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Homeostasis and regulation of autoreactive B cells
Sujin Lee1, Yeunjung Ko1 and Tae Jin Kim 1

In contrast to the previous belief that autoreactive B cells are eliminated from the normal repertoire of B cells, many autoreactive B
cells actually escape clonal deletion and develop into mature B cells. These autoreactive B cells in healthy individuals perform some
beneficial functions in the host and are homeostatically regulated by regulatory T and B cells or other mechanisms to prevent
autoimmune diseases. Autoreactive B-1 cells constitutively produce polyreactive natural antibodies for tissue homeostasis. Recently,
autoreactive follicular B cells were reported to participate actively in the germinal center reaction. Furthermore, the selection and
usefulness of autoreactive marginal zone (MZ) B cells found in autoimmune diseases are not well understood, although the
repertoire of MZ B-cell receptors (BCRs) is presumed to be biased to detect bacterial antigens. In this review, we discuss the
autoreactive B-cell populations among all three major B-cell subsets and their regulation in immune responses and diseases.
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INTRODUCTION
The presence of autoreactive B-cell receptors (BCRs) is potentially
dangerous to the host since the activation of B cells with
autoreactive BCRs can trigger the secretion of autoreactive
antibodies (Abs) that cause autoimmune diseases.1 However,
paradoxically, the proportion of autoreactive B cells is consider-
ably high in both humans and mice, and nevertheless, they do not
cause diseases in the majority of individuals.2,3 Furthermore,
autoreactive B cells are currently thought to provide advantages in
immune responses against pathogens, as exemplified by the
beneficial functions of natural autoAbs and the participation of
autoreactive B cells in germinal center (GC) reactions.4,5

The positive selection of autoreactive B cells is well appreciated
for B-1 cells, which are derived from fetal progenitor cells and
produce natural Ab-producing B cells.6,7 Some level of auto-
reactivity also exists to positively select follicular (FO) B cells.8–11

The autoreactivity of some marginal zone (MZ) B cells is enigmatic
since MZ B cells are thought to be responsible for a rapid response
against blood pathogens and biased to react against microbial
antigens, not self-antigens.12,13 However, autoreactive MZ B cells
are also commonly found in patients and mouse models of
autoimmune diseases.14–18 In this review, we will discuss
autoreactive B-cell subpopulations among three major B-cell
subsets and their functions in healthy individuals and auto-
immune diseases. We will also discuss how autoreactive B cells are
regulated to not induce autoimmune diseases.

AUTOREACTIVITY OF BCRS IN HEALTH AND DISEASE
The repertoire of BCRs, membrane-bound immunoglobulins (Igs)
associated with the signaling chains Igα and Igβ, should cover a
massive range of antigens, whereas the T-cell receptor (TCR)
repertoire is biased toward recognizing major histocompatibility

complex (MHC) classes I and II.19,20 The antigenic specificities of
BCRs encompass proteins, lipids, sugars, small chemicals, and other
molecules and are not restricted by antigen-presenting molecules
such as MHC.21 Therefore, the BCR repertoire should be adapted to
react against all these kinds of antigens. The antigenic specificities
of BCRs are determined by the complementary-determining
regions (CDRs) of Ig heavy and light chains. Among the six CDRs
(CDR-H1, CDR-H2, CDR-H3, CDR-L1, CDR-L2, and CDR-L3), CDR-H3
(CDR3 of the Ig heavy chain) is more diverse than the other CDRs
and acts as a highly antigen-specific loop.21,22 Similar to the CDRs
of the BCR, CDR-β3 (CDR3 of the TCR β chain) is more structurally
diverse than the other CDRs of the TCR α and β chains.23

One of the unique characteristics of adaptive immunity is a high
level of specificity, but curiously, degeneracy of the immune
responses is also found in both T and B cells. In other words, many
BCRs and TCRs specific to given antigens can bind distinctly
different antigens as well,24,25 and their binding degeneracy is also
referred to as polyreactivity. Polyreactive Abs can be found in the
serum of healthy humans and mice,26,27 suggesting effector cell
differentiation of polyreactive B cells. The polyreactivity of a given
Ab can be measured by binding assays using several different
antigens, such as insulin, single-stranded DNA, thyroglobulin, and
others. Interestingly, these antigens compete with each other for
the antigen-binding site on polyreactive Abs but not on
monoreactive Abs.26 The polyreactive BCRs show a substantial
level of cross-reactivity to foreign and self-antigens, and therefore,
most of the polyreactive B cells in the naive B-cell pool are
described as autoreactive B cells.28

It was argued that germline BCRs, not somatically mutated
BCRs, have conformational flexibility and a capability of binding to
multiple kinds of antigens.29,30 These polyreactive and thus
autoreactive B cells are predominantly selected in the early B-
cell developmental stage,3 and then a substantial fraction of
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autoreactive B cells are eliminated by receptor editing, clonal
deletion, or follicular exclusion.31,32 However, polyreactive/auto-
reactive B cells are still observed in the human and mouse mature
B-cell pool, and they have various physiological roles.33,34

Although polyreactivity is a well-known and representative
characteristic of B-1 cells, polyreactive B cells seem to not be
confined to B-1 cells since they constitute ~20% of adult blood B
cells and are widely distributed in lymph nodes.34,35 Consistently,
previous studies have reported that polyreactive B cells are
composed of both mouse B-1+ and B-1− phenotypes.36,37 The
presence of polyreactive Abs and BCRs is beneficial to immune
responses and homeostasis. Specifically, polyreactive Abs act as
the first line of immune defense since they can bind various kinds
of viral and bacterial antigens, which can induce effective
neutralization and opsonization of pathogens, and their auto-
reactivity also plays important roles in the clearance of dead
cells.26,27,38,39 In sum, polyreactive/autoreactive BCRs are actually
selected during B-cell development, even for FO B cells, and B cells
with polyreactive BCRs and Abs are advantageous for homeostasis
and reactions against many different kinds of antigens.
BCR-mediated signaling is essential not only for the humoral

immune response but also for B-cell development and
homeostasis.40,41 When B cells suddenly meet their specific
antigens on the solid phase of antigen-presenting cells, B cells
spread over the antigen-containing surface, contract, and extract
antigens via their BCRs, forming immune synapses.42 There is
another type of BCR-mediated signaling, which is low-level
constitutive signaling in the basal state and is required for B-cell
survival.43–45 The ablation of this tonic BCR signaling induces
apoptosis of B cells, as shown by the conditional ablation of BCRs
in mature B cells.40 Autoreactive B cells induce a higher level of
tonic BCR signaling, which can lead to the positive selection and
some expansion of autoreactive B cells and the skewing of the
BCR repertoire.46 Since the majority of autoreactive B cells
observed in the bone marrow (BM) are removed by negative
selection in BM or follicular exclusion in the spleen,3,47,48 tonic
BCR-mediated signaling less than the threshold for negative
selection is critical for B-cell survival, providing survival, and
selection advantages for moderately autoreactive B cells.40

Interestingly, tonic BCR signaling is absent in highly autoreactive
B cells, which downregulate cell surface IgM upon engagement
with self-antigens.49 The contribution of moderately autoreactive
B cells to the mature B-cell pool can be confirmed by investigating
the expression of Nur77, which is rapidly upregulated in naive B
and T cells by BCR and TCR signaling, respectively, upon antigenic
encounter.50 Interestingly, a large proportion of mature B cells in
all human and mouse B-cell subsets express Nur77,51,52 suggest-
ing that these B cells are actually stimulated strongly enough for
the induction of Nur77 via their moderately autoreactive BCRs.
Collectively, tonic BCR-mediated signaling is essential for B-cell
survival, and moderately autoreactive B cells may have some
advantage in survival and expansion.
Although polyreactive/autoreactive B cells are beneficial for the

host in many situations, these B cells can be detrimental to the
host if dysregulated, leading to the secretion of autoAbs and
pathogenic interactions between autoreactive B and T cells.53

Under homeostatic conditions, the strength and quality of BCR-
mediated signaling are differentially regulated in B-cell subsets by
B-cell costimulatory and coinhibitory receptors.54 For example,
CD19, a component of the BCR complex as well as a signaling
chain of CD21, contributes differently to BCR-mediated signaling
in mouse B-1 cells and FO B cells.55–57 Cytokines and pathogen-
associated molecular patterns and their receptors, such as B-cell
activating factor receptor (BAFF-R) and toll-like receptors (TLRs),
are also important in the activation and survival of human and
mouse autoreactive B cells.10,31,58–65 T-cell signals derived from
CD40 or SLAM family proteins also greatly influence B-cell
activation and selection.66–69 On the other hand, coinhibitory

receptors such as CD22, Siglecs (sialic acid binding Ig-like lectins),
and FcγRIIb are important in limiting the hyperactivation of B
cells.70,71 The expression of costimulatory and coinhibitor recep-
tors is critical for the proper and regulated activation of B cells.
Furthermore, their differential expression in B-cell subsets is
closely linked to their different levels of autoreactivity.
The deletion of polyreactive/autoreactive B cells requires proper

BCR and TLR signaling. When these signaling pathways are
defective in patients with primary immunodeficiency (PID), the
proportions of polyreactive/autoreactive B cells increase signifi-
cantly compared with those in healthy individuals.72 This may
predispose PID patients to autoimmune manifestations such as
autoimmune hemolytic anemia or rheumatoid arthritis.73 Inter-
estingly, defects in the peripheral selection of B cells lead to the
expansion of autoreactive naive B cells recognizing soluble
molecules and cytokines in patients with autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy.74

REGULATION OF AUTOREACTIVE AB PRODUCTION
Since there are a substantial number of autoreactive B cells in all
B-cell subsets, it is important to understand how these auto-
reactive B cells are appropriately activated only upon infectious or
danger conditions and prevented from activation via self-antigens
in homeostatic conditions. We would like to mention some known
and possible mechanisms to limit autoreactive B cells in
homeostatic conditions or after the control of infectious or danger
events. There are also multiple levels of regulation to prevent or
reduce the development of autoreactive B cells that have been
reviewed elsewhere,75,76 and here, we discuss the regulation of
autoreactive B cells after their generation.
First, the activation of regulatory T and B cells can inhibit the

hyperactivation of autoreactive B cells through the secretion of IL-
10 and TGFβ and contact-dependent mechanisms.77 It is
interesting to note that IL-10 production by activated B-1 cells
may regulate their own proliferation.78 It is generally accepted
that regulatory B cells develop from mouse CD19+CD21high

CD23highCD24high precursor MZ B cells,79 but other types of
regulatory B cells such as CD5+CD1dhigh B cells or LAG-
3+CD138high plasma cells are also reported.77,80 The regulatory B
cells themselves are suggested to be autoreactive/polyreactive B
cells that produce IL-10 quickly and facilitate the clearance of
eliciting antigens by polyreactive Abs.81 Mouse B-1 cell-derived
regulatory B cells that produce natural autoAbs are shown to be
dependent on the expression of SHIP-1.82

Second, the longevity of plasma cells, effector B cells, is tightly
regulated so that polyreactive/autoreactive Abs are secreted
during inflammatory processes following infection or other events.
The polyreactive/autoreactive Ab-secreting plasma cells generated
upon infection are short-lived in most cases, whereas foreign
antigen-specific high-affinity plasma cells generated by the GC
reaction are long-lived (Fig. 1).83 When polyreactive B cells are
costimulated by molecular patterns from microbes, such as TLR4
ligand, and pathogen-derived antigens that can bind to poly-
reactive BCRs, the stimulated polyreactive B cells can rapidly
differentiate into plasma cells, but as the plasma cells are short-
lived, the levels of autoreactive/polyreactive Abs will decrease
over time after the peak, and the autoimmune Ab responses are
eventually terminated. This regulation of the survival of plasma
cells ensures that inflammatory reactions by inflammatory
mediators and polyreactive/autoreactive Abs are terminated after
the elimination of pathogenic agents.84 Therefore, the dysregula-
tion of plasma cell survival can be one of the causes of
autoimmune diseases. In this regard, the continuous production
of inflammatory cytokines such as type I interferon (IFN) is an
important mechanism to generate and maintain autoAb-
producing plasma cells in autoimmune diseases such as systemic
lupus erythematosus (SLE).85
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Third, it is worthwhile to note that the affinity of germline
polyreactive/autoreactive Abs to self-antigens is not high since, in
most cases, they do not undergo affinity maturation to generate high-
affinity autoAbs due to negative selection processes deleting highly
autoreactive B cells in the GC.5 It is necessary to address whether
persistently elevated levels of low-affinity autoreactive Abs themselves
can cause autoimmune diseases without affinity maturation.33

NATURAL AUTOANTIBODY-PRODUCING B-1A CELLS AND
THEIR REGULATION
Among mouse serosal cavity B cells, including CD5+ B-1a, CD5− B-
1b, and B-2 cells, B-1a cells are the most autoreactive B cells
producing natural autoAbs.86–88 B-1a cells play a crucial role in

maintaining a constant steady-state level of IgM and responding
quickly to infection by secreting natural IgM and cytokines
(Fig. 2).7 The autoreactivity of B-1a BCRs is established by a
germline-encoded canonical repertoire without N-nucleotide
addition and the positive selection of autoreactive B cells.6,89

Natural autoAbs secreted by B-1a cells bind various self-antigens,
such as dsDNA, phosphatidylcholine (PtC), and oxidized LDL.90–92

Natural autoAbs contribute to homeostatic maintenance by
removing dead cells or debris from the body. Human B-1 cells
are characterized as CD20+CD27+CD43+CD70− B cells in the
umbilical cord or adult blood, not in the serosal cavities, but their
autoreactivity and polyspecificity need to be confirmed.93,94

Although the affinities of natural autoAbs to antigens are low
and macrophages do not have an Fc receptor for IgM,95,96

Fig. 1 Regulation of the longevity of plasma cells. Polyreactive/autoreactive B cells rapidly react against pathogens in either T cell-
independent or T cell-dependent fashions. Without the GC reaction, most of the resulting Ab-secreting cells are short-lived, and therefore, the
polyreactive Ab response is self-limiting. Long-lived plasma cells are primarily generated through GC reactions. Polyreactive/autoreactive B
cells may be selected to enter into or form GCs that contain foreign antigens. GC B cells with the best-fit Abs that efficiently discriminate self
and foreign antigens and have the highest affinity to foreign antigens are selected to become long-lived plasma cells. The negative selection
process of autoreactive GC B cells is essential to avoid autoimmune diseases. However, the defective tolerance in GCs caused by several
factors, including excessive type I IFN and TLR7 signaling, may give rise to long-lived autoreactive plasma cells and cause certain autoimmune
diseases, such as SLE
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pentameric IgM with a high avidity binds well to small particles
from apoptotic cells or bacteria and efficiently fixes complement
for phagocytic clearance.97,98

Since B-1a cells are basically autoreactive, their inappropriate
activation may trigger the elevation of serum autoAbs and their

antigen presentation, leading to CD4+ T-cell activation.99 There-
fore, their activity needs to be delicately regulated to prevent the
hyperactivation of the B-cell and T-cell compartments. At the same
time, B-1a cells act as first-line defenders so that they can be
rapidly activated and promote Ab secretion early in infection.

Fig. 2 The homeostatic and induced functions of polyreactive/autoreactive B cells. In the middle, the self-affinity windows for B-cell subsets
are cartooned. Highly autoreactive B cells are selected to develop into B-1a cells, whereas moderately autoreactive B cells become FO B cells.
Whereas B-1a cells perform homeostatic and induced functions without somatic hypermutation, FO B cells undergo the GC reaction to
change their autoreactive BCRs. The autoreactive MZ B cells are depicted in the bottom left. Although they are presumed to have a regulatory
function in homeostatic conditions, they become activated in a T cell-dependent or T cell-independent manner to become short-lived
plasma cells
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Since B-1a cells cannot discriminate between BCR recognition of
self-antigens or foreign antigens due to their polyreactivity/
autoreactivity,100 activation via pattern recognition receptors,
including TLRs, is critical for their rapid functional response.7

Innate-like CD49dhighCD4+ T cells in the serosal cavity were also
shown to provide help for B-1a cells, suggesting that B-1a cells can
function in collaboration with CD4+ T cells.101,102 Upon infection,
B-1a cells residing in serosal cavities instantly migrate into the
spleen or draining lymph nodes of infection sites, differentiate
into plasma cells, and become the main source of increased serum
and local IgM.103–105 B-1a cells also play a pivotal role in protection
against sepsis, as they amplify host responses by secreting
granulocyte macrophage colony-stimulating factor and IL-3.106

Collectively, B-1a cells have beneficial functions for the host, which
are the homeostatic maintenance of the body and the rapid
response to life-threatening infection or tissue damage.
Direct pathogenic evidence for B-1a cells in autoimmune

diseases has not been definitively provided, although an increased
number of B-1a cells was observed in (NZB × NZW) F1 murine
lupus mice, one of the autoimmune disease mouse models.107 B-
1a cells are currently thought to be heterogeneous and can be
further categorized by their degree of autoreactivity.91 The
expression of programmed death-ligand 2 (PD-L2) is utilized as
the marker of such subdivisions, and PD-L2+ B-1a cells are
enriched for more autoreactive specificities, as their BCRs are
skewed toward VH11 and VH12 chains specific for PtC. PD-L2+ B-
1a cells were more related to the development of lupus in a
mouse model than PD-L2− B-1a cells.108 Therefore, it is presumed
that hyperactivation of B-1a cells or a subpopulation of B-1a cells
can be a pathogenic mechanism for certain autoimmune diseases.
To inhibit the hyperactivation of B-1a cells, B-1a cells possess

several inhibitory mechanisms, which put them into a kind of
anergic state and limit their expansion in the absence of
infection.100,109 CD5 is one of the most representative inhibitory
molecules in B-1a cells.110 Whereas wild-type B-1a cells undergo
apoptosis upon anti-IgM engagement, CD5-deficient B-1a cells
proliferate upon anti-IgM stimulation. Tonic BCR-mediated signal-
ing in B-1a cells leads to the continuous activation of Lyn
kinase,111 which in turn phosphorylates the tyrosine residues in
the immune receptor tyrosine-based inhibitory motif of CD5.
Phosphorylated CD5 constantly recruits SHP-1 (Src homology
region 2 domain-containing phosphatase) to the BCR complex
that is associated with CD5.112 Another well-known inhibitory
molecule of B-1a cells is Siglec G, a member of the family of sialic
acid binding proteins.113 Siglec G has been reported to specifically
inhibit Ca2+ signaling in B-1a cells and seems to act differently
from CD22 in FO B cells.70 In addition, Siglec G is involved in the
suppression of survival of B-1a cells since Siglec G-deficient mice
have a higher proportion of B-1a cells, and B-1a cells from these
mice have a longer lifespan in in vitro culture than those from WT
mice.113 The expression of the transcription factor NFATc1, which
is essential for the development of B-1a cells,114 is increased in
Siglec G-deficient B-1a cells, indicating that Siglec G also regulates
the development of B-1a cells. Therefore, B-1a cells are constantly
restrained from overactivation via inhibitory molecules such as
CD5 and Siglec G.

MODERATELY AUTOREACTIVE FOLLICULAR B CELLS IN THE T
CELL-DEPENDENT AB RESPONSE
FO B cells are the major population of mature B cells, recirculating
through blood and secondary lymphoid tissues. They undergo
clonal expansion, isotype switching, and differentiation into Ab-
secreting cells when they are exposed to specific antigens and
obtain T cell help. In the traditional view, nonautoreactive FO B
cells are predominant, and rare antigen-specific FO B cells are
selected according to the clonal selection theory, become
activated upon antigenic challenge, and undergo the GC reaction

to generate high-affinity Ab-producing plasma cells or memory B
cells. However, it has now been shown that moderately
autoreactive FO B cells are predominant in secondary lymphoid
tissues and are ready to respond to foreign antigens. The
combination of BCR- and BAFF-mediated signaling is crucial for
the selection of moderately autoreactive FO B cells.10 For example,
human B cells with IGHV4–34 heavy chains that bind an
autoantigen, carbohydrate I/i antigens, constitute 7% of naive B
cells.115 The development of autoreactive FO B cells can be
confirmed in mouse hen-egg lysozyme (HEL) transgenic (Tg) and
anti-HEL Tg mouse models. In these models, the large population
of anti-HEL B cells was not deleted in the presence of HEL in the
body but was maintained in the secondary lymphoid tissues.116,117

We also previously reported a subpopulation of mouse splenic FO
B cells, CD138intIgMlowIgDhigh FO B cells, which are presumed to
be a polyclonal population of anergic B cells.118 They have
features of anergic B cells such as a high expression of IgD and
blunted Ca2+ response upon BCR engagement.117,119 Previously,
these autoreactive FO B cells were expected to be eliminated
eventually and not to participate in the immune responses. It is
interesting to address how these autoreactive B cells survive in the
secondary lymphoid tissues, and Bruton’s tyrosine kinase (BTK)
may be one mechanism promoting their survival, as the
expression of BTK increased with the maturation of FO B
cells.120,121 Unexpectedly, these autoreactive/anergic B cells were
not silent but participated in the immune reaction to foreign
antigens, undergoing the GC reaction upon stimulation with
multivalent foreign Ags, and modified their BCRs to have a higher
affinity for foreign Ags and a lower affinity for self-Ags through
somatic hypermutation and selection in the GC.122 These findings
suggest that anergic B cells are apparently not truly anergic and
have some capability for generating active immune responses.123

The fact that the majority of FO B cells are moderately
autoreactive raises the question of how FO B cells can selectively
respond to foreign antigens while ignoring self-antigens under
homeostatic conditions. The high expression of IgD and the low
expression of IgM are suggested to account for the tolerance
against common self-antigens since IgD is less sensitive than IgM
to endogenous antigen in mice.124 Another BCR signaling feature
of FO B cells is their capability for antigen extraction from
particulate pathogens when they meet high-affinity antigens on
the solid phase.125 This priming signaling of FO B cells also
involves coordination between BCR signaling and actin cytoske-
letal rearrangement.126 Mouse Fc receptor-like 1 (FcRL1) is
reported to be one of the BCR signaling molecules responsible
for this type of priming signaling but is not responsible for tonic
BCR signaling.127

Taken together, these findings show that autoreactive B cells
are favored to develop into FO B cells through relatively strong
tonic BCR signaling during development and are maintained
through the weakening of tonic BCR signaling by the high
expression of IgD. Therefore, despite strong tonic BCR signaling,
autoreactive FO B cells appear not to fall into the anergic state,
maintaining their immune response capability. The redemption
hypothesis argues that these autoreactive FO B cells modify their
BCRs to lose self-reactivity and enhance their affinity to foreign
antigens.123 To prevent the selection of high-affinity autoreactive
B cells, some delicate selection mechanisms are required to
discriminate the signaling induced by infrequent foreign antigens
and commonly encountered self-antigens.128

AUTOREACTIVE MZ B CELLS IN IMMUNITY AND AUTOIMMUNE
DISEASES
MZ B cells are innate-like B cells that rapidly differentiate into Ab-
secreting cells upon stimulation with blood–borne pathogens.129

Human MZ B cells are different from mouse MZ B cells in that
human MZ B cells have the capability of recirculating in the blood
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and some somatic mutations in their BCRs.130 MZ B cells are
identified as CD23lowIgDlowCD21highIgMhighCD1dhigh B cells in
mice and IgD+IgM+CD27+CD1c+ B cells in humans. MZ B cells
are also excellent antigen-presenting cells for CD4+ T cells.131

Since MZ B cells have a low threshold for activation and
hyperactivation of MZ B cells is implicated in the pathogenesis
of certain autoimmune diseases,132 a strict repertoire selection of
MZ B cells may be required for rapid immune response as well as
the prevention of dysregulated Ab responses. BCR repertoire
analysis of FO B and MZ B cells shows distinctive repertoires in the
two B-cell subsets.133

BCR-mediated signaling is also critical for the development of
MZ B cells, as it is for other B-cell subsets, but unlike in FO B and
B-1 cells, weak BCR signaling is thought to be sufficient for
intracytoplasmic signaling of Notch2, as the developmental
choice of transitional B cells between FO B and MZ B cells is
determined by Notch2 signaling.12,134,135 Whereas mutations
that attenuate BCR signaling, such as mutations in Aiolos or
CD22, result in a decrease in the number of MZ B cells,136,137

weakening of the BTK signaling pathway preserves MZ B-cell
development despite a marked decrease in FO B cells.138 In view
of the BCR signal strength model, strong BCR signaling is
supposed to block Notch2 signaling and inhibit MZ B-cell
development.12 However, as the BCR signaling strength is not
measured by only one parameter, such as BTK activation, but can
be assessed by multiple parameters, such as MAP kinase activity,
actin rearrangement, or the duration of kinase activity, it is not
clear which signaling is responsible for MZ B-cell commitment
and maintenance. It is interesting to note that the generation of
MZ B cells is dependent on CD19 but not on FcRL1,127,139 which
may give us a hint of the BCR signaling characteristics for MZ B-
cell development.
On the other hand, it is difficult to find common ground

between the BCR signaling hypothesis of MZ B-cell development
and previous observations of the presence of low-affinity
autoreactive MZ B cells in experimental autoimmune disease
models.14 As MZ B cells were previously argued to be composed
of heterogeneous populations,129 alternative pathways leading to
the MZ B-cell phenotype may be possible. There is a previous
report showing a Notch-independent pathway of MZ B-cell
development.140 More importantly, MZ B cells have self-renewal
capacity, as the MZ B-cell population could be sustained in the
absence of new B-cell influx.141 When RAG-2 was inducibly
deleted at the age of 8–10 weeks, splenic FO B cells were
gradually lost over a year, but the pools of MZ B cells in the spleen
and of B-1 cells in the peritoneal cavity were kept at normal
levels.129 It is not known whether the sustained MZ B-cell
population in the absence of new B-cell entry contains all
heterogeneous populations of MZ B cells. Since ~2 years or a
few weeks are needed to establish the MZ in the spleen and
generate MZ B cells, MZ B cells are thought to be derived from
adult BM hematopoietic stem cells. However, fetal-type MZ B cells
were also found in terminal deoxynucleotidyl transferase-deficient
mice.142 Other studies showed the development of polyreactive
anti-DNA MZ B cells in quasimonoclonal mice or the anti-DNA
B6.56R mouse model.143,144 In K/BxN mice, which are rheumatoid
arthritis (RA) models that develop spontaneous inflammatory joint
disease, glucose-6-phosphate-isomerase-reactive B cells display a
splenic MZ phenotype.14 We also identified a polyclonal
autoreactive MZ B-cell population that expresses a high level of
CD80 and includes type II collagen-reactive B cells.15

Collectively, the MZ B-cell population also harbors autoreactive
B cells as well as microbe-biased B cells. Therefore, the regulation
of autoreactive MZ B cells is important to prevent the harmful
effects of their rapid Ab responses. It will be interesting to address
whether MZ precursor B cells are linked to the counteraction of
autoreactive MZ B cells and whether T cells are responsible for the
regulation of MZ B cells.

CLINICAL IMPLICATIONS OF B-CELL AUTOREACTIVITY
The presence of autoreactive B cells in healthy individuals
suggests that selective ablation of the autoreactive B cells for
the treatment of autoimmune diseases may be very difficult to
achieve.145 Although strong BCR signaling leads to negative
selection or follicular exclusion of B cells in most cases, the
moderately autoreactive B cells present in normal individuals are
thought to be adapted to signaling through the BCR and other
receptors for their survival. Strong BCR-mediated signaling some-
times contributes to the survival of autoreactive B cells, as
exemplified in B-cell lymphoma cells with oncogenic
mutations.146,147 Therefore, BCR signaling inhibitors such as
ibrutinib are used for the treatment of B-cell malignancies.
However, it is not clear whether BCR signaling blockade can also
preferentially inhibit normal autoreactive B cells. The beneficial
effects of BCR signaling inhibitors on autoimmune diseases may
be anticipated based on their general inhibition of Ab production
and the antigen-presenting capability of B cells, and the results of
the current clinal trials using BCR signaling inhibitors in
autoimmune diseases are awaited.148 We previously showed that
a low dose of ibrutinib, a BTK inhibitor, selectively removed the
autoreactive population of MZ B cells in DBA/1 mice,15 suggesting
the possibility of using BCR signaling inhibitors to kill the
autoreactive B-cell population. An understanding of the differ-
ential BCR signaling in different subsets and stages of B cells is
important for selecting appropriate signaling inhibitors for the
treatment of autoimmune diseases.149

B-cell depletion therapy is now widely used for the treatment of
autoimmune diseases, and its beneficial results have been
confirmed in many autoimmune diseases, such as RA, multiple
sclerosis, and type 1 diabetes.150–152 However, the effectiveness of
B-cell depletion therapy varies among different autoimmune
diseases and different individuals with the same disease. Among
RA patients, the presence of anti-cyclic citrullinated peptide Abs or
rheumatoid factor predicted a better response to B-cell depletion
therapy using rituximab.153 Rituximab does not decrease the total
serum IgG levels since the expression of CD20, the target of
rituximab, is lost in long-lived plasma cells. Fortunately, most
autoreactive plasma cells are short-lived and, therefore, susceptible
to B-cell depletion therapy, whereas antimicrobial plasma cells are
not depleted by the therapy.154 However, once autoreactive B cells
differentiate into long-lived plasma cells, they are resistant to B-cell
depletion therapy.155 Other possible mechanisms for the failure or
ineffectiveness of B-cell depletion therapy include the predomi-
nant depletion of regulatory B cells by therapy or phagocytic
defects of macrophages due to the excess amounts of immune
complexes.156–158 Collectively, an immunotherapeutic approach for
the inhibition or depletion of autoreactive B cells is partially
successful and needs to be improved in the future.

CONCLUSION
To react against all kinds of antigens, BCRs should be adapted to
fit these extremely diverse epitopes. The development of B cells
with polyreactive/autoreactive BCRs is one of the solutions for this
requirement. Polyreactive B cells are normally found in humans
and mice and, interestingly, in all kinds of B-cell subsets that have
different compartmentalized functions (Fig. 2). Although this
polyreactivity is beneficial to host survival, it may lead to the
development of autoimmune diseases in some individuals. To
overcome B cell-mediated autoimmune diseases, it is necessary to
understand how polyreactive/autoreactive B cells are regulated in
different B-cell subsets.
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