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The key role of B cells in the pathophysiology of multiple sclerosis (MS) is supported by the
presence of oligoclonal bands in the cerebrospinal fluid, by the association of meningeal
ectopic B cell follicles with demyelination, axonal loss and reduction of astrocytes, as well
as by the high efficacy of B lymphocyte depletion in controlling inflammatory parameters of
MS. Here, we use a spontaneous model of experimental autoimmune encephalomyelitis
(EAE) to study the clonality of the B cell response targeting myelin oligodendrocyte
glycoprotein (MOG). In particular, 94% of SJL/j mice expressing an |-A%: MOGgs.-106
specific transgenic T cell receptor (TCR'®%°) spontaneously develop a chronic paralytic
EAE between the age of 60-500 days. The immune response is triggered by the
microbiota in the gut-associated lymphoid tissue, while there is evidence that the
maturation of the autoimmune demyelinating response might occur in the cervical
lymph nodes owing to local brain drainage. Using MOG-protein-tetramers we tracked
the autoantigen-specific B cells and localized their enrichment to the cervical lymph nodes
and among the brain immune infiltrate. MOG-specific IgG1 antibodies were detected in
the serum of diseased TCR'®*° mice and proved pathogenic upon adoptive transfer into
disease-prone recipients. The ontogeny of the MOG-specific humoral response preceded
disease onset coherent with their contribution to EAE initiation. This humoral response
was, however, not sufficient for disease induction as MOG-antibodies could be detected
at the age of 69 days in a model with an average age of onset of 197 days. To assess the
MOG-specific B cell repertoire we FACS-sorted MOG-tetramer binding cells and clonally
expand them in vitro to sequence the paratopes of the IgG heavy chain and kappa light
chains. Despite the fragility of clonally expanding MOG-tetramer binding effector B cells,
our results indicate the selection of a common CDR-3 clonotype among the Igk light
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chains derived from both disease-free and diseased TC

R'%4% mice. Our study

demonstrates the pre-clinical mobilization of the MOG-specific B cell response within
the brain-draining cervical lymph nodes, and reiterates that MOG antibodies are a poor
biomarker of disease onset and progression.

Keywords: B cell, repertoire, autoimmunity, experimental autoimmune encephalomyelitis (EAE), multiple sclerosis,
myelin oligodendrocyte glycoprotein (MOG), TCR164° transgene mouse model, demyelinating antibodies

INTRODUCTION

B cells are essential components of the immune infiltrate that
characterizes active demyelinating lesions in multiple sclerosis
(MS). The histopathology of patients with relapsing-remitting
MS, commonly points to the implication of the humoral
response. The localization of plasma blasts and B cells in the
perivascular cuffs are associated with the presence of antibodies,
activated complement and Fc-receptor expressing myeloid cells
indicative of antibody mediated tissue damage (1). The clinical
relevance of antibodies is further underlined by the diagnostic
value of oligoclonal bands (OCBs) that are present in the
cerebrospinal fluid (CSF) of 90% of MS patients. Comparison
of transcriptomes of CSF B cells and CSF Ig proteomes revealed
that clonally expanded B cells in the CSF produce OCBs (2).
Evidence of somatic hypermutation indicates that this is an
antigen-driven process (3, 4), which occurs in the brain-
draining cervical lymph nodes and possibly in the meningeal
ectopic lymphoid structures (5, 6). The specificity of this adaptive
immune response is composite and evolves over time (7-9).

Disease progression and worsening are similarly thought to
be influenced by the humoral response. The transition to
secondary progressive MS (SPMS) is associated with the
accumulation of B cells in the leptomeningeal space covering
the cortical surface. These ectopic B cell follicles share
immunological traits with germinal centers and are thought to
contribute to subpial demyelination (10-13). The detrimental
nature of the B cell response was formally demonstrated by the
therapeutic efficiency of B-cell depletion for both relapsing-
remitting (RR) and progressive MS (14-16). This pivotal
demonstration is of particular interest as this strategy targets
CD20" B cells thus sparing CD20 negative plasmocytes. In MS
this results in clinical improvement without reducing IgG titers,
nor by impacting plasmocyte frequency implicating a cellular
role for B lymphocytes (17).

During the germinal center reaction B cells present antigen to
follicular helper T cells in order to control the process of somatic
hypermutation (18, 19). Antigen uptake is achieved via their B
cell receptor (BCR) allowing the internalization, processing and
presentation of the captured protein to T cells (20). This route of
specific antigen uptake might have larger implications in the
context of chronic inflammatory diseases such as MS. Indeed, a
selective deficiency of MHC-II in B cells was demonstrated to
cause resistance to experimental autoimmune encephalomyelitis
(21). Mice expressing the heavy chain of a MOG-specific BCR
(IgH™©%) were compared to a novel IgH" variant in which
the secretion of transgenic MOG-antibodies is invalidated. Both

genotypes remained fully susceptible to recombinant human
MOG (rhMOG)-induced EAE, formally demonstrating that
among transgenic MOG-specific B cells the ability to secrete
antibodies did not modify their pathogenicity (21). In MS
patients, circulating B cells strongly express MHC II
accompanied by the induction of costimulatory molecules
(22, 23). These memory B cells can present myelin-derived
peptides to T cells, leading to pathogenic T cell activation and
CNS homing (24, 25). Their impact on the T cell response is
variable. The prominent production of IL-6 by B cells and the
reduced magnitude of Th1 and Th17 responses in their absence
point to an inflammatory role in MS (21, 26-28). This impact is
extended to myeloid cells as the production of GM-CSF by
memory B cells favors their differentiation (29). Of similar
importance is the discovery that inflammatory B cells are
balanced by the induction of regulatory B cells able to reduce
the magnitude of inflammation through production of IL-10 and
IL-35 (30-32). Plasma cells are similarly endowed with this
regulatory capacity (33). Single cell RNA sequencing of CSF B
cells in MS revealed clonally related B cells with a pro-
inflammatory profile and downregulation of the SMAD/TGF-
B1 pathway (34). This B cell cytokine profile might be predictive
as in patients with clinically isolated syndrome (CIS) the
evolution to MS was associated with a profile favoring IL-6
concomitantly with a loss of IL-10 production (35).

Spontaneous models of EAE provide a complementary
paradigm to study myelin-specific B cells over the course of
CNS autoimmune disease. Spontaneous EAE develops in the
TCR'** transgenic SJL/j mice owing to the expression of an I-A®
restricted TCR specific for the MOG peptide 92-106 (MOGo,.
106) on 70% of CD4 T cells (36). Over time, nearly all TCR!®4
develop inflammatory demyelinating lesions in the brain, optic
nerves and spinal cord, reminiscent of the active lesions
characteristic of MS. Priming of the adaptive immune response
implicates the microbiota given that axenic TCR'*** mice refrain
from developing clinical or histopathological EAE. In
gnotobiotic TCR'**" mice, naive CD4 T cells are likely to be
activated within the gut-associated lymphoid tissue (GALT) and
re-stimulated within the brain draining cervical lymph nodes by
their cognate myelin antigen (37). The microbiota can be
instructive to the encephalitogenic immune response as
transplanting axenic TCR'®*” mice with the microbiota of
homozygous twins discordant for MS allowed for autoimmune
demyelination only in mice receiving the microbiota of the
diseased sibling (38).

The TCR'* mice provide an interesting opportunity to
study the mobilization of the humoral response. Importantly,
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in these mice effector B cells are recruited from a B cell repertoire
that is non transgenic and unmanipulated. Germinal centers are
detected in the cervical lymph nodes of young RR mice prior to
disease onset, implying that TCR'**" follicular helper T cells
drive the isotype switching and affinity maturation of the MOG-
specific B cell response (37). This B cell response is pathogenic as
B cell depletion using anti-CD20 monoclonal antibodies
prevents the development of spontaneous EAE in the TCR'®*
mice (36). In this study we used recombinant MOG tetramers to
trace the autoantigen-specific B cell response in the TCR'®*
mice, which developed an acute EAE with late onset in our
animal facility. Single B cell expansion provided evidence of a B
cell clonotype that emerges over the course of spontaneous
autoimmunity in the TCR'*** mice.

METHODS

Mice

Heterozygous TCR'**" SJL/j (36), homozygous IgH"'°“ C57BL/6
mice (39), and heterozygous C57BL/6 2D2 mice (40) were housed
under specific pathogen-free (SPF) conditions at the animal
facility of the University of Lille which is accredited by the
French Ministry of Agriculture to perform experiments on live
mice in appliance to the French and European regulations on care
and protection of the Laboratory Animals (EC Directive 2010/63).
Water and food was provided ad libitum, hydrogels (Bioservice,
Uden, The Netherlands) were added twice weekly. All
experimental protocols were approved by the local ethics
committee and and the Ministére de 'Enseignement Supérieur
de la Recherche et de 'Environnement (5157-2016111011562655)
in compliance with European Union guidelines.

EAE Scoring and Induction by

Serum Transfer

EAE severity was scored as follows: 0, healthy; 1 for tail atony; 2
for hind limb weakness; 3 for hind limb paralysis; 4 for
quadriplegia; 5 for moribund after at least 2 consecutive days
of clinical disease. For serum transfer EAE, sera were transferred
intravenously, via retro-orbital injection in disease-prone 2D2
TCR transgenic recipients. Each recipient received the serum of a
single, distinct, donor. On day 0, 2D2 mice received 200 ng of
pertussis toxin (List Biological Laboratories, Campbell, CA)
intravenously by retro-orbital injection. Two days later a
second iv. injection of pertussis toxin was accompanied by
either 50 pL of serum from disease-free TCR1640, diseased
TCR1640 or NTL mice or either 50 uL of PBS.

Cell Isolation

Single-cell suspensions were prepared from spleen and cervical
lymph nodes by mechanical disruption via forcing through 40-pm
cell strainers. B-cells were purified using a mouse B-cell isolation
kit (EasySTepTM Mouse B cell Isaolation Kit, Stemcell, Koln,
Germany). For the isolation of brain infiltrating cells mice were
anesthetized with ketamine and transcardially perfused with cold
PBS. Brain and spinal cord were collected separately, homogenized

and digested with 2 mg/ml collagenase D, 20 pig/ml DNase I, 1 g/
ml TLCK (Roche, Basel, Switzerland) for 30-45 min at 37°C.
Adding 60 mM of EDTA stopped the reaction. Cells were then
washed, resuspended in 37% of Percoll, layered on 70% Percoll and
overlaid with 30% Percoll. After a 20-minute centrifugation at
2000 rpm the mononuclear cells were collected from the interface.

rMOGm Monomer and Tetramer
Production

Polyethylenimine linear (PEI, CliniSciences, Nanterres, France)
treated HEK cells were transfected with a pTT5 plasmid encoding
for a histidine and Avi tagged MOG;_;,5, according to the protocol
described in (41). Transfection efficiency of 21% was determined
using a GFP plasmid. After 7 days of culture, supernatants were
collected and rhMOG was purified by affinity chromatography
using His TrapTM HP columns (Cytivia, Marlborough, MA).
rMOG was eluted using an imidazole gradient (Sigma-Aldrich),
followed by dialysis against PBS. A single biotin molecule
was attached to the AviTag using the biotinylating kit (BirA500
kit, Avidity, Aurora, CO). The single-biotin rMOGm monomer
was tetramerized at a ratio of 4mol of biotin rMOGm monomer
to 1 mol of FITC or PE-conjugated streptavidin (Biolegend, San
Diego, CA). The rMOGm tetramer that we refer to as MOGy, was
validated by flow cytometry using splenocytes from IgH™ % mice.
Validated MOG4, labelled at least 70% of MOG-specific B cells
present among IgH"® splenocytes.

Flow Cytometry and FACS Sorting

For detection of cell surface markers, cells were stained in FACS
buffer (PBS containing 1% BSA and 0.1% NaN;) with
fluorochrome-labelled monoclonal antibodies: APC-Cy7-
conjugated anti-CD4 (RM4-5) or BV786-conjugated anti-CD4
(RMA-5], PE-Cy5-conjugated anti-CD19 (6D5) or Pacific-Blue-
conjugated anti-CD19 (6D5), Pacific-Blue-conjugated anti-CD38
(6D5), Alexa Fluor 647-conjugated anti-GL-7 (GL7), PE-conjugated
anti-CD138 (281-2), FITC-conjugated anti—IgMb (AF6-78), APC-
conjugated anti-CD45.1 (A20), PE-conjugated anti-CD45.2 (104);
PerCP-Cy5-conjugated anti-B220 (RA3-6B2), BV-605-conjugated
anti-CD19 (1D3), PE-Cy7-conjugated anti-FAS (Jo2), or Pacific-
Blue-conjugated anti-CD19 (6D5), FTIC-conjugated anti-IgG1
(A85-1), PE-conjugated anti-IgM (DS-1), PE-conjugated anti-
IgM* (DS-1) (BD Biosciences, San Jose, CA). MOG-specific B
cells were detected with single-biotin recombinant mouse MOG;
using streptavidin-FITC or -PE. Viability of cells was evaluated by
FACS analysis using 7AAD staining (BioLegend, San Diego, CA).
For intracellular staining, cells were fixed and permeabilized in 4%
paraformaldehyde/0.1% saponin in HEPES-buffered HBSS and
stained intracellularly using the following antibodies: FITC-
conjugated anti-IgG1 (185-1), PE-conjugated anti-IgM (DS-1).
Samples were acquired using a BD LSRFortessa = X-20 Cell
Analyzer. For the iGB cultures CD19*CD20"CD4 singlets or
MOG-tetramer” CD19"CD20"CD4" singlets were directly sorted
into individual wells containing CD40LB feeder cells. Cell-sorting
was performed using a FACS Aria III (Becton Dickinson). Analysis
was performed using FlowJo (FlowJo, LLC, Ashland, OR)
software V10.5.3.
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Induced Germinal Center B Cells Single-B-
Cell Culture

CD40LB cells are BALB/c 3T3 fibroblasts stably transfected with
both CD40L and BAFF that are routinely used to expand purified
B cells in a single-cell culture manner (EasySepTM Mouse B cell
Isolation Kit, StemCell, Koln, Germany) (42, 43). On day -1,
CD40LB feeder cells were seeded into 96-well plates at 600 cells
per well in B cell media: RPMI 1640 medium (GibcoTM)
supplemented with 10% Gibco' " fetal bovine serum, 5.5 X 107
M 2-ME, 10 mM Gibco' ™ HEPES, 1 mM sodium pyruvate, 100
U/mL penicillin, 100 pg/mL streptomycin, and 1 X Gibco™
MEME Nonessential Amino Acid (Thermo Fisher Scientific,
Waltham, MA). Next day (day 0), recombinant mouse IL-4
(final 2 ng/mL) and IL-21 (final 10 ng//mL) were added to the
cultures, and then single B cells were directly sorted into each
well using cell sorters (FACS Aria III, Becton Dickinson). On day
2, 50% (volume) of the culture media was removed from cultures
and 100% (volume) of fresh BCM was added to the cultures.
From day 3 to day 12 maximum, two-thirds of the culture media
was replaced with fresh BCM every day. Depending on the
cluster’s quantity and viability, culture supernatants were
harvested between 8 and 12 days for ELISA-analyses, B cell
clusters harvested for RNA extraction. To establish cell
expansion, we FACS sorted 20 polyclonal or MOGtet+ B cells
from each studied organ of each mouse in a dedicated well of a
CD40LB containing 96 well plate. Cell expansion was analysed
after culture by counting viable cells on a Malassez® with blue
trypan dead-cell exclusion. The cell expansion was calculated by
dividing the total cell number by the 20 cells originally plated by
FACS cell sorting.

Determination of Serum Titers of MOG-
Specific Antibodies and of Total IgG1
Antibodies (ELISA)

Serially diluted serum collected from the indicated mice were
transferred to 96-well ELISA plates Nunc MaxiSorp' " (Thermo
Fisher Scientific, Waltham, MA) precoated with rMOGm or
purified anti-IgG1 antibodies. After extensive washing, bound Ig
was detected by a sandwich consisting of a biotinylated allotype-
and isotype-specific anti-mouse IgG1 labelled with streptavidin-
HRP (BD Biosciences, San Jose, CA). A colorimetric reaction was
performed with an ATBS (2,2’-Azinobis [3-ethylbenzothiazoline-
6-sulfonic acid]-diammonium salt) substrate and absorbance was
measured at 405 nm.

RNA Extraction and PCR Analysis for
Repertoire Analysis

Total RNA was isolated from B cells clusters after iGB-single
culture by TRI Reagent extraction (TRI Reagent® Merck KGaA,
Darmstadt, Germany) or the RNAeasy Mini Kit (Qiagen,
Courtaboeuf, France), extracted RNA was treated with DNase I
(0.1 U/uL, Invitrogen) and cDNA was synthesized using either
hexanucleotide or oligo-dT primers and Superscript II Reverse
Transcriptase (Invitrogen). We designed and validated primer
sets to amplify VD] gene segments of both the IgG kappa light
chain (Igk) and heavy chain (IgHG). To this end, RNA was

extracted from iGB cells and reverse-transcribed. Using Igk
primer pairs a 500 bp cDNA amplicon was generated encoding
the V] region from either SJL/j or C57Bl/6 mice (Supplementary
Figure S1). The IgHG primer pair amplified a 400 bp cDNA
amplicon from the SJL/j, but not C57Bl6 mice, encoding the
IgHG VD] regions. We next proceeded to determine the BCR
rearrangements of the clonal iGB cultures. iGB RNA was
extracted from wells with confirmed B cell clusters and
reverse-transcribed into cDNA. The variable regions of the
IgHG and Igk were amplified by PCR using the above-
mentioned primers (Supplementary Table 1). PCR products
were purified using the QiAquick Gel extraction kit (Qiagen,
Courtaboeuf, France) and sequencing confirmed variable parts of
murine IgHG and IgHk chains (Supplementary Figure S1). PCR
conditions used in this study are as follows: IgHG PCR, 94°C for
3 min, followed by 20 cycles of 94°C for 10 s, 67°C for 20 s, 72°C
for 20 s, with a progressive determined variation of 0.5°C per
cycle;35 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 1 min; and
72°C for 10 min; and gHk PCR, 94°C for 3 min, followed by 20
cycle of 94°C for 10 s, 68°C for 10 s, 72°C for 20 s with a
progressive determined variation of 0.5°C per cycle. VD]
amplimers were gel purified using the QiAquick Gel extraction
kit. Sanger sequencing was performed by GENOSCREEN (Lille,
France). Sequences obtained for Igk and IgHG chains were
submitted to IMGT/V quest and tools (http://www.imgt.org/)
to define junction decryptions for each sequences and
corresponding amino-acid sequences to determine the
different clonotypes.

Statistics

GraphPad PRISM version 9 (San Diego, CA) was used for
statistical analyses and graphs. EAE incidence and mortality
was analyzed by Kaplan-Meier plots and statistical significance
was calculated using the log rank test. Two-way ANOVA was
used to compare the clinical evolution of EAE. Linear regression
was used to evaluate correlations. A two-tailed unpaired t-test
was used for comparing antibody detection, B cell frequencies
and the cumulative disease scores. Levels of statistical
significance are graded as follows: NS, Not Significant; *p <
0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.

RESULTS
Spontaneous EAE in TCR'%*° SJL/j Mice

We established the disease incidence and evolution of the
TCR'** mice in our local SPF animal facility. Our colony was
rederived by in vitro fertilization and the first 2 filial generations
were analyzed for spontaneous disease evolution. Animals were
scored twice weekly for presence or absence of EAE. As
demonstrated in Figure 1A, over a period of 500 days 94% of
mice spontaneously developed EAE, with an increased incidence
for female mice. None of the 166 non-transgenic littermates
(NTL) developed disease. In the TCR'**° mice earliest EAE onset
was observed after 57 days with an average onset for the cohort of
197 + 87 days. Practically, between the age of 60-500 days the
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FIGURE 1 | Development of spontaneous progressive EAE in TCR'®*° mice. (A): Disease incidence over time. EAE onset was monitored twice weekly anong male
TCR'%“° (Blue; n = 98) and female TCR'“C (Red; n = 82) together with their non-transgenic littermates (Grey; n = 166). Gender independent disease incidence (Black;
n = 180). 50% of the TCR'®*° mice developed EAE after 225 days of age and 80% of mice developed disease after 300 days of age. (B-F) Clinical evolution of a
dedicated cohort of 19 TCR'®*° mice and 10 non-transgenic littermates that was monitored daily. (B) Disease incidence over time. Male TCR'%4° (Blue; n = 12) and
female TCR'®C (Red; n = 7) together with their non-transgenic littermates (Grey; n = 10). (C) Clinical disability of female (n = 7) and male (n = 12) TCR'®*° is presented as
the mean EAE score + SEM for the first 50 days after disease onset. (D) Mean cumulative score (left) and mean maximum score (right) for the first 50 days after disease
onset. (E) Kaplan-Meier curve presenting the probability of survival after disease onset for the male TCR'®* (Blue; n = 12) and female TCR'*® (Red; n = 7) mice. An
acute mortality of 50% is observed for TCR'®*° mice within 19 days after disease onset. (F) The clinical evolution of the remaining 50% of mice surviving beyond 19 days
is presented. The mean chronic progressive score +/- SEM is presented for 9 TCR'®“° mice; male TCR'%“° (Blue; n = 7) and female TCR'®*C (Red; n = 2). Log-rank tests
were performed for comparisons (A, B, E); 2-way ANOVA (C); Student t-test (D, left); Mann Whitney U test (D, right). NS, Not Significant; *p < 0.05; ***p < 0.0001.

TCR'**’ mice developed EAE at an average frequency of 1.5%
per week.

A dedicated cohort of 19 TCR'**” mice and 10 non-transgenic
littermates was monitored daily for a period of 150 days
(Figures 1B-F). None of the NTL developed EAE, while all of the
TCR'** littermates spontaneously developed EAE (Figure 1B).
Most of the TCR'*** mice developed a paralytic disease without
relapses, which flared more intensely in female mice (Figure 1C).

No statistically significant differences were observed for the mean
cumulative score and mean maximum score between male and
female mice (Figure 1D). Mortality exceeded 90% and occurred as
early as 6 days after disease onset (Figure 1E). In half of the diseased
TCR'** mice (46.7%) the clinical evolution was acute causing
mortality within 19 days (10.9 days + 5.7) (Figure 1E). The other
half that survived beyond 19 days developed a chronic progressive
disease (Figure 1F).
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Our results corroborate the susceptibility of the TCR'*** mice

to spontaneous autoimmune encephalomyelitis. Contrary to the
original description (36), our colony develops an acute or
chronic disease as opposed to the relapsing-remitting disease
originally reported for the TCR'*** mice.

We next assessed if the chronic EAE in TCR'** mice
mobilizes the humoral response, as has been reported for the
initial RR variant (36). The TCR!¢*° expressed on 70% of CD4 T
cells is specific for one I-A® restricted epitope of myelin
oligodendrocyte glycoprotein (MOGyg,.196) a highly
encephalitogenic myelin protein. Pathogenic MOG-antibodies
recognize conformational epitopes. To detect their presence in
peripheral blood we analyzed their titers by ELISA using
recombinant mouse MOG,_;,5. Serum was collected from
diseased TCR'®** mice during the first five days after onset
together with age- and sex-matched non-transgenic littermates
and disease-free TCR'®** mice (Figure 2). Compared to NTL
mice, a significant increase in anti-MOG antibodies was detected

in the sera from TCR'° mice, which is coherent with the

development of a MOG-specific humoral response in diseased
TCR'®* mice (Figure 2B). Unexpectedly, the disease free
TCR'*** mice similarly developed a MOG-specific IgGl
response that was significantly increased compared to NTL
mice and similar to that detected in diseased TCR'®* mice
(Figure 2B). Total IgG1 titers did not significantly differ between
sera from healthy and disease TCR'®*" mice and NTL
mice (Figure 2A).

We next correlated the MOG-antibody titers with age and
disease severity in order to assess if these factors influence the
MOG humoral response. As demonstrated in Figures 2C, D
neither disease severity in diseased TCR'®** mice or age of
disease-free and diseased TCR'**° mice significantly influenced
MOG-antibody titers.

To assess the pathogenicity of the humoral response we
transferred individual sera from NTL and TCR'*** mice into
EAE-prone 2D2 TCR transgenic mice. These mice carry a
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MOGs3s_s5 specific transgenic TCR on the C57BL/6 background,
but do not develop a MOG-specific B cell response/anti-MOG
antibodies (40). Spontaneous EAE development is observed in
1% of our 2D2 colony (data not shown), however, i.v. injections
of pertussis toxin at a 2-day interval allows for EAE development
in 50% of 2D2 mice (Figure 3A). When transferring 50 g of the
MOG-specific IgG1 mAb 8-18C5 EAE incidence is raised to
100% causing severe paralytic disease (Supplementary Figure
§2). The transfer of sera from NTL failed to significantly alter
disease incidence and EAE severity compared to PBS controls
(Figures 3A, B). No difference was observed for the cumulative
disease score or the maximum disease score (Figures 3C, D).
Transfer of sera from disease-free TCR'®** mice resulted in
disease with reduced severity compared to the PBS controls
that reached statistical significance with the 2-way ANOVA
(Figure 3B). No statistically significant variance was observed
for disease incidence, cumulative score, or maximum score
between sera from the disease-free TCR'®*” mice and PBS
controls (Figures 3A, C, D). By contrast, sera from diseased
TCR'**” mice induced EAE in 82% 2D2 recipients (Figure 3A)

and significantly increased the cumulative EAE score relative to
the NTL-serum and PBS injected groups (Figure 3B). Both the
cumulative disease score and maximum disease score increased
significantly after transfer of sera from diseased TCR'®* mice
(Figures 3C, D). These findings demonstrate that sera
containing MOG-specific antibodies of adult TCR'®*** mice
exacerbate disease in EAE-prone recipients only when derived
from diseased TCR'** donor mice.

Tracking MOG-Specific B Cells in the
Secondary Lymphoid Or%ans and Central
Nervous System of TCR"®*° Mice

To identify and track MOG-specific B cells we produced single-
biotin avitagged recombinant mouse MOG, 1,5 which was
tetramerized using fluorochrome labelled streptavidin
(MOGtet). To assess the sensitivity of the MOGy., we serially
diluted MOG-specific B cells from CD45.2"* IgHM°S mice
among CD45.1""* B cells from wild-type C57BL/6 mice
(Figure 4). The MOG tetramer specifically stained the
congenic IgH™°® B cells, with only low frequency labelling
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among the polyclonal B cells (Figure 4A). The IgHY'°® MOG-
specific B cells could be detected at a minimal frequency of
approximately 1 in 10* B cells (Figure 4B). Next, we performed
ex vivo analysis of the B cell compartment of NTL and TCR'**’
mice to enumerate the MOG-specific B cell response. On average
73+/-10% (SEM) of B cells were positive in the MOGtet staining
in IgH™°S mice which were included as a positive control
(Figures 5A, B). By focusing primarily on brain-infiltrating
MOG-specific B cells, we chose to preserve all TCR'*** mice
until the development of clinical EAE. The 2 disease-free mice
were excluded from the analysis in Figures 5B-D because of the
low number of mice for statistics. In adult NTL the frequencies of
MOGY; B cells remained below 0.1% in the spleen and below
0.2% in the brain-draining cervical lymph nodes (cLN)
(Figure 5B). Upon development of disease the TCR'®** mice
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FIGURE 4 | Validation and sensitivity of the recombinant MOGj_+,s-tetramer. (A, B) Purified CD45.2*/* B cells from homozygous C57BI/6 IgH"°% mice were

mixed in vitro with purified B cells from congenic CD45.1*"* mice at the indicated ratios. (A) A representative flow cytometry profile demonstrating the capacity of
Streptavidin-FITC MOG.405-tetramers to identify IgH“® B cells among polyclonal CD45.1"* B cells (Top right, bottom), the Streptavidin-FITC MOGj_,5-tetramers
were omitted in the control samples (Top left) (B) Sensitivity of the Streptavidin-FITC MOG;_,5-tetramers in detecting the precursor frequency of the IgHY® B cells.
Left panel, MOG-tet* staining of CD45.1*/* polyclonal B cells (red circle), and the control staining without the MOGie; (black circle). Right panel, MOG-tet* staining off
CD45.2+* IgH"’IOG B cells serially diluted among CD45.1*/* polyclonal B cells (blue line). The mean +/- SEM is presented from 2 pooled experiments.

demonstrated an increase in MOGtet" B cells reaching an
average of 1.0+/-0.3% in the cLN (Figure 5C). A similar
presence of MOG, B cells was detected among the
mononuclear cells isolated from pooled brains of diseased
TCR'**® mice, which averaged at 1.0+/-0.2 (Figure 5D). These
data suggest that in diseased TCR'**” mice the MOG-specific B
cells reside predominantly in the cLN and brain. We next
correlated MOG-specific B cell frequencies with the time after
EAE onset to assess any temporality in MOG-specific B cells
during EAE progression. In the inflamed brain the proportion of
MOG}; B cells remained relatively stable over time while the
precursor frequency of MOGY,; B cells in the cervical lymph
nodes was more varied (Figures 5E, F). This dataset is coherent
with the activation of MOG-specific B cells in the brain-draining
cLN prior to infiltration of the inflamed brain.
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Clonality of the MOG-Specific
B Cell Response

Adopting a culture system for expansion and differentiation of B
cells developed by Kitamura and colleagues, we established a
clonal B cell expansion protocol using 3T3 fibroblasts stably
transfected with both CD40L and BAFF (CD40LB cells)
supplemented with IL-4 and IL-21 (42). This clonal
amplification strategy multiplies the genetic material required
to sequence the BCR rearrangement of paired heavy and light
chains. In parallel, antigen-specificity is determined by ELISA
using the supernatants after clonal B cell expansion.
Supplementary Figure S3 and Figure 6 show the efficacy of
expansion of single B cells isolated from BALB/c spleen and from
brain infiltrating single B cells of diseased TCR'®*’ mice,

respectively, in the induced germinal B cell (iGB) culture. B cell
expansion was accompanied by differentiation. In vitro flow
cytometry analysis of the B cell clusters demonstrated that half
of the B cells had differentiated into CD138-positive plasmablasts
while the phenotype of the other half showed a germinal center B
cell phenotype with limited CD38 expression and strong induction
of FAS, GL7 and Peanut agglutinin (Figure 6A). In response to the
added cytokines IL-4 and IL-21, isotype switching from IgM to
IgG1 was observed for 98% of B cells (Figure 6A).

The efficacy of expanding single B cells in iGB cultures was
similar for B cells isolated from the cLN of disease-free and
diseased TCR'*** mice. B cell expansion was observed for 46%
and 39% of clones with an average fold amplification of 6300 and
4588 for disease-free versus diseased TCR'®*’, respectively
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(Supplementary Figure S4). Sorting MOG;-positive B cells from
the cLN of disease-free and diseased TCR'**” mice permitted the
expansion of 40% and 39% of clones with a 5167 and 3233 fold-
amplification, respectively (Supplementary Figure S4). This
demonstrates the efficacy of single-cell iGB cultures derived
from the secondary lymphoid organs. The efficacy proved more
modest for effector B cells isolated from the brain. Single B cell
cultures of B cells from disease-free and diseased TCR'*** mice
induced expansion in only 3.6% and 13.1% of cultures with a fold-
amplification of 1217 and 2686 (Supplementary Figure S4).
Isolating MOG;, B cells from the brain of diseased TCR'**’
mice proved most challenging as only 4% of single-cell cultures
showed evidence of abortive proliferation by B cell clusters
evolving to rapid cell death (Supplementary Figure S4).

To establish specificity of the B cell clones for MOG we
collected the culture supernatants of proliferating cultures and
determined the concentration of MOG-specific antibodies by
ELISA (Figure 6B). MOG-specific antibody production could
not be detected among the 47 splenic iGB clones derived from
NTL mice (data not shown), which is coherent with the low
precursor frequency of MOG-specific B cells in the polyclonal
repertoire of wild-type mice. For the single cell iGB cultures from
the TCR'** mice sorting antigen-specific B cells via MOGtet-
staining significantly enhanced the efficacy of isolating MOG-
specific B cell clones (Figure 6B, bottom row). MOG{, iGB
cultures also resulted in higher IgGl1 titers compared to the
polyclonal iGB cultures. In the MOGY, iGB cultures from
IgH™% mice all IgG1 antibody producing cultures were MOG-
specific (Figure 6B). iGB cultures from MOGtet" B cells derived
from TCR'** mice induced IgG1 antibody production of which
69% were MOG specific in disease-free mice and 50% were MOG-
specific in diseased mice (Figure 6B).

The abortive proliferation of brain-derived MOG{; iGB
cultures probably underlies the absence of detectable MOG-
specific antibodies in the culture supernatants. Taken together
these data demonstrate the efficacy of iGB cultures in expanding
polyclonal or tetramer-binding B cells from secondary lymphoid

organs. The iGB cultures proved less efficient in expanding
autoantigen-specific B cell clones that were isolated from the
inflamed target tissue.

Repertoire Analysis

Few studies have addressed the B cell repertoire in SJL/j mice. Here,
a total of 380 iGB cell clusters were analysed. From disease-free
TCR'** mice individual polyclonal B cells from the cLN (n=53)
and brain (n=10) as well as MOGY; B cell clones from the cLN
(n=78) were sequenced. From diseased TCR'** mice individual
polyclonal B cells from the cLN (n=154) and brain (n=61) as well as
MOG, B cell clones from the cLN (n=20) and brain (n=5) were
sequenced. Only 11 IgHG and 21 Igk sequences were obtained
(Tables 1, 2) and their VD] rearrangements were analysed using the
IMGT website (http://www.imgt.org). As presented in Table 1, 11
unrelated IgHG sequences were obtained providing no evidence of
in vivo clonal expansion. By contrast, the Igk light chains did
provide evidence of selected CDR3 sequences. Table 2 presents the
21 obtained Igk sequences that were segregated based on MOG
specificity. The CDR3 encoding junctional sequences revealed 3
consensus sequences of which 2 are confirmed to be derived from
MOG-specific B cell clones. The “CQQXSSYPXTF” sequence was
deduced from 13 iGB clones that were derived from diseased
(n=11), but also from the cLN of non-diseased (n=2) TCR!®*
mice. MOG-specificity was confirmed for one clone isolated from
brain (n=4) and one clone derived from the cLN (n=7) of diseased
TCR'** mice. The majority of iGB clones produced total IgG titers
below 1 pg/ml, a concentration insufficient to reliably detect MOG
antibodies (ND). A second consensus light chain sequence derived
from MOG-specific iGB clones was identified as
“CQQHNEXPWTPF”. This consensus junctional sequence was
obtained from clonal B cells isolated from the brain and cLN of
diseased TCR'*** mice. A third consensual junctional sequence was
identified as “CQXGVVTHPX” on kappa light chains derived from
the cLN of non-diseased TCR'**’ mice and was not associated to
MOG-reactivity. 2 heavy and light chain pairs were identified. The
kappa light-chain V15-103*01-J1*02 with the consensual junctional

TABLE 1 | VDJ rearrangements and junctional sequence of the IgG heavy chain of clonal iGB B cells.

MOGtet" MOGAbs EAE Organ Clonotype V-geneallele D-geneallele J-geneallele AA junction

- + 3.5 cLN 6 V1-80"01 D1-1*01 J2*03 CAR RGY XXX SXY XXY X

- ND 3 cLN 1 V1-18*01 (a) D2-3*01 J4*01 XQE GXG ISM LWT T

- ND 3 cLN 3 V5-17*01 (b) D1-1*01 J3*01 CXX XYX YGS TAW FAX W

- ND 3 cLN 10 V1-50"01 D1-1*01 J3*01 CAR GGY GSS PAW FAX X

- ND 3.5 cLN 2 V1-42*01 D3-1*01 J*03 XAR RXR SXW XXX X

- ND 3 cLN 4 V1- D2-3*01 J2*03 XAR WGG GFX YX

- ND 3 cLN 5 V1-69 D1-1*01 J4*01 CAR RGX XSX SXX XXS

- ND 3 cLN 7 V1- D2-1*01 J3*01 CAR VNL AWF XYW

- ND 0 cLN 8 V1-39"01 D4-1*01 J2 CAR RLG REX XXX X

- ND 3 cLN 9 V1-82°01 - J2 CAR GXY W

- ND 3 cLN 11 V1-53*01 D4-1*01 J2 CAR ERX GXX YX
Consensus sequence CAR XXX XXX

The first two columns indicate MOG-specificity determined as MOG-tetramer binding during cell-isolation (column 1) or MOG-antibody production determined by ELISA in the iGB culture
supernatant (column 2). Columns 3 and 4 refer to the EAE clinical score at the day of sacrifice and the organ from which the B cell clones were isolated. BCR rearrangement is presented as
the individual V-D-J gene alleles and the junctional sequence of the hypervariable region. ND (Not detected). (a) and (b) refer to the pair (a) or (b) of IgG heavy and kappa chains from the

same iGB culture well (see Table 2).

The * refers to the immunoglobulin nomenclature which defines the use of an asterix to refer to different allele polymorphisms.

+ means positive; - means negative.
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TABLE 2 | VJ rearrangements and junctional sequence of the kappa light chain of clonal iGB B cells.

MOGtet* MOGAbs EAE Organ Clonotype
- + 3 Brain 2
+ + 3 cLN 3
- ND 3 cLN 4
- ND 3 Brain 3
- ND 3 cLN 6
- - 3 cLN 5
- ND 3 cLN 13
- ND 3 cLN 5
- + 3 Brain 4
- ND 3 cLN 4
+ + 3 cLN 3}
- ND 0 cLN 1
- - 0 cLN 3
- ND 3 Brain 2
- ND 3 Brain 1
- ND 8 cLN 12
- ND 0 cLN 7
- ND 0 cLN 8
- ND 3 cLN 9
- ND 0 cLN 10
- ND 3 cLN 11

V-geneallele D-geneallele J-geneallele AA junction
V2-109*01 - J4*01 CXQ NXE XPW TF
V4-57-1*01 - J1°01 CQQ HNE XXW TX
V16-104*01 (a) - J1°01 CQQ HNE XXW XX

Consensus sequence

CQQ HNE XPW TF

V1-133*01 - J1*01 CVvQ GTH FPX TF
V4-55*01 - J2*01 CQQ XSS YPP T
V4-55*01 - J5*01 CQQ WSS YPL TX
V4-55*01 - J5*01 XQQ WDS YPP TF
V4-57*01 - J5*01 CQQ RSS YPX TX
V4-61*01 - J1*01 CQQ YXS YPR TX
V4-92*01 - J5*01 CQQ GSS SPL TX
V8-24*01 - J4*01 CQQ XSG XPX TX
V8-24*01 - J2*01 CQQ HYX TPY TX
V8-19*01 - J5*01 CQN DXS XPX TX
V8-28*01 - J4*01 CXQ DHS YPF TX
V8-30*01 - J2*01 CQQ YYS YPY TF
V15-103*01 (b) - J1*02 XXQ GXS XXX TX
Consensus sequence CQQ XSS YPX TF
V4-81*01 - J5*01 XQX GW THP X
V6-15*01 - J1*01 CQX XW THP X
Consensus sequence CQX GW THP X
V3-9"01 - J3*01 XCK VGR FRG RX
V5-48*01 - J5*01 CQQ SNX GQP R
V19-93*01 - J1*01 CLQ YDN LXT X

Consensus sequence

CXQ XXX XXX RX

The first two columns indicate presence (+) of MOG-specificity determined as MOG-tetramer binding during cell-isolation or MOG-antibodly production in the iGB culture supernatant.

Columns 3 and 4 refer to the EAE clinical score at the day of sacrifice and the organ from which the B cell clones were isolated. BCR rearrangement is presented as the individual \V/-J gene
alleles and the junctional sequence of the hypervariable region. The top two consensus sequences (or clonotypes), in white and pink chadings, are associated with MOG-antibody
producing and MOGtet+ B cell clones. The third consensus sequence (or clonotype), in orange shading, was identified among cLN B cells of disease free TCR1640 mice. The last group of
remaining sequences provided no linear homology (Grey). ND (Not detected). (a) and (b) refer to the pair (@) or (b) of IgG heavy and kappa chains from the same iGB culture well (see

Table 1).

The * refers to the immunoglobulin nomenclature which defines the use of an asterix to refer to different allele polymorphisms.

sequence CQQXSSYPXTF was paired with the heavy chain V5-
17*01, D1-1*01, J3%01, CXXXYXYGSTAWFAXW. The second
BCR comprised a kappa light-chain V16-104*01, J1*01with the
consensual junctional sequence CQQ HNE XPW TF was paired
with the heavy chain V1-18*01, D2-3*01, J4*01, XQEGXGISM
LWTT. The consensual amino-acid sequences of the junctional
region were submitted to the protein BLAST tool from NCBI with
mus musculus (taxid:10090) as targeted organism (http://blast.ncbi.
nlm.gov/Blast.cgi?PAGE=Proteins). This short consensual amino-
acid sequence for Igk probed 97 different hits representing for the
large majority of other light chain sequences. The distance tree of
this analysis (Supplementary Figure S4) corroborated the relevance
of this consensual amino-acid sequence to rodents and especially
mus musculus as part of the Igk region sequences (Fast Minimum
Evolution, 0.90 of max sequence difference, distance of Grishin for
proteins). These results indicate that despite the limited efficacy
shared light chain rearrangements could be identified in the cLN
and brain of the TCR'*** mice suggestive of clonal expansion.

DISCUSSION

The environment critically influences autoimmune disease (44).
Female non-obese diabetic mice spontaneously develop type 1
diabetes in SPF animal facilities while they remain healthy in

conventional environments (45). This extends to spontaneous
animal models of MS-like disease that have emerged among
MOG-specific TCR transgenic mice. On the C57Bl/6 background,
the I-A® : MOGss 55 specific 2D2 TCR transgenic mice were
originally ascribed to develop optic neuritis (40), but may develop
EAE with an incidence of up to 18% (46, 47), and in our facility the
2D2 colony developed EAE with an incidence of 1% (Data not
shown, 2D2 = 199; wild type littermates n=203; monitoring of 250
days). The EAE susceptibility of the TCR'** SJL/j colony housed in
our facility was preserved as indicated by the 94% EAE incidence at
the age of 500 days. Unlike the originally reported relapsing-
remitting disease (36), our TCR'®** colony spontaneously
developed a chronic progressive EAE that proved moribund for
half of the mice within 3 weeks of onset. Clinically, disease was
delayed with onset at the age of 225 days for 50% of TCR"*** mice,
as opposed to an age of 110 days for the original TCR'**’ colony. A
gender difference was observed with disease flaring more quickly in
females. Our study thus reiterates the environmental influence of
EOPS animal facilities in spontaneous EAE in genetically identical
mouse strains.

Within the context of spontaneous EAE, this study assessed
the mobilization of MOG-specific B cells from the polyclonal B
cell repertoire of TCR'®*® mice. To this end we produced
recombinant MOG tetramers to trace the autoantigen-specific
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B cell response in the TCR'®** mice. In concordance with

previous studies, MOG;,; B cells accumulated in the brain-
draining cervical lymph nodes and the brain of TCR'*** mice
that had spontaneously developed EAE. The specificity of the
MOG;; was validated using serially diluted IgH™°® B cells
among congenic polyclonal B cells indicating that a clonal
frequency of high affinity B cells at 1 in 10°-10% was detectable
(Figure 4). We confirmed the specificity of the MOG;,, for
polyclonal B cells using the clonal MOGY,; iGB cultures which
demonstrated that all IgG1 antibody producing MOGY;; clones
were MOG-specific (Figures 5, 6). The mobilization of the
MOGY, B cell response precedes clinical EAE. In disease-free
TCR'** mice MOG-specific B cells could be detected and their
iGB cultures demonstrated the production of MOG-specific
antibodies by all IgG1 producing clones (Figures 5, 6). This
mobilization of the MOG-specific humoral response could be
observed as early as 7 weeks by the detection of circulating
MOG-specific antibodies in TCR'®*" sera of disease-free mice
(Figure 2). The absence of correlation between MOG-antibody
titers and spontaneous EAE onset is undoubtedly mediated by
the difficulty for antibodies to penetrate the brain parenchyma
under physiological conditions. Passive models of MOG-
antibody mediated EAE (notably demonstrated with the mouse
IgGl monoclonal antibody 8-18C5) require moderate
neuroinflammation and blood-brain-barrier permeability in
order to mediate CNS demyelination (48, 49). Our results,
using the adoptive serum transfers to EAE-prone 2D2 recipient
mice indicate that factors intrinsic to the immune response
might influence pathogenicity. Indeed, only the sera from
diseased TCR'®** mice aggravated EAE relative to the 2D2
recipients receiving PBS. Sera from the disease-free TCR'®*
mice failed to do so. While other soluble factors such as
cytokines or complement may contribute to this difference,
antibody intrinsic factors such as isotype, Fc-glycosylation or
affinity maturation by clonal selection or somatic hypermutation
are likely implicated.

To study the repertoire, we opted for a focused approach
combining MOG-tetramers to isolate single B cells and iGB
cultures to expand these clones in vitro. This approach would
have the advantage of identifying the paired heavy and light
chains sequences of the MOG-specific B cell responses. The iGB
culture of bulk splenic B cells from naive BALB/c or NTL SJL/j
mice, and the single cell culture of total/non-antigen-selected)
splenic B cells from naive BALB/c or NTL SJL/j mice were highly
efficient. Considering single-cell culture of naive splenic B cells,
70% of BALB/c B cell cultures expanded with a 10* fold
expansion, corroborating previous reports (42). The efficacy of
single-cell iGB cultures is known to be reduced in terms of
proportion of clones proliferating as well as their fold expansion,
with reductions from 60% for splenic B cells from naive WT mice
to 23% for germinal center B cells from immunized mice (50).
For the cervical lymph nodes, we observed an efficacy range
between 38-46% for single-cell cultures of polyclonal B cells or
MOG{, B cells from healthy and diseased TCR'®*’ mice. iGB
cultures from brain-infiltrating B cells demonstrated low efficacy
dropping to only 3.6-13% for polyclonal B cells, and 0-4% for

MOGY, B cells. CNS infiltrating lymphocytes are effector cells
prone to undergo activation induced cell death upon in vitro
reactivation (50). The CD154 expressing, BAFF producing 3T3
fibroblasts were created for the in vitro differentiation of mature
B cells into germinal center B cells. When applied to tissue
infiltrating effector cells their stimulatory capacity might well be
in excess.

Despite the constraints in amplifying B cells from the
inflamed target tissue we did pursue the sequencing of the
expanded iGB clones to identify potential BCR rearrangements
associated with MOG-driven disease. Our results revealed shared
light chain rearrangements among B cell clones from TCR'®*
mice suggestive of clonal expansion. Nevertheless, single-cell
transcriptomic approaches on non-expanded ex-vivo B cells
would be required to study the clonality and somatic
hypermutations of the antigen-driven B cell response in the
TCR'** mice.

CONCLUSION

Our results reiterate that spontaneous EAE in genetically
predisposed animals is influenced by the environment under
which they are housed. We confirmed that the autoimmune
demyelinating humoral response matures in the brain-draining
lymph nodes. This process is initiated prior to disease onset, as
MOG-antibodies could be detected as early as 7 weeks of age.
Sera containing MOG-antibodies proved pathogenic once
TCR'** mice had developed disease. The expanded MOG-
specific B cell response demonstrated clonal selection as
consensus sequences for the junctional region of MOG-reactive
kappa light-chains could be identified. Our study indicates that
clonal selection and brain infiltration of the MOG-specific
humoral response are implicated in a spontaneous model of
autoimmune demyelination.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

ETHICS STATEMENT

All experimental protocols were approved by the local ethics
committee and and the Ministéere de I'Enseignement Supérieur
de la Recherche et de 'Environnement (5157-2016111011562655)
in compliance with European Union guidelines.

AUTHOR CONTRIBUTIONS

Conceptualization, AP, LM, HZ. Methodology, MF, NJ, LM, HZ.
Investigation, FS, LD, FL, TG, ]JB, MB, NJ. Data curation, FS, LD,
FL, NJ, LM, HZ. Writing, LM, HZ, with input from all authors.
Visualization, FS, LD, FL, TG, LM, HZ. Supervision, L.M, HZ.
Funding acquisition, AP, LM, HZ. LM and HZ have full access to

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 755900


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Salvador et al.

MOG-B Cells Recruitment in EAE

all the data in the study and take responsibility for the integrity of
the data and the accuracy of the performed analyses.

FUNDING

ES received a scholarship from Institut Roche. The funder was
not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the decision
to submit it for publication. LD and JB received research
scholarship from the Univ of Lille, Departments of Pharmacy
or Medicine, respectively. HZ and AP were supported by ARSEP
(call for proposal 2014 and 2016). AP was supported by the
Emmy Noether Program of the German Research Foundation
DFG (PE 2681/1-1). LM is supported by the Institut National de
la Santé et de la Recherche médicale (INSERM), the University of
Lille, and grants from the Agence Nationale de la Recherche
“sugars-in-MS” (ANR-17-CE15-0028), The French MS society
(ARSEP, Fondation pour L'aide a la recherche sur la Sclérose en
plaques), and the Haut-de-France région.

ACKNOWLEDGMENTS

We thank Dr Dieter Jenne from LMU for sharing the vectors and
protocols for recombinant MOG protein production in HEK-
Ebna cells. We thank Dr Gurumoorthy Krishnamoorthy and Pr
Hartmut Wekerle for scientific advice and the TCR'®** and
IgH°¢ mouse models, Kitamura and colleagues for CD40LB
cells. We thank Dr Camille Brochier from Institut Roche for her
advice in molecular biology. 40LB cells; Nathalie Jouy Flow
cytometry platform, BiCel, Univ Lille; Julien Devassine and
Melanie Besegher, Experimental Resources Platform,
UMS2014-US41 PLBS. cDNA sequencing.

REFERENCES

1. Lucchinetti C, Briick W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H.
Heterogeneity of Multiple Sclerosis Lesions: Implications for the Pathogenesis
of Demyelination. Ann Neurol (2000) 47(6):707-17. doi: 10.1002/1531-8249
(200006)47:6<707::AID-ANA3>3.0.CO;2-Q

2. Obermeier B, Mentele R, Malotka ], Kellermann J, Kiimpfel T, Wekerle H,
et al. Matching of Oligoclonal Immunoglobulin Transcriptomes and
Proteomes of Cerebrospinal Fluid in Multiple Sclerosis. Nat Med (2008) 14
(6):688-93. doi: 10.1038/nm1714

3. Qin Y, Duquette P, Zhang Y, Talbot P, Poole R, Antel J. Clonal Expansion and
Somatic Hypermutation of V(H) Genes of B Cells From Cerebrospinal Fluid
in Multiple Sclerosis. J Clin Invest (1998) 102(5):1045-50. doi: 10.1172/
JCI3568

4. Beltran E, Obermeier B, Moser M, Coret F, Simo-Castello M, Bosca 1, et al.
Intrathecal Somatic Hypermutation of IgM in Multiple Sclerosis and
Neuroinflammation. Brain (2014) 137(Pt 10):2703-14. doi: 10.1093/brain/awu205

5. Stern JNH, Yaari G, Vander Heiden JA, Church G, Donahue WF, Hintzen
RQ, et al. B Cells Populating the Multiple Sclerosis Brain Mature in the
Draining Cervical Lymph Nodes. Sci Transl Med (2014) 6(248):248ra107. doi:
10.1126/scitranslmed.3008879

6. Lehmann-Horn K, Wang S-Z, Sagan SA, Zamvil SS, von Biidingen H-C. B
Cell Repertoire Expansion Occurs in Meningeal Ectopic Lymphoid Tissue.
JCI Insight (2016) 1(20):e87234. doi: 10.1172/jci.insight.87234

7. Goebels N, Hofstetter H, Schmidt S, Brunner C, Wekerle H, Hohlfeld R.
Repertoire Dynamics of Autoreactive T Cells in Multiple Sclerosis Patients

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
755900/ full#supplementary-material

Supplementary Figure 1 | Ampilification of the antibody variable region.
Validation of the primer pairs presented in Table 1. cDNA was obtained from
purified B cells/iGB cells of SJL/J and C57BL/6 mice. Amplified PCR products
migrated to expected molecular mass size (close to 500 kDa for IgHG and close to
400 kDa for Igk). Sequencing of the purified amplicon for SJL/J mice confirmed the
amplification of the hypervariable regions of murine IgHG and Igk chains (data not
shown).

Supplementary Figure 2 | Pathogenicity of monoclonal 8-18C5 IgG1 MOG-
specific antibodies by adoptive transfer into EAE-prone recipients. Mild EAE developsin
2D2 MOG-TCR Tg mice after 2 injections (Days 0, 2) of pertussis toxin (Incidence 50%).
These PT treated 2D2 mice received PBS (n = 4) or 50 ug of 8-18C5 (n = 4), or 50 pl of
NTL serum (n=7) 2 days after the first PT injection. Mean clinical disability + SEM is
presented over time (days after serum transfer). 2-way ANOVA.

Supplementary Figure 3 | Differentiation of clonal B cells into CD138* plasma
cells and CD38™ GL7"FAS*PNA* germinal centre B cells. (A) iGB cultures of single
B cells isolated from BALB/c spleen were analysed by flow cytometry after 8 days of
culture. Two representative profiles (left column, middle column) of viable CD19* B
cells stained for CD38, FAS(CD95), GL7, CD138 and intracellular IgG1 and IgM, or
with isotype control monoclonal antibody (right column) are presented.

Supplementary Figure 4 | Efficacy of single-cell iGB-culture from FACS-sorted B
cells from spleen NTL mice, and from cervical lymph nodes and brain of disease-
free- and diseased TCR'%“° mice. (A) Percentage of wells containing iGB clusters
and (B) mean expansion fold of iGB clusters after 8 to 12 days of single-cell iGB

culture.

Supplementary Figure 5 | Distance tree of NCBI protein blasted with mus
musculus (taxid:10090) as target organism and the short consensual sequence
CQQWSSYPLT as probe (Fast Minim Evolution, 0.90 of max sequence difference,
distance of Grishin for proteins).

and Healthy Subjects: Epitope Spreading Versus Clonal Persistence. Brain
(2000) 123 Pt 3:508-18. doi: 10.1093/brain/123.3.508
. Briandle SM, Obermeier B, Senel M, Bruder J, Mentele R, Khademi M, et al.
Distinct Oligoclonal Band Antibodies in Multiple Sclerosis Recognize
Ubiquitous Self-Proteins. Proc Natl Acad Sci USA (2016) 113(28):7864-9.
doi: 10.1073/pnas.1522730113
9. Graner M, Pointon T, Manton S, Green M, Dennison K, Davis M,
et al. Oligoclonal IgG Antibodies in Multiple Sclerosis Target Patient-
Specific Peptides. PloS One (2020) 15(2):e0228883. doi: 10.1371/
journal.pone.0228883
Serafini B, Rosicarelli B, Magliozzi R, Stigliano E, Aloisi F. Detection of
Ectopic B-Cell Follicles With Germinal Centers in the Meninges of Patients
With Secondary Progressive Multiple Sclerosis. Brain Pathol (2004) 14
(2):164-74. doi: 10.1111/j.1750-3639.2004.tb00049.x
Magliozzi R, Howell O, Vora A, Serafini B, Nicholas R, Puopolo M, et al.
Meningeal B-Cell Follicles in Secondary Progressive Multiple Sclerosis
Associate With Early Onset of Disease and Severe Cortical Pathology. Brain
(2007) 130(Pt 4):1089-104. doi: 10.1093/brain/awm038
Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H,
Schmidbauer M, et al. The Relation Between Inflammation and
Neurodegeneration in Multiple Sclerosis Brains. Brain (2009) 132(Pt
5):1175-89. doi: 10.1093/brain/awp070
Machado-Santos J, Saji E, Troscher AR, Paunovic M, Liblau R, Gabriely G,
et al. The Compartmentalized Inflammatory Response in the Multiple
Sclerosis Brain is Composed of Tissue-Resident CD8+ T Lymphocytes and
B Cells. Brain (2018) 141(7):2066-82. doi: 10.1093/brain/awy151

o

10.

11.

12.

13.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 755900


https://www.frontiersin.org/articles/10.3389/fimmu.2022.755900/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.755900/full#supplementary-material
https://doi.org/10.1002/1531-8249(200006)47:6%3C707::AID-ANA3%3E3.0.CO;2-Q
https://doi.org/10.1002/1531-8249(200006)47:6%3C707::AID-ANA3%3E3.0.CO;2-Q
https://doi.org/10.1038/nm1714
https://doi.org/10.1172/JCI3568
https://doi.org/10.1172/JCI3568
https://doi.org/10.1093/brain/awu205
https://doi.org/10.1126/scitranslmed.3008879
https://doi.org/10.1172/jci.insight.87234
https://doi.org/10.1093/brain/123.3.508
https://doi.org/10.1073/pnas.1522730113
https://doi.org/10.1371/journal.pone.0228883
https://doi.org/10.1371/journal.pone.0228883
https://doi.org/10.1111/j.1750-3639.2004.tb00049.x
https://doi.org/10.1093/brain/awm038 
https://doi.org/10.1093/brain/awp070
https://doi.org/10.1093/brain/awy151
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Salvador et al.

MOG-B Cells Recruitment in EAE

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hauser SL, Waubant E, Arnold DL, Vollmer T, Antel ], Fox R], et al. B-Cell
Depletion With Rituximab in Relapsing-Remitting Multiple Sclerosis. N Engl |
Med (2008) 358(7):676-88. doi: 10.1056/NE]M0a0706383

Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, et al.
Ocrelizumab Versus Placebo in Primary Progressive Multiple Sclerosis. N Engl
J Med (2017) 376(3):209-20. doi: 10.1056/NEJMoal606468

Hauser SL, Bar-Or A, Comi G, Giovannoni G, Hartung H-P, Hemmer B, et al.
Ocrelizumab Versus Interferon Beta-la in Relapsing Multiple Sclerosis. N
Engl ] Med (2017) 376(3):221-34. doi: 10.1056/NEJMo0al601277

Bankoti J, Apeltsin L, Hauser SL, Allen S, Albertolle ME, Witkowska HE, et al.
In Multiple Sclerosis, Oligoclonal Bands Connect to Peripheral B-Cell
Responses. Ann Neurol (2014) 75(2):266-76. doi: 10.1002/ana.24088

Chan TD, Wood K, Hermes JR, Butt D, Jolly CJ, Basten A, et al. Elimination of
Germinal-Center-Derived Self-Reactive B Cells Is Governed by the Location
and Concentration of Self-Antigen. Immunity (2012) 37(5):893-904. doi:
10.1016/j.immuni.2012.07.017

Tangye SG, Ma CS, Brink R, Deenick EK. The Good, the Bad and the Ugly -
TFH Cells in Human Health and Disease. Nat Rev Immunol (2013) 13(6):412—
26. doi: 10.1038/nri3447

Lanzavecchia A. Antigen-Specific Interaction Between T and B Cells. Nature
(1985) 314(6011):537-9. doi: 10.1038/314537a0

Molnarfi N, Schulze-Topphoff U, Weber MS, Patarroyo JC, Prod’homme T,
Varrin-Doyer M, et al. MHC Class II-Dependent B Cell APC Function is
Required for Induction of CNS Autoimmunity Independent of Myelin-
Specific Antibodies. J Exp Med (2013) 210(13):2921-37. doi: 10.1084/
jem.20130699

Geng K, Dona DL, Reder AT. Increased CD80(+) B Cells in Active Multiple
Sclerosis and Reversal by Interferon Beta-1b Therapy. ] Clin Invest (1997) 99
(11):2664-71. doi: 10.1172/JCI119455

Aung LL, Balashov KE. Decreased Dicer Expression is Linked to Increased
Expression of Co-Stimulatory Molecule CD80 on B Cells in Multiple Sclerosis.
Mult Scler (2015) 21(9):1131-8. doi: 10.1177/1352458514560923

Pierson ER, Stromnes IM, Goverman JM. B Cells Promote Induction of
Experimental Autoimmune Encephalomyelitis by Facilitating Reactivation of
T Cells in the Central Nervous System. ] Immunol (2014) 192(3):929-39. doi:
10.4049/jimmunol.1302171

Jelcic I, Al Nimer F, Wang ], Lentsch V, Planas R, Jelcic I, et al. Memory B
Cells Activate Brain-Homing, Autoreactive CD4+ T Cells in Multiple
Sclerosis. Cell (2018) 175(1):85-100.€23. doi: 10.1016/j.cell.2018.08.011
Bar-Or A, Fawaz L, Fan B, Darlington PJ, Rieger A, Ghorayeb C, et al.
Abnormal B-Cell Cytokine Responses a Trigger of T-Cell-Mediated Disease in
MS? Ann Neurol (2010) 67(4):452-61. doi: 10.1002/ana.21939

Barr TA, Shen P, Brown S, Lampropoulou V, Roch T, Lawrie S, et al. B Cell
Depletion Therapy Ameliorates Autoimmune Disease Through Ablation of
IL-6-Producing B Cells. J Exp Med (2012) 209(5):1001-10. doi: 10.1084/
jem.20111675

Flores-Borja F, Bosma A, Ng D, Reddy V, Ehrenstein MR, Isenberg DA, et al.
CD19+CD24hiCD38hi B Cells Maintain Regulatory T Cells While Limiting
TH1 and TH17 Differentiation. Sci Transl Med (2013) 5(173):173ra23. doi:
10.1126/scitranslmed.3005407

Li R, Rezk A, Miyazaki Y, Hilgenberg E, Touil H, Shen P, et al.
Proinflammatory GM-CSF-Producing B Cells in Multiple Sclerosis and B
Cell Depletion Therapy. Sci Transl Med (2015) 7(310):310ral66. doi: 10.1126/
scitranslmed.aab4176

Fillatreau S, Sweenie CH, McGeachy MJ, Gray D, Anderton SM. B Cells
Regulate Autoimmunity by Provision of IL-10. Nat Immunol (2002) 3
(10):944-50. doi: 10.1038/ni833

Mauri C, Bosma A. Immune Regulatory Function of B Cells. Annu Rev
Immunol (2012) 30:221-41. doi: 10.1146/annurev-immunol-020711-074934
Shen P, Roch T, Lampropoulou V, O’Connor RA, Stervbo U, Hilgenberg E,
et al. IL-35-Producing B Cells Are Critical Regulators of Immunity During
Autoimmune and Infectious Diseases. Nature (2014) 507(7492):366-70. doi:
10.1038/nature12979

Matsumoto M, Baba A, Yokota T, Nishikawa H, Ohkawa Y, Kayama H, et al.
Interleukin-10-Producing Plasmablasts Exert Regulatory Function in
Autoimmune Inflammation. Immunity (2014) 41(6):1040-51. doi: 10.1016/
jimmuni.2014.10.016

34.

35.

36.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ramesh A, Schubert RD, Greenfield AL, Dandekar R, Loudermilk R, Sabatino
J), et al. A Pathogenic and Clonally Expanded B Cell Transcriptome in Active
Multiple Sclerosis. Proc Natl Acad Sci USA (2020) 117(37):22932-43. doi:
10.1073/pnas.2008523117

Guerrier T, Labalette M, Launay D, Lee-Chang C, Outteryck O, Lefévre G,
et al. Proinflammatory B-Cell Profile in the Early Phases of MS Predicts an
Active Disease. Neurol Neuroimmunol Neuroinflamm (2018) 5(2):e431. doi:
10.1212/NXI1.0000000000000431

Pollinger B, Krishnamoorthy G, Berer K, Lassmann H, Bos] MR, Dunn R, et al.
Spontaneous Relapsing-Remitting EAE in the SJL/] Mouse: MOG-Reactive
Transgenic T Cells Recruit Endogenous MOG-Specific B Cells. ] Exp Med
(2009) 206(6):1303-16. doi: 10.1084/jem.20090299

. Berer K, Mues M, Koutrolos M, Rasbi ZA, Boziki M, Johner C, et al.

Commensal Microbiota and Myelin Autoantigen Cooperate to Trigger
Autoimmune Demyelination. Nature (2011) 479(7374):538-41. doi:
10.1038/nature10554

Berer K, Gerdes LA, Cekanaviciute E, Jia X, Xiao L, Xia Z, et al. Gut
Microbiota From Multiple Sclerosis Patients Enables Spontaneous
Autoimmune Encephalomyelitis in Mice. Proc Natl Acad Sci USA (2017)
114(40):10719-24. doi: 10.1073/pnas.1711233114

Litzenburger T, Blithmann H, Morales P, Pham-Dinh D, Dautigny A,
Wekerle H, et al. Development of Myelin Oligodendrocyte Glycoprotein
Autoreactive Transgenic B Lymphocytes: Receptor Editing In Vivo After
Encounter of a Self-Antigen Distinct From Myelin Oligodendrocyte
Glycoprotein. J Immunol (2000) 165(9):5360-6. doi: 10.4049/
jimmunol.165.9.5360

Bettelli E, Baeten D, Jiager A, Sobel RA, Kuchroo VK. Myelin
Oligodendrocyte Glycoprotein-Specific T and B Cells Cooperate to
Induce a Devic-Like Disease in Mice. J Clin Invest (2006) 116(9):2393-
402. doi: 10.1172/JCI28334

Perera NC, Wiesmiiller K-H, Larsen MT, Schacher B, Eickholz P, Borregaard
N, et al. NSP4 Is Stored in Azurophil Granules and Released by Activated
Neutrophils as Active Endoprotease With Restricted Specificity. JI (2013) 191
(5):2700-7. doi: 10.4049/jimmunol.1301293

Nojima T, Haniuda K, Moutai T, Matsudaira M, Mizokawa S, Shiratori I, et al.
In-Vitro Derived Germinal Centre B Cells Differentially Generate Memory B
or Plasma Cells In Vivo. Nat Commun (2011) 2:465. doi: 10.1038/
ncomms1475

Haniuda K, Nojima T, Kitamura D. In Vitro-Induced Germinal Center B Cell
Culture System. Methods Mol Biol (2017) 1623:125-33. doi: 10.1007/978-1-
4939-7095-7_11

Bach J-F. The Effect of Infections on Susceptibility to Autoimmune and
Allergic Diseases. New Engl ] Med (2002) 347(12):911-20. doi: 10.1056/
NEJMra020100

Marino E, Richards JL, McLeod KH, Stanley D, Yap YA, Knight J, et al. Gut
Microbial Metabolites Limit the Frequency of Autoimmune T Cells and
Protect Against Type 1 Diabetes. Nat Immunol (2017) 18(5):552-62. doi:
10.1038/ni.3713

Bettelli E, Pagany M, Weiner HL, Linington C, Sobel RA, Kuchroo VK. Myelin
Oligodendrocyte Glycoprotein-Specific T Cell Receptor Transgenic Mice
Develop Spontaneous Autoimmune Optic Neuritis. /] Exp Med (2003) 197
(9):1073-81. doi: 10.1084/jem.20021603

Krishnamoorthy G, Saxena A, Mars LT, Domingues HS, Mentele R, Ben-Nun
A, et al. Myelin-Specific T Cells Also Recognize Neuronal Autoantigen in a
Transgenic Mouse Model of Multiple Sclerosis. Nat Med (2009) 15(6):626-32.
doi: 10.1038/nm.1975

Reindl M, Linington C, Brehm U, Egg R, Dilitz E, Deisenhammer F, et al.
Antibodies Against the Myelin Oligodendrocyte Glycoprotein and the Myelin
Basic Protein in Multiple Sclerosis and Other Neurological Diseases: A
Comparative Study. Brain (1999) 122(Pt 11):2047-56. doi: 10.1093/brain/
122.11.2047

Flach A-C, Litke T, Strauss J, Haberl M, Goémez CC, Reindl M, et al.
Autoantibody-Boosted T-Cell Reactivation in the Target Organ Triggers
Manifestation of Autoimmune CNS Disease. Proc Natl Acad Sci USA
(2016) 113(12):3323-8. doi: 10.1073/pnas.1519608113

Kuraoka M, Schmidt AG, Nojima T, Feng F, Watanabe A, Kitamura D,
et al. Complex Antigens Drive Permissive Clonal Selection in Germinal

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 755900


https://doi.org/10.1056/NEJMoa0706383
https://doi.org/10.1056/NEJMoa1606468
https://doi.org/10.1056/NEJMoa1601277
https://doi.org/10.1002/ana.24088
https://doi.org/10.1016/j.immuni.2012.07.017
https://doi.org/10.1038/nri3447
https://doi.org/10.1038/314537a0
https://doi.org/10.1084/jem.20130699
https://doi.org/10.1084/jem.20130699
https://doi.org/10.1172/JCI119455
https://doi.org/10.1177/1352458514560923
https://doi.org/10.4049/jimmunol.1302171
https://doi.org/10.1016/j.cell.2018.08.011
https://doi.org/10.1002/ana.21939
https://doi.org/10.1084/jem.20111675
https://doi.org/10.1084/jem.20111675
https://doi.org/10.1126/scitranslmed.3005407
https://doi.org/10.1126/scitranslmed.aab4176
https://doi.org/10.1126/scitranslmed.aab4176
https://doi.org/10.1038/ni833
https://doi.org/10.1146/annurev-immunol-020711-074934
https://doi.org/10.1038/nature12979
https://doi.org/10.1016/j.immuni.2014.10.016
https://doi.org/10.1016/j.immuni.2014.10.016
https://doi.org/10.1073/pnas.2008523117
https://doi.org/10.1212/NXI.0000000000000431
https://doi.org/10.1084/jem.20090299
https://doi.org/10.1038/nature10554
https://doi.org/10.1073/pnas.1711233114
https://doi.org/10.4049/jimmunol.165.9.5360
https://doi.org/10.4049/jimmunol.165.9.5360
https://doi.org/10.1172/JCI28334
https://doi.org/10.4049/jimmunol.1301293
https://doi.org/10.1038/ncomms1475
https://doi.org/10.1038/ncomms1475
https://doi.org/10.1007/978-1-4939-7095-7_11
https://doi.org/10.1007/978-1-4939-7095-7_11
https://doi.org/10.1056/NEJMra020100
https://doi.org/10.1056/NEJMra020100
https://doi.org/10.1038/ni.3713
https://doi.org/10.1084/jem.20021603
https://doi.org/10.1038/nm.1975
https://doi.org/10.1093/brain/122.11.2047
https://doi.org/10.1093/brain/122.11.2047
https://doi.org/10.1073/pnas.1519608113
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Salvador et al.

MOG-B Cells Recruitment in EAE

Centers. Immunity (2016) 44(3):542-52. doi: 10.1016/j.immuni.
2016.02.010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Salvador, Deramoudt, Leprétre, Figeac, Guerrier, Boucher, Bas,
Journiac, Peters, Mars and Zéphir. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 755900


https://doi.org/10.1016/j.immuni.2016.02.010
https://doi.org/10.1016/j.immuni.2016.02.010
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	A Spontaneous Model of Experimental Autoimmune Encephalomyelitis Provides Evidence of MOG-Specific B Cell Recruitment and Clonal Expansion
	Introduction
	Methods
	Mice
	EAE Scoring and Induction by Serum Transfer
	Cell Isolation
	rMOGm Monomer and Tetramer Production
	Flow Cytometry and FACS Sorting
	Induced Germinal Center B Cells Single-B-Cell Culture
	Determination of Serum Titers of MOG-Specific Antibodies and of Total IgG1 Antibodies (ELISA)
	RNA Extraction and PCR Analysis for Repertoire Analysis
	Statistics

	Results
	Spontaneous EAE in TCR1640 SJL/j Mice
	Tracking MOG-Specific B Cells in the Secondary Lymphoid Organs and Central Nervous System of TCR1640 Mice
	Clonality of the MOG-Specific B Cell Response
	Repertoire Analysis

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


