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ABSTRACT The regulatory functions of the B-cell compartment play an important role in the development and
suppression of the immune response. Disruption of their anti-inflammatory functions may lead to the accel-
eration of immunopathological processes, and to autoimmune diseases, in particular. Unfortunately, the exact
mechanism underlying the functioning and development of regulatory B cells (Breg) has not yet been fully
elucidated. Almost nothing is known about their specificity and the structure of their B-cell receptors (BCRs).
In this research, we analyzed the BCR repertoire of the transitional Breg (tBreg) subpopulation with the
CD19'CD24"e:CD38"¢" phenotype in patients with multiple sclerosis (MS), using next-generation sequencing
(NGS). We show, for the first time, that the immunoglobulin germline distribution in the tBreg subpopula-
tion is different between MS patients and healthy donors. The registered variation was more significant in
patients with a more severe form of the disease, highly active MS (HAMS), compared to those with benign
MS (BMS). Our data suggest that during MS development, deviations in the immunoglobulin Breg reper-
toire occur already at the early stage of B-cell maturation, namely at the stage of tBregs: between immature
B cells in the bone marrow and mature peripheral B cells.

KEYWORDS multiple sclerosis, neurodegeneration, immunoglobulin, transitional B cells, NGS, regulatory
B cells, BCR-Seq, germline, TrB.

ABBREVIATIONS MS — multiple sclerosis; CNS — central nervous system; HAMS — highly active multiple scle-
rosis; BMS — benign multiple sclerosis; Breg — regulatory B cell; tBreg — transitional regulatory B cell.

INTRODUCTION
Multiple sclerosis (MS) is one of the most common
chronic autoimmune diseases of the central nervous

was discovered, the main role in its pathogenesis has
been assigned exclusively to the T cell-mediated im-
munity. However, over the past decade, a lot of ev-

system (CNS). It affects more than 2.3 million peo-
ple worldwide [1]. Its triggering mechanism, and its
mechanism of immune-mediated neurodegeneration
in particular, still remains unknown, which causes sig-
nificant difficulties in efforts to design a strategy for
MS treatment and drug development [2—4]. Since MS
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idence has emerged confirming that B cells are di-
rectly involved in the development of autoimmune
processes, including MS [5]. MS patients have been
shown to have elevated titers of autoreactive anti-
bodies that specifically recognize native components
of the myelin sheath. Moreover, the catalytic immu-
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noglobulins that hydrolyze the myelin basic protein
(MBP), one of the characteristic autoantigens in MS,
have also been found exceptionally in MS patients, as
opposed to healthy donors or patients with other neu-
rodegenerative diseases [6—8]. Despite the long history
of MS research, its exact etiology still remains elusive.
Molecular mimicry, epitope spreading, and cross-re-
activity are believed to underlie the mechanisms of
viral induction of the disease [9-15]. The immuno-
globulin repertoire of MS patients contains cross-reac-
tive antibodies capable of simultaneously binding the
human myelin basic protein and components of the
Epstein—Barr virus [15, 16]

Regulatory B cells (Bregs), a new subpopulation
of B cells, have recently become the object of in-
creasing attention [17,18]. The fundamental inter-
est in them lies in the need to understand the exact
mechanism of suppression of the inflammatory re-
sponse by B cells. There is no clear understanding
at what stage of maturation a B cell acquires regula-
tory functions and how it is affected by BCR speci-
ficity. From a practical point of view, Bregs attract
one’s attention as the cells directly involved in the
development of autoimmune and lymphoprolifera-
tive pathologies. However, it is impossible to draw an
unambiguous conclusion about the exact deviations
that happen during autoimmune inflammation: there
can be a change in the number of Breg cells, a dis-
ruption of their functions, or a combination of these
two phenomena. Furthermore, there is limited infor-
mation regarding the specificity of Bregs, although it
has been shown that they require a B-cell receptor
for proper functioning [19]. It is unclear whether the
development of an autoimmune response is accompa-
nied by disruptions in the maturation of Breg immu-
noglobulin genes and whether these regulatory cells
can be autoreactive. It is not known at what stage
of development the most significant changes in the
Breg pool occur: in naive, transitional, or mature B
cells? Earlier, we found an increased number of tran-
sitional Bregs (tBregs) in the peripheral blood of MS
patients [20]. Notably, the tBregs’ immunoglobulin
heavy chains in MS patients carry fewer hypermuta-
tions compared to healthy donors.

In the present study, we have examined wheth-
er the structures of B-cell receptors from one of
the most fully described subpopulations of tBregs,
CD19*CD24hshCD38eh differ in MS patients and
healthy donors. The NGS analysis of BCR sequenc-
es (BCR-Seq) revealed that the distribution of a
number of immunoglobulin germline genes in MS
patients differs from that in healthy individuals.
Moreover, during our analysis of the total pool of
B cells and the tBreg subpopulation, both an excess

and decrease in germline occurrence were observed
in comparison with the normal range. It is important
to note that this difference is more pronounced in
patients with a more severe disease course (highly
active MS (HAMS) [21]) compared to those with be-
nign MS (BMS) [22].

EXPERIMENTAL

MS patients and healthy donors

Peripheral blood was sampled from nine patients
with MS and six healthy donors (Table 1) at the
Sixth Neurological Department of the Research
Center of Neurology (Moscow, Russia). The patients
with MS were aged 23—-61 years (mean, 40.0 £ 9.1).
Disease severity according to the EDSS scale ranged
from 1.5 to 8.5. EDSS scores from 0 to 10 were cal-
culated using the Kurtzke Expanded Disability
Status Scale (EDSS) [23]. Five patients with HAMS
and four patients with BMS were selected for the
study. Data on the disease course, as well as treat-
ment duration and history, were collected (Table 1).
The study was approved by the local ethics commit-
tee of the Neurology Research Center and was con-
ducted in full compliance with the WMA Declaration
of Helsinki, ICH GCP, and relevant local legislation.
All patients provided written informed consent after
discussion of the study protocol.

Isolation of B cells from peripheral blood
Mononuclear cells from the peripheral blood of MS
patients and healthy donors were obtained by sed-
imentation enrichment using Ficoll density gradi-
ent centrifugation. The residual erythrocyte frac-
tion was removed using a ACK lysing buffer. The
resulting mononuclear cells were filtered through a
40-mm nylon filter and stained with fluorescent an-
tibodies: a-CD19-PE-Cy7, a-CD24-PE, a-CD38-APC,
a-CD45-APC-Cy7 (Bio-legend, USA), and SYTOX
Green dead cell stain (ThermoFisher Scientific) for
60 min at +4°C in the dark. The populations of tBregs
(CD197CD24"ehCD38Me") and total B cells (CD19%)
were collected directly into microcentrifuge tubes
containing a Qiazol lysis buffer (Qiagen, Germany).
Cell sorting was performed using a BD FACSAria IIT
flow cytometer.

Library preparation for immunoglobulin

sequencing (RT-PCR)

RNA isolation was performed using an RNeasy Mini
Kit (Qiagen, Germany) according to the manufac-
turer’s protocol. Reverse transcription (RT) was car-
ried out using an MMLV RT kit with oligo(dT) and
random primers according to the manufacturer’s in-
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structions (Evrogen, Russia). Oligonucleotides for the
amplification of variable fragments of human immu-
noglobulins VH and VL contained 15 forward prim-
ers for VH and four reverse primers for the human
heavy chain J fragment, 13 Vx forward primers and
two Jx reverse primers for the kappa light chain, and
16 VA forward primers and three reverse primers JA
for the lambda light chain [24]. Fifteen VH forward
primers were used individually in each sample in a
50 pL reaction mixture with an equimolar mixture
of four JH reverse primers. Thirteen Vx primers and
sixteen VA primers were used individually to ampli-
fy the VL genes with an appropriate mixture of two
Vx reverse primers or three VA reverse primers in
50 pL of the reaction mixture for each sample. cDNA
(0.02 pg) was used as a template in PCR performed
with the Hot Start Taq Master Mix kit (Evrogen,
Russia). The PCR conditions were as follows: one step
(94°C — 3 min); one cycle (94°C — 25 s, 62°C — 25 s,
72°C — 25 s); two cycles (94°C — 25 s, 60°C — 25 s,
72°C — 25 s); two cycles (94°C — 25 s, 58°C — 25 s,
72°C — 25 s); three cycles (94°C — 25 s, 56°C — 25 s,
72°C — 25 s); three cycles (94°C — 25 s, 54°C — 25 s,
72°C — 25 s); 30 cycles (94°C — 25 s, 52°C — 25 s, 72°C
— 25 s); and final elongation (72°C — 4 min). PCR mix-
tures of 15 VH gene samples, 13 Vx gene samples,
and 16 VA gene samples were individually pooled and
concentrated to 50—80 pL using an Amicon 30 kDa
centrifugal filter unit (Merck, Millipore). The PCR
products (~ 400 bp) VH, Vx, and VA were loaded onto
1.5% agarose gel and purified using an agarose gel
DNA purification kit (Monarch, NEB).

Next-generation sequencing of VH, V¥, and

VA variable immunoglobulin fragments

One pg of purified VH, V%, and VA PCR product was
ligated to NEBNext Multiplex Oligos adapters using
the NEBNext Ultra DNA Library Preparation Kit for
Illumina (NEB). Libraries were sequenced on a MiSeq
system using a 2 X 300 bp sequencing kit (Illumina)
at the Genomics Core Facility SB RAS (Institute of
Chemical Biology and Fundamental Medicine SB
RAS, Novosibirsk, Russia).

Analysis of the NGS data

The analysis was carried out using the MiXCR soft-
ware [25] in two stages. Initially, raw sequencing data
were processed using the default MiXCR algorithm
(align, assemble, export) employing the IMGT library
as a germline gene reference. The generated reads
successfully aligned with the germline genes and con-
taining the complete immunoglobulin target sequence
(CDR1 + FR2 + CDR2 + FR3 + CDR3) were then
subjected to resampling to normalize different num-
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bers of reads. When analyzing the occurrence fre-
quency of germline genes, mutations in the variable
fragments VH, Vx, and VA were not taken into ac-
count.

Statistical analysis

The statistical analysis was performed using the
Prism 6 software utilizing the Mann—Whitney test
and paired Student’s t-test.

RESULTS AND DISCUSSION
Recently, there has been a growing number of stud-
ies demonstrating the importance of B cells in the
regulation of autoimmune diseases, including MS
[26, 27]. However, the Breg subpopulations in MS pa-
tients still have not been fully characterized. To date,
very little data have been published on the speci-
ficity and structure of their B-cell receptors. For a
deeper understanding of the nature of Bregs de-
velopment and characterization of their maturation,
we analyzed the CD19*CD24"s:CD38"e" subpopula-
tion, one of the most convincingly-confirmed phe-
notypic portraits of tBregs, which are at an inter-
mediate stage of development between immature
bone marrow cells and fully mature naive B cells
in peripheral blood and secondary lymphoid tissues
[28, 29]. Peripheral blood samples were obtained
from nine patients with MS and six healthy donors
(Table 1). Mononuclear cells were stained with an-
tibodies against the CD19, CD24, and CD38 surface
markers. The total pool of CD19* B cells and tBreg
CD197CD24"e"CD38"et were separately obtained by
cell sorting for subsequent RNA isolation and se-
quence analysis of B-cell receptors. For this pur-
pose, the sequences of the variable fragments of the
heavy (VH) and light (VL) immunoglobulin chains
of each patient were amplified from cDNA synthe-
sized from the isolated RNA, and, then, NGS of the
VH, Vx, and VA genes was performed. For a fair
analysis, sequencing of the immunoglobulin reper-
toire of the total B-cell pool and the subset of tran-
sitional Bregs was performed with a read depth of
at least five functional reads per sorted cell. After
all the stages of bioinformatic filtering, we obtained
an average of 83,100 functional sequences for the
heavy chain; 37,591 sequences for the kappa chain;
and 34,565 sequences for the lambda chain of the
total pool of CD19+ cells and tBreg subpopulation
with the CD197CD24"¢,CD38"¢h phenotype. The se-
quences are available in the ArrayExpress repository
(https://www.ebi.ac.uk/arrayexpress/experiments/E-
MTAB-10859).

To analyze the distribution of the VH, Vk, and
VA germlines, we used primers capable of amplify-
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Table 1. List of MS patients and healthy donors participating in the study

No. pherlxl)fypel ;2%?’5 Sex EDSS? Treatment? Diseas}tae;i;ration,
MS1 BMS 56 female 2.5 No treatment 11
MS2 BMS 61 female 3 No treatment 26
MS3 BMS 43 female 1.5 No treatment 12
MS4 BMS 36 male 2.5 No treatment 14
MS5 HAMS 33 male 6 IFNB1b (2006—2011; 2014-2017). 12
MS6 HAMS 23 male 5) No treatment 3
MS7 HAMS 37 female 5 IFNB1b (2014-2016). GA (2016—2017). 5
MS8 HAMS 29 female 8 GA (2012-2014). IVIG (2014). IFNB1b (2015-2016). 12
MS9 HAMS 39 female 8.5 No treatment 8
HD1 Healthy 24 female - - -
HD2 Healthy 40 female - - -
HD3 Healthy 36 male - - -
HD4 Healthy 27 female - - -
HD5 Healthy 42 female = = -
HD6 Healthy 25 female - - -

' BMS — patient with benign MS; HAMS — highly active MS; HD — healthy donor.

2EDSS — the Expanded Disability Status Scale.

3IFNB1b — interferon-p-1b; GA — glatiramer acetate; IVIG — intravenous immunoglobulin.

ing almost all possible variants of the V, DJ, V J,,
and V,J.. functional fragments. When comparing the
distribution of IgVH genes in patients with MS and
healthy donors, all seven functional families of VH
were amplified. The IGHV3 germline genes were
most abundant in MS patients and healthy donors in
both the total B-cell pool and the tBreg subpopulation.
The IGHV2-26, IGHV2-5, IGHV2-70 germline im-
munoglobulin sequences, which are present in small
amounts in almost every healthy individual, disappear
during the development of MS (Fig. 1). In patients
with a more severe disease (HAMS), the variation
in the repertoire of tBreg immunoglobulin genes in-
creases as compared to healthy donors. The IGHV3-66
germline occurs in healthy donors and patients with
BMS at a comparable level, but this gene almost com-
pletely disappears in HAMS patients. One of the ma-
jor germlines, IGHV5-51, is observed in all the ana-
lyzed donors, but its frequency decreases significantly
in MS patients. Contrariwise, the only IGHV4-31 gene
is more frequent in MS patients both in the total pool
of B cells and in the tBreg subpopulation. This corre-

lates with the previously published data on increased
levels of the IGHV4 family in the B-cell repertoire of
the peripheral blood and cerebrospinal fluid of MS
patients [30, 31].

The repertoire of germline genes encoding light
chains of Breg immunoglobulins also differs be-
tween MS patients and healthy donors. The por-
tion of IGKV1-12 germline, which is normally found
in approximately 2% of immunoglobulin sequences,
decreases below 1% in the case of HAMS patients
(F1g. 2). In BMS patients with a milder disease course,
the frequency of the IGKV1-12 germline does not
differ from that in healthy donors. The IGKV1-33
germline is less common not only in HAMS patients,
but also in the entire group of MS patients, which in-
cludes patients with both disease courses. On the con-
trary, IGKV2D-24, IGKV3-11, and IGKV6D-21 germ-
line genes are significantly more common in HAMS
patients than in healthy donors. The IGKV2D-29,
IGKV3D-20, and IGKV6-21 genes are more preva-
lent both in HAMS patients and in the MS group in
general. For the kappa light chain, the distribution of
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Fig. 1. Differential usage of germline Ig VH-gene segments in MS patients and healthy donors. The frequency of 49
functional VH genes in patients with MS, separately for BMS and HAMS, was analyzed. The frequency of VH germline
genes in healthy donors (HD) was analyzed as a control. The distribution of the germline gene repertoire was compared
between the total pool of peripheral blood B cells (CD19+) and tBregs with the CD19*CD24""CD38"s" phenotype.
Histograms show the comparison of patients with different types of MS courses to healthy donors, where the average
value (mean = SD) of the proportion of IgG sequences related to the indicated germline is provided for each group. The
individual values of the proportion of immunoglobulin germline genes for each patient are compared for the total pool

of B cells (total, gray dots) and the subpopulation of transient regulatory B cells (1Bregs, green dots) and shown to the
right of the histogram. The data are provided only for the germline genes for which a statistically significant difference
was shown in at least one analyzed parameter (comparison of different types of MS courses against healthy donors was
performed using the Mann—Whitney test; comparison of the total pool of B cells with the tBreg subpopulation was per-
formed using the paired t-test; only statistically significant p-values are shown)
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Fig. 2. Differential usage of germline I|g Vk-gene segments in MS patients and healthy donors. Frequency of 41 func-
tional Vk genes in MS patients, separately for BMS and HAMS patients, was analyzed. The frequency of Vk germline
genes in healthy donors (HD) was analyzed as a control. The distribution of the germline gene repertoire was compared
between the total pool of peripheral blood B cells (CD19+) and tBregs with the CD19+CD24"s"CD38"s" phenotype.
Histograms show the comparison of patients with different types of MS course and healthy donors, where the average
value (mean * SD) of the proportion of IgG sequences related to the indicated germline is provided for each group of
patients. Individual values of the proportion of immunoglobulin germline genes for each patient are compared for the to-
tal pool of B cells (total, gray dots) and the subpopulation of transient regulatory B cells (tBregs, green dots) and shown
to the right of the histogram. The data are provided only for germline genes, for which a statistically significant difference
was shown in at least one analyzed parameter (comparison of patients with different types of MS course against healthy
donors was performed using the Mann—Whitney test; comparison of the total pool of B cells with the subpopulation of
tBregs was performed using the paired t-test; only statistically significant p-values are shown)
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Fig. 3. Differential usage of germline Ilg VA-gene segments in MS patients and healthy donors. Frequency of 26 functional
V) genes in MS patients, separately for BMS and HAMS patients, was analyzed. The frequency of VA germline genes in
healthy donors (HD) was analyzed as a control. The distribution of the germline gene repertoire was compared between
the total pool of peripheral blood B cells (CD19+) and tBregs with the CD19+*CD24"s"CD38"" phenotype. Histograms
show a comparison of patients with different types of MS courses and healthy donors, where the average value (mean

+ SD) of the proportion of IgG sequences related to the indicated germline is provided for each group. Individual values
of the proportion of immunoglobulin germline genes for each patient are compared for the total pool of B cells (total,
gray dots) and the subpopulation of transient regulatory B cells (1Bregs, green dots) and shown to the right of the
histogram. The data are provided only for the germline genes for which a statistically significant difference was shown in
at least one analyzed parameter (comparison of patients with different types of MS courses against healthy donors was
performed using the Mann—Whitney test; comparison of the total pool of B cells with the subpopulation of tBregs was

performed using the paired t-test; only statistically significant p-values are shown)
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germline genes in the tBreg population does not sig-
nificantly differ between BMS patients and healthy
donors.

Differences in the distribution of immunoglobulin
germline genes in tBregs during MS development are
also observed in the case of the lambda light chain
isotype (Fig. 3). The IGLV1-36 germline is almost
never observed in healthy donors and BMS patients,
but its frequency significantly rises to 0.5% in HAMS
patients. The frequency of IGLV1-44 and IGLV3-21
germline genes is increased in patients with any type
of MS course; however, a statistically significant dif-
ference is observed only between HAMS patients
and healthy donors. The distribution of IGLV2-8,
IGLV2-14, and IGLV2-23 germline genes does not dif-
fer between BMS patients and healthy donors, but
their frequency significantly decreases with the de-
velopment of HAMS. Interestingly, representation of
the IGLV7-43 germline gene, conversely, is approxi-
mately the same in HAMS patients and healthy do-
nors, but significantly decreases in BMS patients.

CONCLUSIONS

Immunological studies carried out in the 21st centu-
ry have confirmed the crucial role of Bregs in main-
taining immunotolerance, as well as controlling and
reducing the inflammatory response. There are still
many questions regarding the exact mechanism of
its regulation, but it is obvious that a violation of the
number and function of Breg cells leads to the devel-
opment of various immunological pathologies, among
which MS is particularly prominent. A detailed elu-
cidation of inflammatory regulation by B cells will
allow us not only to determine the etiology of auto-
immune pathologies, but also may contribute to the
development of Breg-based therapy in the near fu-
ture. Immunoglobulins play an important role in the
immune response by being exposed as antigen-spe-
cific receptors on the B-cell surface, as well as se-
creted antibodies. The recent progress achieved in
the NGS analysis makes it possible to identify immu-
noglobulin repertoires with an unprecedented high
level of detailing [32]. Therefore, it is extremely im-
portant to study the structure and functions of im-
munoglobulins, their specificity, and epigenetic status
to understand the fundamental principles of MS on-
set and progression. Over the recent years, more and
more patterns and stereotyped antibody responses
have been discovered, when different individuals pro-
duce immunoglobulins recognizing certain antigenic
epitopes using the same IgV genes [32—34]. In other
words, certain immunoglobulin germlines exhibit tro-
pism to certain antigens. Accordingly, variations in the
usage of some immunoglobulin germline genes can be

associated with a different antibody’s ability to gener-
ate an effective immune response, which may mani-
fest itself as predisposition to various diseases, includ-
ing autoimmune ones. It is likely that the differences
in the germline gene frequency in each individual
can be the result of an antiviral or autoimmune re-
sponse. Before the onset of antigen-dependent B cell
differentiation mediated by somatic hypermutation
of immunoglobulin sequences, the diversity of imma-
ture B cells, including tBregs, is almost entirely de-
termined by the configuration of the body’s germline
genes (V(D)J recombination). Therefore, a detailed
study of the immunoglobulin repertoire of immature
B cells in patients with various autoimmune diseases,
including MS, will help determine which rearrange-
ments in the immunoglobulin germline genes can lead
to functional disorders of the immune system.

The present study revealed that the distribution of
immunoglobulin germline genes in the tBreg popu-
lation in MS patients differs from that in a healthy
person. Particularly significant differences are ob-
served for the IGLV1-44 and IGHV2-5 germlines.
The IGLV1-44 lambda chain germline is almost ab-
sent in the tBreg subpopulation of a healthy person
but is found in MS patients. The IGHV4-31 germ-
line is more frequent during MS development, both
in the total pool of B cells and in the tBreg subpop-
ulation. The opposite situation is observed for the
IGHV2-26, IGHV2-5, IGHV2-70 germline genes of the
heavy chain: these germlines, although being iden-
tified at small amounts in almost every healthy in-
dividual, disappear in MS patients. Moreover, in the
case of a severe form of the disease, the difference
from the normal value becomes larger. We have also
previously found more significant differences in the
number of peripheral tBregs and their maturation
level in HAMS patients compared with BMS pa-
tients and healthy donors [20]. Therefore, this study
has shown that a more significant variation in the
tBreg CD19*CD38"MehCD24ker subpopulation reper-
toire is associated with a more aggressive MS course.
In general, a similar situation is observed for all the
germlines but IGLV1-44: if the immunoglobulin germ-
line frequency in the total pool of circulating B cells
changes during MS development, a similar picture is
also true for tBregs. Therefore, during the develop-
ment of the autoimmune MS pathology, disruptions
in the distribution of the immunoglobulin germline
genes can be genetically predetermined and occur al-
ready at an early stage of B-cell maturation. To con-
firm this hypothesis, the size of the analyzed patients’
cohorts needs to be increased and the differences in
the structure and specificity of the B-cell receptors of
other Breg subpopulations need to be studied. ®
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