is in line with previous reports [53, 54]. 
We also observed increased expression of the IGHV4 fam-
ily within the ASC cluster in both RIS and RMS patients, 
whereas the V-gene distribution was more heterogeneous 
among non-ASCs B cells (supplementary Fig. 12c, online 
resource). Finally, we determined if certain VH-VL germline 
combinations were enriched in the ASC compartment, which 
suggested enrichment of the IGHV4-30–2/ IGKV1D-39 and 
IGHV3-7/IGKV1-5 pairing in the RMS group (supplemen-
tary Fig. 12d, online resource). Together, this comparison 
highlights unique phenotypic and repertoire fingerprints of B 
cells in the CSF of RMS patients which were distinct to RIS.

Discussion

B cells and their corresponding antibodies have been 
implicated in various chronic autoimmune disorders of the 
CNS. Here, we leveraged well-defined murine models of 
autoimmunity and infection to discover phenotypically and 
functionally diverse populations of B cells in the CNS. We 
discovered that clonally expanded and IgG-expressing popu-
lations of virus-specific ASCs persist in the CNS weeks after 
viral clearance. Furthermore, we show that these ASCs in 
the CNS reside in niches, but respond and proliferate fol-
lowing exposure to local autoantigens. Interestingly, this 
observation of IgG-expression is in contrast to prior studies 
that have demonstrated IgA-secreting plasma cells in the 
meninges during homeostasis [24]. Similar to the experi-
mental models, we observed a population of class-switched, 
clonally expanded, somatically hypermutated, and proliferat-
ing ASCs in the CSF of RMS patients.

Consistent with the recently highlighted link between 
viral infection and MS [7], our data show that this ASC pop-
ulation described here represents expanded cells within the 
CNS that are potentially virus-specific and directed against 
antigens expressed in resident cells of the CNS. This is fur-
ther supported by the observation that an expanded B cell 

Fig. 5   Investigation of CNS-mediated local tolerance. a ELISA on 
fivefold pre-diluted serum (1:100) from uninfected mouse (naive) and 
infected MOG:GP mice (50 dpi) tested against lymphocytic chori-
omeningitis virus (LCMV) glycoprotein (GP) and nucleocapsid pro-
tein (NP). b ELISA signal against LCMV GP and LCMV NP for an 

additional 10 clones from the expanded repertoire of MOG:GP mice 
(Fig.  4a). c Number of IgM or IgG clones found in more than one 
repertoire. Clonotyping was performed based on those B cells con-
taining identical HCDR3 + LCDR3 amino acid sequences. d Shared 
CDR3 amino acid GP-specific sequences across all conditions
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clone in the CSF and blood of a RMS patient was recently 
shown to be cross-reactive against both Epstein–Barr virus 
(EBV) and the glial cell adhesion molecule GlialCAM [40]. 
It is thus likely that the phenotypic properties of this subset 

can be used to inform antigen specificity of the clonally 
expanded cells in human CSF in the context of neurologi-
cal disorders which would substantiate the link between 
infection and neurological autoimmune disease. B cells are 

Fig. 6   Representative immunostainings for CD138, IgG, 
Ki67 and DAPI in brain sections of indicated groups. a 
CD138 + IgG + Ki67 ± are mostly located in meninges, perivas-
cular space and parenchyma. Scale: 25  um. Inset: 10  um. b 

CD138 + IgG + Ki67 cells often localize in clusters (arrows). Scale: 
50  um. Inset: 20  um. c CD138 + IgG + Ki67 + cells under cell divi-
sion. Scale 20  um. One representative of at least two independent 
experiments is shown for (a–c)
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Fig. 7   Clonally expanded, class-switched, ASCs detected in the cer-
ebrospinal fluid of multiple sclerosis (MS) patients. a Schematic 
overview for the analysis of B cells from RMS patients. b Uniform 
manifold approximate projection (UMAP) of human RMS patients 
colored by transcriptional cluster membership. c Gene expression 
of select genes UMAPs showing gene expression of selected B-cell 
genes. d Normalized expression of B-cell markers separated by clus-
ter membership. e UMAP of human RMS patients colored by Iso-
type. f UMAP of human RMS patients colored by cell expansion. 
Expansion corresponds to those clones supported by more than one 
unique cell barcode. g Clonal frequencies for the 30 most expanded 
clones per experimental condition. Clones were determined according 
to 10 × Genomics Cell Ranger’s default clonotyping strategy. Clones 

containing 2 cells are highlighted with a horizontal gray line. Color 
corresponds to isotype as determined in the VDJ sequencing library. 
h Mutational network of the two most expanded clones per patient. 
Nodes represent unique antibody variants (combined variable heavy 
chain [VH] + variable light chain [VL] nucleotide sequences) and 
edges separate those sequences with the smallest edit distance. Node 
color corresponds to isotype identity. The size and label of the nodes 
indicate the number of cells expressing a single full-length antibody 
variant. Clones were determined according to 10 × Genomics Cell 
Ranger’s default clonotyping strategy and only those cells containing 
exactly one VH and VL chain were included. The germline node rep-
resents the unmutated reference sequence determined by 10 × Genom-
ics Cell Ranger
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recruited in an antigen-independent manner under inflamma-
tory conditions and can persist without necessarily exhibit-
ing specificity for an antigen within the CNS, complicating 
the identification of pathophysiologically relevant B cells 
in inflammatory CNS conditions [72]. The approach pre-
sented here allows for the screening and identification of 
disease-relevant B cells and can constitute a new avenue for 
the development of targeted therapies in the context of CNS 
disorders. In addition, given that B cells efficiently present 
antigen and can activate cognate T cells [14], further profil-
ing the specificity of the antigen presenting B cells discov-
ered here could elucidate potential disease-relevant MHCII 
epitopes that would be presented to T cells.

Of note this subset of murine ASCs was entirely absent 
in the CNS of naive mice and in the widely used MOG35-55- 
and rMOG1-125-induced EAE mouse models [68, 81]. While 
minor clonal expansion of B cells was present in both naive 
and EAE conditions, the recovered B cells demonstrated 
either naive or memory B cell phenotypes and entirely 
lacked ASC gene signatures, class-switching, contemporary 
clonal variants, and expression of cell cycle and prolifera-
tion genes in contrast to MS patients as found in this study. 
Thus, our recently developed murine model as harnessed 
in the current work may not only serve as a valuable tool 
to profile and explore niches of CNS resident memory T 
cells, but also B cells with relevance to human neurologi-
cal disease conditions. The formation and maintenance of 
resident memory B cells have been recently described in 
the lungs [3, 5, 71], with certain populations demonstrating 
ASC phenotypes upon reactivation [48]. Our observations 
that B cell populations persist in the CNS following aCD20 
administration, suggests that at least a fraction of these cells 
may be tissue resident. This is in line with previous find-
ings showing that B cells can be recruited and persist in an 
antigen-independent manner in the CNS [61, 72].

One further observation was the lack of B cells in the 
CNS reactive against LCMV GP when constitutively 
expressed as a neo-self antigen in oligodendrocytes. This 
suggests that the constant presence of neo-self antigen in 
the CNS results in deletional B cell tolerance preventing 
residence of autoantigen-specific B cells. The idea that 
deletional tolerance is occurring locally within the CNS 
and related niches following the recruitment of antigen-
specific B cells is further supported by the fact that serum 
titers against the neo-self antigen remained unchanged. 
Such local tolerance mechanisms could potentially be 
related to hematopoietic niches within the meninges and 
skull that have been described as immune cell reservoirs 
and instruct B cells during development [11, 18]. Fur-
thermore, it has been demonstrated that negative selec-
tion against CNS antigens occurs during B cell develop-
ment within the meninges, although this investigation was 
restricted to MOG-specific B cells [76]. Mechanistically, 

CSF-mediated cross-talk between the brain, meninges, 
and skull bone marrow niches may contribute to the dis-
tribution and accessibility of the neo-self antigen locally 
within the CSF. This would be in line with recent find-
ings showing that intra cisterna magna injections drain to 
local skull bone marrow niches but not those present in 
the tibia [50], which would further prevent the induction 
of peripheral tolerance. To what extent and how such toler-
ance mechanisms become dysfunctional in human chronic 
autoimmune diseases will be an important task to resolve 
in future work.

Our study has significant implications for the reactivation, 
expansion and tolerance of virus-specific and autoreactive 
B cells in the CNS, but there remain several limitations that 
prompt future investigations. Firstly, while B cells from the 
CNS were sorted using the CD19 marker among others, his-
tological quantification was performed using mouse pan B 
cell marker B220 based on its reliability for immunohisto-
chemical staining on PFA-fixed tissues [9, 20, 42, 45, 47, 58, 
75, 79]. However, it is possible that CD19 and B220 may not 
exactly overlap although we expect similar trends based on 
our sequencing results and additional histology measuring 
the ASC population. Second, the patients included in this 
study were limited exclusively to patients with RMS and 
RIS. Further studies with larger cohorts, including different 
MS subtypes and further control groups would be needed 
to inform us about the specific role of observed B-cells in 
the pathophysiology and inform us about the recruitment, 
reactivation, and differentiation mechanisms of these cells 
in the various human disease contexts. Third, the B cells 
in the CSF of analyzed patients only partially represent the 
total B-cell population expected to be present in the CNS, 
and may thus not reflect the full spectrum of B phenotypes 
and representations found in the CNS tissue as investigated 
in the murine brains. Future studies integrating single-cell 
immune repertoire sequencing and spatial transcriptomics, 
for example, are important to understand whether anatomi-
cal location influences the clonality and biophysical proper-
ties of neoantigen-specific antibodies. Finally, an interesting 
future endeavor would be comparing transcriptional, reper-
toire, and biophysical properties of antibodies, between our 
murine models with CNS B cells from patients with viral 
encephalitis. Such comparisons will help to better under-
stand the translational impact of our murine models and may 
offer specific biomarkers of autoreactive B cells.

Overall, our study highlights the clonal dynamics of B 
cells populating the CNS during infection and autoimmun-
ity in experimental models and human disease conditions. It 
further emphasizes that B cells can undergo clonal selection 
and respond to autoantigens expressed in the CNS and it 
delineates the transcriptional characteristics of ASC popula-
tions that can be used to determine the antigen origin of B 
cell responses taken place within the CNS. Finally, our study 
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serves as a starting point to unravel the poorly understood 
underpinnings of B cell dysregulation in chronic inflamma-
tory CNS diseases.
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