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Abstract

Neuroinflammation contributes to neuronal deficits in neurodegenerative CNS (central nervous
system) autoimmune diseases, such as multiple sclerosis and uveitis. The major goal of most
treatment modalities for CNS autoimmune diseases is to limit inflammatory responses in the CNS;
immune-suppressive drugs are the therapy of choice. However, lifelong immunosuppression
increases the occurrence of infections, nephrotoxicity, malignancies, cataractogenesis, and
glaucoma, which can greatly impair quality of life for the patient. Biologics that target pathogenic
T cells is an alternative approach that is gaining wide acceptance as indicated by the popularity of
a variety of Food and Drug Administration (FDA)-approved anti-inflammatory compounds and
humanized antibodies such as Zenapax, Etanercept, Remicade, anti-ICAM, rapamycin, or
tacrolimus. B cells are also potential therapeutic targets because they provide costimulatory signals
that activate pathogenic T cells and secrete cytokines that promote autoimmune pathology. B cells
also produce autoreactive antibodies implicated in several organ-specific and systemic
autoimmune diseases including lupus erythematosus, Graves’ disease, and Hashimoto’s
thyroiditis. On the other hand, recent studies have led to the discovery of several regulatory B-cell
(Breg) populations that suppress immune responses and autoimmune diseases. In this review, we
present a brief overview of Breg phenotypes and in particular, the newly discovered IL35-
producing regulatory B cell (i35-Breg). We discuss the critical roles played by i35-Bregs in
regulating autoimmune diseases and the potential use of adoptive Breg therapy in CNS
autoimmune diseases.
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l. INTRODUCTION

Central nervous system (CNS) autoimmune diseases such as uveitis and multiple sclerosis
(MS) are characterized by repeated cycles of remission and recurrent inflammation and are
often associated with the presence of B cells, T cells, and macrophages in various regions of
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the brain, spinal cord, or uvea.:2 Perivascular accumulations of lymphocytes surrounding
venules in the affected tissues led to the view that T cells may play a central role in etiology
of these diseases. Experimental evidence for the involvement of T cells in CNS autoimmune
diseases have come from studies of experimental autoimmune uveitis (EAU) and
experimental autoimmune encephalomyelitis (EAE), animal models of uveitis, and MS,
respectively.1~6 Th17 cells and type-17 signature cytokines such as interleukin 17 (1L17),
IL22, 1L23, and granulocyte-macrophage colony-stimulating factor (GM-CSF) have been
implicated in the pathogenesis of these autoimmune diseases, fueling interest in developing
biologics that can be used to target T cells and signal transduction pathways that regulate
Th17 development and effector functions.”~19 However, Phase Il clinical trials of humanized
monoclonal antibodies such as ustekinumab and briakinumab (subunit of IL12 and 1L23),
brodalumab (anti-IL17RA), or secukinumab and ixekizumab (anti-IL17A) have resulted in
mixed results and fallen short of expectations.}1 An important exception is rituximab
(Rituxan or Zytux), which targets the B-lymphocyte-cell-surface protein CD20.12 In fact, B-
cell depletion using rituzimab has been effective for the treatment of rheumatoid arthritis.12
However, the efficacy of rituximab was subsequently shown to derive in part from the
expansion of rare regulatory B-cell (Breg) populations, and disease suppression is related to
secretion of the anti-inflammatory cytokine 1L10 by the Bregs.13-15 In this review, we
provide a brief overview of B-cell and regulatory Breg development, with particular focus on
interleukin 35—producing regulatory B cells (i35-Breg) and their involvement in regulating
inflammation in the brain and retina.

Il. B-CELL DEVELOPMENT

The B-lymphocyte developmental program is initiated in the bone marrow from
hematopoietic precursor cells derived from the fetal liver (Fig. 1).18 The B cell develops
from the pro-B cell (CD19*CD34*CD10*IgM") into the pre-B cell
(CD19*CD34-CD10*IgM") following induction of recombination-activating genes (RAG1
and RAG2) and production of the heavy chain immunoglobulin (1g).1” The immature B cell
with a functional pre-B B-cell receptor (BCR) emerges following association of the Ig
chains with invariable surrogate light chains (AC and Vpre-B9).18 Immature B cells that do
not express a functional BCR undergo developmental arrest and are subjected to receptor
editing to produce a new receptor. Before leaving the bone marrow, potentially autoreactive
immature B cells that react strongly to self-antigens are eliminated by central tolerance
mechanisms while positively selected immature B cells, with requisite affinity to self-
antigens, switch-off expression of their RAGZ and RAGZ2 genes following generation of the
functional receptor.1® The immature B cells first seed the blood as transitional T1 B cells
(IgM*CD10™") and then proceed into the lymphoid follicles of the spleen for further
maturation into transitional T2 cells (IgM*1gD*CD10*CD23).20 Final maturation of the
transitional T2 cells into mature naive B cells (IgM*1gD*CD107) occurs in the spleen. To
prevent any possibility of autoimmunity, immature transitional T2 cells are further subjected
to peripheral tolerance mechanisms that delete or render potentially autoreactive B cells
anergic?! (Fig. 1). Several transcription factors including EA2, EBF, and Pax5 play essential
roles in B-cell differentiation and commitment to the plethora of highly diverse conventional
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follicular (B2), marginal zone (MZ), B1 or Breg phenotypes; a great deal is now known
about these distinct B-lymphocyte phenotypes and subsets.22

A. Marginal Zone B Lymphocytes

Immature B cells that have successfully undergone positive and negative selection progress
through transient transitional (T1 and T2) B-cell stages. Transitional (T1 and T2) B cells can
mature into follicular-type-1 (FO-I) B cells in a BCR and Bruton’s tyrosine kinase (Btk)-
dependent manner or into follicular-type-11 (FO-I1) B cells in a B-cell-activating factor
(BAF)-Btk-independent manner. The least mature transitional B cells are the T1 B cells, and
soon after leaving the bone marrow, they enter the lumen of the red pulp or MZ venule with
fenestrated architecture that promotes access to Notch2/DL1 (6-like 1) inductive signals.23
Interactions with DL1* vascular endothelial cells promote their retention in the MZ and
maturation into MZ B cells.2425 MZ B cells are capable of responding to both T-dependent
and T-independent antigens (Ags), and their growth or expansion is highly dependent on
Notch2 signals. Localization of MZ B cells at the MZ, red pulp junction, and near the blood-
rich marginal sinus contributes to their diverse responses during host defense against blood-
borne pathogens. While stimuli such as the polysaccharides of encapsulated bacteria elicit
Ag-specific B-cell responses, LPS, CpG, or poly-1C induce polyclonal B-cell activation via
Toll-like receptors. Their canonical Ig receptors allow rapid short-lived antibody responses
to viruses and are critical for protective immunity against encapsulated bacteria that cause
human pneumonia, septicemia, and meningitis.

B. B1 B Lymphocytes

Like MZ B cells, the B-1 (Bla and B1b) subset plays important roles in immunity to viruses
and Gram-positive and Gram-negative bacteria. They are thought to derive from mouse fetal-
liver hematopoietic stem cells but reside primarily in the peritoneal cavity and gut-associated
lymphoid tissues. The B1 subset is divided into two subtypes based on CD5 expression. The
B1la subtype is characterized by production of natural antibodies that provide innate
protection against bacterial infections in naive hosts, whereas B1b cells produce long-term
adaptive antibody responses to polysaccharides and other TI-T2 Ags during infection.26:27
Notwithstanding their distinct anatomic localization, MZ and B-1 B cells have overlapping
functions. Because they interact with a wide array of pathogens (T-dependent and T-
independent Ags), they contribute to rapid innate-like responses. However, they also exhibit
a relatively low threshold for Ag activation, making them more likely to produce
autoreactive Abs that might contribute to autoimmune pathology.

C. Conventional or Follicular (B2) B Cells

The majority of transitional B cells are the more mature IgD*CD23* T2 B cells. In contrast
to T1 B cells, T2 cells are not retained in the MZ because they do not have adequate access
to the DL1* endothelial cells and Notch2 signals.23:28 They readily enter lymphoid follicles
where they undergo further maturation, acquire the capacity to recirculate, and eventually
become mature follicular B cells also known as conventional or B2 cells.?® T2 B cells are
thought to mature into FO-1 B cells if they are high-affinity self-reactive B cells. On the
other hand, low-affinity self-reactive T2 B cells can become recirculating mature FO-11 B
cells if the MZ compartment is completely full with MZ B cells.?® It is thought that FO-I1 B
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cells replenish or reconstitute the MZ pool during diseases states that deplete MZ B cells.
The bulk of B cells in the peripheral circulation are FO B cells and comprise >95% of the B
cells in peripheral lymph nodes. They interact and present Ag to T cells at the edge of the
follicles, between the T- and B-cell zones, and signals emanating from CD40/CD40L
interactions and T-cell-secreted cytokines induce them to proliferate and differentiate into
short-lived antibody-secreting extra-follicular B cells. Follicular B cells that subsequently
enter follicles collaborate with follicular T-helper (TFH) cells to form germinal centers and
undergo further clonal expansion. Repeated interactions with the same Ag presented by
follicular dendritic cells facilitate the activation of somatic hypermutation mechanisms and
the generation of antibodies of high affinity/avidity. These cells ultimately undergo terminal
differentiation into memory B cells (CD19*CD27* or long-lived Ig-secreting CD138*
plasma cells. Upon encounter with a cognate Ag in extrafollicular lymphoid organs or bone
marrow, recirculating follicular cells can undergo isotype switching and begin secreting
different classes of antibodies (IgM, I1gG, IgA, and IgE). Although the switched mature B
cells share the same Ag specificity, interactions of the various constant regions with specific
Ig Fc receptors or complement proteins confer additional effector functions. These Ag-
specific recirculating B cells differ from T-independent B cells in some important ways. For
example, T-independent B cells are unable to undergo somatic hypermutation, class switch
recombination, or memory cell generation.

D. Regulatory B Cells

Besides the production of autoantibodies, B cells have other functions including antigen
presentation and activation of T cells, expression of costimulatory molecules, and secretion
of effector cytokines. Similar to T cells, B cells can suppress immune responses and inhibit
inflammation. B-lymphocyte populations that mediate cellular immune suppression in vitro
and in vivo are collectively referred to as Bregs and have been reported in humans and
mice.30 However, they are a diverse group of B cells and there is no unique marker, or set of
markers, that exclusively identifies the Breg.3? Although the exact mechanisms underlying
suppressive actions of Breg cells remain an area of intense investigation, a variety of
cytokines produced by Bregs have been implicated, with IL10 being the most studied.3! Bla
cells (B220*CD5) in the mouse peritoneal cavity were one of the first subsets to be
identified as a source of IL10, and subsequent studies revealed the generation of IL10-
producing CD1d* B cells in gut-associated lymphoid tissues during chronic intestinal
inflammation.32-34 Other B-cell types that produce IL10 include splenic MZ B cells
(CD19*CD21*CD23-CD24*IgM*CD1d*) and T2-MZP
(CD19*CD21*CD23*CD24*IgM*CD1d*) cells (Fig. 2). Bregs that are functionally defined
mainly by their competency to produce and secrete 1L10 following appropriate stimulation
are denoted as B10 cells.3135 However, it is now clear that Bregs can suppress immune
responses through other mechanisms besides IL10 production. Two recent reports described
a novel i35-Breg population that mediates suppression of CNS inflammatory diseases
though 1L.3536:37 or secretion of 1L35 and 1L10.37 Because Bregs comprise many
phenotypically distinct B-cell lineages and appear to be identified by the production of the
anti-inflammatory cytokines 1L10 or IL35, it could be argued that Bregs are not truly a
distinct lineage but rather possess a common effector function that can be induced by any B
cells. However, the i35-Breg population is unique in that it is produced only by CD138*
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plasma cells, and stringent regulation of the coexpression of Ebi3 and 1L12p35 by this B-cell
type suggests that it is a distinct B-cell lineage. Here, we highlight the current knowledge on
the enigmatic i35-Breg and its use in the treatment of autoimmune diseases.

E. i35-Bregs
Recent studies have revealed that suppressive activity of B cells requires prior activation by
Toll-like receptor (TLR). Mice with targeted deletion of TLR4 in B cells developed
exacerbated EAE, underscoring the critical for B-cell-mediated suppression of an
autoimmune disease.36:38 Interestingly, naive B cells can produce IL10 upon activation by
lipopolysaccharide (LPS) but costimulation with LPS plus anti-CD40 switched off IL10
production while inducing 1L35 production.38 At approximately the same time, we
genetically engineered a heterodimeric 1L35 (rIL35) using a bicistronic vector.3” Before
these studies, it was thought that the secretion of 1L35 was restricted to regulatory T cells
(Tregs).3? Screening a wide variety of hematopoietic and lymphoid cell types to determine
other potential targets of IL35 effects led to the discovery that IL35 inhibits the proliferation
of CD19*B220"MCD5™ B cells while inducing 1L10-producing CD5*CD19*B220!° Bregs to
produce 1L35.37 It is notable that following LPS-driven B-cell activation in mice, ~8% of the
IL10-producing B cells in the mouse spleen also produced IL35. Culturing the Bregs in the
presence of rIL35 increased the level of the IL35-producing B cells to ~35%, with ~18% of
these cells coproducing IL10 and 1L.35.37 These observations suggest that 1L10- and 1L35-
producing Breg cells may either be overlapping Breg subsets or Breg cells at different stages
of development. These observations provided direct evidence that 1L35 can induce the
conversion of conventional B cells or B10 cells into the novel IL35-producing B cells named
i35-Breg.3’

[ll. IL35 SIGNALING MECHANISM IN Breg CELLS

The 1L12 family of cytokines has emerged as important regulators of hematopoietic cell
lineage commitment, differentiation, and function. The family is comprised of four
heterodimeric cytokines: 1L12 (1L12p35/1L12p40), IL23 (1L23p19/IL12p40), IL27
(1L27p28/Ebi3), and IL35 (IL12p35/Ebi3). Each member is composed of an a subunit, with
a helical structure similar to type-1 cytokines such as IL6, and a 8 subunit structurally
related to the soluble 1L6 receptor (IL6Ra.).? Chain-pairing promiscuity is a distinctive
feature that accounts for their involvement in many aspects of host immunity.#! Some
members (IL12 and 1L23) are immunostimulatory and induce autoimmune pathology, but
IL35 suppresses cellular immune responses and mitigates autoimmune diseases.*142 In T
cells, the 1L35 signal is mediated through receptors comprising IL12Rp2/gp130, IL12Rp2/
IL12RB2, or gp130/gp130.42 However, it is not clear which of these is the high-affinity 1L35
receptor that activates receptor-associated JAK1 and JAK2. On the other hand, the 1L35
receptor identified in B cells comprises IL12RB2 and IL27Ra., but analysis of IL35-receptor
usage in B cells did not examine whether the IL12RpB2/IL12RB2 or IL27Ra/IL27Ra
homodimer is also used.3” Nonetheless, in B cells, signaling downstream from the 1L35
receptor activates STAT1 and STAT3. In T cells, signaling through IL12RB2/gp130 induces
STAT1 and STAT4 phosphorylation, whereas signaling through IL12Rp2 or gp130
homodimers activates STAT4 or STAT1 only, respectively.#142 It is interesting that gp130
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homodimerization, as a functional receptor signaling pathway, has only been observed in
viral IL6 signaling or during IL6 trans-signaling, where 1L6 complexes with soluble
IL6R.#344 It is of note that in the later cases, both STAT1 and STAT3 is activated, in stark
contrast to the activation of only STAT1 or STAT4 by IL35 noted in T cells.#>46
Nonetheless, it is still unclear whether difference in receptor and STAT use in response to
IL35 derives from intrinsic differences between IL35 signaling mechanisms of T and B cells
or due to differences in IL35 preparations used for the analyses.

IV. Breg THERAPY

IL35 suppresses lymphocyte proliferation and effector functions by inducing the expansion
of 1L35-producing regulatory T cells (iTR35%7) and Bregs.3” Demonstration that rlL35 can
induce ex-vivo conversion of mouse or human B cells into I1L35 and 1L10-producing Breg
cells led us to investigate whether ex-vivo-generated Bregs and i35-Bregs can be used to
treat an organ-specific autoimmune disease such as uveitis. EAU is the animal model of
human uveitis and is induced in mice by immunization with interphotoreceptor retinoid-
binding protein (IRBP) in Complete Freund’s adjuvant (CFA).48 Onset of EAU occurs
typically between 12 and 14 days, with the disease peaking between days 16 and 21. The
mice develop severe inflammation characterized by papilledema, retinal vasculitis, retinal
folds, and infiltration of inflammatory cells into the vitreous.1% Treatment of mice with
riL35 conferred protection from ocular pathology by inducing expansion of Bregs and i35-
Bregs in the spleen and lymph nodes, and the suppression of uveitis was accompanied by
inhibition of pathogenic Th17 cells while promoting the expansion of Treg cells.3” Adoptive
transfer of ex-vivo-generated Bregs also suppressed EAU by inducing endogenous
expansion of Breg, Tregs, and i35-Bregs while inhibiting Th17 expansion. It is also
remarkable that mice that lack IL35 or are defective in IL35-signaling develop exacerbated
uveitis, with reduced capacity to produce i35-Breg and 1L10-producing Bregs, further
underscoring the critical roles of Bregs in regulating intraocular inflammation.3” Taken
together, IL35 produced by i35-Bregs may have dual effects on host immunity. By inhibiting
the expansion of Th17 cells, IL35 might be involved in preventing the activation of
pathological immune responses mediated by this pathogenic T-cell subset. Its expansion of
Breg, Tregs, and i35-Bregs in the spleen and lymph nodes may serve to limit the duration
and intensity of immune responses that promote the development of autoimmune diseases.
However, the extent to which the anti-inflammatory effect derives from intrinsic effects of
Bregs or the anti-inflammatory cytokines that they produce is still unclear.

The role of IL35-producing Bregs has also been established in the EAE model. EAE was
induced in wild-type (WT) mice or bone marrow chimeric mice reconstituted with
IL12p35~/~, Ebi3™/~, IL12p40~"~, or I1L27p28/~ B cells by immunization with MOGg3s_s5
peptide in CFA. In contrast to mice reconstituted with 1L12p40~/~ or 1L27p28~/~ B cells,
mice that received IL12p35~/~ or Ebi3~/~ B cells developed exacerbated EAE, indicating
that provision of IL35 and i35-Breg is required for recovery from EAE.36 Similar to
observations in the EAU model, mice with loss of I1L35 expression in the B-cell
compartment could not recover from EAE.36 On the other hand, mice that lack 1L35 or are
defective in IL35-signaling were more resistant to infection with the intracellular bacterial
pathogen Sal/monella enterica serovar Typhimurium. Compared to control mice, they
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exhibited superior containment of bacterial growth and prolonged survival after the primary
infection.36 The observed effects in the EAE and bacteria infection studies were attributed to
the expansion of IL35- and IL10-producing plasma cells exhibiting the
IgM*CD138"MTACI*CXCR4* CD1dMTim1i" phenotype.

V. CONCLUSION

The recent discoveries of B cells that produce the anti-inflammatory cytokine IL35 expand
the repertoire of Breg subsets that can be exploited therapeutically and suggests that
additional Breg subsets will probably be identified in the future. Bregs are relatively rare,
comprising <3% of total B cells in mice and humans, and there are significant scientific and
therapeutic interests to discover factors that regulate the generation and induction of Bregs.
The physiological inducers of IL10- and 1L35-producing Bregs are still unknown. With
regard to the IL35-producing Breg or i35-Breg subset, it remains to be determined whether
this comprises several subtypes that can be generated in response to distinct physiological
inducers. It is notable that stimulation of B cells by LPS induces the expansion of IL10-
producing Bregs, whereas costimulation with LPS and anti-CD40 Abs promotes the
expansion of 1L35-producing Bregs, suggesting that generation of i35-Bregs may have
obligatory requirement of T-helper cells.36 These observations also beg the question as to
whether i35-Bregs and IL10-producing Breg cells are overlapping subsets or exist as distinct
Breg populations at different stages of B-cell development. In fact, many other basic
questions regarding the roles of TLR, CD40L, and cytokines such as IL21 and I1L35 in the
induction of Bregs still remain. For example, do these factors induce de novo differentiation
or conversion of conventional B cells into the Breg phenotypes or do they merely expand
pre-existing B10 and i35-Bregs populations? Does the same cell coordinately express the
two subunits of I1L35 or can they be expressed as individual 1L12p35 and Ebi3 subunits,
which then associate extracellularly to form the functional 1L35? What factors regulate the
stability of the non-covalently linked 1L35 (p35 and Ebi3) heterodimer? What factors
regulate their dissociation to allow termination of their inhibitory activities?
Notwithstanding the fact that there may be more questions than answers, the discovery that
IL35 induces the conversion of human/mouse B cells into Bregs allows ex-vivo production
of large amounts of Bregs for immunotherapy. It would also undoubtedly facilitate
elucidation of the roles of Bregs and i35-Bregs in the regulation of autoimmune diseases.

ABBREVIATIONS
IL-35 Interleukin 35
IL-10 Interleukin 10
Breg regulatory B cell

i35-Breg IL-35-producing regulatory B cell
CNS central nervous system

EAU experimental autoimmune uveitis
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FIG. 1.
Sequential development of B cells in the bone marrow and maturation in the spleen.

Differential expression of cell-surface markers has allowed delineation of the various B-cell
phenotypes that emerge as the hematopoietic precursor B cells derived from fetal liver
progress from the pro-B cells following induction (RAGI and RAG2) and production of the
heavy chain 1G. Immature B cells exit the bone marrow after subjection to central tolerance
mechanisms that eliminate autoreactive immature B cells. After leaving the bone marrow, T1
and T2 immature B cells are further subjected to peripheral tolerance mechanisms before
full maturation into MZ, follicular, or plasma B cells. (RAG) Recombination-activating
gene; (T1) transitional 1; (T2) transitional 2; (MZ) marginal zone; (FO) follicular-type-B
cell.
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FIG. 2.
Phenotypes of presently described Breg subsets. Prior activation by TLR and/or BCR signals

appears to be required for generation of 1L10-producing, IL35-producing, and 1L10-/IL35-
producing Bregs expressing overlapping cell-surface markers shared by Bregs and
conventional B cells.
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