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Abstract
Work from multiple groups continues to provide additional evidence for the powerful and highly
diverse roles, both protective and pathogenic, that B cells play in autoimmune diseases. Similarly, it
has become abundantly clear that antibody-independent functions may account for the opposing
influences that B cells exercise over other arms of the immune response and ultimately over
autoimmunity itself. Finally, it is becoming apparent that the clinical impact of B cell depletion
therapy may be to a large extent determined by the functional balance between different B cell subsets
that may be generated by this therapeutic intervention. In this review, we postulate that our
perspective of B cell tolerance and our experimental approach to its understanding are fundamentally
changed by this view of B cells. Accordingly, we shall first discuss current knowledge of B cell
tolerance conventionally defined as the censoring of autoantibody-producing B cells (with an
emphasis on human B cells). Therefore, we shall discuss a different model that contemplates B cells
not only as targets of tolerance but also as mediators of tolerance. This model is based on the notion
that the onset of clinical autoimmune disease may require a B cell gain-of-pathogenic function (or a
B cell loss-of-regulatory-function) and that accordingly, disease remission may depend on the
restoration of the physiological balance between B cell pathogenic and protective functions.

Introduction
It has been amply demonstrated that B cells play critical initiating and/or amplifying pathogenic
roles in a wide variety of autoimmune diseases through both antibody-dependent and antibody-
independent mechanisms (1–3). A large body of experimental evidence to that effect has been
recently validated by the observed beneficial effect of B cell depletion therapies in multiple
autoimmune diseases both in humans and mice (3–9). Of note, conditions that improve with
B cell depletion therapy (BCDT) include both diseases typically considered of B cell origin
(SLE, idiopathic autoimmune thrombocytopenia, dermatomyositis and autoimmune blistering
diseases) as well as diseases for which B cells are not viewed as prime movers (including
rheumatoid arthritis, multiple sclerosis and type 1 diabetes) (4,5,8–13). These observations
strongly suggest that the pathogenic functions of B cells must be undoubtedly diverse and,
while it is likely that they may also include the action of non-autoreactive B cells, it seems
unquestionable that autoreactive B cells need to be censored in order to avoid or ameliorate
autoimmune diseases. Given that B cells with at least some degree of autoreactivity are
extremely common in the primary, pre-antigenic repertoire of mice and humans it is apparent
that effective censoring mechanisms must be operative during early B cell development (central
tolerance) (14–17). Moreover, regulation must also be enforced at later stages of B cell
differentiation to censor autoreactive cells that either escape earlier checkpoints or are
generated anew from mature non-autoreactive B cells (peripheral tolerance). Indeed, multiple
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checkpoints enforced by different mechanisms have been defined throughout B cell
development (from immature B cells to pre-plasma cells) mostly in animal models (18–22).

While our knowledge of the mechanisms of human B cell tolerance is continuously expanding
(17,23–27) several critical questions remain to be addressed. They include: i) the precise
definition of the censoring mechanisms that enforce physiological tolerance at different
checkpoints during B cell development; 2) the mechanisms of breakdown of physiological
tolerance in autoimmunity (bearing in mind that they may differ from disease to disease and
that that even within a single disease they may be different for separate autoantigens); c) the
relative contribution to immuno-pathogenesis of antigen-specific (autoreactive) versus antigen
non-specific (non-autoreactive) B cells; and d) the critical and largely unexplored question of
whether the main objective of B cell tolerance is merely to prevent the accumulation of
autoantibody-secreting B cells or to block autoreactive B cells from becoming pathogenic by
antibody-independent mechanisms (gain-of-function model).

Here we will try and put what’s known about human B cell tolerance and its breakdown in
autoimmune diseases in the context of these models. In doing so, we shall discuss B cells as
both targets and mediators of immunological tolerance.

B cells as targets of immunological tolerance
In animal models, B cell tolerance is established through multiple mechanisms both intrinsic
and extrinsic to the autoreactive B cells in question (Figure 1). These mechanisms have been
elegantly discussed in detail in several recent reviews (19,21,22,28). Their relative participation
and effectiveness in censoring autoreactive cells depend on a combination of self-antigen
availability, its avidity and ability to cross-link the BCR and to engage innate immune receptors
(TLR), the abundance of survival factors (in particular BAFF/B-cell-activating factor) and the
ability of the autoreactive B cell to compete for them and the balance between activating Th
cells and inhibitory Treg cells. In addition, autoreactive B cells can also be inhibited by
macrophages and dendritic cells at least in part through the production of IL-6 and CD40L
(29,30). Ultimately, the combination of these factors determines whether an immature
autoreactive B cell is censored by one or more of the following mechanisms: a) maturational
arrest and follicular exclusion leading to premature death and clonal deletion (31,32); b)
receptor editing (eliminating the original autoreactivity by the secondary rearrangement of a
new light chain) (33); c) receptor dilution due to the co-expression of two light chains as a
result of allelic inclusion. This process may decrease the density of surface autoantibody
expression partly or completely, in the latter case owing to intracellular sequestration of the
autoreactive receptor rather than preferential pairing of the light chain editor (34,35); or c)
anergy (defined as the inability of chronically stimulated autoreactive cells to respond to further
antigenic stimulation and spanning a wide spectrum of other phenotypic and functional
characteristics that vary with the experimental system used to study anergy) (22,31,36–40). Of
note, transgenic autoreactive anergic B cells have been typically considered maturationally
arrested on the basis of a transitional phenotype. However, important recent data contributed
by Merrell et al have demonstrated that chronic B cell receptor stimulation may also induce an
anergic late transitional (T3) phenotype in mature, non-self reactive wild-type cells (41). These
data suggest that autoreactive B cells may progress to the mature compartment yet regress back
into the T3 compartment upon stimulation by self antigen. This observation raises important
questions regarding the locale and type of stimulation that would induce anergy in mature
autoreactive cells that escaped that fate at an earlier stage of differentiation.

Of interest, anergy can also contribute to censoring mature autoreactive B cells in some
transgenic systems (38,42). Autoreactivity at the mature stage can also be enforced by
additional mechanisms during antigen-induced, T cell-dependent GC reactions (19,21,22). GC
mechanisms of tolerance include: cell death induced either by FasL on activated T cells or by
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self-antigen induced BCR signaling; prevention of autoreactive plasma cell differentiation by
BCR signaling; lack of productive interaction with follicular T helper cells; attenuation of
autoreactivity by BCR modification either through somatic hypermutation or receptor revision.
Finally, additional mechanisms of tolerance may also be operative during the late stages of B
cell differentiation and antibody production as reviewed elsewhere (21). Late mechanisms and
the specific locales where they may take place are less well understood although checkpoints
for anti-Smith pre-plasma cells (CD138+ non-secreting plasma cells) are operative in the bone
marrow and in the spleen of normal mice) (20).

Essentially, all the previous mechanisms amount to negative selection of autoreactive B cells.
It should be noted however that positive selection may shift cells into the B1a and marginal
zone (MZ) compartments (43). At least in the mouse, both B1 cells (defined as IgMhigh,
IgDlow, CD5+) and MZ B cells (defined as IgMhigh, CD21high, CD23low, IgDlow) represent
innate-like B cell populations that may contribute to the regulation of autoreactive B cells
through a compartmentalization process (in the peritoneal and pleural cavities for B1 cells and
in the splenic marginal zone for MZ cells) that prevents them from either encountering antigen
and/or undergoing further maturation and diversification (in GC for instance) (44–47). Of
particular interest is this context, partially autoreactive B cells as a result of light chain allelic
inclusion have been shown to accumulate in the MZ (47). Of note however, in other models,
positive selection or expansion of autoreactive marginal zone B cells can also induce clinical
autoimmunity (48).

Finally, on other animal models, the activation of some types of autoreactive B cells (including
rheumatoid factor, anti-DNA and anti-La B cells) appears to be prevented by clonal ignorance
or antigenic indifference (49–52). These mechanisms however permit the maturation and
accumulation of such autoreactive cells and therefore, the censoring achieved is rather tenuous.
Indeed, the danger of the persistence of ignorant cells is illustrated by the AM14 transgenic
model in which autoreactive rheumatoid factor B cells normally develop in the follicular and
MZ compartments without generating autoantibodies in normal mice but not in an autoimmune
background (53).

Despite tremendous progress in our understanding of B cell tolerance, much less is know about
the specific defects in different checkpoints underlying tolerance breakdown in autoimmune
diseases. In particular, as discussed elsewhere, the importance of breakdown of mechanisms
of central tolerance is unclear in many animal systems (22). These aspects are discussed for
human disease below. An in-depth discussion of other experimental systems is outside the
scope of this review and can be found in recent publications by other authors (19,22).

Mechanisms of B cell tolerance in humans
For obvious reasons, experimental approaches to the study of B cell tolerance are more limited
in humans than in the mouse. Essentially, two major experimental systems have been employed
to assess the frequency of autoreactive B cells in different developmental compartments and
to identify the checkpoints and mechanisms that limit their access to compartments that
presumably hold the most pathogenic potential (i.e., the long-lived IgG memory and plasma
cell compartments) (23,24) (Figures 2 and 3). Our laboratory has concentrated on the study of
a particular subset of autoreactive human B cells identified by the expression of an idiotype
recognized by the 9G4 rat anti-human Ig monoclonal antibody (for convenience, we designate
these cells as 9G4+ cells and the antibodies they produce as 9G4 antibodies) (23,54). This
system has the advantage that cells can be identified using flow cytometry thereby allowing
the analysis of millions of cells that are homogeneous at least for the expression of this
autoreactivity-associated marker. Moreover, in healthy subjects, IgM 9G4 antibodies are
universally autoreactive at a minimum against the N-acetyllactosamine residues expressed by
the blood group Ii antigens and many other self-glycoproteins including CD45/B220. The latter
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autoreactivity is responsible for the ability of 9G4 antibodies to bind to B cells and may
contribute to B cell lymphopenia in active SLE (55,56). At least some IgM 9G4 antibodies are
also able to recognize other self antigens such as DNA, gangliosides, IgG (rheumatoid factor
activity), and neutrophil cytoplasmic antigens (ANCA activity) and may in some cases cross-
react with the lipid A moiety of LPS (57–60). The combination of these properties together
with the high frequency of 9G4 B cells in the primary repertoire of healthy subjects (5–10%
of all immature and naïve B cells) and the absolute absence of VH4-34 genetic polymorphism
in the human population create a situation as close as one can get in humans to experimental
transgenic systems where homogeneous autoreactive B cells have to co-exist with competing
non-autoreactive B cells. Of significant importance, 9G4-associated autoreactivity is owed to
the utilization by these B cells and antibodies of heavy chains encoded by VH4-34 genes that
preserve the germline-encoded expression of the 9G4 idiotype (61). Therefore, one should bear
in mind when trying to understand the regulation of the autoreactivity of 9G4 B cells that while
9G4+ cells may be universally autoreactive that may not be the case for all VH4-34+ B cells
since somatic hypermutation may abolish both the expression of the 9G4 idiotype as well as
the associated autoreactivity.

Taken together, our studies of the 9G4 system have overcome two major obstacles that
traditionally hamper the understanding of human B cell tolerance: 1) the identification of a
population of well defined autoreactive B-cells which are relevant and specific for a given
autoimmune disease (SLE) and whose frequency is large enough to permit accurate
measurements (62); 2) the analysis of autoimmune secondary lymphoid tissue in a systematic
fashion (54). As it regards disease relevance and specificity, elevated serum titers of 9G4 IgG
antibodies, while very rare in healthy subjects, are found in approximately 70% of patients
with active SLE, are highly specific for this disease where they correlate with disease activity
and organ involvement (kidney and CNS) and participate in anti-DNA antibody responses
(including antibodies obtained from kidney eluates) and anti-Smith responses (60,63,64). At
a cellular level, despite the high frequency of 9G4 naïve B-cells, in healthy subjects 9G4 cells
are markedly diminished (80–90%) in the IgG memory compartment and 9G4+ plasma cells
are very hard to find (54,65). The absence of 9G4+ plasma cell described in our laboratory
using intracellular staining of magnetically purified CD138+ plasma cells from healthy bone
marrow and tonsils is indeed striking and consistent with the virtual absence of 9G4 antibodies
in more than 200 multiple myeloma tumors thus far analyzed by different groups (65–67).

These observations led us to postulate that autoreactive 9G4 cells should be strictly censored
in the peripheral compartment of healthy subjects and more specifically in the germinal centers
(GC) since these functional and anatomical structures are the primary, albeit not the only,
generators of isotype switched memory cells and long-lived plasma cells (68,69). Indeed, our
analysis of normal tonsil and spleen specimens demonstrated that naïve 9G4 cells are normally
prevented from establishing GC reactions as demonstrated by the absence of 9G4+ GCs in
more than 700 follicles (from 12 tonsils and 5 spleens) thus far analyzed in our laboratory.
Such strict censoring appears to be largely accomplished in the early phases of the GC reaction
(23,54,62) (Figure 1). The actual mechanism(s) responsible for the censoring remain to be
elucidated in more detail. However, despite the fact that 9G4 cells do become mature follicular
cells (in contrast to some but not all mouse models of anergy), these cells are anergic in their
response to BCR stimulation ex vivo as indicated by Ca++ flux analysis. More recent results
using intracellular phospho-flow cytometry techniques also indicate BCR hyporesponsiveness
in 9G4 cells (Jenks et al, manuscript in preparation). Of note, as also reported for mouse anti-
HEL anergic B cells, healthy 9G4 B cells hypo-proliferate under BCR plus CpG DNA
stimulatory conditions indicating that co-stimulation through TLR9 fails to overcome their
anergic state (Manjarrez-Orduño et al, manuscript in preparation) (40). Finally, we have shown
that 9G4 B cells accumulate in substantial numbers in the splenic marginal zone (MZ). While
the actual origin of MZ B cells remain controversial, there is strong evidence that at least in
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part they derive from a transitional/MZ precursor population through a developmental pathway
separate from follicular cells (70). Accordingly, our observations of the presence of high
frequency of 9G4 B cells within both the follicular and MZ compartments strongly suggest
that immature/transitional 9G4 B cells may be heterogeneous in terms of their autoreactivity
and contain distinct subpopulations that are differentially selected. Current investigation in our
laboratory is aimed at the elucidation of the types of autoreactivity present in early 9G4 cells
and their preferential selection into the follicular and MZ compartments. We are also
investigating the role of receptor editing in this early selection phase.

As in the mouse, understanding which and how physiological mechanisms of tolerance go awry
in human autoimmune diseases remains a formidable challenge. In the 9G4 system, all the
serological observations generated over almost 15 years by different groups, strongly indicated
that subversion of these mechanisms should occur in SLE in a disease specific fashion (54,
63).

Proving this point required access to secondary lymphoid tissue in autoimmune patients. This
limitation was overcome through the pioneering use of tonsil biopsies for such purpose (54).
With this approach we have demonstrated that indeed faulty GC censoring of 9G4 B-cells
occurs specifically in SLE and is not shared by RA patients (54). Thus, approximately 25% of
all productive GC in SLE tonsils are 9G4+ as compared to virtually none in healthy subjects
or in RA tonsils. This defect results in a 10- to 25-fold expansion of 9G4+ B-cells within the
IgG memory compartment of secondary lymphoid tissue. Moreover, 9G4 antibodies are
expressed in up to 30% of PBL plasmablasts in active SLE which represents a pronounced
contrast with the remarkable absence of 9G4 plasma cells in normal subjects(71,72). Together
with previous demonstrations of the high specificity of 9G4 serum antibodies for SLE (>95%
and comparable to anti-ds DNA antibodies) and of the association of serum 9G4 antibody levels
with disease activity and organ involvement in SLE (63,71,72), our results clearly establish
the relevance of studying the fate of 9G4 B-cells to assess B-cell tolerance in SLE. Still, a
precise definition of the actual defects involved in the breach of 9G4 B cell tolerance in SLE
remains to be established. Studies of B cell signaling, BAFF-mediated survival, antigen-
availability in the GC, collaboration with follicular T helper cells and suppression by Treg cells
are currently underway. Of note, our initial studies of HIV patients have identified a subset of
patients with serum IgG levels of 9G4 antibodies comparable to those previously found only
in active SLE. These observations provide an opportunity to identify common factors between
the two conditions, such as potential defects in Treg cell function, that could influence the
regulation of the 9G4-associated autoreactivity.

Another highly informative experimental system has employed single cell PCR technology to
isolate the antibodies expressed by B cells and determine the fate of B cells with autoreactivity
against nuclear antigens (either global ANA reactivity or anti-DNA reactivity) both in healthy
subjects and in autoimmune patients with SLE and RA (17,25–27,73). Several striking findings
have been derived from these studies. First, immature B cells in the primary bone marrow
repertoire of healthy subjects display a very high level of autoreactivity (~75%) and a
significant degree of polyreactivity. Secondly, several early checkpoints operative in the bone
marrow as well as peripherally appear to be effective in healthy subjects as this initial level of
nuclear autoreactivity diminishes progressively as immature B cells differentiate into mature
naïve B cell (20% autoreactive and 5% polyreactive) and then into unswitched IgM memory
cells which are essentially devoid of the autoreactivity and polyreactivity (when the antibodies
are expressed as IgG molecules) present in earlier B cells. In this system, clonal deletion and
possibly receptor editing appear to account for the censoring observed at these early
checkpoints. Of great interest, additional work by the same investigators has demonstrated that
these early censoring check points seem to malfunction in SLE and RA patients leading to
significantly higher levels of anti-nuclear reactivity in the naïve B cells than healthy controls
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(73,74). Somewhat unexpectedly however, recent results have shown that the level and type
of nuclear autoreactivity eliminated in the early checkpoints in healthy subjects are restored
during the GC reaction by somatic hypermutation and antigen selection resulting in high levels
of ANA reactivity in the post-GC IgG memory compartment (27). These studies raise important
questions. Perhaps most critical is whether GC do not effectively censor pathogenic
autoreactivity in humans. Several explanations could be invoked to reconcile these findings
with the absence of clinical autoimmunity in healthy subjects and with the description in mouse
models of multiple GC-based tolerance mechanisms as well as our own results in the 9G4
system (19,23,54). Thus, it is possible that the low-affinity autoreactivity detected in the IgG
compartment might not be pathogenic and consequently there would be no need for further
censoring. Alternatively, the autoreactivity detected could be pathogenic or at least have the
potential to become pathogenic but it would be regulated at later checkpoints thereby blocking
their differentiation into antibody-producing plasma cells, an scenario consistent with the
description in mouse models of pre-plasma cell autoreactivity checkpoints (20,21). It should
be noted however that the GC are the site of differentiation of long-lived plasma cells from
high-affinity B cells and therefore, it seems likely that GC should be operative in the
implementation of late tolerance checkpoints (75,76). It could therefore be postulated that while
GC might allow and/or promote the generation of autoreactive memory cells of low affinity,
they would censor the different ion of high affinity autoreactive B cells.

A multi-dimensional view of B cell tolerance beyond the censoring of autoantibody
production

Multiple challenges remain to be overcome in order to understand and manipulate B cell
tolerance. It seems indisputable that effective tolerance mechanisms should prevent the
expansion and activation of pathogenic autoreactive B cells. Typically, as previously discussed
in this review, the process of tolerance is defined as the elimination, editing or silencing of
self-reactive B cells in order to ultimately prevent the excessive production of pathogenic
autoantibodies. Hence, by and large, the investigation of B cell tolerance deals with pathogenic
B cells defined as autoantibody-producing B cells and conventional readouts of tolerance and
evaluation of tolerogenic checkpoints consist of the frequency of autoreactive B cells and the
level of serum autoantibodies.

It is obvious therefore, that a critical challenge is to be able to discriminate pathogenic from
merely self-reactive B cells. Moreover, as the evidence continues to accumulate for antibody-
independent pathogenic roles in multiple autoimmune diseases, it becomes essential to
understand the mechanisms and consequences of B cell tolerance from a wider angle. Are all
autoreactive B cells created equal? How can we identify pathogenic B cells? What determines
the pathogenic function(s) of an autoreactive B cell? How is this function acquired and can it
be reversed? What’s the relative pathogenic contribution of antibody-mediated and antibody-
independent functions? A detailed understanding of these questions would lead to better
diagnostic, prognostic and therapeutic tools for the prevention of autoimmunity in high-risk
subjects and for the management of disease in autoimmune patients.

Hence, it should be useful to discuss a more encompassing model which postulates that at least
in some autoimmune conditions or in some of their phases (such as pre-autoimmunity or during
spontaneous or treatment-induced disease remission), the presence of autoantibody-producing
cells is not sufficient for B cell-mediated autoimmunity (Figure 2). The need for this model is
powerfully illustrated by the consistent observation that even isotype-switched autoantibodies
may precede disease onset by several years (as in SLE and type 1 diabetes) thereby suggesting
that additional pathogenic functions are required for disease induction (77,78). Such a gain-
of-pathogenic function model would require that autoreactive B cells acquire other pathogenic
properties such as the ability to activate pathogenic T cells, the production of pro-inflammatory
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cytokines and/or the promotion of tertiary lymphoid tissue in target organs (79–81). While
these additional functions may also be B cell extrinsic and also include the generation of
additional autoantibody species and the modification of pre-existing ones (such as modified
glycosylation leading to increased pathogenic activity) (82,83), the therapeutic benefit of B
cell depletion and, at least in several diseases, the antibody-independent benefit of this
intervention, strongly point to B cells as critical recipients of gain-of-pathogenic function (3,
4,10,84). While a detailed discussion of the multiple mechanisms that could account for this
process is outside the scope of this review, suffice it to say here that a main corollary of this
model would be that effective B cell tolerance should preclude the generation of effector B
cells with pathogenic, antibody-independent function as we and others have proposed (85–
87) (Figure 2). Whether such effector cells share a common precursor with antibody-secreting
cells or are the progeny of a different precursor population also remains to be elucidated.

B cells as agents of immunological tolerance
B cells are powerful mediators of antigen presentation, cytokine and chemokine production
and multiple other antibody-independent functions (summarized in Table 1) (2,3). Through
these functions, B cells exert critical influence over lymphoid architecture, T cell and dendritic
cell regulation and possibly (although this aspect is less well understood), over the regulation
of other B cell subsets. Through a poorly understood balance between these functions B cells
can play either protective or pathogenic roles in autoimmunity (Figure 3). Such Janus-like
behavior of B cells in autoimmunity is illustrated by their duplicitous influence over T
regulatory cells. On the one hand, B cells mediate or enable auto-inflammatory disease by
inhibiting Tregs at least in some cases after being recruited by effector CD4 T cells (88,89).
On the other hand, the combined evidence from several studies strongly suggests the existence
of protective regulatory B cells capable of preventing or suppressing autoimmunity. This
beneficial effect can be mediated either by the production of cytokines such as IL-10 or
TGFβ, the induction of T cell anergy and/or by the ability of at least some B cell populations
to induce Treg cells (90–98). Of significant interest, B cells may also be essential for the
induction of cardiac allograft tolerance that can be induced by anti-CD45RB antibodies (99).
In this case, it has been postulated that activated B cells might enhance the responsiveness of
responder T cells to Tregs.

These tantalizing observations raise a number of important questions regarding the nature,
timing and mechanism of action of protective, regulatory B cells. Indeed, different studies
suggest that the disease suppressing activity of B cells may only occur in specific situations
depending on either: 1) their absolute numbers; 2) their relative frequency and dominance over
pathogenic B cells; and/or 3) a gain-of-inhibitory function that was previously absent. Thus,
in CIA (collagen-induced arthritis) models a protective population of IL-10 producing B cells
with a phenotype of transitional2/MZ precursors (T2-MZP) is capable of inducing disease
remission upon adaptive transfer even if the same phenotypical endogenous population is
incapable of preventing disease in CIA-immunized animals (100). In this model, the adoptive
transfer of T2-MZP B cells at an early stage of disease renders autoreactive T cells unresponsive
to CII and unable to produce cytokines essential for the pathogenesis of arthritis. T2-MZP B
cell transfer significantly suppressed the CII-specific IgG response and induced a switch away
from a “pathogenic” Th1 IgG2a toward a more “protective Th2 like” IgG1 response. Of great
interest, these effects were mediated by inhibition of CII-specific IFNγ-producing Th1
cytokines. The data indicate that the suppression induced by T2-MZP B cellsis, at least in part,
specific for the antigen to which these B cells had been exposed. This would suggest that
antigen-specific autoreactive B cells gained a protective ability upon transfer that they did not
initially have. Similarly, a gain-of-inhibitory function can also be gleaned from a report
published during the writing of this manuscript showing that TLR-activated B cells can
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suppress Th1 and Th17 responses through the production of IL-10 and induce clinical remission
in EAE (101).

The significance of these results is enhanced by elegant results in NOD mice and by our own
observations in human SLE. Thus, Hu et al. have shown that upon B cell depletion and
reconstitution, the expanding B cells (with a predominance of transitional B cells) mediate
dominant suppression of diabetogenic T cells (8). Similarly, our own data in SLE patients
treated with Rituximab-induced B cell depletion therapy have shown a strong correlation
between long-term clinical responses and a B cell reconstitution profile dominated for more
than 2 years by large numbers of transitional B cells and a scarcity of memory B cells (97,
102).

It should be noted however that the actual mechanism of action of these protective B cells
remains to be elucidated. Thus, in accord with the observations of Merrell and colleagues
previously discussed (41), it is likely that phenotypically T2-MZP cells would include anergic
T3 B cells with high T cell tolerogenic potential due to lack of expression of CD86 and other
co-stimulatory molecules (103). As we have previously discussed in our Rituximab studies in
SLE, this mechanism could contribute to explain the beneficial effect of repopulating B cells
(97,102,104). Of particular interest, our unpublished observations strongly indicate that cells
with a T3 phenotype are over-represented in the repopulating repertoire of Rituximab-treated
patients with good clinical and immunological responses (Anolik et al, Submitted). It is also
important to bear in mind that IL-10 itself might contribute to the down-regulation of B7 co-
stimulatory molecules perhaps providing a link between the two proposed mechanisms (105).

Combined, the available evidence in mice and humans strongly indicates that a disturbed
balance between protective and pathogenic B cell activity may strongly contribute to active
autoimmune disease and that a favorable balance appears to be restored by B cell depletion
therapy in patients with good clinical response (Figure 4). Of significant interest, this model
is also supported by the observation that the ability of B cells to produce anti-inflammatory
IL-10 is restored in patients with Multiple Sclerosis after treatment with Rituximab (106). In
these studies, the IL-10 producing cells were characterized as naïve on the basis of their
expression of IgD and CD27. It should be noted however that, as shown by our laboratory,
these markers would not discriminate between naïve and transitional cells and therefore, the
actual phenotype of the protective B cells remains open to question (86,97,107).

These important observations and the models proposed to explain them raise more questions
than they answer including the nature of the regulatory B cells, the mechanisms whereby they
may gain protective function and the triggers of such gain-of-function. It seems likely however
that the function of a given B cell subset will be altered by the cytokine milieu of the
autoimmune disease in question. Consistent with this concept is the observation that IL-10 may
have pro-inflammatory effects when primed by type I IFN (108). This scenario may help
explain the seemingly paradoxical pathogenic role of B cell-produced IL-10 in SLE (109,
110). It can also account for our observation that a dominance of transitional B cells is not
necessarily protective in patients with SLE (Anolik et al, manuscript in preparation).

Finally, it also remains to be determined whether the transitional/naïve-dominated B cell
environment that can be induced by B cell depletion can restore B and T cell tolerance. Our
own results however strongly indicate that this is indeed the case as we have found that
physiological censoring of autoreactive 9G4 B cells is restored in SLE patients with long-term
responses whose peripheral B cell compartment is dominated by transitional cells during
reconstitution (111).
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Figure 1. Checkpoints and mechanisms of B cell tolerance with emphasis on human models
Schematic representation of the multiple checkpoints, mechanisms and determinants of
tolerance during early and late B cell development. By and large, the information summarized
is derived from transgenic mouse models. The two main human experimental models of B cell
tolerance are depicted superimposed on the figure (checkpoints for 9G4 cells are shown with
blue signs and ANA reactivity is shown in red; +: positive selection; ×: negative selection).
This figure ignores the B1 compartment since no clear and unequivocal definition or even
definitive proof of its existence is available for humans. The model also tries to incorporate
existing questions regarding the identity of human recirculating MZ cells and the nature of the
MZ precursor population (either transitional or follicular naïve B cells). For the purpose of this
review, peripheral blood IgD+ (unswitched) CD27+ memory cells are considered a circulating
MZ equivalent and represent the IgM+ memory population studied in terms of ANA
autoreactivity. Such autoreactivity has been shown to decrease significantly when either the
transitional or naïve follicular compartment is compared with unswitched memory cells.
Accordingly, a red negative selection sign has been assigned to these potential checkpoints. T:
transitional cells; PC: plasma cells; FTH: follicular T helper cells. A table summarizing the CD
antigens that permit classification of human B cell populations is also included in the figure
(112). In addition to these subsets, germinal center B cells are characterized as IgD−, CD38+
+, CD10+ and generally CD27+ (54). Spleen marginal zone B cells are typically CD27+, CD21
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++, CD23+/−, CD1c+ and IgD− (although an outer marginal zone population is also observed
in human spleen) (112). Peripheral blood unswitched CD27+ memory B cells may represent
a recirculating marginal zone population also bearing the CD1c marker (113). Finally, long-
lived plasma cells found in human bone marrow as well as spleen and tonsils express CD138
in addition to high levels of CD38 (114).
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Figure 2. A broader view of B cell tolerance. Additional late checkpoints
Conventional late checkpoints are viewed as preventing the generation of autoreactive long-
lived memory B cells and plasma cells in order to avoid autoantibody accumulation. Additional
checkpoint could be envisioned that block the generation of autoreactive effector B cells
(BE) from either newly recruited GC cells or pre-existing central memory cells (BCM) (85,
86). Such hypothetical checkpoints are indicated in this figure (Whether effector B cells may
represent a distinct subset of memory B cells and whether they can also generate plasma cells
remains to be elucidated.
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Figure 3. The dual nature of B cells in autoimmunity
B cells are endowed with a Janus-like quality that enables them to perform functions that either
promote or suppress autoimmunity. While division of labor is likely to exist between different
B cell populations it is also possible that the function of a given B cell subset could be induced
or modulated by the dominant cytokine environment characteristic of different autoimmune
diseases.
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Figure 4. Functional balance between protective and pathogenic B cell functions
This figure is predicated on the notion that pro-inflammatory pathogenic functions may be
concentrated on memory B cells whereas transitional and possibly naïve B cells might provide
protection at least in part by the secretion of cytokines such as IL-10 and TGFβ. Consequently,
the relative balance achieved between these two opposing populations/activities would
determine disease course and response to treatment.
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Table 1
Antibody-independent functions of B-cells (3)

Lymphotoxin-dependent

Formation of the T cell zone

Formation of the marginal zone

Maturation of FDC networks

Homeostasis of dendritic cells

Recruitment of germinal center DC cells

Lymphoid neogenesis

Lymphotoxin- independent

T cell functions

Priming/expansion of naïve CD4 cells

Priming of naïve CD8 cells

T cell anergy-Tolerance

Activation of autoreactive CD4/CD8 cells

Promotion of Th2 differentiation

Induction of Th1 differentiation

Inhibition of Th1 and Th17 cells (TLR-mediated) (101)

Recruitment of FTH (follicular helper) T cells

Inhibition of Tregulatory cells

Expansion of Tregulatory cells

Dendritic cells functions

Maduration and migration of DCs

Activation of DCs

Inhibition of DC-induced T cell immunity

Attenuation of IL-12-induced Th1 differentiation

Cytokine production IL-1, IL-4, IL-6, IL-8, IL-7, G-CSF, GM-CSF, IL-10 IL-12,
TNFα, LTα, TGFβ, BMP-6/7, VEGF-A

Chemokine MIP-1α, MIP-1β, IL-16, CXCL13 (81)

Lymphangiogenesis and lymph node expansion
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