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Abstract

It is now appreciated that in addition to their role in humoral immunity B cells also exert
regulatory mechanisms that lead to attenuation of inflammatory responses. The concept of B cell
regulation became well-recognized when mice deficient in B cells due to genetic disruption were
shown to be refractory to recovery from the signs of experimental autoimmune encephalomyelitis
(EAE), the mouse model of multiple sclerosis. This seminal study spurred the search for B cell
regulatory phenotypes and mechanisms of action. Our approach was to utilize differential B cell
depletion with anti-CD20 to retain B cells whose presence were required to achieve EAE recovery.
Utilizing flow cytometry, adoptive cell therapy and genetic approaches, we discovered a new B
cell subset that upon adoptive transfer into B cell-deficient mice, was sufficient to promote EAE
recovery. This B cell subset is IgM™*, but due to low/negative IgD cell surface expression it was
named B cell IgD low (BD( ). Mechanistically, we found that in the absence of BD(, the absolute
cell number of CD4*Foxp3* T regulatory cells (Treg), essential for immune tolerance, were
significantly reduced. Furthermore, we found that BD| expression of glucocorticoid-induced
tumor necrosis factor ligand (GITRL) was essential for induction of Treg proliferation and
maintenance of their homeostasis. Thus, we have identified a new B cell subset that is critical for
immunological tolerance through interactions with Treg.
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Introduction

The historical view of B cells is that they present antigens to T cells that in turn provide
crucial signaling to induce their differentiation into plasma cells that secrete antibodies.
While antibodies are the backbone of humoral immunity leading to pathogen clearance, it is
now appreciated that B cells are also important in regulating the extent of the immune
response. The first concrete evidence that B cells have the potential to control the extent of
the adaptive immune response was in a seminal 1996 study utilizing the mouse model of
multiple sclerosis (MS), experimental autoimmune encephalomyelitis (EAE). We found that
mice deficient in B cells were unable to recover from the signs of EAE, although disease
onset and progression were not altered [1]. This was an unexpected finding at the time that
ruled out a role for both B cell antigen presentation and antibody production in driving the
onset of EAE. The mechanisms responsible for recovery were yet to be discovered.

Over the last 24 years, extensive research efforts have gone into investigating B cell
regulatory mechanisms. Given the complexity of the immune system, in retrospect it is not
surprising that multiple regulatory mechanisms have been described including IL-10 and
IL-35 production, CD73, FasL, PD-L1 among others [2]. While much of the field
concentrated on finding a novel B cell subset that regulated via IL-10 production, our studies
pointed us in the direction of IL-10-independent mechanisms [3]. The key to our studies was
the discovery of the elusive CD4*Foxp3™ T regulatory cell (Treg), which is critical for the
maintenance of immune tolerance and the suppression of autoimmunity [4, 5]. Here, we
provide the history from our first realization that B cell regulation is linked to Treg, to
discovering the mechanism and then finally to the characterization of a new B cell subset
that interacts with Treg to promote their homeostasis thereby maintaining immune tolerance
[3, 6, 7].

Discovery of B cell Regulation in Autoimmunity

To study a role for B cells in EAE, early studies depleted B cells in rats from birth with anti-
IgM antibodies, in which EAE was induced by myelin basic protein (MBP) or spinal cord
homogenate [8]. These rats were resistant to EAE induction, which upon further
examination was due to the generation of anti-MBP antibodies [9]. A pathogenic role for
antibodies in EAE induction was independently confirmed [10, 11]. The conclusion from
these collective studies was that B cells were functioning as antigen presenting cells
facilitating the priming of myelin-specific encephalitogenic T cells leading the subsequent
production of myelin-specific pathogenic antibodies [12].

To further investigate the necessity for B cell antigen presentation in EAE induction, we
utilized mice deficient in B cells due to genetic targeting of the membrane exon of the IgM
heavy chain (UMT) [13]. Since expression of the IgM heavy chain in complex with the
surrogate light chain on the pre-B cell surface is required for B cell development in the bone
marrow, mature B cells are not generated [13, 14]. B10.PL (H-2Y) WT and B10.PLuMT
mice immunized with the MBP immunodominant peptide Ac1-11 exhibited similar EAE
incidence and day of onset and progression to peak of disease [1]. These data indicated that
neither B cell antigen presentation nor antibody production was required for the priming of
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CD4* T cells and subsequent EAE onset. B10.PL mice undergo spontaneous recovery from
EAE, but to our surprise, B10.PLUMT mice did not undergo recovery and exhibited an
acute, but chronic disease course (Fig. 1A) [1]. This seminal study, was the first to
demonstrate a regulatory role for B cells in autoimmunity without the need for antibody
production. Our findings were later confirmed in C57BL/6uMT mice immunized with the
myelin oligodendrocyte glycoprotein immunodominant peptide 35-55, which implicated a
role for IL-10 in B cell regulation [15]. These two studies combined were responsible for
sparking an interest in B cell regulation and the realization that B cells play complex roles in
adaptive immunity beyond antibody production.

Investigation of B Cell Regulatory Mechanisms

In exploring the mechanism whereby B cells promote EAE recovery, we first focused on
proteins required for cognate interactions. We examined the B7 family proteins B7.1 (CD80)
and B7.2 (CD86) utilizing mixed bone marrow (BM) chimeras generated by transplanting
donor BM deficient in both B7.1 and B7.2 (B7~/") into sublethally irradiated B10.PLUMT
recipient mice (B7~/~—uMT). The control WT—WT and B7/~—WT chimeras recovered
from EAE, whereas the q(MT—pMT and B7/~—uMT chimeras did not [6]. These data
indicated that mice deficient in B7 in the immune system were unable to recover from the
signs of EAE. Because these studies were conducted prior to commercially available
antibodies to Foxp3, we utilized quantitative real-time PCR to assess the presence of Treg in
the spinal cord and lymph nodes at the peak of EAE. Consistent with the lack of EAE
recovery, Treg transcripts were reduced in the spinal cord in the U(MT—uMT and
B7~/~—uMT chimeras as compared to the controls [6]. Interestingly, Treg transcripts were
not reduced in the lymph nodes [6]. These data were the first that suggested B cells crossed
talk with Treg to facilitate recovery from EAE.

In our early studies, we also investigated whether any IgM* B cell could be regulatory and
drive recovery from EAE. First, we utilized hen egg lysozyme (HEL) BCR transgenic mice
bred to B10.PLUMT mice (HELUMT) so that only a single BCR was expressed thereby
limiting diversity, and determined whether they would recover from EAE [16]. We found
that expression of a single BCR was not sufficient to drive recovery from EAE [17]. We then
increased BCR diversity by breeding a IgM heavy chain BCR transgenic mouse to
B10.PLUMT mice (Vh186.2uMT [18]. In these mice, the heavy chain is fixed but can pair
with any light chain, thereby generating a BCR repertoire with limited diversity [18].
Interestingly, the limited diversity mice exhibited intermediate recovery between the
B10.PLUMT and B10.PL WT control mice [17]. These BCR diversity studies provided the
first evidence that the regulatory B cell we sought was a unique B cell subset [17].

Because IL-10 production by B cells was shown to be an important effector regulatory
pathway [15], we investigated whether a similar mechanism existed in our B10.PL EAE
model and found that it was IL-10-independent [3, 19]. We contributed this largely to using
a passive induction EAE model that does not require immunization with complete Freund’s
adjuvant composed of heat-killed Mycobacterium tuberculosis that contains toll-like
receptor (TLR) ligands for TLR2, TLR4 and TLR9 [20]. Stimulation of both TLR4 and
TLR9 on B cells has been shown to be potent inducers of their IL-10 production [21]. Thus,
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by inducing EAE in the absence of CFA, we avoided potential bystander activation of B
cells and subsequent IL-10 production [3, 19].

Strategy Utilized to Identify BD, as a New B Cell Subset with Regulatory

Activity

As a cell lineage B cells are quite complex being composed of numerous developmental
stages and four known mature B cell subsets: Bla, B1b, MZ and FO B cells (Fig. 2). BlaB
cells express CD5 and CD11b as a distinguishing markers, develop from the fetal liver are
enriched within the peritoneal and pleural cavities in mice and dominate T-independent
immune responses [22]. Little is known regarding B1b B cells, but they are BM-derived and
provide protective antibodies following infection [23]. MZ and FO B cells are referred to as
B2 B cells. MZ B cells provide a first-line defense against blood-borne pathogens and
largely contribute to T-independent immune responses [24]. FO B cells circulate throughout
the body and participate in germinal center responses generating high affinity protective
antibodies responses and long-term memory in the form of long-lived plasma cells and
memory B cells [25].

One of the first questions we addressed was the identity of the B cell subset exhibiting
immune regulation in our studies. B cell development begins in the yolk sac/fetal liver from
which the Bla population of innate-like B cells emerge [26-28]. Bla cells in mice are
largely found in the peritoneal and pleural cavities of mice (Fig. 2), but they also circulate
and can be found in the spleen and lymph nodes and persist for the life of the animal [29].
Human Bla cells have also been described with similar functional characteristics as mice
[30, 31]. Bla B cells are major producers of natural IgM in the serum and are responsible for
early antibody responses following infection because they can become activated and
differentiate into short-term antibody secreting plasmablasts in the absence of T cell help in
what are termed T cell-independent antibody responses [32]. Because Bla B cells do not
originate from the BM they are not reconstituted following irradiation and subsequent BM
transplantation (T). In our early studies, we found that reconstitution of B cells in
B10.PLUMT mice by BMT resulted in recovery from EAE [6]. Although at the time it was
not known that Bla cells emerged from the fetal liver, in retrospect, it indicated that the
regulatory B cell we sought was not a B1a B cell. This was later confirmed in studies in
which we transferred highly purified total splenic B cells into uMT mice that lacked the Bla
subset (Fig. 1A) [3, 7].

In addition, to Bla B cells, the term B1 is also used to identify a second B cell subset termed
B1h. Phenotypically, both Bla and B1b are B220"CD23-CD11b* [33]. What distinguishes
the two subsets is expression of CD5 by Bla, but not, B1b B cells. B1b B cells are
considered a mature B cell subset that is BM-derived (Fig. 1) [34]. Although not well
studied both functionally and developmentally (Fig. 2), B1b B cells were shown to exhibit
an innate ability to recognize protective antigens in bacteria [23]. In our B cell adoptive
transfer studies, our purification strategy included gating on CD23, thereby eliminating both
CD23~ Blaand B1b B cells from our studies, thus they were excluded from further
evaluation [7].
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We then turned our attention to mature B2 cells composed of follicular (FO) and marginal
zone (MZ) B cells that develop in the spleen from immature B cells that migrate from the
BM (Fig. 2). Immature B cells differentiate into transitional (T) 1 and then T2, which
diverges to give rise to FO and MZ B cells (Fig. 2). We first eliminated MZ B cells (Fig. 2),
which were aptly named because they are located within the MZ of the spleen. The MZ
separates the white pulp from the red pulp and the termination of arterial vessels in the MZ
allows blood to pass through an open system of reticular cells exposing resident
macrophages and MZ B cells to blood-borne pathogens prior to collection by the red pulp
venules [24, 35]. MZ B cells are enriched for specificity to microbial polysaccharides and
express high levels of TLR and the complement receptor CD21/CD35 [24]. These
characteristics along with existing in a quasi-activated state, allow them to rapidly respond to
antigens with repeating subunits and differentiate into antibody secreting cells [24, 36].
Commitment to the MZ lineage requires Notch-2 signaling (Fig. 2) [37, 38]. MZ B cells are
CD21MCcD23~, while FO B cells are CD21IMCD23* [24]. This differential cell surface
expression was utilized for fluorescent activated cell sorting (FACS) to obtain highly pure
populations of B220* (Fig. 3A) MZ (B220*IgMhicD21MCD23-CD937) (Fig. 3B, D) and
FO (B220*IgM*CD21"CD23*CD93") (Fig. 3B, E) B cells [7, 39, 40]. The T1 and T2
subsets are eliminated from the gating of FO and MZ B cells by their CD93 expression (Fig.
3C). Upon adoptive transfer into B10.PLUMT mice, only the FO subset was able to drive
recovery from EAE (Fig. 1B) [7]. To further confirm that MZ B cells were not the regulatory
subset of interest, we repeated the B cell transfer studies using Notch-2-deficient donors
lacking MZ B cells, which supported recovery from EAE [7].

The above series of studies highly suggested that the regulatory B cell subset we sought
resided within the gating strategy utilized to identify the FO B cell subset (Fig. 1B, 3). FO B
cells reside within the B cell follicles of secondary lymphoid organs and produce the
majority of high affinity isotype class switched antibodies produced in a T cell-dependent
manner within the germinal center [41]. The identification of FO B cells as regulatory was
surprising because they had not been previously implicated in immune regulation. Because
the majority of B cells in the spleen fall within the FO B cell phenotype and subsets had not
been previously identified in this B cell lineage, we required a strategy to enrich for B cells
with the capacity of driving EAE recovery.

B Cell Depletion Strategy to Identify BD_

The strategy that we developed to identify BD was to utilize anti-CD20 differential B cell
depletion efficiency. We obtained two anti-mouse CD20 mAb from Biogen (Cambridge,
MA) with identical antigen binding variable regions, but different Fc regions. The anti-CD20
1gGo, isotype depleted the majority of B cells in the spleen and phenocopied uMT mice in
that recovery from EAE did not occur leading to chronic disease (Fig. 1C) [3]. In contrast,
the 1gG1 isotype did not deplete MZ B cells and depleted ~90% of FO B cells in the spleen
[7]. Of importance to our studies, the anti-CD20 1gG1 B cell depleted mice recovered from
EAE (Fig. 1C) [7]. These data indicated that the regulatory B cell subset we sought was
retained in the partially depleted mice. Because adoptive transfer studies indicated that MZ
B cells were not the regulatory B cell we sought (Fig. 1B), we concentrated on further
investigating the phenotype of the remaining FO B cells. What we observed was an
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enrichment of B cells expressing low/negative levels of 1gD from ~7% in isotype control-
treated mice (Fig. 3F) to ~34% in anti-CD20 IgG1-treated mice [7]. Adoptive transfer
experiments demonstrated that the IgD'*V/"€d (BD, ) subset drove recovery from EAE, while
the FO (IgD") did not (Fig. 1B) [7]. Due to IgD being a definitive cell surface marker, the B
subset exhibiting regulatory activity was named B cell IgD low (BD\) [7].

To determine whether BD; were a unique B cell subset, we performed RNA sequencing
analysis comparing FO IgDM, BD, and MZ B cells. Using principle component analysis
(PCA) plotted in three dimensions, we confirmed that MZ B cells were distinct from both
FO IgD" and BD_B cells in all three dimensions [7]. When we compared FO 1gD" and
BD_, we found that they clustered similarly in two dimensions, but clustered separately in
the third [7]. When we compared transcriptional profiles, BD, as compared to FO IgDMi,
exhibited significantly higher expression of 343 transcripts and lower expression of 121
transcripts [7]. Genes associated with cell cycle/proliferation, developmental processes and
cell surface receptor signaling were upregulated in BD_[7]. These cumulative data
demonstrated that BD|_are a unique B cell subset that can be identified and purified by their
B220*IgM*IgD'*W/-CD21iMCD23*CD93M cell surface phenotype (Fig. 3) [7]. However,
how they developmentally fit into the B cell lineage still needs further exploration (Fig. 2).

Mice Deficient in B Cells have Reduced Numbers of Treg

In the course of our studies to identify BD , we investigated the mechanism whereby B cells
contribute to recovery from EAE. Early in these studies, the discovery of Treg as being
essential to preventing the onset of autoimmunity and our observation that Foxp3 transcripts
in the spinal cord were lower in yMT —uMT and pMT—WT chimeras [6], prompted us to
examine whether they played a role in driving recovery in our studies. When we investigated
the link between B cells and Treg, we found that as compared to WT mice, uMT mice had
an ~3-fold reduction in Treg numbers in the spleen (Fig. 4) [3]. Interestingly, mice with total
B cell depletion with anti-CD20 IgG»,, which do not recover from EAE, had a significant
reduction in the absolute number of Treg in the spleen (Fig. 4) [3]. In contrast, mice partially
depleted of B cells (anti-CD20 1gG,) that retain BD|, did not exhibit a decrease in Treg
numbers (Fig. 4) [7]. Thus, our studies indicated a direct correlation between the number of
Treg and BD,_and the ability to recover from EAE (Fig. 5). To explore that link further, we
adoptively transferred total B cells with or without dye labelled Treg into uMT mice and
found that Treg numbers significantly increased due to proliferation (Fig. 4) [3]. In a follow
up study, we showed that BD|, but not FO or MZ B cells, drove the expansion of Treg
following adoptive transfer into uMT mice (Fig. 4) [7]. These cumulative studies indicated
that direct cell-cell interactions between BD| and Treg are required to maintain Treg
homeostasis. Of importance to the translatability of our findings, is that on both the B10.PL
and C57BL/6 backgrounds, uMT mice had a significant reduction in Treg that were
significantly increased by the adoptive transfer of syngenic BD_[7].

Investigations of B Cell Mechanisms Driving Treg Expansion

Throughout the course of our studies, we investigated various mechanism whereby BD
interact with and promote Treg expansion. The following studies were conducted prior to the
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identification of the BD_ phenotype with total splenic B cells, but nevertheless allowed us to
eliminate several potential mechanisms. To determine whether B7 expression was required,
we repeated the B cell adoptive transfer experiment using B7~/~ B cells, which were able to
drive Treg expansion, but not to the same level as WT B cells [3]. Using B7.17/~ and B7.27/~
single knockout B cells, revealed that it was B7.2 that contributed to the reduced Treg
expansion [3]. The requirement for antigen presentation was examined using C2ta-deficient
mice that lack MHC class Il expression due its role as a transactivator required for MHC
class I transcription [42]. Similar to CD86~/~ mice, uMT mice adoptively transferred C2ta
I~ B cells exhibited Treg expansion that was reduced as compared to mice that received WT
B cells [3]. While these studies indicate that cognate interactions between B cells and Treg
could occur and contribute to Treg expansion, we have not repeated these studies with BD, ..
Thus, we cannot exclude the possibility that other B cell subsets are interacting with Treg
via cognate interactions resulting in either Treg expansion or survival. In addition, both
CD86 and MHC class Il could engage Treg without the need for antigen presentation. A
subset of Treg express cytotoxic T lymphocyte-associated antigen (CTLA)-4 that could
interact with CD86 expressed by BD,_ [43, 44]. In support of this possibility is the finding
that BD|_ express ~2-fold higher levels of CD86 as compared to FO B cells [7]. In addition,
Treg subsets have been reported to express lymphocyte activation gene (LAG)-3, which
binds to MHC class 11 and was shown to be important for Treg control of T cell homeostasis
[45, 46].

BD, Promote Treg Homeostasis via Glucocorticoid-induced TNF Ligand

(GITRL)

The finding that B cells/BD_ induce Treg proliferation was the key observation that led to
the discovery that BD| maintain Treg homeostasis via their expression of GITRL. GITR, the
receptor for GITRL, is highly expressed by Treg and was shown to induce their proliferation
[47-49]. Immune cells shown to express GITRL include dendritic cells, macrophages as
well as B cells [3, 7, 50, 51]. An additional clue that B cells could potentially drive Treg
proliferation via GITR:GITRL is the finding that transgenic mice overexpressing GITRL
specifically in B cells had a significant increase in Treg and attenuated EAE severity [51].
Antibody blocking of GITRL prior to adoptive transfer of total B cells or BD,_into uyMT
mice significantly attenuated their ability to induce Treg expansion (Fig. 4) [3, 7]. This
finding was confirmed utilizing GITRL-deficient BD,_ [7]. In addition, GITRL blocking of B
cells also abrogated their ability to promote recovery from EAE (Fig. 1D) [3]. These data
provide strong evidence that BD; promote immune tolerance by maintenance of Treg
homeostasis via their expression of GITRL (Fig. 5).

BD, Future Perspectives

While GITRL is an important effector molecule for BD;_ many questions still remain
regarding their development, localization and function. Of particular interest is whether the
IgM*1gD!°%/~ phenotype is critical for their function. Although the function of IgD is still
not fully clear, one elucidated role is to attenuate the response to self in anergic IgM* B cells
while promoting their accumulation. The lack of IgD expression by IgM* B cells led to a
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reduction in expression of self-reactive BCR [52, 53]. Interestingly, IgD was also shown to
facilitate prompt responsiveness to foreign antigens by promoting recognition of multimeric
antigens [52-54]. Thus, one could speculate that while lgM*1gD!'®"/~ BD, would be not be
self-reactive they also would exhibit poor responses to foreign antigens. This phenotype is
uniquely suited for the role of BD|_in Treg homeostasis whereby their lack of response to
self- and foreign-antigens would prevent their activation and subsequent Treg activation.
This would allow BD,_to induce the proliferation of all Treg without introducing a bias
towards reactivity to self or non-self. However, additional studies are required to fully
understand whether BD|_participate in immune responses leading to germinal center
formation and antibody production or whether they are anergic and/or self-reactive.

BD_ Activity Exists in Humans

Summary

Treg in humans are essential for the dampening of autoimmune responses as profoundly
shown in babies with mutations in the Foxp3 gene that quickly succumb to the disease
immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX). IPEX is driven
by activated CD4* T cells leading to multi-organ damage as the result of autoimmunity and
other life threatening inflammatory disorders [55, 56]. To determine whether BD_ exist in
humans, we developed an in vitro assay to measure Treg proliferation in the presence and
absence of B cells [7]. As in mice, we found that splenic B cells (CD19*CD20*CD24low/int)
with low/neg 1gD expression induced Treg proliferation [7]. This finding was confirmed
using peripheral blood B cells, in which we included an IgDM subset, and again found that
only the IgD'oW/neg B cells induced Treg proliferation [7]. While these findings indicate that
BD__ exist in humans, additional studies are required to further refine the BD phenotype
since there are a number of human B cell subsets that exist beyond BD,_that have a
IgD'oW/neg phenotype including isotype-class switched memory B cells that are present in
both the spleen and peripheral blood [57].

Besides BD|, others have described human B cell subsets exhibiting regulatory activity [58].
The best characterized express both IgM and IgD and are further defined by a
CD24hicD38" immature phenotype [59]. In addition to expressing IgD they differ from
BD,_ by utilizing an 1L-10-dependent mechanism to suppress T helper differentiation and
induce T cell conversion to Treg [59, 60]. In contrast, BD, induce Treg proliferation in an
IL-10-independent manner [3, 7]. Other human B cell regulatory mechanisms reported
include granzyme B, 19G4, adenosine, TGF-p and indoleamine 2,3-dioxygenase [58].
Additional cell surface markers are required to generate a more definitive BD phenotype to
allow for their specific identification and isolation to further our understanding of this novel
B cell subset in humans.

In our studies, we uncovered the novel BD, B cell subset that interacts with Treg via
GITR:GITRL thereby inducing Treg proliferation such that their cell numbers exist at a
sufficient level to drive recovery from EAE (Fig. 5). It is now clear that Treg cell number is a
critical factor in their ability to suppress inflammatory immune responses [61]. In our
studies, this was demonstrated by the onset of spontaneous onset of EAE in MBP-TCR
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transgenic mice and enterocolitis in 1L-10~/~ mice following total B cell depletion [3].
Although numerous challenges and limitations exist that need to be overcome to implement
widespread Treg adoptive cell therapy, increasing Treg numbers is considered a viable
therapeutic strategy for the treatment of MS and other autoimmune diseases [62, 63]. As an
alternative to expensive Treg adoptive cell therapy, we propose that BD|_ could be harnessed
to promote Treg expansion naturally in in vivo for the treatment of autoimmunity.
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Research Highlights
B cells may negatively regulate the extent of the inflammatory response.

B cell IgD low (BD\ ) are a new mouse splenic B cell subset that plays a
critical role in immune tolerance.

BD, interact with CD4"Foxp3* T regulatory cells (Treg) via glucocorticoid-
induced tumor necrosis factor ligand (GITRL) and induce their proliferation.

BD, maintenance of Treg homeostasis keeps immune tolerance high and
inflammation from becoming chronic.
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Figure 1. Graphic representation of EAE disease courses in WT and pMT mice with various B

cell and anti-CD20 treatments.

Graphic EAE disease courses are shown for WT mice (A, dark blue line) that undergo
recovery as compared to UMT mice (A, dark blue dotted line) that do not. uMT mice
transferred either total splenic B cells (A, solid light blue line) or BD,_ (B,D, solid red line)
recover from EAE, while those transferred FO (B, dotted orange line), MZ (B, dotted purple
line) or anti-GITRL blocked B cells (D, dotted red line) do not. B cell depletion with anti-
CD20 IgGo;, (C, solid green line) preserves BD| and Treg numbers leading to B cell
recovery, while total B cell depletion with anti-CD20 1gG4 (C, dotted green line) leads to

chronic EAE.
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Figure 2. B cell development schematic.
B cell development begins in the fetal liver which gives rise to the B1la subset. All other

known B cell subsets differentiate in the bone marrow (BM) where immature B cells migrate
to the spleen to complete their development first transitioning from transitional (1) and then
T2, which upon receiving a Notch-2 signal differentiates into a T2-margianl zone precursor
(MZP) and then into mature MZ B cells. The T2 subset also differentiates into mature FO B
cells. The exact developmental pathway for B1b and BD,_is not known and are thus placed
in dotted boxes.
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Figure 3. Representative B cell gating strategy.
Splenic B220* B cells (A) are differentially gated on IgM and CD21 to separate splenic B

cells subsets into FO + T3, MZ + T2-MZP and T1 + T2 (B). C) T1 and T2 subsets are
CD93" and are separated by CD23 expression. D) MZ and T2-MZP subsets are separated by
CD23 expression. E) FO B cells are separated from T3 by lack of CD93 expression. F) FO B
cells are separated into IgD!®¥~ BD, and IgD" FO B cells. The number on the contour plots
indicates the percentage of cells in each gate.
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Figure 4. Graphic representation of Treg numbers in WT and uMT mice with various B cell and
anti-CD20 treatments.

Based on published studies, the relative number of Treg in the spleen of WT mice treated
with PBS or isotype control antibodies or administered anti-CD20 1gG,, or 1gG4; and uMT
mice treated with PBS or adoptively transferred FACS purified total B cells, BD, FO, MZ
or anti-GITRL-blocked BD, B cells are shown.
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Figure 5. BD|_ promote immune tolerance by inducing Treg proliferation via GITRL.
BD, are a unique splenic B cell subset that expresses IgM, but not IgD, and interact with

Treg via GITRL leading to their proliferation through engagement of GITR. A balance
between BD| and Treg is required to maintain Treg numbers at a sufficient level to maintain
a high level of immune tolerance leading to recovery from EAE. If BDL are depleted by
anti-CD20, Treg numbers are reduced leading to reduced immune tolerance and chronic
EAE.
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