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Abstract

Multiple sclerosis (MS) is a heterogenous autoimmune disease in which autoreactive lymphocytes
attack the myelin sheath of the central nervous system (CNS). B lymphocytes in the

cerebrospinal fluid (CSF) of MS patients contribute to inflammation and secrete oligoclonal
immunoglobulins!-2. Epstein-Barr virus (EBV) infection has been linked to MS epidemiologically,
but its pathological role remains unclear®. Here we demonstrate high-affinity molecular mimicry
between the EBV transcription factor EBNAL and the CNS protein GlialCAM, and provide
structural and in-vivo functional evidence for its relevance. A cross-reactive CSF-derived antibody
was initially identified by single-cell sequencing of the paired-chain B cell repertoire of MS

blood and CSF, followed by protein microarray-based testing of recombinantly expressed CSF-
derived antibodies against MS-associated viruses. Sequence analysis, affinity measurements,

and the crystal structure of the EBNA1-peptide epitope in complex with the autoreactive Fab
fragment allowed for tracking the development of the naive EBNA1-restricted antibody to a
mature EBNA1/Glial CAM cross-reactive antibody. Molecular mimicry is facilitated by a post-
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translational modification of Glial CAM. EBNAL immunization exacerbates the mouse model of
MS and anti-EBNA1/Glial CAM antibodies are prevalent in MS patients. Our results provide a
mechanistic link for the association between MS and EBYV, and could guide the development of
novel MS therapies.

The B cell

The presence of aligoclonal bands (OCB) in cerebrospinal fluid (CSF) and the efficacy

of B cell depleting therapies emphasize the importance of B cells in the pathobiology of
multiple sclerosis (MS)2. Anti-viral antibodies against mumps, measles, varicella-zoster, and
Epstein-Barr Virus (EBV) are often present in MS*®, but their relevance is unclear. Anti-
EBV antibody titers in over 99% of MS patients provide evidence for an epidemiological
link between MS and EBV®. Symptomatic infectious mononucleosis during EBV infection
increases risk for MS’. Molecular mimicry between virus and self-antigens is a potential
mechanism that might explain this association8. Antibodies against certain EBV nuclear
antigen 1 (EBNAL) regions have been found in MS patients, including the region AA365-
4265912 which we describe here in our identification of molecular mimicry between
EBNAZ1 and the glial cellular adhesion molecule GlialCAM. The potential significance of
this mimicry in the pathophysiology of MS is described in detail.

repertoire in MS CSF plasmablasts is highly clonal

CSF and blood samples were obtained from MS patients during the onset of disease
(clinically isolated syndrome, 7=5) or an acute episode of relapsing-remitting MS (/7=4).
Patients with a CSF pleocytosis of >10 cells/ul were selected (Extended Data Table 1,
Supplementary Discussion). Single B cells were sorted by flow cytometry (Extended

Data Fig. 1a,b). Characteristic phenotypic differences of B cells in blood and CSF were
observed!314 including (i) high plasmablast (PB) counts in CSF vs. blood (Extended Data
Fig. 1c,d), (ii) differing expression levels of integrin-a4 and HLA-DR in PB but not non-PB
B cells (Extended Data Fig. le—j, Supplementary Table 1), and (iii) high abundance of
immunoglobulin G (IgG) in CSF PB (Fig. 1a, Extended Data Fig. 1k,I).

We sorted PB from blood and B cells from matched CSF by flow cytometry, and sequenced
their full-length paired heavy-chain (HC) and light-chain (LC) VDJ regions!®. 13,578 paired
sequences from blood PB and 1,689 from CSF B cells passed filter thresholds. The CSF
repertoire is highly clonal (Fig. 1a, Extended Data Fig. 2a,3), suggesting antigen-specific
proliferation of select clones within the CSF. Notably, CSF repertoires in three non-MS
control patients with neuroinflammatory conditions (Extended Data Table 1) did not exhibit
such extensive clonality and high 1gG usage (Fig. 1a,b, Extended Data Fig. 2b—d). While
the amount of somatic hypermutation (SHM) in immunoglobulin HC-V genes (IGHV) and
LC-V genes (IGLV) does not differ between PB in blood and CSF (Extended Data Fig.

2e), HC-complementarity determining region 3 (CDR3) lengths are longer in CSF PB than
in blood, suggesting ongoing intrathecal SHM (Extended Data Fig. 2f). Consistent with
previous reports6-19, repertoires in the CSF are skewed towards usage of five IGHV genes
(Fig. 1c, Extended Data Fig. 2g—i). This suggests that select autoantigens drive PB survival
and proliferation in CSF.
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Clonal PB are the predominant source of oligoclonal immunoglobulins in

MS CSF

Immunoglobulin levels are elevated in CSF of MS patients, and the presence of a few
highly abundant OCB is a hallmark of MS. To determine if clonal PB are the source

of intrathecal immunoglobulins, we isolated immunoglobulins from CSF, characterized
them by mass spectrometry, and compared the spectra with their corresponding antibody
repertoire sequence datasets. For 87% of clonal sequences, peptides matching variable chain
sequences unique to the patient were identified, whereas this occurred only for 40% of
singleton sequences (Fig. 1d). Highly abundant immunoglobulins, defined by detection of
>ten peptide-spectral matches (PSM >10), aligned almost exclusively to clonally expanded
B cells (Extended Data Fig. 2j) and to PB, which display more clonality than non-PB B cells
(Extended Data Fig. 2k,1), suggesting that clonally expanded PB are the predominant source
of CSF OCB.

CSF-derived monoclonal antibodies bind EBV antigens

A total of 148 BCR sequences from MS CSF, each representative of a clonal expansion,
were expressed as monoclonal antibodies (mAbs) (Extended Data Fig. 3). MS CSF mAbs
showed low polyreactivity (polyreactive mAbs MS: 5.4%; controls: 15.4%; Extended Data
Fig. 4, 5b). To test for anti-viral reactivities, mAbs were probed on protein microarrays
containing 2 EBV viral lysates, 23 latent and lytic EBV proteins, 240 peptides spanning
four prominent EBV proteins, and lysates of 7 other MS-associated viruses, including
measles, rubella, and varicella-zoster virus (VZV)?* (Fig. 2a,b, Extended Data Fig. 5a, 6,

7a, Supplementary Tables 2,3). One-third of the expressed mAbs bind to EBV proteins and
peptides and ~20% to other viruses, in particular to VZV and cytomegalovirus (CMV) (Fig.
2a). Notably, half of the VZV-reactive antibodies cross-react to CMV and EBYV, indicative of
conserved epitopes in herpes viruses.

Interestingly, we found mAbs from 6 out of 9 MS patients that bind to the EBV transcription
factor EBNAL (Fig. 2a, Extended Data Fig. 5a), and mAbs binding to EBNA1 peptides
were identified in 8 of 9 patients (Fig. 2b, Extended Data Fig. 6). Anti-EBNAZ1-reactivity
has been implicated in MS epidemiology??, and the region AA365-425 is the target of
stronger antibody responses in MS than in healthy individuals®®-12, Protein and peptide
microarrays revealed that mAb MS39p2w174 binds EBNAL within this MS-associated
region at AA386-405 (Fig. 2b, Extended Data Fig. 6). This epitope was confirmed by
western blot analysis using full-length and truncated EBNAL proteins (Fig. 2c), and by
ELISA-based EBNAL peptide scans (Fig. 2d). Alanine scanning identified the proline/
arginine-rich region AA394-399 as the central epitope for MS39p2w174 (Fig. 2e, Extended
Data Fig. 7b).
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Crystal structure reveals key residues of MS39p2w174-Fab / EBNA1aa3zgs-405

interaction

Molecular

While the presence of antibodies against the broader EBNAL region AA365-425 has been
described in MS®9-12  their relevance remains elusive. We solved the crystal structure of
EBNA1aa3g6-405 in complex with the MS39p2w174-Fab at a resolution of 2.5 A (Fig.
2f—j, Extended Data Fig. 7c—e, PDB ID: 7K7R21). We demonstrate close interactions of
the EBNA1 residues P394-P398 with all CDRs except for LC-CDR2. Residues Tyr31

and Tyr38 on LC-CDR1 together with Trp38 on HC-CDRL1 and Pro108, Pro109, and
Tyrl14 on HC-CDR3 create a hydrophobic cage for the peptide’s two N-terminal prolines
Pro394 and Pro395 and the proximal side chain of Arg396 (Fig. 2h,i). The C-terminal

end of the antibody binding groove is wider, and Pro398 is carried by a large aromatic
tryptophan residue (Trp114 in HC-CDR1)(Fig. 2g,h). The central arginines Arg395 and
Arg396 hydrogen bond with residues on HC-CDR2, HC-CDR3, and HC framework region
2.

The IGHV encoding gene of MS39p2w174 is IGHV3-7, one of the IGHV chains over-
represented in CSF (Fig. 1c). Interestingly, all but two of the residues that directly interact
with EBNA1 are unmutated germline residues (Extended Data Fig. 7f,g). We hypothesized
that the unmutated ancestor of MS39p2w174 (germline) might have an innate propensity
to bind EBNA1aa386-405. Indeed, germline was significantly more polyreactive than
MS39p2w174 (Extended Data Fig. 4), and bio-layer interferometry revealed that germline
binds EBNAL with only slightly lower affinity than MS39p2w174 (Kp MS39p2w174: 1.99
nM, SD: 0.63 nM; germline: 4.19 nM, SD: 0.76 nM) (Fig. 2k,l), indicating that SHM is not
required for effective EBNAL binding and that naive B cells have EBNA1-specificity.

mimicry between EBNA1aasgs_405 and Glial CAM

We probed mAb MS39p2w174 on HuProt microarrays, which contained >16,000 proteins
spanning >80% of the human proteome?2, and discovered that MS39p2w174 binds glial cell
adhesion molecule (GlialCAM) (Fig. 3a). GlialCAM is an immunoglobulin superfamily cell
adhesion molecule expressed in the CNS (Extended Data Fig. 8a, www.proteinatlas.org?3)
by astrocytes and oligodendrocytes?4-26, Earlier proteomics studies on MS brain lesions by
our laboratory revealed expression of GlialCAM in chronic-active plagues?’. MS39p2w174
was also probed using human proteome-wide phage display immunoprecipitation and
sequencing (PhIP-Seq) library?8. MS39p2w174 did not highly enrich for any single peptide,
suggesting low affinity for multiple native peptides (Extended Data Table 2). Peptide

motif analysis identified a common Pro/Arg-rich motif that closely resembles the central
epitope in EBNAL (AA395-399, Fig. 2e, Extended Data Fig. 8b). Comparing PhIP-Seq
results with Huprot results yielded two overlapping targets: the ubiquitously expressed

actin filament associated protein 1 (AFAPL, without the Pro/Arg-rich motif) and the CNS
protein GlialCAM (=HEPACAM). Binding of MS39p2w174 to the intracellular domain
(ICD, AA262-416) of GlialCAM was confirmed by ELISA (Fig. 3b) and western blot (Fig.
3c). Several regions in mouse brain distinctly stain for MS39p2w174 with predominantly
glial patterns, including radial Bergmann glia in cerebellum, glia limitans, and likely
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perivascular glial cells in the hippocampus and brainstem (Fig. 3d, Extended Data Fig.
8c). MS39p2w174 stained rat oligodendrocytes and transgenic Glial CAM expressing K562
cells, where GlialCAM generates tight junctions (Extended Data Fig. 8d—f).

While we demonstrated that MS39p2w174 and its unmutated germline ancestor bound
EBNAL1 with similar affinity (Fig. 2k,I), their binding affinities to Glial CAM differ
significantly: affinity of MS39p2w174 to Glial CAM is =10-fold increased (Kp EBNAL:
1.99 nM, SD: 0.63 nM; vs. Kp GlialCAM: 190 pM, SD: 17pM), while germline binds
GlialCAM with lower affinity (Kp EBNAL: 4.19 nM, SD: 0.76 nM vs. Kp Glial CAM: 10.46
nM, SD: 4.12 nM) (Fig. 3e,f). Evidently, while germline harbors a propensity to bind to
EBNA1, SHM of MS39p2w174 increased its affinity to the CNS mimic GlialCAM by an
order of magnitude.

Phosphorylation of GlialCAMaa3z70-350 at pSer376 enables MS CSF-derived
MS39p2w174 binding

The EBNAL epitope AA386-405 is located between the protein’s long N-terminal Gly-Ala-
rich low-complexity region (AA90-380) and its highly structured DNA-binding domain
(AA461-607, PDB: 1B3T29%). The Glial CAM region AA337-385, identified by phage
display (Supplementary Table 4), is located at the C-terminal end of the ICD and contains

a proline-rich region that resembles the central epitope of EBNAL (Fig. 3g). Intracellular B
cell autoantigens have been described in several autoimmune diseases39-32, MS39p2w174
reacts with both proteins on western blots under denaturing conditions (Fig. 2c, Fig. 3c),
suggesting linear epitopes for both targets. This is consistent with predictions that both
epitopes are located in intrinsically disordered regions of their respective proteins (Fig 3h,i).

Nevertheless, while MS39p2w174 binds with similar affinity to both the EBNAL1 protein
and EBNA1aa3g6-405 peptide (Kp protein: 1.99 nM, SD: 0.63 nM; Kp peptide: 2.67
nM, SD: 0.078 nM), its binding affinity for the native peptide Glial CAMaa370-339 iS
three orders of magnitude lower than for GlialCAM protein (Kp protein: 190 pM,

SD: 17pM; Kp peptide: 302 nM, SD: 31 nM). Part of this discrepancy could be due

to multimerization of Glial CAM33. Additionally, the intracellular domain of Glial CAM
is heavily phosphorylated33-3° (Extended Data Fig. 8g, phosphosite.org36), and post-
translational modifications (PTMs) often determine antibody-antigen interactions3’. We
determined if phosphorylation at one of the four serine residues surrounding the central
epitope region (residues Ser376, 377, 383, and 384) could increase the binding affinity
of MS39p2w174 to Glial CAMaa370-389- Indeed, phosphorylation at Ser376 increased
MS39p2w174 binding by ~50-fold (Kp native peptide: 302 nM, SD: 0.078 nM; Kp
pSer376 peptide: 6.1 nM, SD: 0.27 nM), and additional phosphorylation of Ser377
further enhanced binding affinity (Kp pSer376/pSer377 peptide: 3.73 nM, SD: 0.15 nM)
(Fig. 3j-1). In contrast, citrullination of arginine residues Arg373, 380, and 387 did not
alter binding to Glial CAMaa370-339 (Extended Data Fig. 8h). The important residue
Arg397 in EBNA1Aa3g6-405, Which engages in two hydrogen-bonds with Glu64 at HC-
CDR2 (Fig. 2h,j), is replaced with alanine in GlialCAMaa370-389 (Ala381) (Fig. 3g).
This likely explains the differential binding affinity to EBNAL and Glial CAM peptides.
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Phosphorylation at Ser376 likely promotes binding by providing new polar interactions to
the proximal LC, possibly with Arg36, a positively charged residue that is mutated from
asparagine in germline (Fig. 2h, Extended Data Fig. 7g). Together, our results show that
post-translational phosphorylation enables cross-reactivity of anti-EBNA1 MS39p2w174 to
GlialCAM.

Anti-Glial CAM IgG reactivity is elevated in MS patients

To determine if the observed anti-Glial CAM reactivity of MS39p2w174 represents a broader
phenomenon in MS, we tested the remaining 147 clonal MS mAbs for reactivity against
Glial CAM protein and peptides spanning Glial CAMaa315-395. We found ten additional
mAbs from seven patients that bound the ICD and seven more from four patients that
bound the extracellular domain (ECD) (Fig. 3m), demonstrating that MS PBs generate
antibodies against multiple GlialCAM epitopes. We then tested plasma samples from MS
patients (7=36) and healthy individuals (7=20) for reactivity to EBNAL and Glial CAM.

As expected, all MS patients and the majority of healthy individuals exhibited plasma
reactivity to EBNAL protein (Fig. 3n). Reactivity to EBNA1aa386-405 and to Glial CAM
was significantly increased in MS patients (Fig. 30,p). Increased plasma 1gG levels against
EBNALaa3g6-405 Glial CAMaa370-389, and phosphorylated Glial CAMaa370-389 pSer376
were confirmed in a second independent patient cohort (MS, n=71; controls, n=50,
Extended Data Fig. 9a). Similarly, we detected increased plasma IgG levels against
GlialCAM, GlialCAMaa370-389, and phosphorylated Glial CAMaa370-389 psera7s in a third
cohort (MS, n=67, controls, n=31; Extended Data Fig. 9b). To address if reactivity

against EBNA1aa386-405 could be blocked by Glial CAM, we showed inhibition of anti-
EBNALaa3gs-405 reactivity by Glial CAMaa370-389 pser37e in Nine high-reactivity samples
(Fig. 3q, Extended Data Fig. 9c), indicating that this molecular mimicry is prevalent in a
subset of MS patients.

Immunization with EBNA1azge_405 aggravates EAE

To assess the effect of an anti-EBNA1aa3g6-405 immune response on neuroinflammation,
we utilized experimental autoimmune encephalomyelitis (EAE), the mouse model of MS.
SJL/J mice were immunized with scrambled control peptide or EBNA1aa3s6-405. Three
weeks later, EAE was induced by a second immunization of the respective peptides

mixed with PLPaa139-151. Mice in the EBNALaa3s6-405 group generated robust antibody
responses to both EBNA1aa3g6-405 (Fig. 4a) and GlialCAM ICD (Fig. 4b). The antibody
response to PLPaa139-151 Was unaltered in both groups (Extended Data Fig. 10a). In
addition, EBNA1aa386-405 immunization induced a strong CD4+ T cell response while the
T cell response against PLPaa139-151 remained stable in both groups (Extended data Fig.
10b). EBNA1aAa386-405 Stimulated the secretion of B cell stimulatory Th1l cytokines IFN-y,
TNF, and IL-12, as well as IL-6 and IL-10 (Extended Data Fig. 10c—g), but suppressed the
key Th17 cytokine IL-17 (Extended Data Fig. 10h). Clinically, the EBNAL group exhibited
more severe paresis (Fig. 4c), with enhanced CNS immune cell infiltration (Fig. 4d,e), and
demyelination (Extended Data Fig. 10i,j).
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To further assess T cell reactivity in humans, PBMCs of MS patients (n7=7) with elevated
anti-EBNA1 and anti-Glial CAM titers were stimulated with EBNA1 and GlialCAM proteins
and peptides and compared to PBMCs from healthy individuals. The CD4+ T cells trended
towards more IFN-y expression upon stimulation with EBNALaa336_405 and Glial CAM
ECD and ICD proteins, which resembled CD4+ T cells in mice (Extended Data Fig. 10k,I).
In CD8+ T cells, high expression of IFN-y and granzyme-B indicated a robust CD8+ T

cell response against EBNAL in both groups, while only CD8+ T cells from MS patients
responded to GlialCAM ICD and GlialCAM ECD (Fig. 4f). One patient (MS16, Fig. 30,p)
showed extraordinarily high counts of IFN-y+ granzyme-B+ CD8+ T cells upon stimulation
with EBNAL, Glial CAM ICD, and Glial CAMaa370-389 (Extended Data Fig. 10m).

Together, we showed anti-Glial CAM antibodies are generated in response to
EBNA1aa386-405 immunization. Further, co-immunization of mice with EBNALaa386-405
and PLPaa139-151 €nhanced CNS immune cell infiltration and demyelination, two
prominent features of human MS pathology. In addition to anti-Glial CAM antibody titers,
our human T cell data suggest an important role for CD8+ T cells in the immune response
against Glial CAM.

Discussion

Viral triggers of MS and other autoimmune diseases have long been the subject of

intense investigation, but evidence for their functional relevance is scarce8. By utilizing
paired-chain BCR repertoire sequencing, rational selection of clonal antibody sequences,
and three independent high-throughput proteomic platforms, we identified a monoclonal
antibody from CSF of an MS patient that binds the MS-associated epitope EBNA1aA386-405
with high affinity, and cross-reacts with GlialCAM. We demonstrate the presence of cross-
reactive EBV EBNAL and GlialCAM antibodies in approximately 20 — 25% of MS patients,
and show that co-immunization of mice with this EBNA1 epitope exacerbates autoimmune
demyelination. Our findings demonstrate a mechanistic link between EBV infection and the
pathobiology of MS.

Our analysis of the single-cell paired-chain BCR repertoire from blood and CSF of MS
patients revealed features of intrathecal oligoclonal expansion with ongoing SHM, strikingly
different from CSF BCR repertoires in other neuroinflammatory diseases. PB in the CSF of
MS patients are highly clonal with longer CDR3 regions and skew towards use of five IGHV
genesl6-19.38.39 |GHV3-7 has been previously observed in MS CSF and OCB17:19.39-41,
The discovery that the IGHV3-7-based mAb MS39p2w174 cross-binds EBV EBNAL and
GlialCAM provides a direct link between IGHV3-7 and MS pathobiology.

Structural and binding data of MS39p2w174 from the CSF of an MS patient, and its
unmutated germline ancestor show that germline only binds EBNA1aa4s6-405 With high
affinity, and that SHM is required for high affinity cross-reactivity with Glial CAM. Due to
the CNS-restricted expression of GlialCAM, it is likely that immature IGHV3-7 expressing
B cells encoding a germline precursor of MS39p2w174 entered the CNS/CSF space,
encountered GlialCAM antigen, and then underwent affinity maturation that generated
clones encoding high affinity anti-Glial CAM antibodies. This is concordant with our BCR
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repertoire analysis, which revealed a highly clonal and skewed repertoire in CSF with low
polyreactivity, indicative of a select group of B cells undergoing SHM, likely driven by
perpetual activation by CNS Glial CAM.

The crystallographic structure revealed that Arg397 in EBNA1a3g6-405 €ngages in two
hydrogen-bonds with HC-CDR2 and is likely responsible for a significant part of the high
binding affinity between MS39p2w174 and EBNA1. We show that phosphorylation of

Glial CAM at Ser376 restores high affinity. Epitopes altered by PTMs have been described
as targets for autoimmune responses, including citrullinated proteins in rheumatoid arthritis
and phosphorylated Ro/La in systemic lupus erythematosus37-42. Tissue-specific differences
of PTMs could contribute to a lack of central tolerance. Several kinases have been described
as risk genes for MS, including MERTK, MAPK1 and 3, TYKZ2, potentially contributing to
alternative phosphorylation patterns in the CNS43.

In addition, we show that co-immunization of mice with EBNALaa386-405 generates a
robust B cell response against Glial CAM and aggravates EAE. Our finding of activated
PB in the CSF expressing exceptionally high levels of HLA-DR, suggest that these B cells
present antigens and exchange inflammatory signals with Tfh.

In summary, we present a detailed picture of the B cell repertoire in MS CSF and blood,
demonstrating activated intrathecal 1gG+ PBs undergoing affinity maturation. Analysis of
a CSF-derived mADb targeting EBNA1a3g6-405 revealed molecular mimicry to Glial CAM.
These findings provide a mechanistic link between EBV infection and the pathobiology of
MS.

Study design and human Subjects.

Patient samples were collected at Stanford University CA, USA, and the University of
Heidelberg, Germany. Relapsing remitting MS (RRMS) was diagnosed according to the
current McDonald criteria®*4°, None of the patients met the diagnostic criteria for NMOSD,
in particular spinal lesions spanning =3 segments*®. Patients were tested for antibodies
against aquaporin-4 and MOG and showed negative results. All included patients had
elevated CSF white blood cell counts =10 cells/ul, and blood contaminated CSF samples
were excluded by visual and microscopic inspection. Paired peripheral blood and CSF
samples were obtained at the time of clinical onset (clinically isolated syndrome, CIS) or
during an acute relapse. All but one patient had not received any MS-specific treatment prior
to sample collection (Extended Data Table 1). All experimental protocols were approved by
the institutional review board of Stanford University (IRB# 34529) and the ethics committee
of the medical faculty of the University of Heidelberg (IRB# S-466/2015). Written informed
consent was obtained from each patient.

Cell preparation, antibody staining, and flow cytometric cell sorting.

CSF was centrifuged immediately after lumbar puncture and cells were counted. PBMCs
were isolated from heparin blood by density gradient centrifugation using Ficoll PLUS
media (Cytiva). Cells were magnetically separated with anti-CD19 magnetic beads
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(Dynabeads CD19 Pan B cell isolation kit, Invitrogen), then stained according to standard
protocols, using antibodies against the following cell surface markers: CD20 (clone L27,
dilution 1:10), CD38 (clone HB7, dilution 1:30), IgD (clone 1A6-2, dilution 1:20) (all

BD Biosciences), CD3 (clone OKT3, dilution 1:60), CD19 (clone HIB19, dilution 1:20),
CD27 (clone 0323, dilution 1:20), IgM (clone MHM-88, dilution 1:40), HLA-DR (clone
L243, dilution 1:100), a4 integrin (clone 9F10, dilution 1:100) (all BioLegend), IgA (clone
IS11-8E10, dilution 1:20) (Miltenyi Biotec), and Sytox blue (ThermoFisher Scientific,
dilution 1:500). Single cells were sorted with a FACSAria Il cell sorter (BD Biosciences)
using FACSDiva (v8.0, BD Biosciences) into 96-well PCR plates (BioRad). For single-cell
repertoire sequencing, plasmablasts were sorted from PBMC (plasmablast gate (4.12%) in
panel 5 in the representative flow cytometry plots shown in Extended Data Fig. 1a). All

B cells were sorted from CSF (B cell gate (73.9%) in panel 4 in the representative flow
cytometry plots shown in Extended Data Fig. 1b). FlowJo Version 10.7.1 (BD) and R
version 3.6.1 was used to evaluate flow cytometry data.

Single-cell BCR repertoire sequencing.

BCR repertoire sequencing was carried out using our in house developed plate-bound single-
cell sequencing technology as described previously>47:48, Briefly, reverse transcription
with oligo-dT was carried out in separate wells, attaching unique well-1D barcodes by
template switching activity of Maxima Reverse Transcriptase (ThermoFisher Scientific).
Barcoded cDNA from each plate were pooled and amplified in 3 consecutive PCRs,
including attaching plate-specific barcodes and sequencing adapters. PCRs were carried out
separately for HC of IgG, IgA, and IgM, as well as for x for A LC, and separate libraries
were generated from each, gel-purified, cleaned with Ampure XP beads (Beckman Coulter),
and sequenced on an Illumina MiSeq (Illumina) with 2 x 330 paired-end reads.

Sequence analysis.

The MiSeq FASTQ workflow was used for Fastq generation and plate demultiplexing.

R version 3.6.1 was used for custom analyses. Paired reads of sequences that passed

quality thresholds were stitched and separated by plate and well IDs. Similar reads sharing
the same plate and well IDs were clustered into operational taxonomic units (OTUs)*9.
Consensus sequences were aligned to germline variable-chain immunoglobulin sequences
with IMGT HighV-QUEST v1.3.1%0, which reports V, D, and J germline genes, HC and

LC CDR3-lengths, and non-silent mutation counts and locations. Clonal expansions were
defined based on sharing the same HC and LC V and J genes and exhibiting >70% amino
acid identity within the HC and LC CDR3s. Percent clonality represents the percent of all
sequences that fulfill these criteria. To calculate IGHV, IGLV, IGHJ, and IGLJ gene usages,
percent abundance of each particular gene was calculated in blood and CSF PB of each
patient and means were calculated across patients. Genes that were present in less than three
CSF samples were excluded from this analysis. While our sequencing method preferentially
captures PB sequences due to higher amounts of immunoglobulin mMRNA (Extended Data
Fig. 2m), enough non-PB B cell sequences passed filter thresholds to compare the non-PB
repertoire to the PB repertoire in 7 patients (Extended Data Fig. 2a,b). For patient samples
MS12 and C6 only PB were captured (while gating on all B cells), and for MS39 only PB
were sorted. For phylogenetic analysis, sequences were binned according to their HC V-gene
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family and V-gene. Concatenated LC and HC were then aligned with Muscle®? and clustered
with PhyML52 using maximum-likelihood clustering. Each tree-partition was rooted by their
HC V-gene. Phylogenetic trees were drawn in Python using the ETE 3 toolkit>3,

Peptide identification with mass spectrometry.

Immunoglobulins were purified from 1.5ml of CSF samples with Protein A (ThermoFisher
Scientific). The purified 1gGs were reduced with 0.02 M dithiothreitol at 57°C for 1 hour,
alkylated with 0.05 M iodoacetamide at room temperature (RT) in the dark, and digested
with trypsin overnight at RT. Peptides were extracted and desalted as previously described®4.
An aliquot of the peptide mixtures was loaded onto an Acclaim PepMap 100 precolumn
(75um x 2cm, C18, 3um, 100A) in-line with an EASY-Spray, PepMap column (75pm x
50cm, C18, 2um, 100A) with a 5um emitter using the autosampler of an EASY-nLC 1000
(ThermoFisher Scientific). The peptides were gradient eluted into a Lumos Fusion Tribrid
(ThermoFisher Scientific) mass spectrometer using a 120min gradient from 5% to 35%
solvent B (90% acetonitrile, 0.5% acetic acid), followed by 10 minutes from 35% to 45%
solvent B and 10 min from 45 to 100% B. High resolution full MS spectra were acquired
with a resolution of 120,000, an AGC target of 4x10°, a maximum ion time of 50 ms,

and scan range of 400 to 1800 m/z. Following each full MS scan as many data-dependent
HCD MS/MS spectra were acquired in the orbitrap as possible in a 3 second cycle time.
Monoisotopic precursor selection (MIPS) was set to peptide, precursors with a charge state
of 2 — 7 and minimum intensity of 5x10% were selected for MS/MS. Dynamic exclusion
was set to 60 seconds after a single selection. All MS/MS spectra were collected using the
following instrument parameters: resolution of 30,000, an AGC target of 105, maximum
ion time of 120 ms, two microscans, 1.6 m/z isolation window, and Normalized Collision
Energy (NCE) of 32.

The MS/MS spectra were searched against the respective peptide specific database including
common contaminant proteins using the search engine Byonic®*. The search parameters
were set to trypsin allowing two missed cleavages, fixed modification of carbamidomethyl
on cysteine, variable modification of oxidation on methionine and deamidation on

glutamine and asparagine. Peptides mapping to variable regions of 1gG were manually
verified. In order to include only sequence-specific peptides, peptides that aligned to non-
immunoglobulin or constant-region sequences were excluded from the analysis, as were
peptides that aligned to the repertoire of multiple patients. Included were peptides that
aligned to one variable sequence in a single patient. Peptides that aligned to more than

one variable sequence in a single patient were included if all matching sequences were

exact matches or clonally related, in which case the peptide was counted as representative
for all matches. Counts of identical or non-identical peptide spectral matches (PSM) per
sequence were tallied for each sequence. Sequences that had >1 or >10 matching peptides
were presented as percentage of all sequences (Fig. 1j,k, Extended Data Fig. 2g,h). The mass
spectrometry files are accessible at MassIVE (massive.ucsd.edu) under accession number
MSV000086829.
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Selection and recombinant expression of mAbs.

Representative antibodies from the largest clonal B cell expansions in the CSF of each
patient were selected for recombinant expression. In patients with more than 10 large

clonal expansions, sequences were preferentially chosen based on their usage of one of

the 11 most abundant IGHV genes in the CSF (Extended Data Fig. 3). HC and LC

variable sequences were custom generated (IDT), and cloned into pFuse vectors (Invivogen),
containing human IgG constant region or kappa or lambda constant regions, respectively.
Fab HC were expressed in in-house plasmids, containing the constant-region C1 up to
Cys103. Plasmids were transfected into Expi293T cells using Expifectamine (ThermoFisher
Scientific). Culture medium was harvested after 4 and 7 days post transfection. mAbs

and Fabs were purified with protein A and protein G resins, respectively (ThermoFisher
Scientific). Antibody concentrations were measured with a nanodrop spectrophotometer
(ThermoFisher Scientific) and higG quantitation ELISAs (Bethyl Laboratories) and checked
for purity on SDS protein gels with Coomassie staining.

Protein expression and purification.

EBNAZ1 proteins and peptides were obtained from: full-length AA1-641 (Abcam), AA328—
641 (Virion Serion), AA408-641 (ProspecBio). GlialCAM proteins and peptides: full-
length AA34-416 (OriGene), ECD AA34-234 (Novoprotein), and ICD AA262-416 with
N-terminal His-Tag was cloned into a pet30(+) vector, expressed in BL21 chemically
competent E. coli (Sigma Aldrich) to an OD of 600nm, and induced with IPTG (Sigma
Aldrich) for 3h at 37°C. Cell pellets were disrupted by sonication and proteins were
purified with cOmplete His-Tag Purification Resins (Roche Life Science), followed by size-
exclusion purification (Cytiva). For all other used peptides and proteins see Supplementary
Tables 2-4.

Planar protein microarrays.

Protein microarrays were generated as described previously 5:56 (https://web.stanford.edu/
group/antigenarrays/). In brief, peptides, recombinant proteins, and lysates were diluted

at the indicated concentrations in a 1:1 solution of PBS/water and protein printing

buffer (Arraylt) (Supplementary Tables 2-4), aliquoted on 384-well plates, and printed

on SuperEpoxy Slides using a NanoPrint LM210 system (Arraylt). Two independent
quadruplicates of each analyte were spotted, and some proteins were used in several
versions / preparations from different sources (Supplementary Table 2). Ready-made HuProt
Arrays version 3.1 were obtained from CDI labs. Arrays were circumscribed with a
hydrophobic marker, blocked overnight at 4 °C in PBS containing 3% FCS and 0.1%
Tween-20, and incubated with individual mAbs at a concentration of 1 ug/ml for 1h at

4°C, then washed twice for 20 min in blocking buffer on a rotating shaker. Arrays were
then incubated with Cy-3-conjugated secondary goat anti-human 1gG (0.8 pg/mL) (Jackson
ImmunoResearch) for 1h at 4 °C, then washed twice for 30 min in blocking buffer, twice
for 30 min in PBS, and twice for 15 s in water. Arrays were spun dry and scanned with a
GenePix 4000B scanner (Molecular Devices). Median pixel intensities for each fluorescent
spot were determined with GenePix Pro-3.0 software (Molecular Devices). Z-scores for
each row of antigens were calculated for viral antigens, raw intensities were analyzed for
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GlialCAM arrays. Heatmaps were generated with Morpheus software (The Broad Institute;
https://software.broadinstitute.org/morpheus).

PhIP-Seq was performed using a human proteome-wide library expressing overlapping
49-amino-acid peptides with a 24-AA sliding window approach starting at the N-terminus.
Briefly, 2uL (Lug/mL) of substrate antibody was diluted 1:100 in blocking buffer for two
sequential rounds of immunoprecipitation. After the second round of immunoprecipitation
and amplification in E. coli, next generation sequencing libraries were prepared for
paired-end 150 base next generation DNA sequencing on the Illumina Hi-Seq platform

as previously described?8:57, After alignment of the reads to the reference peptide sequences,
quality control was performed and only reads present at an abundance of at least 10 reads
per hundred thousand were carried forward. The number of reads mapping to each peptide
were then counted and individually scored as a percentage of the total.

Cytokine ELISA kits were used according to manufacturers’ instructions: mouse IL-6,
IL-10, IL-12, IFN-y, and TNF (BD Biosciences), and IL-17A (ThermoFisher Scientific).
For protein and peptide ELISAs, MaxiSorp 384-well plates (ThermoFisher Scientific) were
coated with 1 ug/ml peptide or protein in carbonate-bicarbonate buffer at 4°C overnight,
then washed 6x with PBST (PBS + 0.05 % Tween20), blocked with blocking buffer (PBS
+ 1% BSA) for 1h, and mAbs were applied at 1 ug/ml in blocking buffer. Human and
mouse plasma samples were diluted 1:100 and T cell supernatants 1:4 in blocking buffer.
After overnight incubation at 4°C, plates were washed again 6x with PBST, secondary
antibody HRP-conjugated goat anti-human 1gG (Jackson ImmunoResearch), was applied
for 1h at RT, and after 6 additional washes with PBST, plates were developed with

TMB substrate (ThermoFisher Scientific), stopped with 1N sulfuric acid, and read on a
SpectraMax Paradigm Microplate Reader (Molecular Devices). For plasma ELISAs with
blocking of plasma 1gG, MaxiSorp 384-well plates were coated with 2ug/ml recombinant
Protein G (Acro Biosystems) at 4°C over night, then washed 6x with PBST, and incubated
with 1:100 diluted plasma at 4°C over night. Plates were again washed 6x with PBST,

and then incubated with the respective blocking peptides at 10ug/ml for 2h at RT. Then,
biotinylated EBNA1aa3s85-405 Was added at 1ug/ml and incubated for 1h at RT. Plates were
washed again 6x with PBST, incubated with HRP-conjugated streptavidin (BioLegend) for
1h at RT, and developed with TMB substrate as described above.

Western blotting.

Western blots were run according to standard protocols. Briefly, purified proteins were
boiled in Laemmli-buffer with 10% beta-mercaptoethanol for 5 minutes, run on 4-12%
Criterion XT Bis-Tris protein Gels (Bio-Rad), then transferred onto a nitrocellulose
membrane using a Trans-Blot Turbo semi-dry transfer system (Bio-Rad) and stained
with MS39p2w174 at 10ug/ml or with mouse anti-EBNAL antibody (Biorbyt) or mouse
anti-Glial CAM antibody (R&D Systems) followed by secondary HRP-conjugated goat
anti-human IgG and anti-mouse 1gG (Jackson ImmunoResearch). Coomassie gels were
run concomitantly, fixed with 10% methanol and 7% acetic acid, and stained according
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to standard protocols. Uncropped western blot and Coomassie images are available in
Supplementary Figure 1.

Fluorescent Immunohistochemistry on mouse brain slices and Immunofluorescence on
primary cultured rat oligodendrocytes.

An adult mouse (F1 generation of FVB x C57blk6 cross) was transcardially perfused

with 4% paraformaldehyde and post-fixed in 4% PFA overnight at 4C. After sucrose
equilibration, the brain was blocked in OCT and sectioned at 12um on a standard cryostat.
Sections were permeabilized and blocked in PBS containing 10% lamb serum and 0.1%
triton x-100. Sections were immunostained with concomitantly expressed control mAb
anti-DSG3 (Acc#: HQ338093.1 and HQ338094.1) (18ug/mL), MS39p2w174 (18ug/mL),
or PBS in blocking buffer overnight at 4C. Sections were washed five times with PBS

over 1 hour and counterstained with anti-human IgG for 1 hour at room temperature

(Alexa Fluor 488, Jackson ImmunoResearch) (2ug/mL). Nuclei were stained with DAPI

at 1:2000 for 5 minutes at room temperature. Rat oligodendrocyte precursor cells were
prepared from rat embryos followed by panning and in-vitro differentiation into primary rat
oligodendrocytes®8. Cells on cover slips were permeabilized with ice-cold 100% methanol
for 10min, blocked with 10% donkey serum for 1h at RT, and then stained with isotype
control (anti-DSG3) or MS39p2w174 at 10ug/ml in 1% donkey serum for 1h at RT, before
incubation with secondary Alexa Fluor 647 donkey anti-human 1gG antibody (Jackson
ImmunoResearch) for 1h at RT. Confocal images were taken with a Zeiss LSM 880 confocal
microscope using ZEN software (Zeiss).

Bio-Layer Interferometry.

Association and dissociation constants of mAbs to proteins and peptides were measured
with bio-layer interferometry on an Octet QK device (Fortebio / Sartorius, Fremont, CA)
according to standard protocols. For peptide Kinetics, biotinylated peptides were bound to
high precision streptavidin (SAX) biosensors (peptide concentration in solution: 100 nM)
and mAbs MS39p2w174 and germline were probed as analytes in concentrations ranging
from 10 — 270 nM. For protein Kinetics, mAbs were bound to anti-hlgG Fc Capture (AHC)
biosensors (mAb concentration in solution: 20 nM), and proteins were probed as analytes
in concentrations ranging from 1.56 — 125 nM. Data was analyzed with BLI analysis
software (Fortebio / Sartorius, version 7.1) and with GraphPad prism (version 8.4). Buffer
controls were subtracted, and curves were fitted globally for each group consisting of all
concentrations of the same ligand. Kp values + SD as well as association / dissociation
curves were reported and plotted with GraphPad prism (version 8.4). Kp, Kon, and Kyt
values are shown in Supplementary Table 6.

Prediction of Protein Disorder.

Order and disorder along the amino acid sequences of EBNA1 and Glial CAM were
analyzed with PONDR (Predictor of Natural Disordered Regions, WSU Research
Foundation)®?, using the VVSL2 algorithm.
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Crystallization of antibody-antigen complexes.

EBNA1aa385-405 20mer peptides (>98% purity) (Sigma Aldrich) were mixed with
MS39p2w174-Fab (15 mg/ml) in a 1:7.5 molar ratio and incubated overnight. Crystals

for MS39p2w174-Fab + EBNALaa386-405 grew in 0.48M Sodium Citrate, 0.72M Sodium/
Potassium Phosphate, and 3% MPD (v/v) in 0.1M HEPES, pH 6.9 (Extended Data Fig. 6c).
Crystals were harvested, cryo-protected with a quick dip in a cryo-solution containing the
well solution with 25 % glycerol, and flash cooled in liquid nitrogen. Data were collected
at beamline SSRL 12-2 at the Stanford Synchrotron Radiation Lightsource, SLAC National
Accelerator Laboratory, and processed and scaled using XDS/aimless and Staraniso89-61,
Crystals belonged to space group 1222 (a=119.66 A, b =137.56 A, c =179.00 A, a

=B =y =90°) and contained two Fab-peptide complexes per asymmetric unit (Extended
Data Fig. 6d). Phaser was used for molecular replacement52 with the model structure 4LRlI
(PDB)%3, stripped of all CDR loops. Loops were re-constructed with Coot®* and structures
were refined with phenix.refine®°:66 in iterations with Coot. Measurements and figure design
was done with Pymol v2.1%7. The structure was deposited in the protein data bank (PDB,
www.rcsh.org 26) with PDB 1D: 7K7R.

Mouse Immunization, EAE, and histology.

All animal experiments were performed in accordance with state and federal guidelines and
regulations, and approved by the Stanford Institutional Animal Care and use Committee.
8-week-old female SJL/J and FVB x C57BL/6 mice were purchased from The Jackson
Laboratory. The mice were housed in recyclable individually ventilated (IVC) cages,

with a 12-light/hour dark cycle, at a temperature of 70 degrees F, and with 50%

humidity. Mice were immunized s.c. with 200 pg/mouse of EBNA1aa3g6-405 (peptide
sequence: SQSSSSGSPPRRPPPGRRPF) or scrambled control peptide (peptide sequence:
SPSRPGRSRSRGSPFPQPSP) (10 mice per group), mixed with 100 pg/mouse of CpG
(ODN1826, Invivogen, San Diego, CA) in 100 pl/mouse incomplete Freund’s adjuvant (BD
Difco, Franklin Lakes, NJ). 3 weeks later EAE was induced by s.c. immunization with 200
ug/mouse of PLPaa139-151, mixed with the same peptides used in the first immunization, in
100ul of incomplete Freund’s adjuvant, supplemented with 200 pg/mouse of mycobacterium
tuberculosis (strain H37 RA, BD Difco). Serum samples were obtained by retro-orbital
blood draws 3 days before the 1st and 2nd immunizations (day —24 and day -3), and during
termination of the experiment (day 50). Mice were weighed daily, and disease severity

was assessed according to a 5-point standard scoring system: 0, no clinical signs; 1, loss

of tail tone; 2, hind limb weakness; 3, complete hind limb paralysis; 4, hind limb and
forelimb paralysis; 5, moribund or dead. Mice were euthanized on day 50 post induction

of EAE by deep anesthesia with i.p. injections of 0.01 ml/g body weight 7.2% Xylazine
(Bayer Healthcare, Leverkusen, Germany) and 10.8% Ketamine (Pfizer, New York City,
NY). Lymph nodes and spleens were extracted, and mice were then perfused with 10 ml
PBS and 20 ml 4% paraformaldehyde (PFA) (Electron Microscopy Sciences, Hatfield, PA).
Brains and spinal cords were extracted, stored in 4% PFA overnight, followed by 30%
sucrose in PBS. Tissues were embedded in paraffin, sectioned, and stained for H&E as well
as Luxol fast blue according to standard protocols. Infiltration of inflammatory cells into the
spinal cord on H&E slides was assessed by a blinded investigator by counting lesions of
infiltrating cells per slide, taking lesion size into account: 1: small infiltrate (<10 cells), 2:
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medium infiltrate (<100 cells), 3: large infiltrate (>100 cells). Demyelination was assessed
by a blinded investigator according to a histological score88: 0.5, single demyelinated spot;
1, several spots; 2, confluent sites of demyelination; 3, extensive demyelination, less than
half of a spinal cord; 4, demyelination of more than half of the spinal cord; and 5, extensive
demyelination affecting >85 % of the total white matter of the spinal cord.

In vitro human T cell stimulation with proteins and peptides.

Cryopreserved PBMCs were thawed and stabilized overnight at 37°C. The cells were
pre-incubated for 30 minutes at 37°C, 5% CO, with Polymyxin B (Sigma Aldrich)

at a concentration of 10 pg/mL. The cells were then incubated for 16 hours with

100 pM of each recombinant protein or peptide in the presence of 2 pg/ml of anti-

human CD28 (clone CD28.2, BD Biosciences) and anti-CD49d (clone 9F10, BioLegend)
antibodies and 1L-2 (50 IU/ml, Peprotech, Cranbury, NJ) and IL-7 (5 ng/ml, Peprotech).
To detect intracellular staining, eBioscience™ Protein Transport Inhibitor Cocktail (500X,
ThermoFisher Scientific) was added during the final 5 hours of culture. After 16 hours,
the cells were labeled with Fixable Viability Stain 510 (BD Biosciences) for live cell
staining and fluorophore conjugated anti-CD3 (clone SK7, BD Biosciences), CD4 (clone
RPA-T4, BD Biosciences), CD8 (clone RPA-T8, BD Biosciences), Granzyme B (clone
GBL11, BD Biosciences), IFN<y (clone B27, BD Biosciences) and IL-17A (clone BL168, BD
Biosciences) antibodies and detected using a BD LSR Fortessa.

Data analysis and statistics.

The publicly available dataset from Han et al.2” was searched for abundance of Glial CAM

in MS lesions. The old accession number Q8N713 was found, which was annotated in 2008
as unknown hypothetical protein and has since been replaced by accession number Q14CZ8.
GlialCAM was identified with 2.5 mean spectral counts (MSC) in control tissue, 1.3 MSC in
chronic plaques, 1.8 MSC in acute plaques, and 8 MSC in chronic-active plaques.

GraphPad Prism version 8.4.1 and R version 3.6.1 were used for statistical analyses.
Statistical tests used are indicated in the respective methods section or in the figure legends
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Extended Data Figure 1: Analysis of B cell phenotypes in MS blood and CSF.
a-1, Flow cytometry data, a,b, representative flow cytometry plots are shown for a, blood

and b, CSF. c, plasmablasts as percent of all B cells in MS blood and CSF, means + SD

of n=9patient samples, **P = 0.004, two-tailed Mann-Whitney test. d, non-plasmablast

B cell subsets as percent of all B cells in blood (red) and CSF (blue), means + SD of

n=8 patient samples, ***P = 0.0006, two-tailed Mann-Whitney test, Holm-Sidak corrected
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for multiple comparisons. e, Integrin alpha-4 expression in non-plasmablast B cells (red)
and plasmablasts (blue), mean MFI + SD of n=9patient samples, ****P< 0.0001, **P
=0.0013, two-way ANOVA, Tukey adjusted for multiple comparisons, f, representative
histogram showing integrin alpha-4 expression in non-plasmablast B cells (red) and
plasmablasts (blue) in blood (top panel) and CSF (lower panel), g, HLA-DR expression

in non-plasmablast B cells (red) and plasmablasts (blue) in blood and CSF, mean MFI £ SD
of n=9patient samples, ****P < 0.0001, ***P = 0.0002, two-way ANOVA, Tukey adjusted
for multiple comparisons, and h, representative histogram showing HLA-DR expression

in non-plasmablast B cells (red) and plasmablasts (blue) in blood (top panel), and CSF
(lower panel). i, HLA-DR expression in patients carrying HLA-DRB1*15:01 (HLA-DR15,
n=5) vs. other HLA-genotypes (non-HLA-DR15, n=4) in i, blood, and j, CSF, mean MFI

+ SD, significance levels calculated with two-way ANOVA, kI, Immunoglobulin classes in
k, non-plasmablast B cells and |, plasmablasts in blood (red) and CSF (blue), mean MFI

+ SD of n=9patient samples, ****P< 0.0001, two-way ANOVA, Holm-Sidak adjusted

for multiple comparisons. Plasmablasts, PB; unswitched memory B cells, UM; switched
memory B cells, SM; double negative B cells, DN.
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Extended Data Figure 2: Extended BCR repertoire data.
a-i, Single-cell BCR repertoire sequencing data, a, individual repertoires from all CSF B

cells (top row) and subdivided into CSF plasmablasts (middle row) and non-plasmablast

B cells (bottom row) of n=9 MS patients. b, Individual repertoires of all CSF B cells

(top row) and subdivided into CSF plasmablasts (middle row) and non-plasmablast B cells
(bottom row) of n=3control patients. Numbers indicate number of sequences, inner circle:
colored wedges represent clonal expansions and grey area represents singleton antibody
sequences, outer circle: immunoglobulin classes, red: 1gG, blue: IgA, green: IgM, sequence

Nature. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lanz et al.

Page 20

locations in outer circle correspond to inner circle. No non-plasmablast B cells were sorted
for MS12 and C5. Only plasmablasts were sorted for MS39. ¢, Clonality, percent of

clonal sequences in CSF B cells are shown, comparing BCR repertoires of control patients
(n=3) to MS patients (n=9). Data corresponds to data shown in (Fig. 1b) and is separated
into immunoglobulin classes 1gG (left), IgA (center), and IgM (right). Means + SD of
individuals’ repertoires are shown. d, Immunoglobulin class distribution, percent of IgG
(left), IgA (center), and IgM (right) of all CSF B cells are shown for n7=3 control patients
and n=9 MS patients. Means * SD of individuals’ repertoires are shown. e, IGHV and IGLV
cumulated mutation count in plasmablasts in blood (red) vs. CSF (blue), means + SD of
n=9 patients samples. f, Mean HC CDR3 lengths (amino acid sequences) of plasmablasts in
blood (red) vs. CSF (blue), means + SD of n=9 patient samples. g-i, Immunoglobulin gene
distribution in blood vs. CSF plasmablasts for g, IGLV, IGKV1-33, ****p < 1076, IGLV3-
21, ****p=3x1076 according to unpaired two-tailed Student’s t tests, Holm-Sidak adjusted
for multiple comparisons, h, IGHJ, and i, IGLJ. Each dot represents the usage of one

gene across n=9 MS patient repertoires in the respective compartments. Linear regression
lines and 95% confidence interval are shown. j, Mass spectrometry data of purified CSF
immunoglobulins, showing variable chain sequences that could be uniquely identified in
singleton BCR sequences vs. plasmablast sequences, peptide-spectral matches (PSM) cutoff
=10, means + SD of =9 MS patients, **£=0.0012. k,I, Same mass spectrometry data set as
in (j), showing variable chain sequences that could be uniquely identified in non-plasmablast
BCR sequences vs. plasmablast sequences, means + SD of n=7MS patients, k, PSM cutoff
=1, **P=0.007, |, PSM cutoff 210, *P=0.037. I, m, Single-cell sequencing efficacy

in non-plasmablast B cells (red) vs. plasmablasts (blue) in CSF. Fraction of sequences

that passed filter thresholds are shown as percentages of the number of sorted cells in

the respective group, means + SD of n=8 patient samples (no non-PB value for MS39).
c,d,j-l, Paccording to unpaired two-tailed Mann-Whitney test. d-i, Paccording to unpaired
two-sided Student’s t-test. Immunoglobulin heavy V gene, IGHV; Immunoglobulin heavy

J gene, IGHJ; Immunoglobulin light V gene, IGLV; Immunoglobulin light J gene, IGLJ;
peptide-spectral matches, PSM.
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Extended Data Figure 3: Phylogenetic trees of B cells from MS blood and CSF.
Blood plasmablasts (top rows) and CSF B cells (bottom rows) of 7=9 MS patients and

CSF B cells of n=3control patients are shown. Each node represents the full-length heavy
chain and light chain sequence of a single B cell. Trees are binned according to their

IGHV families and genes, then the concatenated heavy chain and light chain sequences are
clustered. IgG (red), IgA (blue), IgM (green). Smaller brighter circles indicate singleton B
cells, larger darker circles indicate clonal expansions. Arrows indicate sequences that were
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expressed as mAbs, numbers indicate V-gene mutation loads in heavy and light chains.

LPS

Immunoglobulin heavy V gene, IGHV.

MS39p2w174

/Germhne

104u00 QY Uz,

37
ggmeediES
4 _\smm&mws
291 ESH
SN

€l

LsmigdieSN

YBMOSIOESIN
MBEA0ESI

g
2MOLABZSIN
gmged)

B
=

1

3

W

BASSAA
BBBLB
=222222

BBO:
D=

W

B85
3
=

g5me)
SMogdi eSIy
sopmezdizsn
semedaesiv
SemeLdresiy
£EMISIOESIN
\daESW

mean

Insulin

.

.
2
o
S8 S aaate o S n e s et et

MS39p2w174

6T Germline

10100 Qy puz.

=

=

16201 2SI
2MpedBESIN
FEMLBESIN

NSNS,
BB DB,
=235522==3052=

I
P A A e e
=03

B3N
BBAS
=553

55
50
==

]
SO
25}

23

LyMiZdJESN
PLIMZBESIN
69MOLdECSIN

B L
23
229

2R BILBAD,
$=20222238=

DBBEBDDHE
B0
33300333

dsDNA

ne

MS39p2w174

101400 Ay puz

I mean

D=

R BB L AN
32BLS=2LT B0 B0
=22==7=20222 22

SRS B
wgggwﬁssggﬁﬁw

5555

222=

Sdech
Bl ol
23333

W

RRLL

BL=LH0)
Q="300="35%

Dby

e et

B2 0nnAS0

N PO BN BN
2%
=

23
5
32

SS55
=220
=

82

BB DDAB LS
DRHLLLD:
QLOSS50=

B
=

BBBLB
=2222220==

SB35
=033

o RO IO BBBBRAN - PRSCBASOR
0
=

BBBBODABL:
5153
p

12 4

1()__”— Germl

aT

©)
=)
x

Extended Data Figure 4: Polyreactivity of recombinantly expressed antibodies.

a, ELISA data showing reactivity of recombinant mAbs against LPS (top), human insulin

(middle), and dsDNA (bottom). Reactivity is represented in the order of decreasing
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Extended Data Figure 5: MS CSF mADb reactivity to EBV and GlialCAM antigens.
a, mAD reactivities to EBV virus lysates and recombinant EBV proteins as well as to

other virus lysates. Z-scores for each antigen are shown, measurement of one microarray
experiment, measured in 8 technical replicates. b, mAb reactivities to LPS, Insulin, and
dsDNA to assess polyreactivity. Z-scores of area under the curve (AUC) of ELISA
measurements at antibody concentrations of 0.1, 1, and 10 ug/ml are shown, each
measurement was carried out in duplicates. ¢, mAb reactivities to Glial CAM proteins,
peptides, and phosphorylated or citrullinated peptides. Mean reactivities (mean fluorescence
intensity counts) are shown from one microarray experiment, measured in 8 technical
replicates. Immediate early latency stage protein, IE; early, E; late, L; intracellular domain,
ICD; extracellular domain, ECD; phosphorylated Serine, pSer; citrulline residue, Cit; B
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- _E: duplicate probes of same / similar lysates and proteins (different preparations or
batches).

MS CSF derived mABs non MS ctrl mABs
MS9 MS12/MS20 MS21 MS28 MS30 MS31 MS37 MS39

<
o
=
4
2|
x
2
Al
£

Q
3

H
°

EBNA1

ociated

S3F502  DNA binding region> 85785

mmm.__.
[ssCIo/on)

LMP1

LMP2

BILF1

BZLF1

i
4
1
1

=
o
"

= 1 .
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Extended Data Figure 7: mAb reactivity to EBV peptides and extended structural data for the
EBNAlaA386-405 / MS39p2w174-Fab complex.

a, mADb reactivities of selected reactive mAbs against the selected reactive peptide antigens.
Z-scores for each antigen are shown, measurement of one microarray experiment, measured
in 8 technical replicates. b, ELISA-based alanine-scan on EBNA1aa336-405, corresponding
to (Fig. 2e). Mean OD (450 nm) £ SD from three independent experiments, each carried
out in triplicates. ¢, 20x image of protein crystals in hanging drop. d, Asymmetric

unit containing two peptide-Fab complexes in a diagonal orientation, heavy chain (red/
pink), light chain (blue/cyan), peptide (black/gray). e, EBNA1aa386-405 peptide and its
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2mFoDFc map (contoured at 1o) are shown, depicted on heavy chain (cyan) and light chain
(pink) in surface representation. f,g, Amino acid sequences of variable regions of f, mAb
MS39p2w174 heavy chain and g, light chain. Bold font: CDR, regular font framework
regions. Of the germline variable genes (bottom rows), only residues that differ from
MS39p2w174 sequence are shown, red: residues that closely interact with EBNA1aa386-405
according to crystal structure. dots: gaps introduced during IMGT GapAlign for alignment
and numbering purposes, numbers: residue numbers according to IMGT unique numbering.
Intracellular domain, ICD; extracellular domain, ECD; heavy chain, HC; light chain, LC;
complementarity determining region, CDR; framework region, FR; germline, GL.
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Extended Data Figure 8: Extended characteristics of GlialCAMaa370-389 and
immunofluorescence stainings with MS39p2w174.

a, Expression pattern of GlialCAM in human tissues (proteinatlas.org). b, Phage display
PhiP-Seq data, showing alignment of Pro/Arg-rich region and adjacent residues of all
phage display peptides enriched above 100 / 10° reads. ¢, Immunofluorescence of mouse
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brain slices stained with (i) control antibody, and (ii-iv) MS39p2w174 (green) and DAPI
(blue). (i,ii) full brain, scale bars: 2000 um, (iii) magnification of hippocampus with
prominent MS39p2w174 staining, scale bar: 400 um, and (iv) olfactory bulb with prominent
MS39p2w174 staining in the olfactory nerve (oln), glomerular (gl), and external plexiform
layers (epl), but not the mitral (ml), internal plexiform (ipl), or granule cell (gcl) layers, scale
bar: 100 um. d, Immunofluorescence staining of primary rat oligodendrocytes with isotype
control antibody (top panel) and MS39p2w174 (bottom panel). e, K562 cells in culture,
wildtype (left) and transduced with full-length Glial CAM (right). f, Immunofluorescence
with MS39p2w174 on WT K562 cells (top) and Glial CAM-tg K562 cells (center and
bottom). White arrow: single K562 cell, orange arrow: high intensity MS39p2w174 staining
on the cell boarder between transgenic K562 cells in bulks. d,f, Scale bars: 40 um. c-f,
representative micrographs of at least two experiments. g, Overview of phosphorylated
residues in GlialCAM, identified by mass spectrometry (phosphoSite.org). The two
phosphorylated serine residues of interest are indicated with arrows. h, ELISA, measuring
binding of MS39p2w174 to native and citrullinated Glial CAMaa370-389 peptides, means of
n=2independent experiments, each carried out in triplicates. Wildtype, WT; extracellular
domain, ECD; intracellular domain, ICD; phosphorylated serine, pSer; citrulline residue,
Cit.
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Extended Data Figure 9: Plasma reactivity against EBNA1 and Glial CAM proteins and peptides
in healthy control individuals and MS patients.
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a, ELISA measurement of antigen-specific 1gG reactivity against peptides
EBNA1AA386-405, G|ia|CAMAA370_3gg, phosphorylated G|ia|CAMAA370_3gg pSer376 2x-
phosphorylated Glial CAMaa370-389 pser376 pser377, and scrambled peptide control in plasma
samples of healthy control individuals (7=50) and MS patients (#7=71). Means = SD in each
patient group is shown. Representative OD (450 nm) measurements of two independent
experiments, each carried out in duplicates. ** P< 0.01, *** P< 0.001 according

to two-tailed Mann-Whitney test, Tukey corrected for multiple comparisons. b, ELISA
measurements of antigen-specific 1gG reactivity against GlialCAM full-length protein,
GlialCAMaa370-389, and phosphorylated Glial CAMaa370-389 psera7e in plasma samples

of a separate cohort of healthy control individuals (7=31) and MS patients (n=67). Means

+ SD across patient groups are shown. Representative OD (450 nm) measurements of

two independent experiments, each carried out in duplicates. * £< 0.05, ** £< 0.01
according to two-tailed Mann-Whitney test, Tukey corrected for multiple comparisons.

¢, ELISA measurements of mMAB MS39p2w174 binding to EBNA1aa386-405, Without
interference as well as blocked with scrambled peptide control, EBNA1aa386-405, and

Glial CAMaa370-389 psera7e: as a positive control to (Fig. 3q). Mean OD (450 nm) + SD of
quadruplicate measurements from 77=1 experiment are shown. * £<0.05, ** P< 0.01, *** P
< 0.001 according to one-way ANOVA, Tukey corrected for multiple comparisons.
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Extended Data Figure 10: T cell response against EBNAAA386-405-
a, ELISA data showing mouse plasma IgG responses against PLPaa139-151 at the indicated

timepoints pre and post EAE induction, for scrambled peptide immunized mice (blue, n=10)
and EBNA1aa386-405 immunized mice (red, 7=10). Mean OD (450 nm) fold change +

SD, significance levels according to unpaired two-tailed Mann-Whitney test. Means + SD,
representative of three independent experiments, each carried out as triplicate measurements.
b, T cell proliferation measurement by 3H-thymidine incorporation in splenocytes and
lymph node cells of mice immunized with scrambled peptide (blue) and EBNA1a386-405
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(red). Cells from n=10mice per group were pooled and mean counts per minute (cpm) = SD
of triplicate measurements are shown. c-h, ELISA measurements of cytokines in cell culture
supernatant of mouse splenocytes and lymph node cells of mice immunized with scrambled
peptide (blue) or EBNA1a3g6-405 (red) and re-stimulated with the indicated peptides. Cells
from n=10mice per group were pooled and mean cpm + SD of six replicate measurements
are shown. ****P = 8 9x107°, unpaired two-tailed Student’s t test, Holm-Sidak corrected
for multiple comparisons. ¢, IFN-y, d, TNF, e, IL-12, f, IL-10, g, IL-6, h, IL-17, *P<

0.05, significance levels according to unpaired two-tailed Mann-Whitney test, Holm-Sidak
corrected for multiple comparisons. i, Representative Luxol Fast Blue stained spinal cords
from scrambled peptide group (top panel) and EBNA1a356-405 group (bottom panel). Scale
bars left images: 200 um, right images: 50 pym. j, Statistical evaluation of Luxol Fast Blue
scores, means of at least 4 coronal spinal cord sections per mouse and means + SD for

each group (n=9) are shown. ****pP < (0.0001, unpaired two-tailed Mann-Whitney test. k|,
Flow cytometry data of PBMC from healthy control individuals (7=6, blue) and MS patients
(n=7, red), showing percent of Kk, IFN-y+ and I, IL-17+ CD4+ T cells in all CD4+ T cells.
Mean MFI £ SEM are shown for the respective groups. Significance levels were assessed
by two-way ANOVA, followed by FDR calculation using the two-stage step-up method of
Benjamini, Krieger and Yekutieli, * FDR < 0.1. m, Flow cytometry data, representative dot
plots are shown for two individuals from the data set presented in Fig. 4f. Healthy control
individual (left) and MS patient MS16 (right). Expression levels of Granzyme-B (GZMB)
and IFN-vy are presented under the indicated stimulations.

Extended Data Table 1:

Patient collective.

patient | sex age Origin Diagnosis LP MS CSF ocCB
range indication | Treatment ET"S/
1| MS9 female | 41-45 Stanford RRMS diagnostic none 12 | +
2 | MS12 female | 16-20 Heidelberg | CIS diagnostic none 11 | +
3 | MS20 male 21-25 Heidelberg | CIS diagnostic none 10 | +
4 | MS21 female | 36-40 Heidelberg | RRMS diagnostic Fingolimod 15 | +
(paused for
4 weeks)
5 | MS28 female | 26-30 Heidelberg | CIS diagnostic none 17 | +
6 | MS30 female | 21-25 Heidelberg | RRMS diagnostic none 48 | +
7 | MS31 female | 21-25 Heidelberg | CIS diagnostic none 10 | +
8 | MS37 female | 16-20 Heidelberg | CIS diagnostic none 57 | +
9 | MS39 female | 26-30 Stanford RRMS diagnostic none 18 | +
10 | C3 male 60-65 Heidelberg | neuroborreliosis | diagnostic none 825 | +
11 | C5 female | 45-50 Heidelberg | neuro-Behget’s diagnostic none 56 | +
12 | C6 male 75-80 Heidelberg | viral diagnostic none 48 | +
encephalitis

Nature. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lanz et al.

Page 31

Extended Data Table 2:

Phage display.

gene RefSeq ID peptide sequence sr?:fcer?;] ent

1 | CCDC88sC NP_001073883.2 | RGSPHRGSLDRTDASTDLAMRSWPSELGSRTCSTSATTTAPSNSTPIAR 2.31%
2 | PTPRU NP_005695.3 RPGDGGTGRPGPPLISRTKCAEPMRAPKGLAFAEIQARQLTLQWEPLGY 2.01%
3 | WNT4 XP_011539901.1 | RSGERTQRRKEGGSLGQCWPEAIVGTQDPMRSPPYLWGRNQGGTHTGSA 1.10%
4 | YLPM1 NP_062535.2 RERGLGRSDFGRDRGPFRPEPGDGGEKMYPYHRDEPPRAPWNHGEERGH 0.91%
5 | ATG16L1 XP_011526107.1 | RRRSVSSFPVPQDNVDTHPGSGKEVRVPATALCVFDAHDGEVNAVQFSP 0.87%
6 | MAST1 XP_011526107.1 | RFSALLEPSRFSAPQEDEDEARLRRPPRPSSDPAGSLDARAPKEETQGE 0.72%
7 | AFAP1 XP_006713972.1 | ALRNRLAQLRKERKDLRAAIEVNAGRKPQAILEEKLKQLEEECRQKEAE 0.64%
8 | PMS2 XP_011513729.1 | PRRSPLGQKRGMLSSSTSGAISDKGVLRPQKEAVSSSHGPSDPTDRAEV 0.61%
9 | EIF3A NP_003741.1 DRPSWRNTDDDRPPRRIADEDRGNWRHADDDRPPRRGLDEDRGSWRTAD 0.56%
10 | CDC42BPG NP_059995.2 PEEKGRVARGSGPQRPHSFSEALRRPASMGSEGLGGDADPMKRKPWTSL 0.54%
11 | GRIN3B XP_011525971.1 | SGTAHVTGLGACFRPERPPRRPHHTLADRGARNEAAAGPFGLKTHTQRS 0.53%
12 | FAM21A XP_006717894.2 | GKRRPQTRAARRLAAQESSETEDMSVPRGPIAQWADGAISPNGHRPQLR 0.47%
13 | LOC102723743 | XP_006715874.1 | RGNPQGIPETGLWSNPQGIPETALRGNPQGKAANSAGARRCGVTPRGPR 0.47%
14 | WDR62 XP_011525141.1 | AQPLRRPSSVGELASLGQELQAITTATTPSLDSEGQEPALRSWGNHEAR 0.44%
15 | PLEKHAG XP_006711276.2 | ASYGRQDATVWIPSPSRQPVYYDELDAASSSLRRLSLQPRSHSVPRSPS 0.43%
16 | RBMXL1 NP_062556.2 GLVRSSSGMGGRAPLSRGRDSYGGPPRREPLPSRRDVYLSPRDDGYSTK 0.38%
17 | GLIALCAM NP_689935.2 PPGYSVSPAVPGRSPGLPIRSARRYPRSPARSPATGRTHSSPPRAPSSP 0.36%
18 | MAEL NP_001273306.1 | RGLPVARVADAIPYCSSDWAKPVFTPLRRPGMLVPKQNVSPPDMSALSL 0.35%
19 | PPP1R26 NP_055626.3 RGPPVLKSCLSKSKRDSGEGPGKKPPSVFGSTAERMRQEGAASQDAALA 0.34%
20 | MAPKS8IP2 XP_011528981.1 | EPPRRPAFLPVGPDDTNSEYESGSESEPDLSEDADSPWLLSNLVSRMIS 0.33%
21 | JPH4 NP_115828.2 AKLIAQDLQPMLEAPGRRPRQDSEGSDTEPLDEDSPGVYENGLTPSEGS 0.31%
22 | ZAN NP_775082.2 CESPCLQNPCQNDGQCREQGATFTCECEVGYGGGLCMEPRDAPPPRKPA 0.29%
23 | CDH18 XP_005248285.1 | MAGQVGGLSGSTTVNITLTDVNDNPPRFPQKHYQLYVPESAQVGSAVGK 0.29%
24 | ZAN XP_011514857.1 | PCQNDGQCREQGATFTCECEVGYGGGLCMEPRDAPPPRKPEASNLVGVL 0.28%
25 | ZNF324B XP_011525261.1 | PREKTFTEYRVPGRQPRTPERQKPCAQEVPGRAFGNASDLKAASGGRDR 0.27%
26 | ZC3H12D NP_997243.2 LQLQPRGEHRPRDLHGDLLSPRRPPDDPWARPPRSDRFPGRSVWAEPAW 0.26%
27 | KIAA0226 XP_006713890.1 | GSERRSTSFPLSGPPRKPQESRGHVSPAEDQTIQAPPVSVSALARDSPL 0.26%
28 | MYO7A XP_006718622.1 | EEEGNRALIKHRDSSLGLWERAMALDTCPGEGRRAAPSALSQLSVLAGV 0.24%
29 | CHTF18 XP_005255528.1 | NPVLRRPPILEDYVHVTSTEGVRAYLVLRADPMAPGVQGSLLHVPWRGG 0.24%
30 | CDC42BPG XP_011543457.1 | VARGSGPQRPHSFSEALRRPASMGSEGLGGDADPMKRKPWTSLSSESVS 0.23%
31 | ABL1 NP_005148.2 PLRRQVTVAPASGLPHKEEAGKGSALGTPAAAEPVTPTSKAGSGAPGGT 0.21%
32 | TCF20 XP_006724376.1 | YRGNASPGAATHDSLSDYGPQDSRPTPMRRVPGRVGGREGMRGRSPSQY 0.20%
33 | C9orf50 XP_011516963.1 | PPRSPPGRPHGAQVPRLKAALTHNPSGEGSRPCRQRCPFRVRFADETLQ 0.20%
34 | YLPM1 NP_062535.2 GSRERIPPRRAGSRERGPPRGPGSRERGLGRSDFGRDRGPFRPEPGDGG 0.18%
35 | PHF8 XP_005262057.1 | PATSSLQAWWTGGQDRSSGSSSSGLGTVSNSPASQRTPGKRPIKRPAYW 0.18%
36 | WDR62 XP_005258866.1 | EGPIVATLAQPLRRPSSVGELASLGQELQAITTATTPSLDSEGQEPALR 0.18%
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gene RefSeq ID peptide sequence Eﬁ :ﬁ:el?r; ent
37 | LPPR3 NP_001257295.1 | RPVAREKTSLGSLKRASVDVDLLAPRSPMAKENMVTFSHTLPRASAPSL 0.17%
38 | EGLN1 XP_005273224.1 | GKEEPPARSSLFQEKANLYPPSNTPGDALSPGGGLRPNGQTKPLPALKL 0.17%
39 | CHD4 XP_006719022.1 | ASEEGDEDFDERSEAPRRPSRKGLRNDKDKPLPPLLARVGGNIEVLGFN 0.17%
40 | SCNN1B XP_011544215.1 | RAQASYAGPPPTVAELVEAHTNFGFQPDTAPRSPNTGPYPSEQALPIPG 0.17%
41 | PTPRM NP_001098714.1 | GGTGSPGPALRTRTKCADPMRGPRKLEVVEVKSRQITIRWEPFGYNVTR 0.16%
42 | EIF3A NP_003741.1 GMDDDRGPRRGPEEDRFSRRGADDDRPSWRNTDDDRPPRRIADEDRGNW 0.16%
43 | MORN1 XP_005244855.1 | MAAAGEGTPSSRGPRRDPPRRPPRNGHGKLLFKDGSYYEGAFVDGEITG 0.16%
44 | SFMBT2 NP_001025051.1 | PVRRPPPERTRRGRGAPAASSAEEGEKCPPTKPEGTEDTKQEEEERLVL 0.16%
45 | TBC1D1 XP_011511971.1 | MKPQREHADRGPWEPHHIEPHCGSPSLACTEDY SELGELPPRSPLEPVC 0.16%
46 | FAM114A1 XP_005262729.1 | VGHGLTAVKEKAGATLRIHGVNSGSSEGAQPNTENGVPEITDAATDQGP 0.16%
47 | TRIP10 XP_006723003.1 | QPMNRAPSDSSLGTPSDGRPELRGPGRSRTKRWPFGKKNKPRPPPLSPL 0.16%
48 | IRF3 XP_006723260.1 | WPVTLPDPGMSLTDRGVMSYVRHVLSCLGGGLALWRAGQWLWAQRLGHC 0.16%
49 | REEP4 NP_079508.2 DSDTEDECWSDTEAVPRAPARPREKPLIRSQSLRVVKRKPPVREGTSRS 0.15%
50 | WDR62 XP_011525141.1 | ASSRARISRSISLGDSEGPIVATLAQPLRRPSSVGELASLGQELQAITT 0.15%
51 | PLEKHA4 XP_011525459.1 | QTLSRPPTPRRGPPSEAGGGKPPRSPQHWSQEPRTQVSREAHSGSPTYL 0.15%
52 | NOM1 NP_612409.1 RLQRTAGPEQGPGLGGRSGAEEASGHRQDTEERARPAPSRDPSPPRKPR 0.14%
53 | UPB1 XP_011528524.1 | REDFELQGYAFEAAEEQLRRPRIVHVGLVQNRIPLPANAPVAEQVSALH 0.14%
54 | PKD1 XP_011520832.1 | GSGVVYTWSLEEGLSWETSEPFTTHSFPTPGLHLVTMTAGNPLGSANAT 0.14%
55 | MAP3K1 XP_011541708.1 | GNSPSGRTVKSESPGVRRKRVSPVPFQSGRITPPRRAPSPDGFSPY SPE 0.14%
56 | WNT4 XP_011539901.1 | RTQRRKEGGSLGQCWPEAIVGTQDPMRSPPYLWGRNQGGTHTGSASEGH 0.13%
57 | YLPM1 NP_062535.2 GEKMYPYHRDEPPRAPWNHGEERGHEEFPLDGRNAPMERERLDDWDRER 0.13%
58 | RBL2 NP_005602.3 PPASTTRRRLFVENDSPSDGGTPGRMPPQPLVNAVPVQNVSGETVSVTP 0.13%
59 | LOC105376336 | XP_011547586.1 | VGETSRESASSPQDGGRHHRDSPRRAPSPTRKTWGDGAGRAKRAGVGCG 0.13%
60 | IQCALL XP_011514509.1 | YDSETLREEKRKEVELEIRIQVDELMRQELRKLRLAVDKEEERPLRAPK 0.12%
61 | ATG16L1 XP_011547155.1 | DNVDTHPGSGKEVRVPATALCVFDAHDGEVNAVQFSPGSRLLATGGMDR 0.12%
62 | ZNF536 XP_011525856.1 | GSGSDQESQSVSRSTTPGSSNVTEESGVGGGLSQTGSAQEDSPHPSSPS 0.12%
63 | TCP10L2 NP_001138593.1 | SLKTERINSGKTPPQEDREKSPPGRRQDRSPAPTGRPTPGAERREVSED 0.12%
64 | CDH6 XP_011512223.1 | MGGQMGGLSGTTTVNITLTDVNDNPPRFPQSTYQFKTPESSPPGTPIGR 0.12%
65 | MAPKS8IP2 XP_011528982.1 | SPASEPEPPREPPRRPAFLPVGPDDTNSEYESGSESEPDLSEDADSPWL 0.12%
66 | BRD1 NP_001291738.1 | IGLEEASGMHLPERPAAAPRRPFSWEDVDRLLDPANRAHLGLEEQLREL 0.12%
67 | ABCC6 NP_001162.4 TEPGTSTKDPRGTSAGRRPELRRERSIKSVPEKDRTTSEAQTEVPLDDP 0.11%
68 | FAM109B XP_005261430.1 | QRRSSWKSVASRCKPQAPNHRAAGLENGHCLSKDSSPVGLVEEAGSRSA 0.11%
69 | MAPKSIP3 XP_011520731.1 | TEMIQTYVEHIERSKMQQVGGNSQTESSLPGRSPRQSWRKSRKERPTSL 0.11%
70 | TIP1 XP_006725617.1 | NVPDLSDSIHSANASERDDISEIQSLASDHSGRSHDRPPRRSRSRSPDQ 0.11%
71 | OPALIN NP_001035192.1 | SIEAMEESDRPCEISEIDDNPKISENPRRSPTHEKNTMGAQEAHIYVKT 0.11%
72 | COL4AG6 XP_011529155.1 | GNPGPVGIPSPRRPMSNLWLKGDKGSQGSAGSNGFPGPRGDKGEAGRPG 0.11%
73 | FMNL1 XP_006722125.1 | TAMGPSRRPPEPEKAPPAAPTRPSALELKVEELEEKGLIRILRGPGDAV 0.11%
74 | EIF3A NP_003741.1 WRHADDDRPPRRGLDEDRGSWRTADEDRGPRRGMDDDRGPRRGGADDER 0.10%
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gene RefSeq ID peptide sequence Eﬁ :|Ccel?rtn ent
75 | RIMBP2 XP_011536404.1 | VPDDVEVYLSDAPSHYSQDTPMRSKAKRVPPEGSGTARRAPSPTVHLHS 0.10%
76 | LSR NP_001247419.1 | GPPSGRVERAMSEVTSLHEDDWRSRPSRGPALTPIRDEEWGGHSPRSPR 0.10%

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: B cell repertoires in MS blood and CSF.
a-c, Single-cell BCR repertoire sequencing data, a, individual repertoires from paired blood

plasmablasts (top row) and CSF B cells (second row) of MS patients and CSF B cells of
control patients (bottom row) (7=9 MS patients, 7=3 control patients), numbers indicate
number of sequences, inner circle: colored wedges represent clonal expansions and grey
area represents singleton antibody sequences, outer circle: immunoglobulin classes, red:
1gG, blue: IgA, green: IgM, sequence locations in outer circle correspond to inner circle.

b, Clonality analysis, percent of clonal sequences in CSF B cells are shown, comparing
BCR repertoires of control patients (7=3) to MS patients (7=9). Means * SD of each

group are shown. **P=0.0091, two-tailed Mann-Whitney test. ¢, IGHV gene distribution
in blood vs. CSF plasmablasts, each dot represents the usage of one IGHV gene across
n=9MS patient repertoires in the respective compartments. Linear regression line and 95%
confidence interval is shown, IGHV1-2, ***P =5 6x107%; IGHV4-59, ***P =9 .2x1074;
IGHV3-7, *P=0.025, unpaired two-tailed Student’s t tests, Holm-Sidak corrected for
multiple comparisons. d, Mass spectrometry data of purified CSF immunoglobulins,
showing variable chain sequences that were uniquely identified with mass spectrometry

in the singleton BCR sequences vs. clonal sequences (peptide-spectral matches (PSM) cutoff
>1), means = SD of 7=9 MS patients. ***P = 0.0002, two-tailed Mann-Whitney test.
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Figure 2: MS CSF B cell mAb reactivity to EBV proteins and interaction of MS39p2w174 with

EBNA1AA386-405-
a, Protein microarray data showing MS CSF mADb reactivities (z-scores) to viral lysates

and EBV proteins, b, MS CSF mAB reactivities to EBNAL peptides. Selected mAbs
with highest reactivities are shown (/7=36 (a) and 7=37 (b) out of 7=148). Data from
one experiment carried out in 8 technical replicates. IE: immediate early, E: early, and
L: late lytic stage, red: mAb MS39p2w174 and antigen EBNAL / MS-associated region.
¢, Western blot analysis of recombinant EBNAL1 (full-length and truncated proteins),
stained on separate blots with commercial anti-C-terminal EBNAI antibody (top panel)
and MS39p2w174 (bottom panel), molecular weight marker in kDa. d,e, ELISA data,
d, overlapping peptide scan of MS39p2w174 binding EBNAL peptides (20mers, 13AA
overlap), means + SD of n=4independent experiments, each measured in duplicates.

e, Alanine-scan, EBNA1aa386-405 1090 representation showing the contribution of each
residue to binding of MS39p2w174. f-j, Crystal structure of MS39p2w174 in complex
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with EBNA1 AA386-405. f, Cartoon representation, showing EBNA1aa393_401 in the
binding groove. Peptide (red), HC (green/blue), LC (purple/yellow/orange), CDR loop
colors correspond to annotations in (g). g, View of the binding groove from the top. Surface
representation of the Fab with EBNA1aa386-402 in stick representation. h, Cartoon and stick
representation outlining close interactions. Major H-bond forming residues are represented
as sticks. H-bonds < 3.2 A are represented as black dashed lines. i, Magnification of
peptide in the hydrophobic cage, j, magnification of region around Arg396 to emphasize
polar contacts of HC residues with Arg396 and Arg397. k.|, Bio-layer interferometry
measurement of MS39p2w174 (red) and germline (blue) affinity to EBNA1 full-length
protein. k, Kp in M, mean Kp * SD, calculated from four serial dilutions from one
representative experiment out of three independent experiments, **P = 0.0043, unpaired
two-tailed Student’s t test. |, association and dissociation curves corresponding to (k).
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Figure 3: Molecular mimicry between EBNA1 and Glial CAM.

'A370-386 pSerare

a, Protein microarray data showing top 16 results of HuProt array for MS39p2w174,
compared to 3 control mAbs, sorted from top to bottom by the ratio of MS39p2w174 /
average of controls reactivity (left column, min: 89, max: 911). Raw counts are shown
in the four columns on the right (min: 1, max: 36450). b, ELISA showing binding

of MS39p2w174 and two control mAbs to recombinant proteins EBNA1aa328-641 85
well as Glial CAM full-length (AA34-416) and ICD (AA262-416). Means + SD of
n=3independent experiments are shown, each carried out in triplicates. ¢, Western blot
analysis of recombinant Glial CAM (full-length, ICD, and ECD), stained on separate
blots with commercial anti-Glial CAM antibody (top panel) and MS39p2w174 (bottom
panel), molecular weight marker in kDa. d, Fluorescent immunohistochemistry of mouse
brain regions, stained with MS39p2w174, (i) cerebellum, scale bar: 150 um, (ii) inferior
colliculus (ic) and occipital cortex (occ) with perivascular glia (unfilled arrows) and glia
limitans staining (filled arrows), scale bar: 60 pum, (iii) dentate gyrus with perivascular
staining (unfilled arrows), scale bar: 40 um. e,f, Bio-layer interferometry measurement
of MS39p2w174 (red) and germline (blue) affinity to EBNA1 full-length protein. k, Kp
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in M, mean Kp = SD, calculated from three serial dilutions from one representative
experiment out of three independent experiments, *P = 0.0124, unpaired two-tailed
Student’s t test, f, association and dissociation curves corresponding to (e). g, Alignment

of AA sequences of EBNA1aa3s6_405 and GlialCAMaa370-3g9 and pointing out the central
epitope region. h,i, Prediction of disorder with PONDR for h, EBNAL and i, Glial CAM.
High scores indicate disorder, red areas: epitope regions. j, ELISA data showing binding

of MS39p2w174 to EBNALaa3s6-405 and Glial CAMaa370-389 Non-phosphorylated and
phosphorylated at the indicated serine residues, means from n7=2independent experiments
are shown, representative for 5 experiments, each carried out in duplicates. pSer / Sp:
phosphorylated serine. k,lI, Bio-layer interferometry measurement of MS39p2w174 affinity
to GlialCAM 20mer peptides. Kp in M, mean Kp + SD, calculated from four serial
dilutions from one representative experiment out of three independent experiments, **** P
< 0.0001, unpaired two-tailed ANOVA, Tukey corrected for multiple comparisons. pSer:
phosphorylated serine residues. I, association and dissociation curves corresponding to (k).
m, Protein microarray data showing mAb reactivities (MFI) to GlialCAM proteins, peptides,
and phosphorylated peptides, as well as cross-reactivities to EBNA1 and other EBV
proteins. Data from one experiment carried out in 8 technical replicates. ICD: intracellular
domain, ECD: extracellular domain, pSer: phosphorylated serine residues. n-p, ELISA data
showing human plasma reactivities against n, EBNAL protein AA328-641, **** P < (0.0001,
unpaired two-tailed Mann-Whitney test, 0, EBNA1aa386-405, **£ < 0.0044, unpaired two-
tailed Mann-Whitney test, and p, GlialCAM protein, ***P < 0.0002, unpaired two-tailed
Mann-Whitney test, means £ SD from n=20 control individuals and n=36 MS patient
samples. g, ELISA measurements of plasma antibody reactivity against EBNA1aa386-405,
without interference as well as blocked with scrambled peptide control, EBNALaa386-405,
and Glial CAMaa370-389 pser37e- Mean OD (450 nm), normalized to unblocked sample, +
SD of n=9 patient samples, each measured in quadruplicates. e,k,n-p, P values according
to unpaired two-sided Student’s t-test, g, one-way ANOVA, Dunnett corrected for multiple
comparisons. *P< 0.05, **P < 0.01, ***P< 1073, ****p< 1074,
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Figure 4: Anti-EBNALlaA386-405 immunization exacerbates autoimmune-mediated
demyelination in vivo.

a,b, ELISA data showing mouse plasma IgG response at the indicated timepoints pre

and post EAE induction, for scrambled peptide immunized mice (blue, 7=10) and
EBNA1aa386-405 immunized mice (red, 7=10) against a, EBNA1aa3g86-405, mean OD

(450 nm) fold change + SD, ****P < 0.0001, unpaired two-tailed Mann-Whitney test,
Holm-Sidak corrected for multiple comparisons, and b, GlialCAM ICD, mean OD (450

nm) fold change + SD, **P=0.0022, *£=0.0152, unpaired two-tailed Mann-Whitney

test, Holm-Sidak corrected for multiple comparisons. Means + SD, representative of three
independent experiments, each carried out as triplicate measurements. ¢, EAE scores of
mice immunized with scrambled peptide (blue, 7=9) and EBNA1aa386-405 (red, 7=7), 3
weeks prior and on the day of EAE immunization (day 0), means of clinical scores + SEM,
*P<0.05 unpaired two-tailed Mann Whitney test. d,e, Spinal cord histology, d, representative
H&E-stained spinal cords from scrambled peptide group (top panel) and EBNALaa386-405
group (bottom panel). Scale bars left images: 200 um, right images: 50 um. e, Statistical
evaluation of H&E score, means of at least 4 coronal spinal cord sections per mouse and
means + SD for each group (n=9), **P = 0.0012, unpaired two-tailed Mann-Whitney test. f,
Flow cytometry data of PBMC from healthy control individuals (=6, blue) and MS patients
(n=7, red), showing percent of IFN-y+ GZMB+ CD8+ T cells in all CD8+ T cells. Means

+ SEM are shown for the respective groups. Significance levels were assessed by two-way
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ANOVA, followed by FDR calculation using the two-stage step-up method of Benjamini,
Krieger and Yekutieli, * FDR < 0.1.
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