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Introduction

It has long been recognized that B cells with Regulatory
function (BREGS) play an important role in human diseases.
However, the majority of the studies on BREGs have been
conducted in murine models. The studies of BREGs in human
disease are limited but of great importance since they provide
valuable insights into the potential B cell-directed therapeutics
in humans.

A number of reports described human B cells that produce IL-
10, [1-3] as potential BREGs and findings suggest that these
human BREGs are potent generators of regulatory T cells (Treg)
[4, 5]. Spontaneous IL-10 production by blood mononuclear
cells is dramatically higher in untreated autoimmune disease
patients than in healthy controls [6]. Yet, current knowledge
regarding human B-cell production of IL-10 provides diverse

results that are difficult to unify in a coherent model.

IL-10 producing B cells were diffusely scattered throughout the

B-cell lineage and not restricted to either the immature

transitional B-cell compartment (CD24"CD38") or the memory
B-cell compartment (IgD*CD27%). These B cells, obtained from
human peripheral blood or spleen, were induced by stimulation
with oligonucleotides that contained CpG motifs and anti-lg and
that these cells inhibited T-cell proliferation in an IL-10-
dependent manner. However, it is still unclear to what extent
IL-10-producing B cells express other cytokines and how this
may affect their BREG cell functionality [7].

Despite the reports that B cells in humans have functions
analogous to those of BREGs described in various experimental
mouse models of disease [8, 9], it remains unclear whether
human BREGs exist naturally or they need to be induced
following any immune stimulation.

This review is to summarize the current knowledge about the
phenotypic markers of human BREGs and their function in

autoimmune- and non-autoimmune diseases.

Phenotypic Markers of human BREGs

CD19"CD25'B cells are the first subset of human B cells
previously suggested to have a regulatory role. They were
characterized as a phenotypically and functionally distinct
subset by expressing high levels of immunoglobulin’s compared
with CD19"".

CD25 B cells, while they lacked the ability to secrete them.
CD27 and CD80 which have previously been shown to enhance
antigen-presenting cell function are strongly expressed on this
B-cell subpopulation. They could present antigen more
efficiently to allogeneic CD4'T cells in Mixed Lymphocyte
Reaction (MLR) compared with CD25 B cells, a function that
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was attributed to the high expression level of CD25. Finally the
differential regulation of CD25 expression via selective TLR
ligands suggests a role for CD25"B cells in bridging innate and
acquired immune responses [10].

In addition, CD25"B cells secreted significantly higher levels of
inhibitory cytokine IL-10 versus CD25 B cells. In contrast,
TGF-p1 secretion was similar between the CD25" and
CD25"sub-populations [11]. CD25'B cells were found to
display a high activated and mature phenotype in RA and SLE
patients compared to healthy controls. This subset was sensitive
to IL-2 which was found to affect auto-reactive responses and
suggested to have a regulatory role in autoimmune diseases.
CD19'CD25"" B cells were reported to be significantly higher
in patients suffering from ANCA-related vasculitis in remission
than in active patients [12]. However, the functional properties
of this subset of B cells remained obscure.

CD19'CD24"CD38" (so-called immature transitional B cells)
was identified by Blair and coworkers in the peripheral blood of
healthy individuals as another human regulatory B-cell subset.
The CD24"CD38"B-cell population was capable of suppressing
IFN-y and TNF- a secretion by anti-CD3-stimulated T helper
cells, and this suppression was dependent on IL-10 and
CDB80/CD86 co-stimulation. This subset is able to suppress the
differentiation of Thl effector cells in a CD40 dependent way.
In addition, it was also shown that their suppressive capacity
was IL-10, but not TGF-B dependent. When analyzed in SLE
patients, these cells were functionally impaired as incapable of
suppressing Thl cells compared to their ability in healthy
individuals [8, 11].

CD19*'CD25""CD8E" " |L-10"" TGF-p"" cells were defined
by Kessel as “Breg cells”.

B cells were purified from human Peripheral Blood
Mononuclear Cells (PBMCs) of healthy individuals and were
stained with fluorescent mAbs to CD19, CD25, CD86 and
mAbs to IL-10 and TGF-B. Gaiting on IL-10"%" expressing
cells, phenotypic analyzes revealed that 1L-10 high expressing
cells were also CD25"%" CD86"" and TGF-B"". The co-
culture of these Breg cells with autologous stimulated CD4'T

cells decreased significantly (in a dose-dependent way) the
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proliferative capacity of CD4'T cells. Furthermore, Foxp3 and
CTLA-4 expression in Treg cells were enhanced by non-
stimulated and further by ODN-CD40L stimulated Breg cells.
The regulatory function of Breg cells on Treg cells was mainly
dependent on a direct contact between Breg and Treg cells, but
was also TGF-p but not IL-10 dependent. In conclusion, human
Breg cells decrease the proliferation of CD4+T cells and also
enhance the expression of Foxp3 and CTLA-4 in Treg cells by
cell-to-cell contact [13].

CD24'CD27" B cells were characterized as a rare IL-10-
competent B-cell subset in humans that parallels mouse
regulatory B10 cells by Iwata and named it as “human B10 and
progenitor B10 cells”. B10 cells were functionally identified by
their ability to express cytoplasmic IL-10 after 5 hours of ex
vivo stimulation, whereas progenitor B10 (B1Opro) cells
required 48 hours of in vitro stimulation before they acquired
the ability to express I1L-10 [14].

CD19" CD1d" CD5" B cell were found in the patients with
tuberculosis with stronger suppressive activity than such cells
from healthy donors. Furthermore, the frequency of
CD19°CD1d"CD5" B cells in peripheral blood was inversely
correlated with that of Th17 cells in patients with tuberculosis
[15].

CD1d" B cells were reported by Correale and coworkers that
this subset B cells were present in the peripheral blood of
helminth-infected patients with Multiple Sclerosis (MS),
producing high levels of IL-10 in response to CD40 ligation. B
cells from healthy controls and helminth-infected patients with
MS, were able to suppress T-cell proliferation in an IL-10-
dependent manner in vitro while uninfected patients with MS

didn’t have this suppressive function [9].

BREGs in Autoimmune Diseases

So far, most of the data on role of human BREGs in
autoimmune diseases have been obtained from patients with
Systemic Lupus Erythematosus (SLE). Some research studies
on BREGs have also been conducted in patients with
Rheumatoid Arthritis (RA), Primary Sjoégren’s syndrome,

Autoimmune bullous diseases, and Multiple sclerosis.
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SLE

Systemic Lupus Erythematosus (SLE) is a chronic autoimmune
disease whose hallmark is B cell hyperactivity with
autoantibody production [16]. Cytoplasmic IL-10 productions of
B cells were tested from SLE patients and normal controls by
flow cytometry. SLE B cells spontaneously produced more
cytoplasmic IL-10 (1.1%) than controls (0.6%), while more SLE
B cells (1.3%) and controls (1.5%) expressed IL-10 after P+l
stimulation. LPS stimulation could not increase the frequencies
of intracellular 1L-10-producing B cells in comparison with
unstimulated cells. Because of the inherent difficulties
associated with the analysis of such rare cells, rigorously
examined and further verified is still needed although
stimulation of CD5 B cells from normal controls induced
higher levels of 1L-10 production than stimulation of CD5" cells
from normal controls [17,18].

In another experiment, Surface CD154 and intracytoplasmic IL-
10 expression were quantified with flow cytometry of the blood
from 11 SLE patients and 10 healthy volunteers. The results
showed that IL-10 production was intimately linked to CD154
expression in B cells, and that the 1L-10"CD154" B cell subset
increases abnormally when SLE-derived cells are stimulated
with CSS (Cowan | Strain Staphylococcus) [16].

A human study focused on characterizing the phenotype of
regulatory B cells conducted on the peripheral blood of healthy
subjects along with patients with a confirmed diagnosis of
Systemic Lupus Erythematosus (SLE), Sjogern syndrome, and
Vesiculobullous skin disease. The authors in this study
identified CD24"CD27* as IL-10-competence human B10 and
progenitor B10 (B10Opro) cells. Mean B10 B1Opro-cell
frequencies were also significantly higher in patients with
autoimmune disease compared with healthy controls [14].
However the functional abilities of human B10 cells from
autoimmune patients compared with those from healthy controls
was not measured in this study with respect to their capacity to
reduce T-cell cytokine responses or whether other cytokines

were simultaneously expressed in B10 cells from the patients.
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BREGSs in Non-Autoimmune Diseases

BREGs in Tuberculosis

Studies from different groups showed controversial results over
the frequency of B cells in peripheral blood of the patients with
tuberculosis [19, 20]. Nevertheless, recent studies on human
tuberculous lung tissue demonstrated that B cells were one of
the major components of tuberculous granulomas which
suggested that the cross-talk between B and T cells is critical for
containment of Mtb (Mycobacterium tuberculosis). In a human
study, Zhang found that primary CD19"B cells isolated from
patients with tuberculosis significantly inhibited Th17, but not
Thi, cell activation. Moreover, the suppressive activity was
mediated by a CD19"CD1d"CD5" B cell population. Notably,
patients with tuberculosis were found to have significantly
higher frequencies of CD19* CD1d* CD5" B cells with stronger
suppressive activity than such cells from healthy donors.
Furthermore, the frequency of CD19°CD1d*CD5" B cells in
peripheral blood was inversely correlated with that of Th17 cells
in patients with tuberculosis. This finding that B cells negatively
regulate Th17 responses provides a novel mechanism in the
regulation of CD4'T cell responses aside from regulatory T
cells during M. tuberculosis infection, which may impact the

clinical outcome of tuberculosis [15].

BREGs in HIV

HIV infection is associated with elevated expression of 1L-10
and PD-L1, contributing to impairment of T cell effector
functions [21]. IL-10 expression is up-regulated in multiple cell
types during HIV infection [22], but animal model studies
indicate that B cells are a key source of IL-10 [23], and these
IL-10-expressing B cells are enriched in the BREG
(CD19°CD24"CD38™) subset [24, 25]. Siewe present the first
report on B cell-mediated regulation of T cell function during
HIV infection. It is indicated that BREGs contribute to HIV-
infection associated immune dysfunction by T cell impairment,
via IL-10 and possibly PD-L1 expression [21]. In vitro BREGS
depletion leads to enhanced HIV-specific, CD8'T cell CTL

activity.
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BREGs in Adipose Tissue Inflammation

Recent studies have shown that obesity induces chronic
inflammation within adipose tissue, which leads to metabolic
abnormalities and inflammation in distant tissues. Macrophages
and T cells play crucial roles in adipose inflammation [26]. By
far, the mechanisms by which the immune cell network controls
adipose tissue inflammation are poorly understood. Nishimura
et al., describe a subset of BREG cells that are abundant within
adipose tissue and constitutively produce IL-10, with which
they restrain adipose tissue inflammation and maintain
metabolic homeostasis in mice model. Adipose 1L-10"B cells
from epididymal and s.c. adipose tissue are CD1d"°“CD5
owCD11h"°"CD21/CD35"°CD23°
lowCcD25*CD69"'CD72""C D185 CD196 IgM*IgD*, which s
distinct from any other known IL-10 producing B cells. Of note,
the B cell numbers and IL-10 expression in adipose tissues of

obese humans were reduced [27].

BREGs in Malignancy

Chronic Lymphocytic Leukemia (CLL) is the most common
adult leukemia in North America and Europe. It is characterized
by the monoclonal expansion of small, mature,
CD5'CD23"CD19B lymphocytes [28]. DJ DilLillo reported that
CLL can be immunosuppressive in humans and mice, and CLL
cells share multiple phenotypic markers with regulatory B cells
that are competent to produce interleukin (IL)-10 (B10 cells).
To identify functional links between CLL cells and regulatory
B10 cells, the phenotypes and abilities of leukemia cells from
93 patients with overt CLL to express IL-10 were assessed.
CD5" CLL cells purified from 90% of the patients were 1L-10-
competent and secreted IL-10 following appropriate ex vivo
stimulation. Serum IL-10 levels were also significantly elevated
in CLL patients. 1L-10-competent cell frequencies were higher
among CLLs with IgV H mutations, and correlated positively
with TCL1 expression. Malignant CLL cells in TCL1-Tg mice
also shared immunoregulatory functions with mouse and human
B10 cells. Serum IL-10 levels varied in TCL1-Tg mice, but in
vivo low-dose lipopolysaccharide treatment induced IL-10

expression in CLL cells and high levels of serum IL-10. Thus,
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malignant 1L-10-competent CLL cells exhibit regulator
functions comparable to normal B10 cells that may contribute to
the immunosuppression observed in patients and TCL1-Tg mice
[24].

BREGs in Sickle cell disease

Transfusion therapy is a life-sustaining treatment for patients
with Sickle Cell Disease (SCD), but can cause serious
complications including alloimmunization. Phenotypically, no
differences in the frequency or numbers of CD24"CD38" and
CD24"CD27* B cell subsets, both previously identified as
human BREGs, between alloimmunized and non-
alloimmunized SCD patients on regular transfusions. However,
CD19" B cells from alloimmunized SCD patients expressed
lower levels of IL-10 following stimulation as compared with
non-alloimmunized patients (P < 0.05), and had reduced ability
in inhibiting autologous CD141 monocyte TNF-a expression
(P<0.05). These findings suggest that BREGs from
alloimmunized and non-alloimmunized SCD patients differ in
their ability to produce 1L-10 and dampen monocyte activation,
all consistent with an altered immunoregulatory state in

alloimmunized SCD patients [29].

BREG in Helminths

Epidemiological studies showing that in human populations
with high rates of parasitic infections, particularly helminth
infections, the prevalence of allergic diseases is considerably
lower. Chronic helminth infections are often associated with a
reduced prevalence of inflammatory disorders, including
allergic diseases. Helminths influence the host immune system
by down regulating T-cell responses; the cytokine I1L-10 appears
to play a central role in this process. Helminths appear to be
potent inducers of Breg cells [30]. Although it might not
necessarily be derived from the B cells alone, it might be of
relevance to note that schistosome-infected Gabonese school
children have fewer allergic responses and elevated 1L-10 levels
[31]. There is an emerging trend of immunosuppression during
chronic infections with particular parasites despite the relative
paucity of data. Via the release of IL-10, and the effect that the
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humoral immune response and FcR interactions BREGs might
play an important role in controlling inflammatory disease
induced by CD4"T cells [32].

BREG in Transplantation

Tolerance is the ideal immunological state of transplanted
patients, which is defined as a well-functioning transplant in the
absence of exogenous immunosuppression [33]. The transplant
Recipients who can be rapidly weaned off immunosuppressant’s
exhibited higher levels of B cell activation compared to those
who required continued immunosuppressant therapy [34].
Statistics show that approximately 20% of liver transplant
recipients achieve spontaneous operational tolerance [35]. In the
peripheral  blood of tolerant  recipients  elevated
immunosuppressive BREGs cells and regulatory T cells (Tregs)
can be tested [36]. Despite the immunosuppressive effect of
BREGsS, a recent study demonstrated that human BREGs cells
promote Tregs expansion in vivo [37].

BREGs in Hepatitis

IL-10 is elevated in patients with chronic hepatitis B virus
infection (CHB). IL-10 levels were studied longitudinally in
patients with CHB undergoing spontaneous disease flares.
Results showed that IL-10 producing B cells were enriched in
patients, and their frequency correlated temporally with hepatic
flares, both after stimulation and directly ex vivo. these data
reveal a novel IL-10 producing subset of B cells
(CD19CD24"CD38") able to regulate T cell immunity in CHB
[23].

BREGs in Early Human Pregnancy

CD19'CD24"CD27*B cell were found to be significant higher
in normal pregnant

When compared to non-pregnant women. B cells from non-
pregnant women cultured with serum from normal pregnant
women produced higher IL-10 levels than those cultured with
serum from spontaneous abortion patients or autologous serum.
CD19" activated B cells from pregnant women strongly

suppressed TNF-a production by CD4'T cells when co-
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cultured. BREGs play important role in pregnancy which
suppress undesired immune responses from maternal T cells and

are therefore important for tolerance acquisition [38].

Mechanisms of BREGs function

It remains unknown whether IL-10-producing B cells affect
immune responses centrally or depend on regulatory B cells’
migration into specific tissues. B-cell infiltration is not observed
in the challenged ears of wild type mice during CHS responses
[39]. Furthermore, IL-10 transcripts are not significantly
increased in B cells from lymph nodes draining Ag challenge
sites. Thus, BREGs may predominantly regulate inflammatory

responses centrally rather than at the site of inflammation [40].

BREG cells can induce suppression by several effector
mechanisms and by targeting different cell subsets [41], as

discussed in the following subsections.

(1) 1L-10 production
IL-10 is the primary mechanism by which B cells modulate
other immune cells with its strongest inhibitory effect on the
immune response. It has anti-inflammatory and suppressive
effects on most hematopoietic cells. IL-10 was initially
described as a cytokine associated with Th2 cells that inhibits
Thl cytokine production and IL-10 can inhibits the
differentiation of ThO cell to Thl and Th2 cells [42-44]. IL-10
suppresses pro-inflammatory cytokine production by monocytes
and macrophages [45]. IL-10 inhibit the Ag-presenting capacity
and decreasing costimulatory moleculory molecule expression
by professional Ag-presenting cells, including DCs,
macrophages, Langerhan’s cells, and B cells to suppresses the
proliferation of Ag-specific CD4" T cells [46]. IL-10 may
generally play suppressive roles in both inflammatory and
autoimmune responses [40]. Impairment of secretion/production
of IL-10 by deficiencies of TLR, deficiency of MyD88, and the
specificity of the BCR, there appears to be a complex
relationship between the innate and adaptive immune systems in
the function of Breg [47]. The discovery of cell surface markers

associated with IL-10-producing B cells
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(B10:CD19*CD5'CD1d"), (T2-MZP: CD23"CD21*CD1d™) has
allowed the enrichment of BREGs and permitted a more
rigorous study of B cell-mediated suppression. IL-10-induced
suppression of inflammation was found in some autoimmunity
models, such as EAE [48, 49], lupus [50], or arthritis [51, 52] by
modulating TH cell proliferation and reducing IFN-y, IL-2, IL-
17, or TNF- o levels. Different allergy models [53, 54] clearly
indicated that schistosome-induced B cells can also inhibit
ovalbumin-specific TH2 cytokine responses in an IL-10-
dependent manner, resulting in reduced allergic symptoms. IL-
10-independent down-regulation of TH 2 responses has also
been reported by B cells from H polygyrus—infected mice [55],
suggesting the involvement of cell-cell interaction or other
soluble mediators.

(2) Induction of regulatory T cell populations

The concept that B cells can induce Treg cells was first reported
by Ashour and Niederkorn in a model of anterior chamber-
associated immune deviation [56]. Some other examples can be
found in autoimmunity models, such as lupus [57], where IL-10
producing B cells reduced inflammation by the induction of
Treg cells.

Similar results were shown in a model of collagen-induced
arthritis, where adoptive transfer of IL-10 producing regulatory
B cells induced FoxP3+ Treg cells, resulting in reduced TH1

and TH17 frequencies and decreased inflammation [58].

In a model for EAE, B-cell-deficient mice displayed delayed
emergence of Foxp3*and IL-10"T cells in the central nervous
system, which was corrected by reconstitution with B cells and
resulted in recovery from disease, normalized IL-10 and Foxp3
expression [59]. Of note, BREG and Treg cell numbers appear
to peak at different disease stages in EAE, while BREG cell
activity enhanced during early EAE initiation and Treg cells
providing protection during late-phase EAE [60].Therefore,
BREG cells and Treg cells may have partly independent roles in
controlling inflammation even though BREG cells may induce

Treg cells [41].
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(3) BREG cells can suppress T-cell proliferation and/or
T-cell cytokine production
TH1 cells or TH2 cytokine responses can be suppressed by B
cells in an IL-10- dependent manner [50, 51, 60]. This

suppressive effect was potentiated via CD40 ligation.

(4) BREG cells can inhibit DC antigen processing and
presentation and expression of molecules
Myeloid DC function was impaired in Schistosoma
heamatobium—infected individuals [61]. it is tempting to
speculate that the increased Breg activity during schistosome

infection is responsible for the altered DC function [41].

(5) The involvement of CD80 and CD86 is an important

feature of suppressive capacity of human regulatory B

cells [62]
The interaction between CD80 and CD86 interactions between
B cells andCD4+ T cells work synergistically with B cell 1L-10
production to suppress CD4+T cell cytokine production. In a
TCRa knockout mouse model of intestinal inflammation, CD86
in particular has been reported to mediate the suppressive
effects of B cells [59]. Moreover, it has been shown that
blockade of CD80 impairs Treg cell suppressive capacity [63].
A requirement for CD80 and CD86 expression has been proven
in experimental models of arthritis or lupus, but expression of
these molecules by B cells is essential in remission of EAE and

in B-cell-mediated protection from experimental colitis [59, 64].

(6) Other mechanisms
Not all BREG cells express IL-10 upon in vitro stimulation,
which suggests that production of IL-10 might not be the only
mechanism by which BREG cells suppress immune response
[65]. The release of other ‘regulatory’ cytokines, such as
transforming growth factor f (TGF-p), has also been implicated
in mediating the suppressive effect of B REG cells [66]. Recent
studies indicate that antibodies may also be involved in the
suppression of immune responses. The activation of dendritic
cells can be suppressed through the binding of 1gG to FcyRIIB,

as well as 1gG-mediated clearance of potentially pathogenic
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host apoptotic cells. Both 1gG4 and IgA belong to the group of
anti-imflammatory antibody isotypes as it is unable to activate

complement [41].

Outstanding questions and concluding remarks

The precise phenotype and characteristic markers of BREGs are
still the subject of debate. IL-10 cannot be used to select BREG
because it requires permeabilization of the cell. So one of the
first steps in learning more about the development of BREG is
determining the cell surface markers associated with them to

allow their selection and expansion [47]. It remains to be
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established whether BREGs can affect other cells of the immune
system and whether, similarly to Tregs, different subpopulations
of BREGs can differentially participate in immune modulation
[67]. Are BREG cells a developmentally distinct B-cell subset?
Do BREG cells display a specific transcriptional signature such
as FoxP3 for regulatory T cells? Concerning to BREG cell
biology, how many BREG lineages exist? How many BREG
subsets are there? Is the phenotype of BREG cells regulated by
input? Where do BREG cells exert their
suppressive effect? Do BREG cells recirculate to sites of

environmental

inflammation? Do BREG cells present antigen to T cells? [68].
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CTLA-4 expression in Treg cells were enhanced by a
direct contact with these “Breg cells” on a TGF-$ but
not IL-10 dependent way.

CD19"°CD25'B cells present antigen more efficiently
to allogeneic CD4'T cells by strongly express CD27
and CD80 and secrete high levels of inhibitory
cytokine IL-10. CD25'B cells were found to display a
high activated and mature phenotype in RA, SLE and
remission ANCA-related vasculitis patients.
CD24*CD27" B cells were characterized as a rare IL-
10-competent B-cell subset in humans that parallels
mouse regulatory B10 cells and named it as “human
B10 and progenitor B10 cells”. After 5 hours of ex
vivo stimulation, this subset can express cytoplasmic
IL-10.

CD19" CD1d* CD5" B cell were found in the patients
with tuberculosis with stronger suppressive activity
than such cells from healthy donors. Furthermore, the
frequency of CD19°CD1d"CD5" B cells in peripheral
blood was inversely correlated with that of Th17 cells
in patients with tuberculosis.

CD1d" B cells were found present in the peripheral
blood of helminth-infected patients with Multiple
Sclerosis(MS), producing high levels of IL-10 in
response to CD40 ligation. Helminth-infected patients
with MS, were able to suppress T-cell proliferation in
an IL-10-dependent manner in vitro while uninfected

patients with MS didn’t have this suppressive function.
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