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1 | INTRODUCTION

Shinichi Sato MD, PhD

Abstract

B cells are generally considered to regulate immune responses positively because
they differentiate into plasma cells and produce antigen-specific antibodies. However,
specific B-cell subsets have been reported to regulate immune responses negatively
and have been termed regulatory B cells. Accumulating evidence has shown that
regulatory B cells play an important role in a variety of inflammatory and autoimmune
diseases. Among several regulatory B-cell subsets, IL-10-producing regulatory B cells
are the most widely investigated. This review focused on the role of regulatory B cells
in autoimmune and inflammatory skin diseases. The frequency of IL-10-producing B
cells in the peripheral blood from patients with systemic sclerosis was decreased
compared to healthy controls. In addition, the function of regulatory B cells was im-
paired in patients with systemic sclerosis. As for systemic lupus erythematosus, the
frequency of regulatory B cells was increased in the peripheral blood, while their
regulatory function was impaired. In inflammatory skin diseases including psoriasis
and atopic dermatitis, the number of IL-10-producing B cells was decreased com-
pared to healthy controls. Similarly, patients with cutaneous T-cell lymphoma showed
decreased number of IL-10-producing B cells. Taken together, regulatory B cells
would play important roles in suppressing the disease onset, whose dysfunction
might lead to worsening the disease symptoms. Revealing the mechanisms of human
regulatory B cells in skin diseases could lead to the development of novel therapies

targeting regulatory B cells.
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molecules including CD80, CD86, and OX40 ligand expressed on B

cells are also important for optimal T-cell activation.>¢ Thus, B cells

B cells have been considered to regulate humoral immune responses
positively because of their ability to produce antigen-specific an-
tibodies and to activate T cells through antigen presentation.! B
cells can also serve as antigen-presenting cells, leading to optimal
antigen-specific CD4" T-cell expansion, memory formation, and
cytokine production (Figure 1).1* Furthermore, co-stimulatory

can positively regulate cellular immune responses in addition to pro-
ducing antibodies.

Specific B-cell subsets, however, negatively regulate immune re-
sponses and have been termed regulatory B cells.””” There is accumu-
lating evidence demonstrating that regulatory B cells play an important

roleinavariety of mouse models of inflammation and autoimmunity.*°>
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Among several regulatory B-cell subsets described in mice, IL-10-pro-
ducing regulatory B cells are the most widely investigated.>*® Human
regulatory B cells, also predominantly identified based on their pro-
duction of IL-10, exhibited a phenotypic and functional heterogeneity
similar to that of mouse IL-10-producing regulatory B cells.”"** Human
regulatory B cells were enriched in CD24MCcD38" transitional B cells
and CD24"CD27" memory B cells.®®'? cD24"CD38" transitional B
cells inhibited proinflammatory cytokine production by CD4"* T cells,
dependent on IL-10, CD80, and CD86, but not transforming growth
factor-B‘18 Human CD25"CD86"CD1d" B cells could also suppress the
proliferation of CD4" T cells and enhance Forkhead box protein 3 and
cytotoxic T-lymphocyte antigen 4 expression in regulatory T cells by
producing IL-10 and transforming growth factor—ﬁ.20 Moreover, IL-10
production was also enriched in CD27"CD38" plasmablast B-cell
compartments.21 Taken together, it is possible that human regulatory
B cells do not belong to a single B-cell subset (Figure 2). Matsumoto

et al??

investigated what happened to immature, naive mature, and
memory B cells after in vitro stimulation with combinations of CpG,
IL-2, IL-6, and interferon (IFN)-a. They showed that these four stimuli
used all together induced naive immature B cells to develop into IL-10-
expressing CcD27M™cD38* plasmablast-like cells. Furthermore, there
was more IL-10 expression by plasmablast-like cells that developed
from immature naive B cells than by plasmablasts that developed from
mature or memory B cells.?? These data suggested that naive immature
B cells had ability to produce more IL-10 after appropriate stimulation
compared to proliferated B cells including memory cells and plasma
cells.

Regardless of the different markers used to identify human regu-
latory B cells, the majority of protective effects of human regulatory
B cells are dependent on IL-10. Although studies of human regula-
tory B cells are limited, there have been emerging data proposing
the importance and potential future therapeutic application of pe-

ripheral blood regulatory B cells in human diseases.?® The present
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review focused on the role of regulatory B cells in autoimmune and
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inflammatory skin diseases (Table 1).

2 | SYSTEMIC SCLEROSIS

Systemic sclerosis (SSc) is a connective tissue disorder character-
ized by fibrosis in the skin and various internal organs, with an au-
toimmune background. More than 90% of patients with SSc carry
autoantibodies such as anti-DNA topoisomerase |, anticentromere,
and anti-RNA polymerase antibodies (Abs).?* In addition, B-cell acti-
vating factor was present at elevated levels in patients with SSc and
correlated with disease severity.25 Thus, B cells are considered to
play a pathogenic role in SSc.

Clinical study using peripheral blood B cells from patients with
SSc showed a decreased number of CD197IL-10" B cells in the
blood of patients with SSc when cells were stimulated with lipo-
polysaccharide (LPS) for 24 hours with the additional phorbol-12-
myristate-13-acetate (PMA) and ionomycin compared to healthy
controls.?® Similarly, the frequency of CD24"CD27" regulatory B
cells was significantly lower in patients with SSc than in healthy con-
trols.?® Furthermore, the frequency of regulatory B cells negatively
correlated with the titer of anti-topo | Ab and anticentromere Ab in
patients with SSc.

Consistently, Mavropoulos et al?’ demonstrated that regulatory
B cells were phenotypically and functionally impaired in patients
with SSc. Percentages of CD24"cD38" B cells were decreased in
patients with early SSc, established SSc, and with SSc-associated
pulmonary fibrosis compared to healthy controls.?” Furthermore,
expression of IL-10 by regulatory B cells after stimulation with
CpG was impaired in patients with SSc, particularly those with
SSc-associated pulmonary fibrosis. Activation of signal transducer

and activator of transcription 3 and p38 mitogen-activated protein
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FIGURE 2 Hypothesis of regulatory B-cell development. After Toll-like receptor (TLR) activation, CD40 activation, and activation with
cytokines, immature B cells differentiate into transitional B cells, then into IL-10-producing regulatory B cells, naive B cells, and mature

B cells. Plasmablasts, which develop from IL-10-producing regulatory B cells or memory B cells, retain their ability to produce IL-10. All
regulatory B-cell types terminally differentiate into antibody-producing plasma cells

kinase was impaired in naive and memory B cells from patients
with SSc after stimulation with CpG.?” These findings supported
the idea of B-cell autoaggression acting as an immunopathogenic
mediator in SSc. Taken together, regulatory B cells were numeri-

cally decreased and functionally impaired in patients with SSc.

3 | SYSTEMIC LUPUS ERYTHEMATOSUS

Systemic lupus erythematosus (SLE) is a multisystem autoimmune
disease characterized by the production of antinuclear Abs and ab-
normalities in T-cell and B-cell function. Internal organ systems are
involved, and renal involvement is one of the most serious complica-
tions of SLE.

A clinical study using peripheral blood B cells showed that the
frequencies of IL-10-producing B cells in the peripheral blood were
significantly higher in patients with several autoimmune diseases
including SLE, rheumatoid arthritis, Sjoégren syndrome, bullous dis-
eases, and multiple sclerosis compared with normal controls when
stimulated with LPS or CpG in the presence of CD40 ligation for
48 hours with additional PMA and ionomycin.'? Similarly, Yang

128 showed an increase in CD19"IL-10* B cells in the blood of pa-

eta
tients with SLE when the cells were stimulated with LPS for 24 hours
with the additional PMA and ionomycin.

Recently, the dysfunction of regulatory B cells in patients with
SLE was reported by demonstrating functional impairment of
CD24"cD38M regulatory B cells in the peripheral blood.'® After
CD40 stimulation, CD24"cD38" regulatory B cells suppressed

IFN-y and tumor necrosis factor (TNF)-a production from CD4" T

cells in normal controls, whereas they did not have the inhibitory
effect in patients with SLE. This effect was partially dependent on
IL-10.® CD24"cD38" regulatory B cells isolated from peripheral
blood of patients with SLE were unresponsive to CD40 stimulation
and produced less IL-10 than those from normal controls.*® Another
study showed that FSC" fractions of B cells from patients with SLE
stimulated with IL-2 and Staphylococcus aureus Cowan 1 for 72 hours
had less suppressive effects on T-cell proliferation compared to
those from normal controls.?’ Collectively, although regulatory B
cells were increased in the peripheral blood of patients with SLE, the

function of those cells was impaired.

4 | PEMPHIGUS

Pemphigus is another organ-specific autoimmune disease, which
is characterized by severe blistering condition of the skin and mu-
cosa caused by autoantibodies directed against two desmosomal
proteins involved in keratinocyte adhesion: desmoglein (DSG) 1
and DSG 3.3%3! These autoantibodies block keratinocyte adhe-
sion, resulting in intraepidermal blistering of mucosa membranes
and skin.3%%1 Although high doses of corticosteroids along with

immunosuppressants are the first-line treatment,*?

relapses are
frequent, so long-term treatment is necessary. Therefore, new
treatment with rituximab based on B-cell depletion has been re-
ported in severe pemphigus cases and efficacy of rituximab in pa-
tients with pemphigus has been confirmed in both short and long
term.337% The underlying mechanism of rituximab's effectiveness

has gradually become clear. In most cases, B-cell reconstitution
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TABLE 1 A summary of human studies on regulatory B cells in patients with skin diseases

Supernatant IL-10
levels from B cells
(compared to healthy

Regulatory B-cell subsets (compared

Disease to healthy controls) controls)
SSc Decreased CD24"'CD27" B cells ND
Decreased CD19*IL-10" B cells
Decreased CD24"CD38" B cells ND
SLE Similar CD24"CD38" B cells ND
Decreased I1L-10" B cells
Increased CD1d"CD5" B cells Increased
Increased IL-10" B cells
Similar FSC" B cells Similar
Increased 1L-10" B cells ND
Pemphigus Increased CD24"CcD38" B cells ND
Similar IL-10* B cells
Psoriasis Decreased CD24"'CD27" B cells ND
Decreased CD24"CD38" B cells
Decreased IL.-10" B cells
Decreased IL-10" B cells ND
Atopic Similar CD24"CD27" B cells ND
Dermatitis Decreased IL-10" B cells
CTCL Decreased CD24"CD27" B cells, ND

Decreased CD24"CD38" B cells
Decreased I1L-10" B cells

Function

(compared to

healthy

controls) Stimulus for IL-10 assay  References
ND LPS + P 26
Impaired CpG +PI z
Impaired CD40L + PI 1
ND LPS + PI 2
Impaired IL-2 + SAC &)
ND CpG + CD40L + PI ®
Impaired CpG + CD40L + P 7
Impaired CpG + Pl %
ND CpG + CD40L + PI &l
ND CpG + CD40L + P 45
ND CpG + Pl <l

Note. Abbreviations: CD40L, CD40 ligand; CTCL, cutaneous T-cell lymphoma; IBD, inflammatory bowel disease; LPS, lipopolysaccharide; ND, not

done; PI, PMA + ionomycin; SAC, Staphylococcus aureus Cowan 1.

began 6 to 9 months after rituximab infusion, and the patients in
complete remission had a fourfold higher number of transitional B
cells and IL-10-producing B cells than those who had incomplete
remission. These results suggested that newly emerging B cells
with transitional phenotype could give rise to IL-10-producing B
cells, leading to the decrease in DSG-specific circulating B cells
and disease remission.

Another clinical research regarding regulatory B-cell involvement
in pemphigus revealed the up-regulated frequency of cD24"cp3gh
regulatory B cells in peripheral blood of patients with pemphigus.37
Moreover, regulatory B cells from patients with pemphigus had a
lower capacity to produce IL-10 after 48 hours of stimulation with
CpG and CD40 ligand compared to those from normal controls.®” In
addition, these regulatory B cells failed to suppress IFN-y production
from CD4" T cells, as was the case with SLE.*® Thus, regulatory B-cell
function may be impaired in patients with pemphigus, and recovery
of functional regulatory B cells after rituximab may contribute to re-
mission of the disease.

5 | PSORIASIS

Psoriasisisacutaneousdisorder characterized by widespread erythe-
matous plaques with adherent scales that affect ~2% of the general
population.®® Mavropoulos et al®? analyzed peripheral blood regula-
tory B cells from 60 patients with psoriatic arthritis (PsA), 50 patients

with psoriasis, and 23 healthy volunteers. CD19*CD27°CD24" and
CD19*CD24"cD38" regulatory B cells were decreased in PsA and
psoriasis compared to healthy controls. In patients with psoriasis, the
frequency of CD197CD27°CD24" regulatory B cells inversely corre-
lated with disease severity score. IL-10" B cells were also decreased
and inversely correlated with IL-17A*CD3* and IFN-y*CD3* T cells.’
Furthermore, B cells from patients with PsA and psoriasis exhibited
impaired activation of p38 mitogen-activated protein kinase and sig-
nal transducer and activator of transcription 3. These results dem-
onstrated that regulatory B cells were numerically decreased and
functionally impaired in the patients with PsA and psoriasis.
Another study using clinical samples from patients with psori-
asis reported a decrease in IL-10-producing regulatory B cells but
did not find a correlation with disease severity score.* In a mouse
model of psoriasis induced by imiquimod, splenic IL-10-producing
regulatory B cells were greatly reduced.* In this model, depletion
of regulatory B cells resulted in more severe skin inflammation,
while adoptive transfer of IL-10-producing B cells from wild-type
mice to imiquimod-treated CD19-knockout animals reduced skin
inflammation and IFN-y and IL-17A production in inflamed skins.*
In humans, IL-10 administration appears to have a favorable ef-
fect on PsA and psoriasis.*? Subcutaneous IL-10 administration for
28 days in patients with PsA in a double-blind study improved pso-
riasis and decreased T-cell and macrophage infiltrations in synovial
tissue.*? Collectively, regulatory B cells could be regulators in the

pathogenesis of psoriasis.



SUGA anD SATO

ll—W[ LEY Eﬁ’t";lr;;eous Immunology and Al . @
6 | ATOPIC DERMATITIS

Atopic dermatitis (AD) is one of the allergic diseases characterized by
high IgE levels, and IgE-mediated mechanisms are thought to play an
important role in the pathogenesis of this disease. Mechanisms pro-
moting allergic inflammation are caused by Th2-polarized immune
response. One of the significant causes of allergic inflammation de-
velopment is an alteration in the immune regulatory processes.*?

The first experiment demonstrating the regulatory function of
B cells in AD-like mouse model was performed in 2015.% The fre-
quency of IL-10-producing B cells in the spleen CD19" B cells was
decreased in the mice of AD group compared to the control group
after stimulation with LPS for 5 hours with additional PMA and ion-
omycin.** The regulatory function of IL-10-producing B cells on IgE
production was investigated by sorting these cells. Purified IL-10-
producing cells sorted from AD or control mice were cultured with
peripheral blood mononuclear cells for 72 hours and with addi-
tional LPS, PMA, and ionomycin for the last 5 hours. Interestingly,
IL-10-producing B cells from control mice effectively inhibited IgE
secretion, whereas the suppressive function of IL-10-producing B
cells from the AD mice was significantly decreased, which was sim-
ilar to that observed in the group without IL-10-producing B cells.
These results suggested that the frequency of IL-10-producing B
cells was decreased in the AD group and that these cells showed a
defective regulatory function on IgE secretion.

Quite recently, the frequency of IL-10-producing regulatory B cells
in patients with AD was examined.*> Lower numbers of IL-10-pro-
ducing B cells were found in patients with severe AD than in healthy
controls and patients with mild AD.*® Moreover, the frequency of
IL-10-producing B cells was negatively correlated with both the dis-
ease severity skin score and serum CCL17 levels in patients with AD.
Thus, the frequency of IL-10-producing B cells negatively correlated
with disease severity in patients with AD. These results suggest that
impaired function of IL-10-producing B cells may induce uncontrolla-
ble allergic inflammation, resulting in severe allergic diseases.

The frequency and function of IL-10-producing regulatory B cells
in patients with asthma were also examined recently.*® Lower num-
bers of IL-10-producing CD24"CD27" B cells were found in asthma
patients when B cells were cultured with LPS for 48 hours with ad-
ditional PMA and ionomycin.*® When CD4" T cells activated with
the dust-mite allergen were co-cultured with LPS-stimulated B cells,
they produced less IL-10 in asthma patients compared to those in
healthy controls, suggesting defective function of regulatory B cells
in patients with asthma.*® Another group also showed the decreased
frequency of CD24"CD27* B cells in allergic rhinitis patients.47

Taken together, regulatory B cells would contribute to the sup-
pression of allergic diseases including AD and asthma.

7 | CUTANEOUS T-CELL LYMPHOMA

Mycosis fungoides (MF) is the most common type of cutaneous T-cell
lymphoma (CTCL).*® MF is characterized by malignant proliferation

of neoplastic CD4*CD45RO" T cells that preferentially traffic to the
skin and has a classically prolonged clinical course. Limited cases
progress over years through patch, plaque, and tumor stages, fol-
lowed by lymph node and visceral involvement.*>*° It was reported
that IL-10-producing B cells were decreased in peripheral blood of
advanced MF patients, and that CD19*CD24"CD27" memory B cells
and CD19*CD24"cD38" transitional B cells, in which IL-10-produc-
ing B cells were enriched, were also decreased in advanced MEF.%!
The frequency of IL-10-producing B cells, memory, and transitional
B cells inversely correlated with serum soluble IL-2 receptor levels
and serum lactate dehydrogenase levels, which were disease sever-
ity markers of CTCL.>? These results demonstrated that decrease in
regulatory B cells might have an important role in the progression of
advanced MF.

Similarly, the frequency of regulatory T cells in lesional skin was
decreased in patients with advanced MF, compared to that in pa-
tients with early MF, and a high frequency of regulatory T cells was
associated with a better clinical course.>** Although mechanisms
for this phenomenon are still unknown, it was hypothesized that in-
filtrating regulatory T cells in lesional skin might suppress the prop-
agation of the tumor cells.”® In this situation, the decreased number
of regulatory T cells could promote disease progression. In the same
way, it is possible that regulatory B cells might suppress the activity
of tumor cells in blood, considering that clonal tumor cells exist in
peripheral blood in MF.>¢ In addition, the frequency of clonal tumor
cells in blood was increased as the disease progressed,®® which
was consistent with the fact that the amount of regulatory B cells
inversely correlated with disease severity. Therefore, decreased
number of regulatory B cells might be associated with disease pro-
gression as well as regulatory T cells in CTCL.

8 | MALIGNANT MELANOMA

There has been no paper that investigated the function of human
regulatory B cell in the tumor microenvironment of malignant mela-
noma so far. Transitional 2-marginal zone precursor (T2-MZP) B
cells have previously been associated with a regulatory function,
as transplantation of these cells reduced autoimmune diseases.”’
In a mouse model of melanoma, phenotypic characterization of
lymphocytes in mice bearing B16-F10 melanomas identified pref-
erential accumulation of T2-MZP B cells in the tumor-draining pop-
liteal lymph nodes.>® B-cell-deficient and immunocompetent mice
reconstituted with T2-MZP B cells but not with other B-cell subsets
displayed accelerated tumor growth, demonstrating that T2-MZP
B cells possessed regulatory activity in tumor-bearing mice. These
findings demonstrated that regulatory B cells would play some roles
in generating an immunosuppressive environment to permit tumor
growth and metastasis.

The frequency of IL-10-producing B cells in blood was reported
to be increased in patients with various solid malignancies; for ex-
ample, the frequency of CD197CD24"CD27" B cells was increased
in patients with colorectal cancer.’’ Furthermore, patients with
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esophageal cancer showed increased number of IL-10-producing B
cells as the disease progressed.®® Also in gastric cancer, there was an
increase in the frequency of IL-10-producing B cells and they sup-
pressed the secretion of IFN-y and TNF-a by CD4" helper T cells.5
On the other hand, in patients with hepatocellular carcinoma, the
frequency of IL-10-producing B cells is decreased compared to nor-
mal controls.®? These previous reports suggested that the develop-
ment of IL-10-producing B cells would be altered in patients with
malignancies and that the directions of changes might be different,

depending on the types of malignancies.

9 | CONCLUSION

In this review, studies on regulatory B cells in a wide variety of skin
diseases have been reviewed. Studies of the role of regulatory B cells
were relatively limited compared to regulatory T cells. Moreover, the
number of articles regarding the function of regulatory B cells in in-
flammatory diseases and malignancies was smaller than that of auto-
immune diseases. On the basis of the previous reports, regulatory B
cells would play an important role in preventing the disease onset or
suppressing the disease symptoms. As several reports showed regu-
latory B-cell dysfunction in skin diseases, revealing the mechanism
of immune regulation by regulatory B cells would bring us a scientific
basis for developing a new treatment strategy targeting regulatory
B cells.
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