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Abstract
A dual role of B cells in experimental autoimmune encephalomyelitis (EAE), the animal model of
the human autoimmune disease multiple sclerosis (MS), has been established. In the first role, B
cells contribute to the pathogenesis of EAE through the production of anti-myelin antibodies that
contribute to demyelination. On the contrary, B cells have also been shown to have protective
functions in that they play an essential role in the spontaneous recovery from EAE. In this review,
we summarize studies conducted in a number of species demonstrating the conditions under which
B cells are pathogenic in EAE. We also discuss the phenotype and anti-inflammatory mechanisms
of regulatory B cells.

Keywords
B cell; experimental autoimmune encephalomyelitis; immune regulation; immunoglobulin;
multiple sclerosis

Introduction
One key outcome from autoimmunity is a disruption in the balance between pro- and anti-
inflammatory immune responses, ultimately leading to potentially irreparable tissue damage.
It has become clear that B lymphocytes can contribute both to the pathogenesis and
regulation of autoimmunity [1]. The exact mechanisms of these dual functions have been
difficult to unravel, given that B cells perform a spectrum of functions during an
inflammatory immune response. Also, a complicating factor is that are a number of B cell
subsets each with unique functions and anatomical locations. Broadly, B cells are divided
into the B1 and B2 subpopulations.

B1 cells primarily reside in the peritoneal and pleural cavities, but are also found in the
spleen in low numbers and through production of natural IgM, which is often germline
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encoded and polyreactive contribute to the early innate defense against pathogens. Also
contributing to innate immunity are marginal zone B cells that reside in the spleen and due
to their preactivated phenotype can quickly differentiate into antibody secreting plasmablast
and plasma cells in the absence of T cell help. The majority of peripheral B2 cells are called
follicular B cells and are the most prominent B cells in the spleen and lymph nodes.
Follicular B cells help form the germinal center where they generate high affinity IgG
antibodies in response to T-dependent antigens. Although each subclass of B cells is highly
efficient in the generation of antibodies, they all also have the capacity to present antigen
and produce a spectrum of pro- and anti-inflammatory cytokines.

The elucidation of the role of B cells in multiple sclerosis (MS) was greatly facilitated by the
generation of an animal model now referred to as experimental autoimmune
encephalomyelitis (EAE). Although no animal model completely recapitulates a complex
human disease, such as MS, the ability to induce EAE in a number of species by a variety of
mechanisms allows for the testing of specific hypotheses in the most relevant model. EAE
can be induced in many species including rabbit, guinea pig, rat, mouse and monkeys.

Although early studies were conducted in rabbit, guinea pig and rat most current studies are
conducted in mouse due to their smaller size and the copious reagents and genetically
altered mouse strains available. EAE can be induced by both active and passive approaches.
For active induction, animals are immunized with self-antigen in the form of spinal cord
homogenate, purified self-protein or as a self-peptide emulsified in adjuvant, typically
complete Freund's adjuvant (CFA). Active EAE induction in mice also includes the injection
of two doses of pertussis toxin.

Passive EAE induction involves the adoptive transfer of encephalitogenic T cells with
specificity to self-antigens. The recipient animals are often irradiated to achieve a more
consistent and predictable disease course [2]. The encephalitogenic T cells are derived from
self-antigen immunized animals or from TCR-transgenic (tg) mice with self-reactivity. EAE
onset occurs 7–10 days later and depending on the animal species and strain the disease
course can vary from acute and monophasic, acute and chronic, progressive or relapsing and
remitting.

Induction of EAE is due to an immune response to self-antigen presented by MHC class II
molecules. In mice the three most prominent myelin antigens used are myelin basic protein
(MBP), proteolipid protein (PLP) and myelin oligodendrocyte protein (MOG). The antigen
used for EAE induction is dictated by the MHC haplotype of the experimental animal. Table
I outlines the strain, antigen usage and typical EAE disease course of the most commonly
used rat and mouse models. The evolution of EAE models over the last century has led us to
a better understanding of the complex immune interactions that result in disease and has also
allowed the discovery of regulatory mechanisms that prevent and control the extent of
disease. This review will focus on the role of the B lymphocyte outlining our current
understanding of their pathogenic and regulatory functions in EAE.

Early evidence for a pathogenic role for B cells and immunoglobulin in EAE
The experimentally induced animal disease now known as EAE was first investigated in
rabbits and monkeys [3]. It was in 1949 that EAE induction in mice was successful [4]. This
achievement literally opened the floodgate regarding EAE research with thousands of
studies having been published using the mouse model. However, most of the early studies
defining the role of immune cells in EAE were conducted in the rat. In 1953 the transfer of
EAE from a donor rat immunized with guinea pig spinal cord homogenate in adjuvant to
another rat was first demonstrated by parabiosis, suggesting that the disease was caused by
either soluble and/or cellular components within the blood [5].
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It then took until 1960 to demonstrate that transfer of lymph node cells alone from a rat with
EAE was sufficient to lead to EAE in the recipient [6]. These early insights into the
immunological nature of EAE were remarkable given that T and B lymphocytes weren't
definitively identified until the mid 1960s [7]. The identification of T cells alone as being
sufficient for EAE induction came from studies conducted in 1981, whereby the adoptive
transfer of MBP-specific T cell lines resulted in disease in syngeneic rats [8]. Although this
later experiment implicated T cells in EAE induction, it did not rule out the possibility that
the transferred T cells interacted with B cells that then in turn played a pathogenic role in
EAE.

The first hard evidence that B cells were involved in EAE pathogenesis came from studies in
rats administered anti-IgM resulting in a depletion of B lymphocytes as well as serum IgM
that was accompanied by low levels of IgG. These depleted rats failed to both respond to
LPS and make antibodies to sheep red blood cells [9]. These same rats failed to exhibit signs
of EAE following immunization with either guinea pig spinal cord homogenate or purified
MBP [9]. In a follow-up study, the transfer of serum containing anti-MBP into the anti-IgM-
treated resistant rats resulted in EAE [10].

Although this experiment suggested a role for Ig in EAE induction and/or pathogenesis, the
adoptive transfer of activated lymphocytes from MBP immunized anti-IgM treated rats into
either WT or anti-IgM-treated rats also lead to EAE [10]. Thus, the final conclusion was that
passively induced EAE was not dependent upon the presence of B cells and antibody
production [10]. Of interest in terms of antibody-mediated pathogenesis is that the studies
conducted by Willenborg and colleagues used MBP as the immunogen. Thus, even if anti-
MBP antibodies were generated, how they would invoke pathogenic mechanisms is not clear
due to the intracellular location of MBP.

The answer as to whether or not antibodies play a pathogenic role likely resides in the
specificity of the antibodies. When whole spinal cord homogenate is used, antibody
responses to multiple myelin antigens is possible, with myelin oligodendrocyte glycoprotein
(MOG) being of particular interest because of its cell surface expression making it
accessible to antibody recognition. Indeed, serum containing high levels of
immunoglobulins specific to MOG, but not MBP, when infused into the subarachnoid space
of rats resulted in demyelination [11]. Further support for anti-MOG in EAE pathogenesis
came from studies using MOG monoclonal antibodies (mAb), which accelerated EAE in
Lewis rats and exacerbated passively induced EAE in SJL mice and Lewis rats [12–14].

Similar findings were reported in a primate EAE model, where immunization with whole
white matter or rat rMOG (aa 1-125) led to inflammation and extensive demyelination [15].
In contrast, immunization with the intracellular proteins MBP or proteolipid protein (PLP)
resulted in inflammation, but no demyelination [15]. As with rodents, the transfer of anti-
MOG into MBP-immunized nonhuman primates lead to fully demyelinated lesions [15].
Thus collectively, these early studies indicated that T cells alone could induce and drive
EAE disease, but that myelin-specific antibodies could augment EAE pathogenesis if they
recognize a protein expressed on the cell surface of oligodendrocytes. In other words, the
studies fell short of demonstrating a requirement for B cells or their production of
immunoglobulin in EAE induction.

Potential mechanisms of antibody augmentation of EAE
Demyelination accompanying the transfer of an anti-MOG mAb provided solid evidence of
a pathogenic role for B cells via production of Ig in EAE. However, of interest is that all of
these early studies used the same antibody clone (8.18.C5) [11–16], which is a mouse IgG1.
Thus, it is not surprising that all of the studies obtained consistent results with the induction
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of demyelination being a critical factor. The mechanism by which Ig could induce
demyelination includes complement and Fc receptor (FcR) engagement.

The ability of anti-MOG antibodies to fix complement was directly related to their
pathogenesis with IgG2a mAbs being the most potent [17]. Interestingly, the 8.18.C5 mAb is
an IgG1 and consistent with characteristics of this subclass of Ig its ability to fix
complement and induce pathogenesis was lower that for the IgG2a mAb [17]. As with the
8.18.C5 mAb, the IgG2a Z12 mAb, also likely mediated demyelination via a complement-
dependent mechanism that did not occur in MOG-deficient animals [18].

Further evidence for a role for complement in antibody-induced demyelination was the
blockage of pathogenesis by the administration of a soluble recombinant form of human
complement receptor 1, which also led to a reduction in the deposition of C1, C3 and C9
within the CNS [19]. The issue of a role for complement was definitively resolved by the
use of knockout mice deficient in FcRγ and C1q, which showed that the demyelinating
capacity of mAb 8.18.C5 relies on complement activation but not FcR that contain the γ
chain (FcγR1, FcγRIII, Fc1εRI and FcαRI) [20,21].

Further evidence that complement plays a role in antibody-induced demyelination was the
finding that rats deficient in C6, which prevents the formation of the membrane attack
complex, were not susceptible to exacerbated disease following anti-MOG administration
[22]. However, the above experiments did not resolve the finding that FcRγ knockout mice
are resistant to EAE induction by rat MOG immunization [23]. Because the FcRγ signaling
subunit is also utilized by proteins other than FcR, the exact role of FcR in EAE induction
remains unresolved.

Because the FcRγ subunit is utilized by a number of FcR, we determined whether FcγRIII
played a role in EAE pathogenesis by inducing EAE in mice deficient its ligand binding a
chain [24]. FcγRIII is a low affinity FcR and plays a role in activating immune cells such as
macrophages and mast cells through binding of Ig. Mice deficient in FcγRIII had
deficiencies in mast cell degranulation, IgG-dependent anaphylaxis, and Arthus reactions
[24]. Using a passive transfer model of EAE [2], we found that FcγRIII-deficient mice were
similar to their WT littermates in day of disease onset, but exhibited a significantly more
severe disease course, indicating that FcγRIII plays a protective or inhibitory role during
EAE progression presumably through the activation of an immune cell (Figure. 1A).
However, neither the target cell nor the mechanism of this regulation is known.

Since FcγRIIb is an inhibitory receptor [25], we also determined whether deletion of this
receptor would result in more severe EAE. However, as shown in Figure 1B, there was no
difference in the EAE disease curves between B10.PL control mice and FcγRIIb+/- and
FcγRIIb-/- mice. The FcγRIIb+/+ littermate controls did not recover to the same extent as
the other groups, but this was likely due to this group containing the lowest number of
experimental mice.

A similar study in DBA/1 mice immunized with rat MOG FcγRIIb-/- mice were similar to
their WT littermates in disease onset, but then the text stated that they exhibited a trend
toward worsened disease [23]. However, no statistics were provided and one caveat to the
report was a potential error in the figure legend that indicated that the WT mice exhibited
the more severe disease [23]. Nevertheless, the difference in disease severity was not
substantial and when combined with our data indicates that FcγRIIB plays a minimal to no
role in EAE. In our study, using passively induced EAE, in retrospect the lack of a role for
FcγRIIB is not surprising since we now know that this model of EAE is antibody-
independent.
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Evidence that complement is not required for EAE induction are studies demonstrating that
mice deficient in C3, C3aR or C5 or rats deficient in C6 succumb to MOG-peptide EAE
similar to WT mice, although the trend was a less severe EAE disease course [26–30]. One
caveat to the above studies is that they were all performed using an EAE model induced by
antigen immunization in CFA. This experimental design does not resolve the issue of
whether components of the complement system play a role in T cell priming, with reduced
priming leading to reduced EAE severity. This issue was addressed using two approaches. In
the first, cobra venom factor, which depletes C3 and C5, was administered to Lewis rats on
days 9 and 12 post-immunization leading to attenuation of EAE disease [31].

In the second approach, EAE was induced by adoptive transfer of WT encephalitogenic T
cells into WT or C3-/- recipients, thus avoiding T cell priming in a C3-deficient
environment, which resulted in attenuated disease in the C3-/- mice. However, the variability
in disease scores were large and no statistics were provided [32]. Thus while good evidence
support a role for complement in antibody-induced demyelination, its impact on progression
of EAE disease is likely marginal and it may even play a positive role in remyelination and
axonal survival [29].

Another function of anti-myelin antibodies is the clearance of myelin debris by opsonization
of myelin facilitating its phagocytosis by microglial cells and macrophages [33–35]. This
clearance of myelin could be beneficial or it could be pathogenic. In support of the former
possibility, macrophages that had phagocytized myelin were shown to reduce antigen-
specific T cell proliferation in a mechanism that involved macrophage production of nitric
oxide [36]. However, in this same study, the onset and severity of EAE were higher in mice
treated with myelin [36].

Nevertheless, the clearance of myelin debris is likely essential if the lesion is to recover.
Although the phagocytosis of myelin is a sign of demyelination, it is not necessarily
indicative of the pathogenic mechanism that led to the demise of the oligodendrocyte. In
addition, reparative properties of natural IgM with specificity for myelin have been
implicated by the Rodriguez laboratory in promoting remyelination [37].

Current state of our understanding of B cell pathogenesis in EAE
Although earlier experiments demonstrated mechanisms for antibody-dependent roles in
EAE, we now appreciate more about B cell function, not only in characterization of
subtypes and phenotypic markers, but also with respect to activation requirements, antigen
presentation, and production of cytokines that are unique to the B cells in immune
responses. Thus in the late 1990s several groups re-examined the question of whether B cells
were required for the induction of EAE using a mouse deficient in B cells by the disruption
of the IgM heavy chain (μMT) [38].

In the first report, we demonstrated that μMT mice on the B10.PL background were
susceptible to EAE following immunization with MBP peptide [39]. A second study
conducted by Ruddle and colleagues confirmed this result using C57BL/6μMT mice
immunized with MOG peptide [40]. A third study confirmed the Ruddle result, but added
additional contradictory data in human rMOG-immunized μMT mice, which did not
succumb to EAE onset (41). In a follow-up study, the Cross group demonstrated a
requirement for MOG-specific antibody in EAE pathogenesis in the human rMOG group
[42].

Finally, the Ruddle group demonstrated that the species source of the rMOG was critical for
determining whether antibody was required for EAE. They confirmed that EAE induction by
human rMOG was B cell-dependent, while rat rMOG was not [43]. Interestingly, the anti-
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MOG titers were not different in the two groups, thus small differences in the sequence of
rat and human MOG dictates as to whether or not pathogenic antibodies are formed. These
cumulative studies demonstrate that anti-myelin antibodies do play a role in EAE
pathogenesis and by extrapolation, MS.

Recently, the above studies have been revisited using a new model of B cell depletion via
anti-CD20. The depletion of B cells prior to EAE onset with human rMOG prevented EAE
onset in one study [44] and attenuated EAE severity in a second study [45]. Both studies
reported diminished T cell responses [45,46], which suggests that B cells may function as
antigen presenting cells (APC). Evidence for this possibility comes from an elegant study
whereby MOG-TCR transgenic mice on the SJL/J background developed spontaneous
disease accompanied by the generation of anti-MOG antibodies mainly of the IgG1 and
IgG2a/b isotypes, which were able to activate complement [47].

Anti-CD20 depletion of B cells largely prevented spontaneous EAE and the production of
anti-MOG antibodies [47]. Even when MOG-TCR transgenic mice were crossed with an
anti-MOG BCR transgenic, anti-MOG antibody was generated from the endogenous B cell
pool [47]. This result indicated that T cell:B cell interactions are occurring with self-antigen
specific B cells serving as APC facilitating the activation of the autoreactive T cells and
their ultimate production of autoantibodies. Interestingly, while the MOG-TCR transgenic
succumbs to spontaneous EAE by expanding endogenous B cells, MOG-BCR transgenics
cannot expand endogenous autoreactive T cells to drive spontaneous EAE [48].

Thus, autoreactive T cells are the driving force for the induction of EAE and while
autoreactive B cells can potentially serve as APC, they on their own, even in the presence of
high titer myelin-reactive antibody, are not sufficient to induce EAE. Rather B cells seem
only to augment disease caused by T cells.

Evidence for a regulatory role for B cells in EAE
Our study whereby we demonstrated that B cells were not required for the onset of EAE,
revealed the unexpected finding that B10.PL mice deficient in B cells (μMT) failed to
spontaneously recover from EAE [39]. This was the first indication in animal autoimmune
models that B cells play a regulatory role in downregulating inflammation. In contrast,
similar studies in C57BL/6 and (B10.PL × SJL/J)F1 mice did not suggest this novel B cell
regulatory mechanism [40,42,49].

When an EAE induction protocol that allowed for recovery from EAE was used, C57BL/
6μMT mice also were not able to recover from EAE [50]. This later study also presented
data indicating that B cell production of IL-10 and expression of CD40 were requirements
for their regulatory activity [50]. The Tedder laboratory then demonstrated that signaling
was important for regulatory B cell functions since genetic disruption of CD19 exacerbated
MOG-peptide EAE [51].

Interestingly, the transfer of CD19-/- B cells from MOG peptide-primed mice also
exacerbated disease [51]. The signal transduction pathways affected in CD19-/- B cells in
this study is unclear since CD19 can affect CD40 (discussed above) and TLR signaling in
addition to its well-established affects on the BCR [52]. In regards to TLR signaling, Myd88
expression by B cells was required for recovery from EAE in MOG-peptide EAE [53]. More
specifically, the regulation required TLR2/4. TLR2/4 ligands are present in the CFA
adjuvant used to induce EAE and they also induce the production of IL-10 by B cells [53].
Thus, it is highly possible that the CFA used to induce EAE is facilitating and/or driving B
cell regulation by inducing them to produce IL-10.
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The μMT mouse, although a powerful tool, has many caveats that include alterations in T
cell function that could affect the interpretations of EAE studies, given that conventional
EAE is mediated by CD4 T cells. However, this concern was recently alleviated by the
recapitulation of both the pathogenic and regulatory roles for B cells in EAE using an anti-
CD20 depletion strategy. The depletion of B cells prior to immunization with human rMOG
(B cell-dependent), prevented EAE onset in the mouse [45]. In the marmoset, anti-CD20
depletion of B cells three weeks after EAE induction with human rMOG prevented the
development of neurological deficits [54]. Consistent with a pathogenic role for B cells in
the human rMOG model. The regulatory role of B cells was confirmed in two separate
studies, whereby depletion of B cells prior to EAE induction in the mouse prevented
recovery [45,55].

Because all of the above studies utilized EAE models induced by immunization using CFA
and pertussis toxin, we sought to determine whether regulatory B cells functions could be
revealed in their absence. To address this question, we used a passive EAE model whereby
in vitro activated encephalitogenic T cells from MBP-TCR transgenic mice were adoptively
transferred into either WT B10.PL or B10.PLμMT mice [2].

The μMT mice did not recover from EAE, indicating that regulatory B cell functions were
not dependent upon the presence of CFA [56]. In this same study, we showed that B cell
expression of B7 was a requirement for their regulatory activity [56]. The requirement for B
cell expression of both CD40 and B7 is highly suggestive that cognate interactions between
B cells and T cells required [50,56]. To begin to address this question, we investigated
whether B cells regulated the presence of CD4+Foxp3+T regulatory cells (Treg) in the CNS
and found that in the absence of B cells or B cell expressed B7 the emergence of Treg in the
CNS was delayed [50].

Because B cell production of IL-10 was previously implicated in their regulatory activity,
we also examined IL-10 within the CNS during EAE and found that it was also delayed
[50]. Using an IL-10 reporter mouse [57], we found that CD4+T cells were the most
prominent IL-10 producing cells in the CNS (Figure 2). Of the few B cells that were in the
CNS, they were not producing IL-10 (Figure. 2). Our data are consistent with a study by
Anderton and colleagues that also reported few B cells in the CNS during EAE and
CD4+CD25+ cells being the primary IL-10 producing cells [58].

IL-10 producing B cell subsets and potential mechanisms of B cell-derived
IL-10 suppression during EAE

Although all B cell subsets have the capacity to produce IL-10, especially upon binding of
TLR ligands, of particular interest is the phenotype of the IL-10 producing cell during EAE.
A clue came from the Tedder laboratories’ analysis of CD19-/- and human CD19 transgenic
(hCD19tg) mice, with the later harboring hyperactive B cells. CD19/- mice exhibit enhanced
T cell-mediated inflammation (contact hypersensitivity (CHS)), and inflammation in
hCD19tg mice was reduced [59].

When B cell populations were compared in the two mice, it was found that CD1dhiCD5+B
cells were absent from CD19-/- mice and increased in hCD10tg mice [59]. It was
subsequently found that these B cells produce IL-10 and suppress inflammation upon
transfer [59]. It should be noted that IL-10 production was observed after stimulation with
LPS, PMA and ionomycin while in the presence of monensin. Using an IL-10 reporter
mouse, the population of splenic B cells with the greatest percentage of IL-10 producers at
baseline was shown to be CD19+B220low/-(35%) [57]. Upon LPS administration, this
percentage increased to 57%. IL-10 production in the conventional CD19+B220+ subset
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increased from 1 to 10% following LPS administration [57]. The CD19+CD138+ population
exhibited the most dramatic change with LPS increasing the percentage of IL-10 producers
from 7.1 to 65% [57]. These studies confirm that TLR4 signaling is a potent inducer of
IL-10 production by B cells in the absence of any other inflammatory stimuli. However,
using these same mice, we were unable to detect such an increase in IL-10 producing B cell
in the spleen using an EAE adoptive transfer model that is independent of exogenously
added TLR agonists (CFA) (data not shown).

In the CHS model used in the above study, the TLR signal likely occurred through TLR2 as
this receptor has been shown to be essential for oxazolone induced CHS [60]. However, it is
not clear how physiologically relevant the above vitro B stimulation is to EAE or MS since
it is essentially equivalent to a strong BCR signal occurring simultaneously with a TLR
signal. In EAE induced by immunization the TLR signal likely comes from the CFA.
However, the BCR signal is more difficult to explain in models of EAE induced with
peptides or by adoptive transfer in which antibodies are not generated.

Nevertheless, the Tedder laboratory showed that the adoptive transfer of CD1dhiCD5+B
cells from CD19-/- mice or from MOG-sensitized animals prior to EAE induction by MOG-
peptide attenuated EAE disease severity [61]. In the later group, B cells from IL-10-/- mice
did not reduce disease severity, indicating an IL-10-dependent mechanism [61].

An important question regarding the mechanism of B cell regulation during EAE is whether
antigen specificity is required. For CD1dhiCD5+B cells described by the Tedder laboratory
the absence of MHC class I/II hindered their development. In regards to BCR diversity, the
CD1dhiCD5+B cells developed in BCR transgenic mice bearing a transgene specific for hen
egg lysozyme (HEL) [62], but failed to produce IL-10 when stimulated with a combination
of LPS, ionomycin and PMA [63].

Although it was not addressed whether MHC molecules and BCR diversity are required for
the regulatory activity of CD1dhiCD5+B cells. We investigated whether BCR diversity is
required for B cells to promote recovery from EAE. To address this question, we bred the
HEL BCR transgenic [62] to B10.PLμMT mice generating mice bearing a single IgM BCR.
When EAE was induced by adoptive transfer, we found that HELμMT mice exhibited a
cumulative disease score intermediate between WT and μMT mice (Figure. 3A). As these
data suggested that BCR diversity did play a role in EAE recovery, we performed the same
experiment using an IgM heavy chain BCR transgenic mouse that we also bred to
B10.PLμMT mice (Vh186.2μMT). This mouse has some limited BCR diversity because the
heavy chain can pair with any light chain [64].

Interestingly, we obtained the same result with the Vh186.2μMT mice that also exhibited a
partial ability to recovery (Figure. 3B). From these cumulative data, we concluded that the
mere presence of B cells is not sufficient for their regulatory activity in EAE. However, the
biological context in which B cells require BCR specificity in antibody-independent EAE
has not been explored.

IL-10 is a pleiotropic cytokine that exhibits very potent anti-inflammatory activity [65]. The
location, mechanism and cellular targets of B cell-derived IL-10 regulation in EAE are not
known. Precedence for a role for IL-10 in controlling EAE are studies showing that IL-10
transcripts reach maximum at the peak of EAE disease just before the animals begin to
recover [56,66,67], IL-10-/- mice exhibit a severe EAE disease course [68], IL-10 transgenic
mice are resistant to EAE [69] and intracranial injection of IL-10 producing fibroblasts
reduced EAE severity [70].
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However, the regulation of EAE by B cell-derived IL-10 production does not likely occur in
the CNS because low numbers of B cells enter the CNS during disease and we have not been
able to detect their IL-10 secretion using an IL-10 reporter mouse (Figure. 2) [57].
Interestingly, CD4+T cells were the most prevalent population of IL-10 producers in the
CNS (Figure. 2), which are likely Foxp3+ Treg. CD1dhiCD5+B cells are typically classified
as B1 cells and reside in the peritoneal cavity; however, these cells do recirculate and are
also found in the spleen and likely gut tissues.

Regardless of the site of regulation, based on the known functions of IL-10 the cellular
target is not likely B cells themselves, because IL-10 enhances B cell functions [65].
Because IL-10 effectively downregulates the antigen presentation capacity of dendritic cells
[65], this cell type is the likely target in MOG-peptide induced EAE with CFA. Evidence for
this are two studies demonstrating that TLR-stimulated B cells producing IL-10 have been
shown limit the T cell priming/activation capacity of dendritic cells [53,71]. Interestingly,
the study by Lo-Man and colleagues detected IL-10 production from CD5+, but not CD5- B
cells, which was recapitulated in later studies by the Tedder group [63].

IL-10-independent mechanisms of regulatory B cells
The cumulative studies to date convincingly demonstrate that B cell production of IL-10 can
limit the severity of EAE. However, B cell regulation in an IL-10-independent manner has
also been described. Previously, helminth infection was shown to greatly decrease EAE
severity in SJL/J mice [72]. Skewing of the immune response away from a Th1 and towards
a Th2 response was suggested as the mechanism [72,73]. The transfer of splenic B cells
from helminth infected, but not from naïve mice, prior to EAE induction reduced both the
incidence and severity of EAE [74].

B cells from the mesenteric lymph node from infected mice were not enriched for CD5, but
did express high levels of CD23 (marker of follicular B cells) and increased production of
IL-6 and IL-10 upon TLR9 signaling [74]. However, the B cell regulation was found to be
independent of IL-10, leaving the mechanism of suppression unknown [74]. Since B cells
have the capacity to produce Th cell polarizing cytokines [75], the sensitized B cells could
have skewed encephalitogenic T cell priming towards a Th2 phenotype that would result in
less severe EAE because Th2 cells are not encephalitogenic.

Another possible mechanism whereby B cells regulate EAE in an IL-10-independent manner
is via the induction or regulation of Treg. In B cell deficient mice, we reported that the
emergence of Treg into the CNS was delayed as compared to WT mice and was dependent
upon B cell expression of B7 [56]. Since B7 is important for Treg development and function
[76,77], these studies suggested that B cell:Treg interactions occur during EAE. The nature
of this interaction is unknown, but data from others have shown the B cells can drive the
generation of inducible (i) Treg in vitro in a B7-dependent manner [78]. Also in vitro, B
cells were shown to expand Treg numbers via a TGF-β-dependent mechanism suggesting
the generation of iTreg [79], although the later wasn't definitely demonstrated [80].

An in vivo role for B cells in Treg induction/expansion is supported by several groups that
have reported that μMT have reduced percentages of Treg [80,81]. A similar observation
was observed during EAE in anti-CD20-depleted mice [45]. Additional studies have
reported a role for B cells in promoting Treg induction/expansion in an allogeneic manner
[82], in oral tolerance [81], during antigen presentation of self-antigen [83] and in arthritis
autoimmune models [84]. An importance for Treg in controlling EAE was demonstrated by
a reduction in EAE severity following the adoptive transfer of Treg and augmented disease
following the depletion of Treg during EAE [58, 61, 85]. Although the exact location and
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mechanism of Treg suppression during EAE is not known, Treg are found within the CNS
during EAE [45, 56, 58, 61, 86, 87].

Conclusions
Although B cells were first discovered as the producers of immunoglobulin our
understanding of B cells rapidly expanded to include antigen presentation and cytokine
production. We now know that each of the three prominent B cell functions can promote
immunity, including to self-antigens, as well as contribute to the downregulation of
inflammation. However, much still needs to be learned regarding how each B cell function
can harnessed to either prevent or induce the recovery from MS. B cell depletion therapy in
early MS clinical trials with anti-CD20 showed remarkable efficacy in preventing disease
progression [88,89]. Although the animal studies in EAE have shed some light on the
possible immunological mechanisms leading to this encouraging result, the exact role(s) of
B cells in MS remains elusive.
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Figure 1.
B6.129P2-Fcgr3tm1Sjv/J and B6;129S-Fcgr2btm1tk/J mice were obtained from Jackson
Laboratories (Bar Harbor, ME) and backcrossed to B10.PL mice for three generations to
generate H-2uxu mice that were then intercrossed to generate WT, heterozygous and
knockout mice. EAE was induced in littermates by adoptive transfer of 1 × 106

encephalitogenic T cells generated in vitro from the spleen of B10.PL mice bearing a TCR
transgene specific for MBP. Mice were scored for signs of disease daily starting on day 4
using a 5-point scale: 0- no disease; 1- tail weakness or wobbly walk; 1.5-tail weakness and
wobbly walk; 2-hind limb paresis; 2.5- paralysis in one hind limb; 3- hind limb paralysis; 4-
hind and forelimb paralysis and 5- death. A) Data are the mean daily scores of 24
FcγRIII+/+ and 43 FcγRIII–/ – mice from 5 separate experiments with 4-13 mice in each
experiment. The FcγRIII–/ – group contains two mice that died on day 13 and 16 and were
scored as 5 for the remaining timepoints. p = 0.0001. B) Data are the mean daily scores of
14 B10.PL, 9 FcγRIIb+/+, 18 FcγRIIb+/ – and 20 FcγRIIb–/ – mice from 4 separate
experiments with 1-8 mice in each experiment. Mice that did not receive a score of at least
1.5 were not included in the disease curves.
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Figure 2.
CD4+ cells produce IL-10 in the CNS during EAE. EAE was induced in IL-10–IRES–eGFP
reporter mice by adoptive transfer of 1 × 106 encephalitogenic T cells per mouse. Clinical
signs of EAE were scored daily. At onset (day 7), peak (day 14) and resolution (day 22) of
EAE disease the percentages of CD11b–-gated CNS infiltrating CD4+ and CD19+ that were
EGFP– and EGFP+ were determined by flow cytometry and the percentage of each
population is indicated on the graphs. Representative data from one of three mice at each
time point is shown.
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Figure 3.
C57BL/6-Tg(IghelMD4)4Ccg/J (Jackson Laboratories, Bar Harbor, ME) and Vh186.2 BCR
transgenic mice, which were kindly provided by Dr. M. Shlomchik, Yale University, New
Haven, CT, were bred to B10.PLμMT mice to generate transgenic positive H-2uxu mice that
were then intercrossed with transgenic negative mice to generate transgene positive μMT
mice. EAE was induced as for Figure 1. A) Data are the mean daily scores of 9 B10.PL, 13
HEL-negative μMT (littermate control) and 15 HELμMT mice from two experiments for
the B10.PL and three experiments for the μMT and HELμMT mice with 3-9 mice per
group. B) Data are the mean daily scores of 3 B10.PL, 19 μMT and 18 Vh186.2 BCR mice
from one experiment for the B10.PL and two experiments for the μMT and Vh186.2 BCR
mice and each experiment contained 3–15 mice per group.
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