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REVIEW

Regulatory functions of innate-like B cells

Xiaoming Zhang

Innate-like B cells (ILBs) are heterogeneous populations of unconventional B cells with innate sensing and responding
properties. ILBs in mice are composed of B1 cells, marginal zone (MZ) B cells and other related B cells. ILBs maintain
natural IgM levels at steady state, and after innate activation, they can rapidly acquire immune regulatory activities
through the secretion of natural IgM and IL-10. Thus, ILBs constitute an important source of IL-10-producing regulatory
B cells (Bregs), which have been shown to play critical roles in autoimmunity, inflammation and infection. The present
review highlights the latest advances in the field of ILBs and focuses on their regulatory functions. Understanding the
regulatory activities of ILBs and their underlying mechanisms could open new avenues in manipulating their functions in
inflammatory, infectious and other relevant diseases.
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INTRODUCTION

B cells in mammals are composed of several subsets with dif-
ferent functionalities. In mice, three major B subsets have been
identified, namely, follicular B2 cells, B1 cells (including CD5"
Bla and CD5 BI1b cells) and marginal zone (MZ) B cells. B2
cells are responsible for immune responses against thymus-
dependent antigens, and with help from T cells, B2 cells
undergo germinal center reactions and generate high-affinity
antibodies with precise antigen specificity. In contrast, B and
MZ B cells rapidly respond to thymus-independent antigens
and produce low-affinity antibodies with broad reactivity. In
addition to antibody production, B cells also actively take part
in immune regulation by acting as antigen-presenting cells and
secreting cytokines. These immune regulatory functions are
largely restricted to B1 and MZ B cells, which share many
properties with innate immune cells. In this regard, Bl and
MZ B cells are also named innate-like B cells (ILBs).

The initial definition of ILBs is based on features of their B-
cell receptors (BCRs), which are semi-invariant or germ-line-
encoded with limited diversity."* Consequently, antibodies
generated from Bl cells and MZ B cells are polyreactive and
autoreactive, with the capacity to recognize conserved struc-
tures across species. In addition, ILBs generally exhibit the
following features: (i) they are the major source of natural
antibodies at steady state; (ii) they express high levels of IgM
and low levels of IgD on their surfaces and show defective BCR

signaling following surface immunoglobulin crosslinking; and
(iii) they are promptly activated following innate stimulation.
Following triggering by TLR agonists or microbial pathogens,
ILBs produce a large amount of natural antibodies (mainly
IgM), providing a critical early defense against infections.
Innately activated ILBs also produce IL-10, a key regulatory
cytokine that plays a crucial role in downmodulating immune
responses.’

In this review, we especially focus on natural IgM and IL-10,
two effector molecules with regulatory activities that are pro-
duced by murine ILBs. Recent advances in the field of human
ILBs are presented, including the current understanding of
their regulatory functions.

ILBS AND NATURAL ANTIBODY

Natural antibodies refer to circulating serum antibodies pro-
duced at steady state, of which natural IgM occupies a special
position. Natural IgM not only acts as a first line of defense
against invading microbes, but also plays active roles in main-
taining immune homeostasis, such as removing apoptotic cells
and decreasing inflammatory responses.

Natural IgM produced by ILBs at steady state

ILBs, particularly Bl cells, have been reported to be the major
producers of natural IgM. Early transfer experiments showed
that more than 80% of serum natural IgM is derived from B1

Unit of Innate Defense and Immune Modulation, Key Laboratory of Molecular Virology and Immunology, Institut Pasteur of Shanghai, Chinese Academy of

Sciences, Shanghai, China

Correspondence: Dr XM Zhang, Institut Pasteur of Shanghai, Chinese Academy of Sciences, Shanghai 200025, China.

E-mail: xmzhang@ips.ac.cn
Received: 14 October 2012; accepted: 6 November 2012


www.nature.com&sol;cmi

Regulatory functions of ILBs
XM Zhang

114

cells.” The spleen and bone marrow have been identified as the
two sites containing spontaneous IgM-secreting cells.® In adult
mice, Bl cells are mainly located in coelomic cavities, but can
also be found in the spleen. A recent study indicated that the
majority of spontaneous IgM-secreting cells in the spleen were
Bla cells. In contrast, peritoneal Bla cells spontaneously pro-
duced minimal amounts of IgM in the absence of exogenous
stimulation. Bla cells from the bone marrow also contributed
to natural IgM production at steady state.” These Bla cells
expressed high levels of surface IgM and CD19 and lacked
CD138 expression, thus clearly separating them from plasma
cells. B lymphocyte-induced maturation protein-1 (Blimp-1) is
a transcriptional repressor identified as a master regulator of
plasma differentiation.® Bla cells did not appreciably upregu-
late Blimp-1 and related transcriptional factor X-box binding
protein 1 expression at steady state.”” Thus, the detailed
molecular mechanisms controlling spontaneous natural IgM
secretion by Bla cells are not currently understood.

Natural IgM produced by ILBs following innate activation
Following stimulation with the TLR4 agonist lipopolysacchar-
ide (LPS) or the TLR9 agonist CpG, B1 and MZ B cells but not
B2 cells rapidly produce IgM and concomitantly upregulate
Blimp-1 and X-box binding protein 1.'°™'* In vivo, following
intraperitoneal injection of LPS or bacteria, peritoneal B1 cells
rapidly migrate into the spleen and differentiate into IgM-
secreting cells.'>'* Another study found that following intra-
venous infection with Streptococcus pneumoniae, both MZ and
B1 cells were activated and differentiated into IgM-producing
cells within 3 days.'” By neutralizing the pathogens and enhan-
cing complement activation, newly generated natural IgM,
together with the natural IgM present at steady state, play a
critical role in protecting the host before an adaptive immune
response is elicited. In addition, B1 cells are activated in TCRa-
deficient mice maintained in a conventional facility, most likely
due to microbial stimulation from the environment.
Consequently, B1 cell-derived natural antibodies are required
to inhibit the development of chronic colitis in these mice.'®
Recently, TLRY expression in peritoneal Blb cells has been
shown to be essential for the production of self-reactive IgM,
which plays a critical role in controlling Th17 development and
severe autoimmunity in lupus-prone mice."”

In contrast to its unclear role at steady state, Blimp-1 is
required for IgM secretion by innate-activated ILBs.'"® TLR
ligation is known to upregulate Blimp-1 expression.'’
Murine B cells express high levels of TLR1, 2, 4, 7 and 9, and
there is no substantial difference in TLR expression levels
among B1, MZ and B2 cells.'? Aside from a lower proliferative
response following treatment with the TLR4 agonist LPS, B2
cells show similar or even greater proliferation in response to
TLR2, 7 and 9 agonists compared with Bl and MZ B cells.'* B2
cells also respond to LPS, as shown by their normal TLR prox-
imal signaling and their upregulation of the costimulatory and
activation molecules CD25, CD86 and MHC II following LPS
stimulation.”® In summary, TLR expression and signaling
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alone is unlikely to explain the differential innate antibody
responses between B1, MZ B cells and B2 cells.

Immunoglobulins are synthesized and assembled within the
endoplasmic reticulum (ER), and a highly developed ER is a
hallmark of antibody-secreting B cells. Resting MZ B cells con-
tain more rough ER and ER resident chaperones and folding
enzymes than B2 cells. In addition, LPS stimulation causes a
more rapid increase in levels of these factors in MZ B cells,
which is correlated with their accelerated kinetics of antibody
secretion.'® Thus, MZ B cells are equipped for rapid antibody
production following innate stimulation. B1 cells likely share
similar ER properties. Recently, an ER-localized protein Mzb1
was found to be preferentially expressed in Bl and MZ B cells.
Knockdown of Mzbl by siRNA in MZ B cells resulted in
decreased IgM production following LPS stimulation.”' The
role Mzb1 plays in innate antibody responses is hypothesized
to be through interaction with Grp94, a master chaperone for
TLRs,?? and ERp57, an oxidoreductase important for gly-
coprotein folding.”

ILBS AND REGULATORY B CELLS (BREGS)

The first piece of evidence that B cells may exert suppressive
activity came from early studies in guinea pigs in the mid-
1970s. Transferring total but not B cell-depleted splenocytes
inhibited delayed-type hypersensitivity reactions.>* The nega-
tive role of B cells in downmodulating immune responses has
then been demonstrated in several murine models, mainly in
autoimmune® >’ and inflammatory diseases.?® It was not until
2006 that the name ‘regulatory B cells’ was introduced to the
scientific community to delineate B-cell populations with sup-
pressive functions.”” While the transcription factor Foxp3 is a
universal marker for regulatory T cells (Tregs), there is cur-
rently no known master transcription factor that identifies
Bregs. Instead, Bregs have been defined based on their func-
tions, particularly by their capacity to produce the suppressive
cytokine IL-10. Similar to Tregs, Bregs need to be activated
before exerting their functions. Different activation modes
can lead to the generation of different types of IL-10-producing
regulatory B cells, which have been reviewed recently.’®*' Even
though ‘innate type’ and ‘adaptive type’ Bregs have been pro-
posed by Mizoguchi and Bhan,* there is currently no unified
model that incorporates all types of Bregs. Depending on their
origins and responding properties, I propose to modify the
classification of Bregs into three main categories: ‘adaptive’
Bregs with antigen specificity that are generated through an
adaptive immune responses via BCR and CD40 and possibly
TLR signaling; ‘immature’ Bregs that are developed from a
population of immature B cells following direct CD40 ligation;
and ‘innate’ Bregs that are derived from ILBs that are activated
following TLR or innate microbial stimulation (Figure 1).

‘Adaptive’ Bregs

The evidence for the existence of IL-10-producing adaptive
Bregs comes from early studies in murine autoimmune disease
models. Fillatreau et al. used the murine experimental auto-
immune encephalomyelitis (EAE) model and found B cells from
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Figure 1 Breg classification and their developmental pathways. Bregs can be divided into three types: ‘Innate’, ‘Immature’ and ‘Adaptive’.
Following stimulation with TLR or microbial agonists, murine and human ILBs are converted into ‘Innate’ Bregs, which produce high amounts
of IL-10 and IgM. ‘Immature’ Bregs are generated from murine T2-MZP cells or human immature CD38"CD24" B cells following direct CD40
triggering. Both ‘Innate’ and ‘Immature’ Bregs are quick effector cells, secreting IL-10 within hours. In contrast, ‘Adaptive’ Bregs are generated via
an adaptive immune response, and the origins of ‘Adaptive’ Bregs are not well defined. Itis plausible that these Bregs are developed from B2 cells,
but recent experimental evidence has suggested that T2-MZP cells could be an important source.>! Solid lines are supported experimentally, while
dotted lines are speculative. BCR, B-cell receptor; Breg, regulatory B cell; ILB, innate-like B cell; T2-MZP, transitional type 2 marginal zone

precursor.

recovered mice produced IL-10 following autoantigen restimula-
tion. These IL-10-producing B cells were critical for the recovery
of diseased mice.”® CD40 was also implicated in the protective
role of these Bregs, as chimeras with selective CD40 deficiency
exhibited a more severe EAE than controls.”® In a murine arth-
ritis model using the DBA/1-TCR-B-Tg mice, Mauri et al. found
that B cells from arthritic mice produced IL-10 following cognate
antigen and CD40 cosignaling. These in vitro-stimulated B cells
can protect recipient mice from developing arthritis.”” In both
cases, signaling through both the BCR and CDA40 is required for
the differentiation of adaptive Bregs. Calcium signaling is a crit-
ical downstream event following BCR triggering, and a recent
study demonstrated that conditional deficiency of the calcium
sensors stromal interaction molecules 1 and 2 in B cells resulted
in the loss of IL-10-producing adaptive Bregs and led to an
exacerbation in EAE disease scores compared with wild-type
mice.” This study further emphasized that antigen recognition
is the defining feature for adaptive Bregs. However, the sources of
these Bregs were not clearly defined in the study.

‘Immature’ Bregs
By using lupus-prone MRL/Ipr mice, Mauri’s group found that
an agonistic anti-CD40 antibody could directly stimulate

CD19*CD1d™CD21MCD23" transitional type 2 marginal
zone precursor (T2-MZP) B cells to produce substantial
amounts of IL-10. An intracellular staining assay indicated that
T2-MZP B cells were the major IL-10 producers under this
experimental condition.”” In contrast to the adaptive Bregs
induced in arthritic DBA/1-TCR-B-Tg mice that require both
CD40 and BCR signaling,”” the induction of IL-10 in MRL/Ipr
B cells by the anti-CD40 antibody was independent of BCR
signaling, and BCR stimulation actually decreased IL-10 pro-
duction.®® Thus, it is clear that CD40 stimulation alone is suf-
ficient to induce immature B cells to produce IL-10, and
consequently, these B cells have been named ‘“immature’
Bregs. It will be interesting to check whether other types of
immature B cells have similar IL-10-producing capacity fol-
lowing sole CD40 stimulation.

‘Innate’ Bregs

In contrast to B2 cells, a distinct feature of ILBs (including
B1,>**> MZ B cells®® and related B cells*’*®) is their rapid
capacity to produce high amounts of IL-10 following innate
activation. In this sense, these IL-10-producing ILBs have been
classified as ‘innate’ Bregs. Numerous studies have demon-
strated a regulatory role for these ILB-derived Bregs in auto-
immunity, inflammation and infection.
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Innate Bregs and autoimmunity

Fillatreau et al. demonstrated the regulatory role of adaptive IL-
10-producing Bregs in a murine EAE model*® and later found
that IL-10-producing innate Bregs also participated in the
negative regulation of autoimmune-mediated inflammation
in this model. The innate stimulation was provided by the
components of Mycobacterium tuberculosis in the complete
Freund’s adjuvant used to induce the disease. MyD88 and
TLR signaling in B cells were required for their regulatory
activities, but the phenotype of these Bregs were not explored
in the study.’® In another study, the regulatory effect of Bregs in
EAE was attributed to a population of MZ B cell-related
CD1d"CD5" B cells. Interestingly, these CD1d™CD5" Bregs
mainly played regulatory roles during the initiation phase of
EAE, while Tregs were dominant in the control of immuno-
pathogenesis during the late phase.*’

Complete Freund’s adjuvant is also used to generate collagen
or methylated bovine serum albumin-induced arthritis in
mice. In two arthritic models, T2-MZP B cells have been iden-
tified as the major IL-10-producing Bregs.””*' These Bregs
inhibit Th1l and Th17 development and promote the genera-
tion of Foxp3™ Tregs.*' B cell-activating factor (BAFF) is a
member of TNF family of cytokines and plays a role in the
regulation of B-cell maturation and function. BAFF levels are
increased in patients with autoimmune diseases such as rheum-
atoid arthritis and systemic lupus erythematosus. Studies have
shown that BAFF can stimulate murine splenic B cells to pro-
duce IL-10, and these IL-10-producing B cells share this pheno-
type with MZ B cells and CD1d"CD5" Bregs.** BAFF also
potently expands CD1d"CD5" Bregs in vitro, and adoptive
transfer of these Bregs ameliorates collagen-induced arthritis
via suppressing the Th17 response.*’

Innate Bregs and inflammation

In the early 1990s, O’Garra et al. reported that mouse periton-
eal CD5" (Ly-17) Bla cells were the main source of IL-10
following LPS stimulation, raising the possibility of these cells
having immunoregulatory activities.”* As CD5" Bla cells con-
stitute the first wave of murine B cell development, it would be
interesting to investigate their immunoregulatory roles during
the neonatal period.

CD5 " Bla cells have a different tissue distribution in neonates
and adults. They account for more than 30% of splenic B cells in
7-day-old neonatal mice compared to approximately 2% in
adults.”® CD5" Bla cells are also abundant in the liver and
blood, and CD5" Bla cells represent most ILBs during the
neonatal period. In the context of TLR9 agonist CpG stimu-
lation, neonatal CD5" Bla cells produce high amounts of IL-
10, which inhibit IL-12 production by conventional dendritic
cells and consequently suppresses Thl priming in vivo.””> In
following studies, other TLR agonists (targeting TLR2, 4 and
7) and certain viruses (influenza virus and baculovirus) were
also found to efficiently stimulate neonatal CD5" Bla cells to
produce IL-10. Interestingly, type I interferons (IFNs) derived
from activated innate cells strongly promote IL-10 production
from neonatal CD5" Bla cells. Additionally, both type T IFN
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signaling and IL-10 are required for neonatal CD5" Bla cells to
control the lethal inflammation induced by CpG in IL-10~'~
neonatal mice.** The regulatory role of neonatal innate Bregs
was independently confirmed by another group.*” Collectively,
these studies uncovered a critical role for CD5" Bla cells in the
regulation of neonatal inflammation and immunity. Neonates
are highly susceptible to microbial infections, and in this con-
text, neonatal innate Bregs could play a paradoxical role in
immune regulation. On the one hand, IL-10 produced by
CD5" Bla cells can impair the ability of the neonates to generate
sufficient immunity against invading pathogens; on the other
hand, IL-10 could be beneficial for them to avoid overwhel-
mingly lethal inflammation. In addition, activated CD5" Bla
cells also secrete high amount of natural IgM, which could pro-
vide an additional way for the neonates to neutralize invading
pathogens and regulate inflammatory responses.

ILBs also exhibited IL-10-dependent regulatory functions in
a murine contact hypersensitivity model. Contact hypersensi-
tivity is a cutaneous immune reaction mediated mainly by anti-
gen-specific Th1/Tcl cells. Splenic MZ B cells*® and related
CD1d"CD5" B cells®® inhibited the immune reaction at the
acute phase, while peritoneal CD5* Bla cells*” played suppress-
ive roles during the late remission phase. In both situations,
Bregs exerted their regulatory roles in an IL-10-dependent man-
ner, and specifically, the identification of CD1d"CD5" B cells
as Bregs was based on their IL-10-producing capacity following
LPS stimulation.”® However, the degree that innate signals con-
tribute to the regulatory activities of these Bregs is not clear in
this model.

Innate Bregs and infectious disease

Microbes such as parasites and bacteria can directly stimulate
ILBs to produce IL-10, and these Bregs can exert a regulatory
function on disease outcome. This can be either protective or
deleterious, depending on the infectious model utilized.

PARASITIC INFECTIONS

Schistosoma mansoni helminth infection in mice is characterized
by a Thl to Th2 shift and granuloma pathology induced by
schistosome eggs. Lacto-N-fucopentaose III, an oligosaccharide
from schistosome eggs, can stimulate B cells to produce IL-10,
and IL-10-producing B cells have been implicated in the Thl to
Th2 shift that takes place during the course of infection.*® Later,
this group found that Bl cells produced vast amounts of IL-10
following Lacto-N-fucopentaose III stimulation, and B1 cells were
preferentially expanded in S. mansoni-susceptible mouse strains.*’
Interestingly, IL-10-producing B cells generated during S. man-
soni infection suppressed Th2-mediated severe allergic reactions,
namely, anaphylaxis and airway hyperinflammation.”®' By using
IL-10-EGFP reporter mice, the dominant IL-10-producing B cells
in the spleen of infected mice were CD1d™, composed of MZ and
related B cells. These Bregs also promoted the infiltration of
foxp3™ Tregs to the disease site, which provided an additional
means to control the inflammation.”' These studies indicated that
several types of Bregs could be induced during S. mansoni infec-
tion and play regulatory roles through diverse ways.



Bregs were also shown to perform important regulatory
activities in murine Leishmania infection models. L. major
can directly stimulate MZ or related T2-MZP/CD1d™CD5"
B cells to produce IL-10. These Bregs downregulate IL-12 pro-
duction from L. major-stimulated dendritic cells and skew the
T-cell responses toward the non-protective Th2 pathway.”
Similarly, L. donovani stimulates MZ and MZ-related B cells
(identified as CD1d™) to produce IL-10 in a MyD88-depedent
manner, which dampens Th1 responses in vivo.>

BACTERIAL INFECTIONS

Thus far, only a few studies have directly addressed the role
of Bregs in bacterial infections. Neves et al. found that
Salmonella typhimurium can directly stimulate B cells to
produce IL-10, which was dependent on MyD88 and
TLR2/4. Following S. typhimurium intravenous infection,
IL-10-producing B cells were detected in the spleen within
1 day. The rapidness of this response indicated that S. typhi-
murium activated a population of ILBs, even though their
phenotype was not detailed in this study. By using chimeric
mice in which B cells were selectively deficient for MyD88 or
IL-10, IL-10 from innately-activated B cells was demon-
strated to suppress protective immunity against S typhimur-
ium, including both the innate (neutrophil and natural killer
cell functions) and adaptive (Thl response) arms.”
Recently, Listeria monocytogenes was found to stimulate
MZ B cells to produce large amounts of IL-10 through
TLR2 and 4 engagements. MZ B cell-derived IL-10 inhibited
innate immunity and increased the host’s susceptibility to
Listeria infection.”

VIRAL INFECTIONS

Viruses can also stimulate the generation of IL-10-producing
Bregs. Polyoma virus is a highly oncogenic virus in certain
susceptible mouse strains, such as PERA/Ei mice. Polyoma
virus stimulates peritoneal B cells from PERA/Ei mice to pro-
duce large amounts of IL-10 in a TLR4-dependent manner.
Consequently, PERA/Ei mice develop an ineffective CD8"
CTL response, which is not sufficient to control tumor
development.®® In a murine cytomegalovirus infectious model,
B cells were found to represent the dominant IL-10-producing
leukocytes in the spleen using the IL-10-EGFP reporter. Using
the mice with B cell-specific deficiency in IL-10, B cell-derived
IL-10 was found to play a non-redundant role in restraining the
amplitude of virus-specific CD8 " T-cell responses and down-
regulating plasma cell expansion.”” As type I IFNs are potently
induced during viral infections and type I IFNs enhance IL-10
production by Bregs in a neonatal inflammation model,** it is
very likely that this regulatory loop also functions in viral infec-
tious disease.

A close look at T2-MZP and CD1d™CD5" Bregs

Recent studies in the field of Bregs have focused on the func-
tions of T2-MZP and CD1d"MCD5" B cells, led by Mauri’s
group’’ and Tedder’s group,” respectively. Both groups
emphasized the roles of the TLR, BCR and CD40 pathways in
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the development of Bregs. Particularly, T2-MZP B cells were
shown to independently respond to the TLR, BCR and CD40
pathways.””® This feature may place T2-MZP B cells in a
special position in terms of Breg development and activity
(Figure 1). Phenotypically, both T2-MZP and CD1d™CD5*
B cells from naive mice express high amounts of CD21 and
CD1d, but the expressions of CD23 and CD5 partially overlap
(Figure 2). Thus, only a small population of B cells can be
simultaneously identified as both T2-MZP and CD1d™CD5*
B cells with the phenotype of CD21™CD23*CD1d™CD5".
Whether this small B cell population harbors higher regulatory
activity than CD21™CD23"CD1d"CD5~ or CD1d"CD5"
CD21"CD217 B cell subsets is not yet known.

Novel types of IL-10-producing innate B cells

In addition to conventional ILBs (Bla, Bl1b, MZ and related T2-
MZP and CD1d"CD5" B cells), several groups have reported
novel types of IL-10-producing B cells following innate stimu-
lation. Hao et al. found that there was an accumulation of a
population of CD19"CD43~AA4.1 CD21 CD23~ B cells in
aged mice. These B cells were refractory to BCR and anti-
CD40 stimulations but produced IL-10 following stimulation
with TLR7 or TLR9 agonists.”® In adult mice, B220~°CD19™"
B cells from the spleen constituted a distinct population of B
cells that preferentially produced IL-10 following LPS stimu-
lation.”” Qian et al. reported that regulatory dendritic cells can
induce murine splenic B cells to differentiate into a distinct
population of IL-10-producing CD19™FcyIIb™ Bregs. This type
of Bregs were also found to exist in vivo and were expanded
following immunization.®" These studies enlarged the scope of
Bregs and indicated that new types of Bregs could be generated
under some specific conditions.

While this review is centered on the IL-10-producing prop-
erty of Bregs, it should be noted that Bregs could exert some
regulatory roles independent of IL-10, such as TGF--depend-
ent effects from LPS-stimulated murine B cells.”*®> In other
cases, splenic CD5" Bla cells have been found to constitutively
express FasL and induce CD4 " T-cell apoptosis. Interestingly,
IL-10 can enhance the expression of FasL by Bla cells and
strengthen this type of regulatory activity.**

HUMAN ILBS AND IL-10-PRODUCING BREGS

Human ILBs

While the existence of MZ B and B1 cells is firmly established in
mice, the question of whether similar types of ILBs exist in
humans remains unanswered. There are several obvious differ-
ences between mouse and human B cell studies. First, mice are
easy to manipulate, with easy access to the different organs,
while human B cell studies are mainly restricted to the peri-
pheral blood. Second, naive laboratory mice normally contain
a few memory B cells, while human memory B cells are accu-
mulated from birth and constitute a large fraction of the B-cell
pools in adults. In 2004, human blood IgM "IgD*CD27" B
cells (called ‘IgM memory B cells’) were proposed to be cir-
culating splenic MZ B cells,”® but others hypothesized that
these IgM memory B cells could be real ‘memory’ B cells.®®
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Figure 2 Phenotypic relationships between murine T2-MZP and CD1d™CD5* B cells. The CD1d"CD21" population was gated from CD19™ B
cells from a naive C57/BL6 mouse spleen. The CD1d™CD21M population was then further gated on CD21 and CD23 to identify CD21"CD23"° MZ B
cells and CD21MCD23" T2-MZP cells, and the percentage of CD1d"CD5™ cells was analyzed from each B-cell subset. Alternatively, a
CD1d"cD21" population was subdivided into CD1d™CD5* and CD1d"'CD5 ™ cells, and the expression of CD23 on both B subsets was analyzed.
The results indicate that only a small population of B cells can be simultaneously identified as both T2-MZP and CD1d"CD5™ B cells. MZ, marginal

zone; T2-MZP, transitional type 2 marginal zone precursor.

In fact, both IgM memory B cells and isotype-switched mem-
ory B cells show much greater responses to innate stimuli than
naive B cells, reflecting the properties of ILBs in mice.”” In
addition, human IgG™ memory B cells, and to a lesser extent
IgM memory B cells, responded more robustly following BCR
triggering than naive B cells. [gG" memory B cells also show
heightened constitutive BCR signaling.®® These features may
contribute to the pre-activated state and innate-responding
properties of human memory B cells. It is plausible that human
memory B cells could be regarded as a kind of ILBs, but whether
there are specialized ILB subsets within memory B cells is cur-
rently unknown.

There are also controversies concerning the existence of
human BI cells. CD5 is a useful marker to identify Bla cells in
mice, but CD5 is broadly expressed on immature and transitional
B cells in humans.”” Recently, Rothstein’s group reported a
population of CD20"CD27"CD43"CD70~ ‘human B1 cells’
in both cord and adult blood, based on their properties of spon-
taneous IgM secretion, efficient T-cell stimulation and tonic BCR
signaling,” Later, this group further divided ‘human BI cells’
into CD11b* and CDI11b~ subsets and found that the
CD11b" subset expressed high levels of CD14, a monocyte mar-
ker.”' However, several groups raised concerns about the fidelity
of ‘human B1 cells’ and showed that these ‘human B1 cells’ could
be contaminated with CD3™ T cells, isotype-switched memory B
cells and (pre-)plasmablasts.”>”> Thus, further investigation is
required to clarify the issue of human B1 cells.

Human IL-10-producing Bregs
Numerous studies have demonstrated that human B cells
can produce IL-10 following stimulation, indicating that
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IL-10-producing Bregs also exist in humans. Referring to the
classification of murine Bregs, current literature supports that
‘immature’ and ‘innate’ types of Bregs are present in humans.
The ‘adaptive’ type of Bregs could also exist, but scientific
evidence is lacking for the time being.

Human immature Bregs
By using CD40-ligation as the stimulus, Duddy et al. found that
adult blood CD27 ™ non-memory B cells were major producers
of IL-10, while coligation of BCR decreased IL-10 secretion.”*
Mauri’s group has previously reported that murine T2-MZP B
cells produce IL-10 following CD40 stimulation.”® This group
extended their study to human B cells and demonstrated that
human CD19"CD38"CD24" immature B cells produced the
highest levels compared with naive and memory B cells of IL-10
following CD40 ligation and consequently suppressed Th1 dif-
ferentiation. Particularly, this type of regulatory activity by
immature B cells was impaired in systemic lupus erythemato-
sus patients.”” B cells from multiple sclerosis patients also pro-
duce much less IL-10 than those from healthy controls
following CD40 ligation,”* implicating either a reduction in
their numbers or compromised functionality of the immature
Bregs in multiple sclerosis patients. Interestingly, multiple
sclerosis patients infected with helminths generate a popu-
lation of CD40-responding, IL-10-producing CD1d™ Bregs,
which could be beneficial for the resolution of inflammation.”®
However, immature B cell markers such as CD38 and CD24
were not used to define the phenotype of this type of CD1d"™
Bregs in this study.

A potential role for immature Bregs and disease outcomes
has also been reported in other diseases. Newell et al. found that
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after renal transplantation, tolerant patients showed signifi-
cantly increased numbers of IL-10-producing immature
Bregs compared to patients requiring the immunosuppressive
regimen.”” IL-10-producing immature Bregs are also enriched
in chronic hepatitis B virus-infected patients, and these Bregs
suppress hepatitis B virus-specific CD8* T-cell responses.”®
Collectively, the above studies provide strong evidence that
immature Bregs can play suppressive roles in different disease
situations in an IL-10-dependent manner.

Human innate Bregs

While murine B cells express most of the TLRs, human B cells
have a more restricted TLR expression profile. Human peri-
pheral B cells mainly expressed TLR7 and 9, and higher express-
ion of the two TLRs were found in CD27 " memory B cells than
in naive B cells.”” In contrast to IL-10-producing immature
Bregs stimulated by CD40 ligation, stimulation with the
TLR9 agonist CpG identified another population of IL-10-pro-
ducing B cells predominantly located within the CD27 " mem-
ory B-cell compartment. These innate-activated Bregs can
decrease TNF-a production by LPS-stimulated monocytes in
an IL-10-depdendent manner’’ In addition, human CD27%
memory B cells also respond to DNA-bearing apoptotic cells
by secreting IL-10, indicating that this type of Bregs could play
an important role in maintaining tolerance.’’ While TLR
activation is the prime force driving IL-10 expression in human
Bregs, costimulation through BCR®? or CD40* could provide a
synergistic effect for IL-10 secretion in CD27 " Bregs.

CONCLUSION AND PERSPECTIVES

ILBs represent an unconventional and heterogeneous popu-
lation of B cells in mice. These B cells adopt different devel-
opmental pathways from conventional B2 cells and exert
immune regulatory effects under physiological and patho-
logical conditions. Particularly, ILBs constitute an important
source of IL-10-producing Bregs in multiple models of auto-
immunity, inflammation and infection. However, the devel-
opmental pathways of human ILBs are largely unknown, and
the study of IL-10 producing human Bregs is just in its
infancy. Recently, the atypical chemokine receptor D6
and T-cell Ig domain and mucin domain protein 1%* were
used to identify murine ILBs and IL-10-producing Bregs,
respectively. Whether there are any similar markers that
could characterize corresponding human B-cell subsets is
an interesting question to be addressed in the future.

This review has proposed classifying Bregs into three types.
However, in some cases, the boundaries are not distinct, and
more studies are needed to clarify their relationships. Another
important question is how innate-activated ILBs coordinate
the expression of their two key effector molecules: IgM and
IL-10. Is there any cross-regulation between them? Do they
play synergistic or antagonistic roles in the context of infection?

Finally, given the important roles of murine Bregs in
immune regulation, how can we manipulate their functions
to develop novel intervention or immunization strategies?

More importantly, how can we translate these findings from
murine models to human applications?
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