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In Multiple Sclerosis, Oligoclonal Bands
Connect to Peripheral B-Cell Responses

Jaishree Bankoti, PhD,! Leonard Apeltsin, PhD,’ Stephen L. Hauser, MD,’
Simon Allen, PhD,? Matthew E. Albertolle,” H. Ewa Witkowska, PhD,?
and H.-Christian von Bldingen, MD'

Objective: To determine to what extent oligoclonal band (OCB) specificities are clonally interrelated and to what
degree they are associated with corresponding B-cell responses in the peripheral blood (PB) of multiple sclerosis
(MS) patients.

Methods: Mass-spectrometric proteomic analysis of isoelectric focused (IEF) cerebrospinal fluid (CSF) immunoglobulin
G (IgG) was used in combination with next-generation deep-immune repertoire sequencing of PB and CSF IgG heavy
chain variable regions from MS patients.

Results: We find evidence for ongoing stimulation and maturation to antibody-expressing B cells to occur primarily
inside the central nervous system (CNS) compartment. B cells participating in OCB production can also be identified
in PB; these cells appear to migrate across the blood-brain barrier and may also undergo further antigen stimulation
in the periphery. In individual patients, different bands comprising OCBs are clonally related.

Interpretation: Our data provide a high-resolution molecular analysis of OCBs and strongly support the concept that
OCBs are not merely the terminal result of a targeted immune response in MS but represent a component of active

B cell immunity that is dynamically supported on both sides of the blood-brain barrier.

he presence of soluble clonal immunoglobulin G

(IgG), also referred to as oligoclonal bands (OCBs),
in the cerebrospinal fluid (CSF) represents a central
immunodiagnostic feature for multiple sclerosis (MS),
detected in >95% of patients." OCBs result from intra-
thecal antigen-driven immune responses™ against as yet
unknown target antigens. Typically visualized as discrete
bands on isoelectric focusing (IEF) gel electrophoresis,
OCBs have been associated with a more rapid conversion
from clinically isolated syndrome to clinically definite
MS,* providing evidence that they may reflect more
active central nervous system (CNS)-directed autoim-
munity or otherwise contribute to tissue damage. Under
treatment with natalizumab, a peripherally acting anti-
VLA4 monoclonal antibody that blocks immune cell
migration into the CNS and effectively reduces MS dis-
case activity, CSF IgG levels can decrease and OCBs
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disappear.”® These changes are associated with a decrease
in intrathecal lymphocytes,”” suggesting that an ongoing
exchange of immune cells between the peripheral blood
(PB) and the CNS is required to maintain intrathecal
B-cell stimulation and OCBs.

Although oligoclonal CSF IgG has been shown to
be a product of intrathecal plasma cells and B cells,”'”
essentially nothing is known about how B cells and/or
plasma cells migrate to the CNS compartment and estab-
lish immunologically active sites in MS brain. It is likely
that antigen-directed affinity maturation and terminal
differentiation of B cells contributing to OCBs occur
within perivascular infiltrates and meningeal lymphoid-
like follicles in the CNS.'"'* Attempts to define the
antigenic specificity of B-cell immunity in MS have
yielded mixed and partially conflicting results. Whereas
some studies demonstrated binding of intrathecally
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TABLE 1. Patient Characteristics

Patient ID Age, yr Sex CSE ml
MS-1 29 F 8

MS-2 37 F 10
MS-3 39 F 10
MS-4 39 F 10
MS-5 22 M 8

Shown are age, sex, CSF volume obtained for this study, CSF WBC, presence of OCBs as determined by a clinical laboratory

(+ if >2 CSF-restricted IgG bands), and numbers of IgG-VH sequences per patient contained in our IgG-VH reference database.
Refer to Supplementary Table S1 for additional clinical information. VHref-CSF represents IgG-VH sequences that are restricted
to the CSF or belong to bicompartmental clusters of IgG-VH sequences; VHref-PB contains IgG-VH sequences from peripheral
blood without a link to the CSF compartment (see Patients and Methods).

CSEF = cerebrospinal fluid; F = female; Ig = immunoglobulin; IgG-VH = IgG heavy chain variable region; M = male; ND = not
determined; OCB = oligoclonal band; PB = peripheral blood; WBC = white blood cell count.

WBC OCB VHref-CSF VHref-PB
1 + 294 135,346
1 + 419 60,609
ND + 1,025 127,973
3 + 61 78,136

+ 1,723 50,207

produced IgG and/or OCBs to myelin,'> myelin pro-
teins,'*"> and Epstein—Barr virus antigens,'® others have
reported an absence of reactivity to myelin antigens.'”

Our own work suggests that IgG-expressing B cells
and/or plasma cells participate in an ongoing exchange
across the blood-brain barrier (BBB), a process operative
during clinically active and also seemingly quiescent
phases of the disease.'® It is not known whether B cells
or plasma cells that express Ig corresponding to OCBs
are also present in the PB, where they may contribute to
CNS-targeted immune responses. Bystander activation in
the periphery has been suggested as a mechanism by
which proinflammatory B cells might support CNS-
directed T-cell-mediated autoimmunity in MS'’; how-
ever, there is currently no evidence in MS linking
antigen-driven immunity in the periphery to targeted
humoral immune responses in the CNS compartment.

We performed extensive mass-spectrometric proteo-
mic analysis of CSF OCBs from 5 MS patients; previously
described IgG heavy chain variable region (IgG-VH)
sequence data sets obtained by deep-immune repertoire
sequencing of PB and CSF were used for reference to
match proteomic data with IgG-VH transcripts.'® Our
findings suggest that ongoing antigenic stimulation and
maturation of B cells to antibody-expressing plasma cells
and plasmablasts occurs mostly inside the CNS compart-
ment. More importantly, we show that B cells involved in
OCB expression may also egress into the PB, where they
may undergo further affinity maturation.

Patients and Methods

Patients and Samples
CSF samples from 5 patients who provided informed consent
and who met diagnostic criteria for MS*® were available for our
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studies (Table 1; Supplementary Table S1 for additional clinical
information). All patients displayed multiple OCBs in their
CSF that were not detectable in their serum. Immediately after
CSF collection via lumbar puncture (LP), CSF was centrifuged
and supernatants were stored separately from cell pellets at
—80°C; PB was obtained during the same patient visit. All 5
patients have been previously reported.'® IgG-VH transcrip-
tomes were generated from CSF cells and PB mononuclear cells
(PBMCs) using deep immune repertoire sequencing (DIRS).
OCB IgG proteomes were analyzed by mass spectrometry using
IgG isolated from CSF supernatants and separated by IEE. The
study was approved by the University of California, San Fran-
cisco Committee on Human Research.

DIRS

In brief, RNA from the CSF cell pellet or PBMC (1 X 10°)
was isolated and reverse transcribed using the SMARTer
RACE ¢DNA Amplification Kit (Clontech, Mountain View,
CA). cDNA was amplified using the SMARTer RACE univer-
sal 5 primer mix and an IgG isotype-specific 3’ primer
(5-GGG AAG ACS GAT GGG CCC TTG GTG G-3') to
allow for unbiased, Ig heavy chain variable germline gene
(IGHV)-independent amplification of IgG-VHs. IgG-VH
transcript libraries were prepared using GS FLX Titanium
kits (Lib-L chemistry, 454 sequencing; Roche, Basel, Switzer-
land). Polymerase chain reaction (PCR) amplification was
performed at 95°C for 5 minutes; 95°C for 30 seconds, 65°C
for 30 seconds, and 72°C for 1 minute for 33 cycles; and
72°C for 7 minutes. IgG-VH PCR products were purified
using AMPure XP beads (Beckman Coulter Genomics, Wal-
tham, MA) and quantified using a Quant-iT PicoGreen
dsDNA kit (Invitrogen, Carlsbad, CA). Purified PCR prod-
ucts were diluted to 1 X 10° molecules/ul and subjected to
emulsion PCR and unidirectional sequencing (from the IgG
isotype—specific primer end) using the GS FLX Titanium
Lib-L chemistry (Roche).
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IgG-VH Repertoire Sequence Analysis

For all IgG-VH sequencing reads, IGHV and Ig heavy chain
joining (IGHJ) germline gene usage, and IgG heavy chain
CDR3 region (H-CDR3) were determined using VD]Fasta
software as previously described?®!; in addition to unique
sequence identifiers resulting from DIRS, each sequence was
tagged with a patient-specific identifier and the compartment of
origin (CSF or PBMC). Reads not passing quality criteria
(uniquely classified IGHV, IGH], and H-CDR3) were filtered
from subsequent analysis. An average of 16,892 (standard devi-
ation [SD]==*10,248) CSF IgG-VHs and 318,130
(SD = *114,984) PBMC IgG-VHs were generated from each
sample (CSF IgG-VHs per patient MS-1, 5,661; MS-2,
20,752; MS-3, 25,658; MS-4, 6,164; MS-5, 26,226; PBMC
IgG-VHs per patient: MS-1, 507,411; MS-2, 235,515; MS-3,
243,301; MS-4, 347,616; MS-5, 256,809). Only sequences
with contiguous reading frames from H-CDRI to the joining
region were used to generate our reference databases (see
below). Clusters of clonally related IgG-VH sequences were
identified using a distance metric approach as previously
described (Levenshtein distance of 0 or 1 between their
H-CDR3 amino acid sequences).*?

Our study was designed (1) to identify proteomic IgG
signatures in CSF (OCB peptides) that would allow us to deter-
mine whether OCBs are exclusively produced by CSF B cells or
can also be linked to peripheral B-cell repertoires, and (2) to
determine whether separate IgG bands (OCBs) on IEF electro-
phoresis might contain clonally related IgG. Availability of
DIRS data permitted clustering of IgG-VHs into groups of clo-
nally related sequences that were derived exclusively from CSF,
exclusively from PB, or from both compartments. To match
IgG-VH transcriptomic with proteomic data, 2 IgG-VH
sequence databases containing sequences that resulted from
DIRS of CSF and PBMCs of all 5 patients were generated:

e VHref-CSF contained a pool of 3,522 IgG-VH
sequences from all 5 patients reported here that were
cither derived from CSF-restricted IgG-VH sequence
clusters, or found in PB and clonally related to CSF-
derived IgG-VHs. In VHref-CSF 2,308 IgG-VHs
were derived from CSF and 1,214 from PB. VHref-
CSF permitted identification of OCB peptides that are
clearly linked to the CSF compartment, either because
they are directly found in the CSF IgG-VH transcrip-
tome, or because they map to PB IgG-VH sequences
that are clonally related to CSF IgG-VHs.

e VHref-PB contained a pool of 452,270 PBMC IgG-
VH transcripts from all 5 patients reported here.
None of the IgG-VHs in VHref-PB had clonally
related sequences among CSF IgG-VHs. VHref-PB
permitted identification of OCB peptides mapping to
IgG-VH sequences contained in PB-restricted clusters,
that is, for which no clonally related IgG-VHs could
be found in the CSF-associated IgG-VH transcriptome
from the same patient.
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Isolation of IgG from CSF, IEF, and Mass
Spectrometry

Four to 6ml of cell-free CSF supernatant was incubated overnight
with Protein G Sepharose 4 Fast Flow beads (GE Healthcare,
Buckinghamshire, UK) in the presence of protease inhibitors and
IgG eluted using glycine buffer at pH 2.8. The eluate was imme-
diately neutralized using Tris buffer and processed for IEF using
the ReadyPrep 2D Cleanup kit (BioRad, Hercules, CA) accord-
ing to the manufacturer’s instructions. Eluates resuspended in
rehydration buffer (BioRad) were loaded onto pH 3 to 10, 11cm
immobilized pH gradient (IPG) strips (BioRad) and rehydrated
for 16 hours. IEF on IPG strips was performed according to the
manufacturer’s instructions. At the completion of the IEF run,
the IPG strips were fixed in trichloroacetic acid (Sigma, St Louis,
MO) and sulfosalicylic acid (Sigma) for 1 hour and stained with
a Colloidal Blue Staining Kit (Invitrogen) for 1 hour. Discrete
bands representing clonal IgG were excised from the IPG strips
and processed for mass spectrometry. Established methods of
tryptic in-gel digestion were used for processing of IPG strip sli-
ces containing OCBs (see Supplementary Methods for details).

IgG-VH Proteome/Transcriptome Comparisons
Masses of tryptic OCB peptides as determined by tandem mass
spectrometry (see Supplementary Methods) were compared to in
silico trypsin-digested IgG-VHs contained in the reference data-
bases (VHref-CSE, VHref-PB). Due to VHref-CSF/PB only con-
taining variable region (IgG-VH) sequences, OCB peptides
mapping to IgG constant regions were not included in our analy-
ses. We applied a multdstep approach to determine whether OCB
peptides were (1) patient specific, (2) mapped to IgG-VH clusters
that support a B-cell exchange between CSF and PB, and 3) map
to IgG-VH clusters represented by separate IgG bands on IEF elec-
trophoresis. First, we identified patient-specific OCB peptides that
were found exclusively in the same patent’s CSF proteome and
IgG-VH transcriptome represented by VHref-CSE For example, a
CSF OCB peptide derived from Patient MS-1 was considered
patient specific if it mapped exclusively to Patient MS-1 IgG-VH
transcripts in VHref-CSF; patient-specific OCB peptides from
Patient MS-2 had to map to MS-2 IgG-VH transcripts, MS-3
OCB peptides had to map to MS-3 IgG-VH transcripts, et cetera,
to be considered patient specific. Second, we analyzed all OCB
peptides to determine whether they mapped uniquely to a single
patients PBMC IgG-VHs in VHref-PB but not in VHref-CSF;
only 1 peptide was found meeting these criteria and was also con-
sidered patient specific. Third, OCB peptides were assigned to
clusters of clonally related IgG-VH sequences (see next paragraph).
Only patient-specific peptides with full sequence confirmation by
tandem mass spectrometry (see Supplementary Methods) were
used for further analysis. All patent-specific OCB peptides were
analyzed via IgBlast (http://www.ncbi.nlm.nih.gov/igblast/) to
determine similarity with known IGHV germline gene sequences.

OCB-Associated IgG-VH Clusters and Lineages

To determine whether peptides mapped to IgG-VHs expressed
by clonally related B cells exclusively found in the CSF, in PB,
or in both compartments, OCB peptides were first aligned to
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FIGURE 1: Bicompartmental B-cell lineage contributing to oligoclonal band (OCB) production in Patient MS-2. Shown are the
(A) lineage tree (hierarchic layout) and (B) alignment of immunoglobulin G (IgG) heavy chain variable region (IgG-VH) amino
acid sequences from cerebrospinal fluid (CSF) and peripheral blood (PB) mononuclear cells. Lineage trees are calculated using
nucleotide sequences IgTree software and displayed using Cytoscape (see Patients and Methods). In the lineage tree, each
round node represents at least 1 unique IgG-VH sequence ranging from at least the 5 end of heavy chain CDR1 region
(H-CDR1) to the 3’ end of H-CDR3; larger nodes represent up to hundreds of identical sequences. CSF-derived 1gG-VHs are
represented by blue nodes, PB-derived IgG-VHs are red. Numbers between nodes are numbers of nucleotide mutations; unla-
beled connections between nodes represent single nucleotide mutations. Putative germline sequences were determined using
SoDA?* and are labeled black; hypothetical intermediates calculated by IgTree are beige. Numbers on lines between nodes
(edges) represent mutational steps (nucleotides) between nodes. Triangular nodes contain 2 or more singleton sequences in
leaves. The OCB peptide (YFAWSAGK) identified from isoelectric focusing band D (see Fig 4) maps to the H-CDR3 and was
only found in a CSF-restricted sublineage. Additional sublineages in PB and CSF suggest that B-cell affinity maturation and

plasma cell maturation (OCB production) occur in parallel in both compartments. IGHV =Ig heavy chain variable germline

gene.

IgG-VH sequences contained in our databases (VHref-CSF/
VHref-PB), and all IgG-VH transcripts containing exact OCB
peptide sequence matches were retrieved from our databases.
Then, IgG-VH sequences with identical IGHV and IGH]
usage, and highly similar/identical H-CDR3 amino acid
sequence were retrieved from our IgG-VH databases to generate
groups (clusters) of clonally related IgG-VH sequences represen-
tative of CSF OCB-derived peptides.

To understand the relationship of OCB peptides with
IgG-VH lineage development during affinity maturation, we
generated lineage trees (for examples see Figs 1-3) of clustered
IgG-VH sequences containing OCB peptide sequences. IgG-
VH sequences with a contiguous reading frame spanning at
least from the 5" end of H-CDRI1 to the 3’ end of H-CDR3
were aligned using ClustalW 2.1.* Putative germline sequences
including the V-D-J junction were determined using SoDA*
and used as tree roots for lineage tree calculations. IgTree soft-
ware? (kindly provided by Dr R. Mehr, Bar-Ilan University,
Ramat-Gan, Israel) was used to place IgG-VH sequences along
lineage trees. Lineage trees were displayed using the hierarchic
(for clusters up to 50 nodes) or organic (for clusters >50
nodes) layout in Cytoscape (version 2.8.3°%); in Figures 1-3,
IgG-VHs exclusively found in CSF are labeled blue, those in
PB are red, and those present in both compartments are green.
Putative germline sequences are black and represent the root of
cach lineage tree. Unknown intermediates calculated by IgTree
are beige. The size of tree nodes is proportional to the number
of identical sequences contained within each node. IgG-VH
amino acid alignments were generated using the MAFFT algo-

rithm?®” within Jalview®® software.
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Results

Oligoclonal Band Peptides Map to IgG-VH
Transcripts from CSF and/or PB

As expected, IEF of purified patient CSF IgG revealed
OCB in all 5 CSF samples (Fig 4). Tryptic digestion of
OCBs, tandem mass spectrometry, and matching of pep-
tide masses to VHref databases yielded a combined 385
OCB peptides from the 5 patients reported here (Supple-
mentary Table S2). About one-third (n = 135) of all identi-
fied OCB peptides were determined as not patient specific
and were excluded from further analysis. A total of 249
OCB peptides were patient specific in VHref-CSE, 79 of
which were fully sequence-confirmed and used for further
analyses (Table 2; Supplementary Tables S2, S3); 1 addi-
tional sequence-confirmed and entirely H-CDR3—derived
OCB peptide from Patient MS-1’s CSF could be specifi-
cally mapped to that patient’s IgG-VH transcriptome in
VHref-PB but not in VHref-CSF (see Supplementary Table
S3, gray shading). Together, 80 patient-specific OCB pep-
tides were identified and used for further analysis.

General OCB Peptide Characteristics

The 80 patient-specific OCB peptides were derived from
18 IEF gel slices (see Fig 4). OCB peptide lengths ranged
from 8 to 27 amino acids; peptide coverage per IgG-VH
sequence ranged from 1 to 4; an overview of OCB pep-
tides mapping to IgG-VH sequences is shown in Supple-
IGHV usage among all OCB

mentary Figure SI.
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FIGURE 2: B-cells involved in oligoclonal band (OCB) production are present in the peripheral blood. Shown are (A-D) exam-
ples of bicompartmental IgG heavy chain variable region (IgG-VH) lineages (hierarchic layout) from Patient MS-5, and (E) a IgG-
VH lineage from Patient MS-1 in which OCB peptides mapped to peripheral blood mononuclear cellimmunoglobulin G (IgG)
sequences exclusively. Cerebrospinal fluid-derived IgG-VHs are represented by blue nodes, peripheral blood-derived 1gG-VHs
are red, and identical sequences found in both compartments are green. Numbers between nodes are numbers of nucleotide
mutations; unlabeled connections between nodes represent single nucleotide mutations. Numbers in nodes are numbers of
OCB peptides mapping to a specific node. Triangular nodes contain 2 or more singleton sequences in leaves. Ig heavy chain
variable germline gene (IGHV) and Ig heavy chain joining (IGHJ) usage, matched peptide, and corresponding representative
CDR3 are indicated per lineage. Amino acids differing from germline segments are underlined; in E, the detected peptide is
entirely located in the non-germline-encoded heavy chain CDR3 region.

peptides reported here and associated IgG-VHs is shown
in Figure 5A; IGHV3-7 (17.7%), IGHV4-30-4/31
(11.8%), IGHV4-39 (17.7%), and IGHV4-59/61
(9.8%) were most frequently found; H-CDR3 length of
peptide-associated IgG-VHs (see Fig 5B) ranged from 10
to 27 amino acids with an average H-CDR3 length of
18.1 = 3.5 (SD) amino acids, as expected for a typical
normal IgG population.

OCB Peptides Reflect Molecular Diversity of
IgG-VHs

We were interested in understanding the molecular diver-
sity associated with patient-specific OCB peptides reported
here. For this purpose, we selected IgG-VHs that con-
tained OCB peptide sequences from our VHref data sets
and generated clusters of OCB-associated, clonally related
IgG-VHs. The resulting clusters are reflective of muta-
tional activity in the IgG-VHs, and clustered IgG-VHs can
be used for phylogenetic lineage analysis. The 80 patient-
specific OCB peptides could be assigned to 52 different
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clusters of clonally related IgG-VHs (see Table 2). Among
the described peptides, 57 differed from IGHV germline
sequences, indicating the presence of somatic mutations;
18 OCB peptides did not yield germline IGHV matches
in IgBlast, generally because these sequences corresponded
in large part to a non—germline-encoded H-CDR3 region
and/or adjacent IGH] sequence; 5 OCB peptides were
identical to germline IGHV but mapped exclusively to
IgG-VHs from Patient MS-2 or Patient MS-5 in VHref-
CSF (see Supplementary Table S3). In general, OCB pep-
tides that map largely or entirely to H-CDR3 sequences,
or include mutations, are the most reliable tools to clearly
assign peptides to a specific IgG-VH cluster. Germline
gene-identical OCB peptides (n = 5; see Supplementary
Table S3) were included in our analyses if they were
patient specific, and within a patent also exclusively
mapped to a single cluster of clonally related IgG-VHs.

In 1 patient (MS-3), we identified a number of
highly similar OCB peptides incorporating amino acid

mutations, demonstrating that progression of somatic

Volume 75, No. 2
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FIGURE 3: B-cell clusters participating in oligoclonal band (OCB) production undergo immune stimulation in the periphery. (A)
Lineage tree (organic layout) and (B) alignment of representative immunoglobulin G (Ig) heavy chain variable region (IgG-VH)
amino acid sequences from Patient MS-5 are shown. Germline node (black arrow), node comprised of cerebrospinal fluid (CSF)
and peripheral blood (PB) mononuclear cell (PBMC) IgG-VH (green arrow), and PB-derived subcluster identified by OCB pep-
tide searches (gray arrow) are indicated. In the alignment, matched OCB peptides are shaded in gray; IgG-VH is derived from
the Ig heavy chain variable germline gene (IGHV)3-9 germline segment. Only representative IgG-VHs are shown. Organic lay-
out was chosen over hierarchic layout because the latter generates very extensive horizontal images. For additional informa-
tion, please refer to the legends of Figures 1 and 2.

hypermutation can be represented in OCBs (Fig 6). the IEF gels (see Fig 4, gray brackets; Supplementary
Numerous OCB peptides mapped to clusters of related Table S3), indicating the presence of related IgG in spa-
IgG-VH sequences that were represented in >1 band on tally separated OCB.
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FIGURE 4: Oligoclonal bands (OCBs) represent diverse and partially related immunoglobulin G (IgG) populations. Shown are
isoelectric focused (IEF) cerebrospinal fluid and serum IgG from Patients MS-1 to MS-5. IEF gels were stained and processed
for mass spectrometry as described in Patients and Methods; analyzed gel slices are labeled with letters. *Gel slices yielding
patient-specific OCB bands. **Gel slices yielding peptides linking to peripheral blood mononuclear cell-only clusters or subclus-
ters. |IEF bands yielding IgG OCB peptides belonging to the same cluster are connected by gray brackets; dashed and solid

lines were used for better visual separation.

OCB-Producing B-Cell Clusters Participate in
Active Immunity on Both Sides of the BBB

To address the question whether OCBs are exclusively
associated with intrathecal immune responses, or whether
B cells in the periphery may also express the same or clo-
nally related Ig genes, we analyzed the compartmental (ie,
CNS vs periphery) contributions in OCB-associated IgG-
VH clusters. We found the majority of patient-specific
OCB peptides to be associated with IgG-VH transcripts
observed exclusively in the CSF (see Table 2; Supplemen-
tary Table S3); this finding supports the well-accepted

finding that significant activation of CNS-restricted B-cell
responses, including affinity maturation of Ig genes and
terminal differentiation to antibody-secreting B cells,
occurs inside the CNS in MS patients.'®??7!

However, we also found a number of OCB pep-

tides mapping to bicompartmental clusters composed of
CSF and/or PB IgG-VH transcripts from Patients MS-1,
MS-2, and MS-5 (see Figs 1, 2A-D, 3). In Patient MS-
2, with clinically quiescent MS, we identified an OCB
peptide from IEF band D (see Fig 4, MS-2) mapping to
the H-CDR3 region (detected peptide: YFAWSAGK;

Patient ID OCB Peptides
MS-1 7 6
MS-2 20 14
MS-3 38 20
MS-4 3 2
MS-5 12 10

ters that were exclusively found in the CSE

TABLE 2. OCB Peptides and Associated IgG-VH Clusters

Associated IgG-VH Clusters

Shown are numbers of OCB peptides that could be uniquely assigned to a specific patient in our IgG-VH reference database and
associated IgG-VH clusters. CSF-restricted IgG-VH clusters are those in which OCB peptides mapped to IgG-VH sequence clus-

CSF = cerebrospinal fluid; IgG-VH = IgG heavy chain variable region; OCB = oligoclonal band.

CSF-Restricted IgG-VH Clusters

5
13
20
2
4
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FIGURE 5: (A) Immunoglobulin G (IgG) heavy chain variable germline gene (IGHV) usage and (B) heavy chain CDR3 region
(H-CDR3) length distribution of IgG heavy chain variable region clusters associated with oligoclonal band (OCB) peptides.

AA = amino acids.

corresponding H-CDR3: CVAVRYFAWSAGKLFDYW)
of a bicompartmental IgG-VH cluster (see Fig 1) utiliz-
ing IGHV4-39 and IGHJ4 germline segments. Align-
of IgG-VH
belonging to this cluster resulted in a lineage tree with 3
distinctive branches. The identified H-CDR3 OCB pep-
tide mapped to a CSF sublineage; in the PB and remain-

ment and lineage analysis sequences

ing CSF sublineage, this sequence portion displayed a
single amino acid replacement from V to A at amino
acid position 6 of the described peptide.

The largest number of OCB peptides mapping to
bicompartmental IgG-VH clusters were found in Patient
MS-5, with active MS and a gadolinium contrast-
enhancing lesion on magnetic resonance imaging (MRI) 1
week prior to LP. In this patient, we identified 12 patient-
specific OCB peptides, 8 of which mapped to bicompart-
mental IgG-VH clusters (see Supplementary Table S3; for
examples, see Figs 2A-D and 3). Interestingly, 2 OCB pep-
tides from Patient MS-5 mapped exclusively to PB IgG-

FRZ2 «— | CDR2
-GLEWIGSVYK SGIAYYNPSLTTR-
Nowoioonnn. S.
VA -
M e conee - S
a0 5.
S B 5
Voo on G.

——>» FR3 «———

VH sequences in a bicompartmental IgG-VH cluster
(see Fig 3). In addition, we identified a single OCB peptide
from Patient MS-1 (detected peptide: VMGFYEDSGYR;
corresponding  H-CDR3: CARVMGFYEDSGYRYFTG
LNDYW; IGHV4-4, IGHJ4) that did not match any
CSF-restricted or bicompartmental IgG-VH clusters;
instead, this peptide mapped to an IgG-VH cluster that
was exclusively comprised of PB-derived Ig transcripts
found in VHref-PB (see Fig 2E).

Discussion

OCBs are produced by clonally expanded, terminally dif-
ferentiated B cells within the CNS compartment; they
are believed to mark a highly targeted immune response
against a specific target antigen, or antigens that await
unequivocal identification; OCBs are among the strong-
est indicators that an antigen-driven humoral immune
process participates in MS pathology. Unfortunately,
OCBs

cannot be readily sequenced, and isolated

CDR3 —JH

-LNSVAAADTATIYYCAR HELLQTPTTSK FGPWGQ-

FIGURE 6: Oligoclonal band (OCB) peptides reveal signs of affinity maturation. Shown is an immunoglobulin G (IgG) heavy
chain variable germline gene 4-39-derived, truncated IgG heavy chain variable region with OCB peptides identified by mass
spectrometry in isoelectric focusing gel slices A, B, D, J, and K (see Fig 4; Supplementary Table S3) in Patient MS-3's cerebro-
spinal fluid. Shaded in light gray are aligned amino acid sequences of identified OCB peptides reflective of ongoing affinity
maturation in a B-cell cluster contributing to OCB production in Patient MS-3. Heavy chain CDR2 region (H-CDR2) and H-CDR3
are in gray frames. Dots indicate identity with the consensus sequence (top).
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proteomic analysis of OCBs is unreliable due to amino
acid changes introduced in the Ig variable region during
affinity maturation. Combining transcriptomic data of Ig
genes involved in OCB expression with OCB proteomic
analysis by mass spectrometry was previously applied to
demonstrate that OCBs are produced by intrathecal
plasma cells and B cells.?? Using next-generation DIRS,
we recently demonstrated in MS and other neurological
disorders that B-cell repertoires on both sides of the BBB
are connected.'® The availability of soluble CSF IgG and
comprehensive CSF and PB IgG-VH immune repertoires
from 5 representative MS patients now enabled us to for-
mally demonstrate that B cells participating in OCB pro-
duction in the CSF can also be found in the periphery.

It is well accepted that OCB are produced by CSF
B cells>'% our finding that most OCB peptides map to
CSF-derived IgG-VH sequences underscores the impor-
tance of such intrathecal antigen-driven immune
responses. However, it is not known whether clusters of
related B cells participating in OCB production are also
present in the periphery; our studies did reveal such a
connection in 3 of 5 patients. Two patients with clini-
cally quiescent MS displayed single OCB-producing
B-cell clusters that potentially participated in exchange
across the BBB. The largest number of bicompartmental
IgG-VH clusters was identified in Patient MS-5, an indi-
vidual with active MS and a contrast-enhancing lesion
on brain MRI 1 week prior to LP. This finding suggests
enhanced migration of B cells across the BBB during
active disease. Our data do not permit a clear statement
regarding directionality of B-cell exchange across the
BBB. However, B cells that participate in OCB produc-
tion likely represent a well-established and temporally
invariable intrathecal immune response.””> Hence, our
findings in Patient MS-5 provide circumstantial evidence
that during active MS, B cells may egress from the CNS
to the periphery. Based on our findings that some CSF-
associated B-cell clusters apparently undergo extensive
somatic hypermutation (ie, affinity maturation) in the
periphery, it is also possible that B cells that have already
participated in intrathecal immune stimulation and OCB
production can egress from the CNS and undergo
antigen-directed restimulation in the periphery. Clonal
B-cell reservoirs may be a source of replenishment for
OCB-producing B cells; such reservoirs may be located
within the CSE in meningeal lymphoid folliclelike struc-
tures,'" intraparenchymal B-cell infiltrates, or the
periphery.

Placing OCB peptides along lineage trees has
helped to clarify the relationship between OCB produc-
tion and B-cell affinity maturation. We found a number
of instances in which OCB peptides could be clearly
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assigned to an IgG-VH cluster but within this cluster
mapped to a distinct sublineage, an observation that
pertains to both CSF-restricted and bicompartmental
IgG-VH clusters. Thus, it is possible that clonal B-cell
expansion and plasma cell differentiation necessary for
OCB production are a function of dynamic B-cell
immunity rather than its final result. Within permissive
inflammatory environments, plasma cell maturation and
affinity maturation likely occur in parallel, resulting in
antibody populations derived from clonally related B
cells that may contain heavy chain variable regions reflec-
tive of different stages of affinity maturation.

An important question awaiting elucidation is
whether OCB  contribute to tissue damage in MS.
B-cell-depleting therapy with the anti-CD20-targeting
monoclonal antibodies rituximab and ocrelizumab was
recently found to rapidly and effectively suppress inflam-
matory disease activity in MS.>>™ Interestingly, in one
report OCB were unchanged 24 weeks after rituximab
therapy despite a reduction in intrathecal B-cell num-
bers,®® to some degree suggesting an inferior role of
OCBs in MS immune pathology. Conversely, there is
evidence that limiting migration of lymphocytes across
the BBB by natalizumab (anti-VLA4 antibody) signifi-
cantly reduces intrathecal antibody production.””® Our
data presented here support the concept that disease-
relevant B-cell immune responses are active on both sides
of the BBB, a connection that could be effectively inter-
rupted by natalizumab.

Antigens recognized by OCBs or intrathecal B cells
remain unknown, despite extensive efforts by many
groups, and despite growing evidence that these immune
responses must be driven by specific immunogenic stim-
uli. We find that clonally related IgG-VH sequences are
associated with OCB that are spatially separated on IEF
gels. Thus, immune responses against target epitopes
could be represented by numerous OCBs; in other
words, the presence of numerous OCBs does not neces-
sarily constitute an intrathecal immune response against
multiple target epitopes. Our finding that B-cell clusters
producing OCBs in the CNS also undergo somatic
hypermutation in the periphery strongly suggests the
presence of identical or highly similar antigens on both
sides of the BBB. Recently, antibodies against the potas-
sium channel protein KIR4.1 have been described in
almost 50% or MS patients’ serum,”” and injection of
purified KIR4.1 antibodies into the CSF compartment
of mice was shown to induce CNS tissue damage. The
initial trigger of KIR4.1-directed autoimmunity is
unknown; however, molecular mimicry between periph-
eral and CNS self or foreign antigens could be an impor-
tant  concept

supporting  bicompartmental ~ B-cell
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immunity in MS. The pathological relevance of immune
responses against myelin oligodendrocyte glycoprotein
(MOG) and myelin basic protein (MBP) has been con-
troversially discussed in MS; mimicry between MOG
and the milk protein butyrophilin has been demonstrated
for both antibodies and T cells in MS.>®?? MBP-specific
T-cell clones have also been found to react to viral
peptides.*

We provide evidence for a deep connection between
OCB and B-cell clusters in patients with MS, and we
demonstrate for the first time that “OCBs” (ie, antibod-
ies represented by OCBs) can theoretically be produced
in the periphery. In single individuals, multiple different
bands are comprised of closely related protein sequences
corresponding to clonally expanded B cells present in the
nervous system and also in the periphery. Remarkably,
some B-cell clusters or subclusters corresponding to
OCBs are observed only in the PB. Perhaps sampling at
an earlier or different time or at a significantly greater
sequencing depth would have identified the B cells corre-
sponding to these OCBs in the CSE or alternatively
some OCBs could be the product of B cells present in
the meninges or brain parenchyma but not in CSE
Whatever the explanation, the finding that some OCB
specificities are connected only to PB B cells indicates
that disease-relevant B cells circulate between the CNS
and peripheral compartments. Equally important, this
finding suggests that the periphery represents a site of
persistence and also likely of activation of pathogenic B
cells in MS. Lastly, our findings add support to the con-
cept that molecular sequencing of B-cell receptors could
be used as a diagnostic and monitoring tool for longitu-
dinal tracking of disease activity in MS.'®
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