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Abstract

Since the initial report of V (D) J “allelic exclusion/inclusion” (allelic exclusion rearrangement or allelic inclusion rearrange-
ment) and the concept of the “dual B cell receptor (BCR)” in 1961, despite ongoing discoveries, the precise proportion and
source mechanism of dual BCR under physiological conditions have been puzzling immuologists. This study takes advantage
of the single cell B cell receptor sequencing (scBCR-seq) technology, which can perfectly match the heavy and light chains
of BCR at the level of a single B cell, and obtain the full length mRNA sequence of the complementary determining region
3 (CDR3). Through analyzing the pairing of functional IGH (immunoglobulin heavy chain) and IGL (immunoglobulin light
chain) in single B cell from both human and mouse bone marrow and peripheral blood, it was observed that dual BCR B cells
exhibit stable and high levels of expression. Among them, the human bone marrow and peripheral blood contain about 10%
dual (or multiple) BCR B cells, while in mouse peripheral blood and bone marrow memory B cells, this proportion reaches
around 20%. At the same time, we innovatively found that in each research sample of humans and mice, there are three (or
more) functional rearrangements (mMRNA level) of a single chain in a single B cell. By analyzing the position, direction and
other compositional characteristics of the V(D)J gene family, we found that at least two (or more) of them are derived from
over two (or more) specific allelic inclusion rearrangements of a single chromosome (mRNA molecular level evidence),
our findings also highlighted the necessity of classified single cell sequencing data based on single, dual (or multiple) and
cannot be assembled into BCR when analyzing the B cell repertoire. The results of this article provides new methods and
modeling references for evaluating the proportion and source mechanisms of dual BCR B cells, as well as potential signifi-
cance of allelic inclusion (exclusion escape) of V(D)J rearrangement.
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Introduction

The classical clonal selection theory of “one B cell-one anti-
body” [1] is the basis of B cell development, tolerance, and
response, which relies on the V(D)J allelic exclusion rear-
rangement, the B cells did not conform to the rearrangement
rules would undergo apoptosis, that is, the mature B cells
express only one functional Heavy chain and Light chain.
Allelic exclusion was proposed in 1957 and has been studied
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for nearly 60 years, but the detailed mechanism has not been
clarified [2—4]. V(D)J allelic inclusion (incomplete allelic
exclusion or allelic escape) rearrangement and dual BCR B
cells have been widely supported by experiments since it was
reported in 1961 [5]. Nonetheless, owing to the limited scope
of single B cell studies, the exact proportions, mechanisms,
and implications of dual BCR B cells within individuals
remain ambiguous. [6-9]. scBCR-seq enables the analysis of
a large number of single B cells with one (or more) Heavy
chain and light chain mRNA expressing, providing an oppor-
tunity for the intensive investigation of dual BCR propor-
tion and mechanism. In 2019, Qiu et al. [10] pioneered the
use of scVDJ(BCR)-seq technology to analyze peripheral
blood samples from five healthy individuals. They observed
the occurrence of two or more V-D-J (heavy chain) and V-J
(light chain) recombinations in a certain number of single B
cells. By combining scRNA-seq and Sanger sequencing of
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single B cells using PCR, the authors examined the presence
of two or more instances of class switching events in single
B cells that expressed dual (or multiple) BCR. Additionally,
they also investigated the distribution of V-D-J (heavy chain)
and V-J (light chain) in B cells expressing dual (or multiple)
BCR within cell clusters classified as naive B cells, memory
B cells, and plasma B cells. This work has established the
groundwork for conducting research on the dual receptor
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expression in B cells using scRNA + BCR-seq analysis. In
2022, Pelanda et al. [11] compared the rearrangement of dual
K (Kappa-Light Chain, x), dual L (Lambda-Light Chain, ),
and K+L in three healthy individuals and three SLE patients.
Expanding on the groundbreaking research conducted by Qiu
et al. [10] and Pelanda et al. [11] who employed scRNA-seq
technology to explore dual BCR B cells, our study provides
a comprehensive analysis of the proportion and underlying
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«Fig.1 The high proportion dual (or multiple) BCR expressing B
cells. A Graphical abstract. single cell B cell receptor sequencing
samples from human and mouse bone marrow and peripheral blood
were used to analyze the proportion and rearrangement mechanism
of single BCR and multiple BCR. B (1) The proportion of Heavy
and Light chains assembled into single and dual (or multiple) BCR
expressing B cells in human and mice bone marrow and periph-
eral blood. B (2) Statistical comparison of the proportions of H+K
(mice>human) and H+L (human> mice) pairing of single B cells
in human and mice. B (3) Statistical comparison of the proportions of
three chains (H, K, L) assembled into different types of dual BCR in
human. The results was H+K1+K2>H+K+L>H+L1+L2>H+
H+K>H+H+L. B(4) Statistical comparison of the proportions of
three chains (H, K, L) assembled into different types of dual BCR in
mice. The results was H+K1+K2>H+K+L>HI1+H2+K>HI1+
H2+L>H+L1+L2. B(5) Statistical comparison of the proportions
of single BCR and multiple BCR expressing B cells between human
and mice. The figure depicts a statistical analysis of single BCR
(H+K and H+L) B cells and multiple BCR B cells (H1 +H2+K,
H1+H2+L, H+K1+K2, H+L1+L2, H+K+L, others) from
seven human samples and four mouse samples. The results indicate
that the proportion of single BCR B cells in humans is 92.853%,
which is higher than the proportion in mice, 80.458%. Meanwhile, the
proportion of multiple BCR B cells in mice is 19.542%, significantly
higher than that in humans, 7.147%. (1) The proportion of single and
dual (or multiple) BCR B cells was based on the number of cells of
the clone type in each sample. (2) Data in bar graphs are shown as
Mean + SEM. Statistical analysis was performed with unpaired ¢ test,
One-way Anova test, *p<0.05, **p<0.01. (3) H=Heavy Chain,
K =Kappa-Light Chain, L =Lambda-Light Chain

mechanisms governing the origin of these dual BCR B cells.
According to the BCR rearrangement rule, even if both chro-
mosomes are involved in rearrangement, a single B cell can
only rearrange two types of Heavy chains, two types of K and
two types of L chains [3, 4, 9]. We systematically analyzed
human and mouse bone marrow and peripheral blood sam-
ples from multiple laboratories using published and shared “B
cell single cell sequencing V(D)J repertoire”, it is interesting
to note that in the BCR sequence data of single B cells, we
found three or more types of complete mRNAs of heavy or
light chains in each sample [10-13]. This raises the question
of how the V(D)J allelic escape rearrangement occurs in these
B cells. Meanwhile, for the first time, we found a high propor-
tion of B cells expressing dual (or multiple) BCR in single cell
B cell receptor sequencing of human and mouse central and
peripheral B cells (approximately 10% in human bone marrow
and peripheral blood, approximately 20% in mouse memory
B cells from peripheral blood and bone marrow), the detailed
mechanism of formation and the biological significance of
these B cells still require further research and exploration.
Furthermore, this study revealed a high proportion of B cells
theoretically “cannot be assembled into a BCR” based on the
complete mRNA (V-D-J-C) data obtained from single cell B
cell receptor sequencing. These findings suggest that inves-
tigations into BCR repertoire through single cell sequencing
should assess the proportion and significance of B cells that
can be assembled into “functional BCR” while also analyzing

the potential sources and mechanisms of complete IGH and
IGL mRNA.

Materials and methods
The detail information of all samples

The scBCR-seq datasets were download from 10x Com-
pany and Gene Expression Omnibus (GEO) data reposi-
tory. Among them, human bone marrow sample (BMO01) and
peripheral blood sample (HBO8), mouse peripheral blood
sample (PBMC_BALB/C, PBMC_C57BL/6) were all pro-
vided by 10xCompany. Human peripheral blood samples
(HBO1, HB02, HB03) were healthy female volunteers aged
41, 36 and 68. (HB04, HB0OS5, HB06) were all healthy vol-
unteers aged 65 years. Mouse bone marrow samples (bml,
bm?2): single cell suspensions from bone marrow of 3 X NP-
CGG immunized 8-12 weeks female C57BL/6 mice were
prepared and CD19* cells were enriched by magnetic cell
sorting using anti-CD19 microbeads (Miltenyi Biotech).
Ex vivo IgG1*/1gG2b*CD19*CD38*GL7 CD138 IgM~
IgD™ memory B cells were isolated by FACS (Influx cell
sorter (BD Bioscience)) and applied to the 10x Genomics
platform using the Single Cell 5’ Library & Gel Bead Kit
(10x Genomics) following the manufacturer’s instructions.

Definition of functional and non-functional B cells

IGH (Functional) and IGL (Functional) sequences refer
to in-frame recombination of functional V(D)J genes to
form mRNA that can be completely transcribed, and then
expressed as polypeptide chain sequences; functional B cells
refer to a single B cell contains at least one IGH (Func-
tional) sequence and one IGL (Functional) sequence; non-
functional B cells refers to the single B cells(1) no IGH
(Functional) and IGL (Functional) sequences; (2) Only IGH
(Functional) sequences were detected; (3) Only IGL (Func-
tional) sequences were detected.

Functional H and L chain expression
and combination proportion analysis process

1. One type of chain "cannot be assembled into BCR" B
cells: H; K; L.

2. Two types of chains "can be assembled into a single
BCR"B cells: H+K; H+L; Two types of chains "cannot
be assembled into BCR" of B cells: H1 + H2; K1 + K2;
L1+L2;K+L.

3. Three types of chains “can be assembled into dual
BCR” Becells: HI1 +H2+K; HI +H2+L; H+ K1 + K2;
H+L1+L2; H4+K+L. Three types of chains “cannot
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in a single B cell of mouse
(PBMC_C57BL/6) sample. The
proportion of H+K pairing was
significantly higher than H+L
in the single BCR B cells of
both human (HB08) and mouse
(PBMC_C57BL/6) samples.
However, the proportion of
H+L pairing was much lower
in mouse compared to human,
dual or multiple BCR in both
species are mainly H+ K+K
and H+ K +L, indicating that
Kappa is utilized more fre-
quently than Lambda in single
or dual BCR. There are cells
expressing three H chains (three
K chains or three L chains, etc.)
in “others”, examples of the
Vy(D)Jy recombination patterns
and CDR3 sequences in single
cells expressing different types
of single and dual (or multiple)
BCR B cells in both human
peripheral blood (HB08) and
mouse (PBMC_C57BL/6)
samples
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be assembled into BCR” B cells: H1 + H2 + H3; K1 +
K2+ K3;L1+1L2+1L3;KlI+K2+L;K+L1+1L2.

4. Four (or more) types of chains “can be assem-
bled into three or more BCR”: H1 + H2 + H3 + K;;
H1 + H2 + H3 + L; HI + H2 + K1 + K2;
H1 + H2 + L1 +L2; H+ K1 + K2 + K3;
H+L1+L2+L13.

It is rare for five or more types of chains to pair in B cells
and form multiple BCR. Direct analysis does not show com-
binations such as H1 + H2 + H3 + H4 + H5, count to others.

Statistical analysis

Data are presented as Mean + SEM, statistical analysis
with SPSS 29.0 (IBM Corp., Armonk, NY, USA, Version
29.0) software was used to evaluate significant differences
between the groups, and p <0.05 was considered statistically
significant. GraphPad Prism software and Adobe Illustrator
software were used for data visualization.

Results

We analyzed the single cell B cell receptor sequencing data
of bone marrow and peripheral blood in the physiological
condition of human and mice (Fig. 1, Table S1). The main
results are:

1. H+K pairing was significantly higher than H+L in
the single BCR B cells, and the proportion of mouse
H+L pairing was much lower than that of human, the
results consistent with the classical K superiority over
Lambda utilization reported (Fig. 1B, Fig S2). In addi-
tion, we found the dual (or multiple) BCR was mainly
H+K+K, H+K+L, that is, K is also advantage utiliza-
tion than L in dual BCR. In each sample, there are some
H+H+n K/L and H+H+H+n K/L B cells (details
examples in Fig. 2). For the first time, a high propor-
tion of dual (or multiple) BCR B cells (about 10% in
human bone marrow and peripheral blood, about 20%
in mouse peripheral blood and bone marrow memory B
cells) were found (Fig. 1B, Fig S2). It were much higher
than normal subjects (0.2-2%) [14, 15] and normal mice
(0.1-4%) [6, 16] reported by FCM and other technical
studies.

2. A high proportion of single B cells containing three or
more H (or K or L) chain V(D)JC mRNAs were found in
both human and mouse samples. In this study, according
to the position of a large number of V(D)J pairing fami-
lies, V(D)J order on human and mouse H locus, direction
of RSS, 12/23 deletional (looped out) and inversional

rearrangement rules, and H chain D to J recombination
preceding V to DJ recombination rules. We found the
first time that three (or more) V(D)J] mRNAs in a sin-
gle B cell required a “single chromosome with specific
allelic inclusion rearrangement”. BCR H chain required
twice D-J inversional recombination on a single chro-
mosome to form two types VDJIC mRNAs transcripts
(Fig. 3A, B: the rearrangement mechanism and exam-
ples). And the L chain V-J required twice deletional rear-
rangement to form two types VIC mRNAs transcripts on
a single chromosome (Fig. S3). If a single B cell can
express four (or more) mRNAs only when both pater-
nal and maternal chromosomes undergo twice (or more)
rearrangements. The RSS direction of V(D)J in IG gene
locus is different from TR, both V and J of IGH can
undergo deletional and inversional rearrangement with
IGHD (V3' with 7-23-9 RSS, D5’ and D3’ with 7-12-9
RSS, J5'" with 7-23-9 RSS), which greatly increases the
accessibility of secondary or more rearrangements of
the H chain in single chromosome. Individuals initiate
rearrangements of alleles of the heavy (or light) chain
of both paternal and maternal chromosomes, even twice
and more rearrangement on one chromosome which has
very positive implications for increasing the in-frame
rearrangements of effective BCR and the diversity of
BCR repertoire. However, the proportion, mechanism
and significance of its occurrence remain to be studied
in more depth by single cell sequencing, such as the
heavy and light chain pairing rule of dual BCR B cells,
and functional studies at the protein level.

3. In the process of analyzing the V(D)J sequences of
all single B cell samples, we found that a certain pro-
portion of B cells can only detect IGH (Functional)
sequences or only IGL (Functional) sequences, and
these cells cannot express a functional BCR (Fig. S1)
and should not be included in the analysis of B cell
outcomes.

Discussion

Extensive experimental evidence has verified the widely
accepted concept of the “clonal selection theory”, which
proposes that “each lymphocyte expresses only a sin-
gle type of antigen receptor” [1]. This process is mainly
attributed to “allelic exclusion”. However, the exact
mechanisms responsible for allelic exclusion have yet
to be fully elucidated, despite over 60 years of invesim-
mune diseases and plasmacytomas [8, 9, 11, 17], since
the first report of their existence in 1961. Nevertheless,
the proportion and source of these B cells under normal
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physiological conditions have been unresolved problems.
This study takes advantage of the single cell B cell recep-
tor sequencing technology, we systematically analyzed
the proportion and potential mechanisms of IGH and IGL
allelic inclusion rearrangement in B cells from human
and mouse bone marrow and peripheral blood samples
across multiple laboratories using published and shared
“single B cell sequencing data” [10—12]. Qiu et al. [10]
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IGH(F) / CDR3:CARARSKYSYVMDYW

were the first to utilize scRNA-seq to report the presence
of B cells expressing dual (or multiple) BCR in peripheral
blood samples from healthy individuals, while Pelanda
et al. [11] were the first to employ scRNA-seq to report
B cells expressing dual (or multiple) BCR in peripheral
blood samples from SLE patients. We have reported, for
the first time, a high and stable proportion of B cells that
express dual (or multiple) BCR in physiological states,
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«Fig.3 The Special rearrangement mechanisms for three types of
IGH and IGL mRNA in a single B cell and an example of a sin-
gle B cell CDR3 sequence in human and mouse samples. A The H
chain on a single human chromosome experiences two (or more) D-J
inversional rearrangements. A single IGH chain on human chromo-
some 14, where Dy_y initiates the "first inversion rearrangement"
with Jy (depicted by dashed thin trajectory). The 5’ end of Dyx_y
with its 12RSS, binds to the 23RSS of Jy (indicated by dashed bold
trajectory). Subsequently, the 23RSS of Jx_y at the 5’ end engages
with the 12RSS of Dy, to execute a “deletion (loop out) rearrange-
ment,” resulting in the Jy_y-Dy,n combination. Following this, the
Jx_n-Dx,n combination undergoes an "inversion rearrangement” with
Vx to form Vy-Dy, n-Jx_y (the first mRNA transcript). The interme-
diate genes “J1 and D7-27” loop out from the chromosome. At the
3’ end, Dx participates in a “second inversion rearrangement” with
Jx,n resulting in the Dy-Jy,\ combination, which then undergoes
an “inversion rearrangement” with Vy_  to yield the Vg -Dx-Jx n
combination (the second mRNA transcript). B Examples of CDR3
sequences with three H chains from single B cells in both humans
and mouse samples. Based on the VDJ rearrangement pattern illus-
trated in A, provide examples of the composition of single B cell
mRNA sequences for both human and mouse samples. C The L chain
on a single human chromosome experiences two (or more) V-J dele-
tional rearrangements. A single IGL chain on human chromosome
22, the 23RSS of Vy, binds to the 12RSS of J, leading to a “dele-
tion (loop-out) rearrangement” that generates the Vy,\-Jx combina-
tion. Subsequently, the 5" end of Vx and the 3’ end of Jx,\ engage in
another “deletion (loop-out) rearrangement,” resulting in the forma-
tion of Vy-Jy n(the first mRNA transcript). This process leads to the
loop-out of the previously rearranged Vy,n-Jx (the second mRNA
transcript). D Examples of CDR3 sequences with three L chains
from single B cells in both human and mouse samples. Based on the
VIJ rearrangement pattern illustrated in C, provide examples of the
composition of single B cell mRNA sequences for both human and
mouse samples. The H chain required two (or more) D-J inversional
recombination on a single chromosome to form two (or more) VDJC
mRNAs transcripts (among the three types of H in single human and
mouse B cells as shown in the figure, at least two of them are derived
from over two specific allelic inclusion rearrangements of a single
chromosome). The L chain required twice deletional rearrangement
to form two types VJC mRNAs transcripts on a single chromosome
(among the three types of IGL in single human and mouse B cells as
shown in the figure, at least two types of IGL are derived from spe-
cific allelic inclusion rearrangements in a single chromosome)

with approximately 10% in both human bone marrow, as
well as peripheral blood and approximately 20% in mem-
ory B cells in both mouse bone marrow and peripheral
blood. while both single and dual (multiple) BCR B cells
showed the expression of K chain is superior to that of
the L chain. Additionally, our findings reveal that in both
human and mouse central and peripheral, multiple BCR
B cells exhibit expression of five types of chains (y, v, o,
9, €), the evidence suggests that multiple BCR B cells all
possess the capability to undergo class switching. These
observations align with those made in peripheral blood
by Qiu et al. [10]. Furthermore, they conducted further
analysis of the co-expression of types such as IGM + IGA;
IGA +1GD; IGM +1GA +1GG; IGM +1GD +1GG in sin-
gle B cells expressing dual (or multiple) BCR. Consider-
ing the analysis of a limited set of 13 samples in this study,

along with the restricted number of sequenced single B
cells per sample, no significant differences were observed
in VDJ usage and pairing between single and multiple
BCR B cells. This implies that the VDJ rearrangements
in both single and multiple BCR B cells are the result of
random recombination processes.

Meanwhile, during the analysis process of this study, we
innovatively found that in each sample, there are V(D)JC
mRNA sequences containing three or more H (or K or L
chains) in a single B cell, which are derived from single
chromosome with specific allelic inclusion rearrangement.
That is, the BCR H chain required twice D-J inversional
recombination, K chain V-J required twice deletional or
inversional rearrangements, and L chain V-J required twice
deletional rearrangement to form two types of V(D)JC
mRNA transcripts on a single chromosome (mRNA molecu-
lar level evidence). We have identified a novel mechanism of
“allelic exclusion escape” involving “dual (or multiple) rear-
rangements” on a single chromosome, which provides new
technical approaches for modeling “allelic exclusion escape”
and related studies. However, In physiological conditions,
it remains to be further studied why B cells undergo a high
proportion of “three (or more) times” functional rearrange-
ment of heavy and light chains. The results of this article
provides a more accurate and comprehensive understanding
of B cell diversity and function, which may help address
potential biases in the application of single cell sequencing
in BCR repertoire studies.

Currently, in the analysis of single cell B cell receptor
sequencing results, many laboratories primarily conduct
comparative statistical analyses of total B cells based on
the “barcode” of each cell. In our study, we performed
separate statistical analyses, comparing the total num-
ber of B cells (Fig. 1) and number of clone type cells
(Fig. S2) for each individual BCR sequencing sample.
Among these 13 samples, it has been observed that the
vast majority of single BCR B cells and dual BCR B cells
are monoclonal. However, B cells expressing two distinct
types of BCR exhibit instances of clonal expansion with
clone counts equal to or greater than two. It is worth not-
ing that under normal physiological conditions, the clonal
expansion proportion of dual BCR B cells remains very
low. Nevertheless, our study has found a higher proportion
of clonal expansion among dual BCR B cells in autoim-
mune pathologies closely associated with them [11, 17].
By considering both the total number of B cells and num-
ber of clone type cells, analyzing the VDI rearrangement
mechanisms and usage biases of dual BCR B cells could
unveil novel targets for immunodiagnosis and therapeutic
interventions in diseases.

In single cell B cell receptor sequencing results, the
presence of single IGH or IGL mRNA chain that “can-
not assemble into BCR,” prompted us to conduct a causal
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analysis. Throughout the procedure of scBCR-seq, it is
possible that there was a challenge in effectively tracking
the IGH and IGL mRNA within single B cells at an equiv-
alent level, or the V(D)J genes could not be sequenced
completely. In bone marrow B cells, there is a subset
known as developing B cells, which may have undergone
successful rearrangement of only one chain. Moreover, in
the repertoire preparation process for single BCR sequenc-
ing samples, there is a possibility of the two chains becom-
ing asynchronous, leading to the sequencing of only one
of the chains in the end. Based on the current applica-
tions of single cell BCR (or TCR) sequencing research,
it is commonly observed that a significant proportion of
lymphocytes cannot be assembled into BCR or TCR. The
theoretical possibility of partial lymphocytes expressing
only a single chain cannot be entirely dismissed [18-21].
Therefore, our results suggest that the scBCR-seq should
be analyzed separately by single BCR, dual (or multiple)
BCR B cells, and cells that cannot be assembled into BCR,
it is crucial not to include them in relevant physiological
or pathological correlation analyses solely due to their
functional IGH (or IGL) mRNA, as this could lead to an
amplification and distortion of BCR information.

In both human and mouse samples, the presence of
single cells expressing three or more functional IGH or
IGL chain mRNA is evident. This suggests a widespread
occurrence of V(D)J allelic inclusion rearrangements in
BCR, yet the intricate mechanisms behind this phenom-
enon remain to be further validated. Although this allelic
inclusion rearrangement pattern theoretically holds the
potential to broaden an individual's BCR repertoire, it
also concurrently escalates the risks of individual B cell
tumors and autoimmune diseases. Currently, whether
this observed rearrangement pattern in humans and mice
exists in other mammals remains uncertain. Investigat-
ing whether this phenomenon correlates with the distinct
immune response capabilities or disease occurrences
among different mammalian species represents an entirely
novel research avenue worthy of pursuit. However, despite
the utilization of extensive sequencing data generated by
scBCR-seq technology in studies conducted by Qiu et al.
[10], Pelanda et al. [11] and our research, which included
preliminary analyses of the characteristics of single B cells
expressing dual (or multiple) BCR, further exploration of
the functional aspects of these B cells at the protein level,
as well as the investigation into the physiological and
pathological significance of B cells expressing dual (or
multiple) BCR, requires the collaboration and participa-
tion of more research laboratories.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04973-8.
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