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Summary

B cells play an important role in the pathogenesis of both systemic and organ-
specific autoimmune diseases. Autoreactive B cells not only produce auto-
antibodies, but are also specialized to present specific autoantigens efficiently
to T cells. Furthermore, these B cells can secrete proinflammatory cytokines
and can amplify the vicious cycle of self-destruction. Thus, B cell-directed
therapies are potentially an important approach for treating autoimmune
diseases. On the other hand, like T cells, there are subsets of B cells that
produce anti-inflammatory cytokines and are immunosuppressive. These
regulatory B cell subsets can protect against and ameliorate autoimmune
diseases. Thus targeting B cells therapeutically will require this balance to be
considered. Here we summarize the roles of pathogenic and regulatory B cells
and current applications of B cell-directed therapy in autoimmune diseases.
Considerations for future development of B cell-directed therapy for autoim-
mune diseases have also been discussed.
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B cells in health and diseases

There has been a major research focus on T cells in auto-
immune disease for many years and clinical trials of T cell
targeted therapy have also been carried out in a number of
different autoimmune diseases [1–3]. However, the roles of B
cells in autoimmune diseases that were thought previously to
be T cell-mediated have been increasingly appreciated. B
cells are usually divided into two lineages – B1 and B2 cells.
B1 cells, the producers of natural antibodies, originate from
bone marrow or fetal liver [4] and are located mainly in the
peritoneal and pleural cavities in mice [5,6]. They are more
like innate immune cells, and essential for immune defence
against encapsulated bacteria. In contrast to B1 cells, B2 or
conventional B cells comprise the adaptive arm of the
immune system. Upon encountering antigen, mature B2
cells are activated, expand and generate short-lived plasma
cells. Some activated B2 cells differentiate further in germi-
nal centres to become memory B cells or long-lived plasma

cells. Although there are mechanisms in place to protect
against autoimmunity, given the complexity of the immune
system it is likely that potentially self-reactive B cells could
develop and escape to the periphery. Indeed, studies have
suggested that about 50–75% of newly produced B cells are
self-reactive and are subject to three distinct tolerance
mechanisms, including clonal deletion, receptor editing and
anergy [7–11]. However, even in healthy individuals, the
autoreactive B cells are only reduced to 6–20% of mature B
cells [10]. Loss of control of these autoreactive B cells may
lead to autoimmune diseases such as rheumatoid arthritis
(RA) and systemic lupus erythematosus (SLE).

The pathogenic roles of B cells in autoimmune diseases
involve several pathways that include production of autoan-
tibodies, immune complex formation, cytokine and chemok-
ine secretion, as well as ectopic neolymphogenesis [12–14].

The role of autoantibodies in different autoimmune dis-
eases varies [15]. The presence of autoantibodies may predict
or precede the development of autoimmune diseases in
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humans [16–18]. Antibodies, such as rheumatoid factor in
rheumatoid arthritis and antinuclear antibodies in SLE, can
also be used as a marker of disease activity. Autoantibodies
can induce neonatal lupus syndromes through maternal
transfer of antibodies [19]. Furthermore, maternal transmis-
sion of autoantibodies was also shown to be involved in the
development of spontaneous diabetes in the non-obese dia-
betic (NOD) mouse model of human type 1 diabetes [20],
although the precise role of these maternally transmitted
antibodies has not been elucidated.

In some autoimmune diseases the binding of the autoan-
tibodies to the target self-antigen causes the disease, for
example in Graves’ disease, where binding of autoantibodies
to the thyroid stimulating hormone (TSH) receptor mimics
the effect of endogenous TSH but is not subject to the
normal endocrine feedback mechanisms. In other instances,
such as in myasthenia gravis, binding of the autoantibodies
to the acetylcholine receptor can interfere with neuromus-
cular cell function [13]. Thus, the autoantibodies in these
disease are involved directly in the pathogenesis of disease.

Autoantibodies may also form immune complexes
that deposit in specific tissues and cause detrimental inflam-
mation. This is well known for inducing renal damage in SLE,
where immune complex deposition in the kidneys activates
the complement cascade, damaging the basement membrane
of glomeruli leading to nephritis. This is also a mechanism for
the induction of arthritis and vasculitis in anti-neutrophil
cytoplasmic antibody (ANCA)-associated vasculitis [13].

There has been much interest in the role of B cells as
antigen-presenting cells in diseases such as autoimmune dia-
betes and multiple sclerosis, as shown in the animal models
of these diseases. B cells are also major cytokine producers in
autoimmune disorders [21,22]. The production of interleu-
kin (IL)-2 and interferon (IFN)-g by B cells promotes T
helper type 1 (Th1) differentiation, and tumour necrosis
factor (TNF)-a secreted by B cells can further amplify the
Th1 phenotype [23] and might contribute indirectly to the
tissue damage in autoimmune diseases. In combination with
transforming growth factor (TGF)-b, IL-6 produced by B
cells promotes Th17 differentiation and might play a role in
the pathogenesis of multiple sclerosis [21,24].

Finally, B cells have been suggested to play an important
role in the formation and maintenance of new lymphoid
structures [25]. Ectopic neolymphogenesis has been
observed in many autoimmune diseases, such as multiple
sclerosis, diabetes, rheumatoid arthritis and thyroiditis
[26–29]. These areas, which have very similar appearances to
lymph nodes, have an arrangement of cells within which B
cells may generate inflammatory signals that serve to activate
T cells and dendritic cells and thus amplify local disease.

In addition to the pathogenic roles of B cells in autoim-
mune diseases, B cells also have regulatory functions and this
has not been well appreciated. Recent studies have indicated
the existence of distinct B cell subsets that suppressed the
progression of autoimmune disease or improved the

recovery from inflammation [30–33]. The following B cell-
mediated regulatory mechanisms have been postulated: (i)
production of IL-10, which directly inhibits inflammatory
cascades and restores the Th1/Th2 balance [34]; (ii) produc-
tion of TGF-b1 that induces apoptosis of effector T cells
[22]; (iii) recruitment of different subsets of regulatory T
cells [35]; (iv) function as secondary antigen-presenting cells
(APC) to dampen activated CD4+ T cells directly [36,37];
and (v) secretion of immunoglobulin (Ig)G and IgA that can
neutralize harmful soluble factors and activate dendritic cells
(DC)/macrophages via the stimulatory Fc receptor to
enhance the clearance of apoptotic cells that are a potential
source of self-antigens for activating self-reactive T cells [38].
Secreted IgG could also dampen immune responses by acti-
vation of inhibitory Fc receptors [39].

Thus, it is clear that B cell have dual roles in health and
disease – immunopathogenic and immunoregulatory. The
best immunotherapy will inhibit the pathogenic function
but enhance the regulatory function of B cells.

B cell-directed therapy for autoimmune diseases

Given their pathogenic roles in autoimmune disease, B cells
could be important target for immune intervention. A
number of different approaches to target B cells and their
functions are available, as discussed in the next sections.
There are three main strategies to treat autoimmune disor-
ders using B cell-directed therapy: (i) targeting B cell-specific
surface molecules with depleting antibodies; (ii) induction
of B cell apoptosis by targeting BCR signalling; and (iii)
blocking B cell survival and activation factors (Fig. 1).

Targeting B cell-specific surface molecules

Antibodies against B cell surface molecules, such as CD19,
CD20, CD21, CD22 and CD23 have been developed for B
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Fig. 1. Strategies for B cell-directed therapy. 1. Targeting B

cell-specific surface molecules. 2. Targeting B cell receptor (BCR) to

induce B cell apoptosis. 3. Blockade of B cell survival or activation.
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cell-directed therapy in animal studies [13,40,41]. However,
only a few of these antibodies have been used in clinical trials
[12]. Rituximab, a human/murine chimeric anti-human
CD20 (hCD20) monoclonal antibody that depletes most B
cells, has been studied widely in recent years. Rituximab was
approved initially for treating patients with non-Hodgkin’s
lymphoma [42]. Interestingly, autoimmune disorders in
some patients who also suffered from lymphoma showed
significant clinical improvement in co-existing autoimmune
disease, such as cold agglutinin haemolytic anaemia [43]. In
other cases where rheumatoid disease was present in patients
with lymphoma [44], improvement of rheumatoid disease
was observed after rituximab treatment, although apart from
the rituximab the other components of the chemotherapy
probably also played a role in this improvement. However,
remission of autoimmune disorders in patients with lym-
phoma promoted B cell depletion as a therapy for a variety of
autoimmune diseases [12,45–47]. The incidence of severe
side effects of this therapy is low when treating patients with
autoimmune diseases, and most reactions have occurred at
the time of infusion. Major theoretical severe side effects
have not been encountered thus far in trials which have used
this treatment [48].

One of the advantages of rituximab treatment is that rit-
uximab can deplete peripheral human B lymphocytes suc-
cessfully for a period ranging from 3 months to more than
a year without significant change in the level of serum anti-
bodies, as plasma cells are generally not affected. However,
B cells located in various lymphoid organs have different
sensitivities to anti-CD20 monoclonal antibody (mAb)
treatment [49]. B cell depletion by anti-CD20 is mediated
in vivo through FcRg, particularly FcgRI and FcgRIII,
expressed on monocytes and macrophages which are
responsible for the removal of B cells to which the anti-
CD20 antibodies have bound [50]. Studies have indicated
that more than 90% of circulating B cells in blood can be
depleted within minutes of treatment, whereas depletion of
B cells in lymph nodes and spleen is less effective
[49,51,52]. It is interesting that B cells in the mouse peri-
toneal cavity are more resistant to the treatment [53]. In
MRL/lpr and NOD mice, B cells in the spleen were also
found to be less sensitive to anti-CD20 mAb treatment
compared with B cells in peripheral blood [51,52]. Further
analysis of different subsets of splenic B cells revealed that
follicular B cells were sensitive, but marginal zone (MZ) B
cells were resistant to anti-CD20 mAb treatment and ger-
minal centre B cells were most resistant to this therapy
[49]. The resistance to depletion was due mainly to low
accessibility of anti-CD20 to the cells of the extravascular
microenvironment [49]. Given that integrins mediate long-
term B cell retention in the splenic marginal zone [54],
combination therapy with anti-integrin a4 and anti-aL
promoted the mobility of MZ B cells and led to efficient
depletion of MZ B cells by anti-CD20 mAb [49]. Further
understanding of the dynamics of B cell depletion, as well

as B cell circulation dynamics and retention in the tissue
microenvironment, will be important for the most effective
use of this strategy of targeting B cell surface molecules to
treat autoimmune diseases. This is discussed in detail in the
review by Leandro et al. [55]. In addition, the use of inte-
grin blockade could improve depletion efficiency.

To date, rituximab has been used off-label in more than
18 autoimmune diseases, with a good safety record [56].
Although efficacy varies among patients with different
autoimmune diseases, cumulative data have suggested
a beneficial role of rituximab therapy, particularly in
patients with rheumatoid arthritis who were unresponsive
to tumour necrosis factor (TNF)-blocking agents. With
success in other autoimmune diseases, B cell depletion
therapy has received growing attention as a possible treat-
ment for type 1 diabetes (T1D). In parallel with a TrialNet
sponsored trial of rituximab treatment in patients with
type 1 diabetes (http://www.diabetestrialnet.org/patient
info/studies.htm), we generated a transgenic NOD mouse
expressing human CD20 (hCD20/NOD). The hCD20/NOD
mouse allowed us to test B cell depletion therapy with rit-
uximab in NOD mice, the best-studied animal model of
human T1D. Our study demonstrated that temporary
depletion of B cells by anti-human CD20 monoclonal anti-
body prevented and reversed autoimmune diabetes in a
proportion of hCD20/NOD mice [51]. This was mediated,
at least in part, through the induction of regulatory T and
B cells, and modulation of antigen-presenting cell function
[51]. Using anti-mouse CD20 monoclonal antibody, Xiu
and colleagues also showed that the B cell-directed therapy
could prevent autoimmune diabetes in NOD mice, which
supported our findings [57]. The clinical trial using
rituximab to treat patients with type 1 diabetes has yet to
be reported (http://www.diabetestrialnet.org/patient info/
studies.htm).

Furthermore, a recent study using the toxin calicheamicin-
conjugated anti-CD22 monoclonal antibody to deplete B cells
in NOD mice demonstrated that B cell depletion could
prevent and reverse spontaneous diabetes [58]. Anti-CD22
antibody (epratuzumab) depletes 30% of peripheral B cells
and reduces reponsiveness of B cells from patients with SLE to
B cell stimuli such as lipopolysaccharide (LPS), cytosine-
phosphate-guanosine (CpG) and anti-CD40 [59]. Epratu-
zumab has also been shown in two phase II studies, one in SLE
and the other in Sjögren’s syndrome, to be well tolerated.
Toxin-conjugated anti-CD22 is also in clinical trials in SLE
[12]. The use of anti-CD22 antibody is another approach to
target B cells in autoimmune diseases.

B cell depletion monotherapy using monoclonal anti-
bodies to molecules expressed by B cells has clinical efficacy
in a number of different autoimmune diseases, and the
approved use of rituximab in patients with RA has been
particularly successful. The factors affecting the efficiency
of B cell depletion include: (i) the expression pattern of the
targeted molecule on B cells, including the stage in B cell
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development and/or differentiation at which the molecule
is expressed and level of expression; (ii) factors affecting the
sensitivity of targeted B cells to antibodies, such as tissue
microenvironment and mobility of B cells; and (iii) status
of effector cells [such as natural killer (NK) cells, macro-
phages] involved in removal of antibody-targeted B cells,
including the availability and activation of these effector
cells. To achieve better depletion of B cells, experience from
anti-CD20 studies in NHL patients suggested that modu-
lation of the Fc portion of the antibodies can also improve
B cell killing [60,61]. Thus, increasing experience with the
use of these targeted monoclonal antibodies should be
combined with further basic research to maximize the effi-
cacy of B cell depletion.

Induction of B cell apoptosis by targeting BCR
signalling

The early studies of therapy targeting B cells focused on BCR
signalling using anti-Ig reagents. Polyclonal anti-Ig antibod-
ies used at the neonatal stage could deplete newly generated
immature B cells and/or other surface Ig-expressing B cells in
mice [20,62,63]. This approach, however, was less efficient
when used in adult animals that had a high level of circulat-
ing immunoglobulins. Nevertheless, monoclonal antibodies
against surface IgM were successful in decreasing circulating
B cells in animal models of experimental autoimmune thy-
roiditis, SLE and T1D [63–65]. A strategy similar to the one
recently used with anti-CD3 that targets part of the T cell
receptor signalling complex was also developed for B cells
targeting CD79. CD79 is expressed almost exclusively on
B cells and comprises CD79a and CD79b, which are B
cell receptor (BCR)-associated transmembrane signalling
proteins. Like CD20, CD79 is not expressed in the late
plasma cell stage of B cell differentiation. Antibodies against
CD79a or CD79b have been tested in B cell neoplastic disease
but induced only minimal B cell depletion [66]. Thus, the
development of reagents targeting the BCR for humans has
been hampered by a low efficiency of B cell depletion [66].
However, Li and colleagues demonstrated in a recent study
that combination treatment using anti-CD79a and anti-
CD79b decreased B220+CD19+ B cells significantly in periph-
eral blood, bone marrow and spleen compared with other
reagents, and this led to amelioration of the lupus-like
disease in MRL/lpr mice [40]. Other effects, not seen with
anti-CD20, were noted, such as an increase in the double-
negative and putatively regulatory T cell population in the
spleen. However, MRL/lpr mice have a mutant Fas receptor
and regulatory effects of the double-negative T cell popula-
tion are likely to occur through Fas–Fas ligand interactions.
Thus, it is most likely that the effects of treatment with
anti-CD79a and b occur through changes in the B cell popu-
lation rather than through double-negative T cells. Overall,
although targeting the BCR directly using reagents such as
anti-IgM or anti-CD79 may have some limitations, they may

still provide an option in certain autoimmune diseases such
as SLE [40].

Blockade of B cell survival and activation

Inhibition of B cell activation and survival is an
alternative strategy for targeting B cells and the following
approaches have been applied to inhibit B cell survival and
action.

Blockade of CD40–CD40L interaction. It is known that the
CD40–CD40L co-stimulatory interaction promotes B cell
proliferation and survival [67,68]. Blocking this interaction
prevents B cell activation and class switching in both
germinal centres and extrafollicullar sites [69,70]. This
approach, however, does not eliminate B cells. An earlier
clinical trial of CD40–CD40L blockade using anti-CD40L
showed efficacy in idiopathic thrombocytopenia and
improved the clinical score in patients with SLE [71,72].
However, due to the expression of CD40 on activated
endothelial cells [73] and CD40L on human platelets
[74,75], contributing to thrombotic problems arising with
the use of anti-CD40L, the clinical application of CD40–
CD40L blockade is in doubt.

Neutralizing BAFF/APRIL and receptors. BAFF (B cell-
activating factor belonging to the TNF family) is produced
by neutrophils, monocytes, macrophages, dendritic cells
and T cells [76]. In addition to its expression on a small
proportion of CD4+ and CD8+ T cells, the receptor for
BAFF is also found on B cells and it is important for B cell
proliferation and an essential survival factor for B cells
[77,78]. A proliferation inducing ligand (APRIL), another
member of the TNF family, has close homology to BAFF
and is produced by similar cells. BAFF binds to three
known receptors, including transmembrane activator and
CAML interactor (TACI), B cell maturation antigen
(BCMA) and BAFF receptor (BAFF-R or BR3). APRIL also
binds to two of the three receptors used by BAFF, TACI and
BCMA, but not BAFF-R [79].

Elevated BAFF has been found in patients with Sjögren’s
syndrome, SLE and autoimmune neurological diseases
[80–83], which has provided a therapeutic opportunity for
manipulating BAFF. Animal studies have suggested that neu-
tralizing anti-BAFF antibody could prevent autoimmune
diabetes in NOD mice through depletion of follicular and
marginal zone B lymphocytes. This treatment enhanced
negative selection of autoreactive B cells, abrogating the pro-
duction of serum insulin autoantibodies and reduced the
severity of islet inflammation [84].

Targeting the BAFF/APRIL signalling pathway using beli-
mumab, a humanized monoclonal antibody against soluble
BAFF and which neutralizes BAFF, has been shown to be
beneficial in patients with moderate to severe RA in clinical
trials. Patients who failed to respond to disease-modifying
agents, and in some cases also had no benefit from TNF
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inhibitors, showed remission with belimumab compared
with placebo [85]. However, it is not clear at present if this
treatment will move forward for general availability in
therapy for RA. In a phase II clinical trail, belimumab has
also shown promising clinical efficacy in patients with SLE
[86] and it is currently in phase III clinical trials. Similarly,
TACI-Ig and BCMA-Ig act as decoy receptors and also have
the effect of neutralizing soluble BAFF. TACI-Ig has been
shown in animal studies to reduce both mature B cells and
transitional T2 cells as well as circulating immunoglobulin
[87]. When tested in collagen-induced arthritis, the use of
TACI reduced progression of disease. TACI-Ig has been
used in phase I clinical trials in SLE and RA and was found
to be well tolerated [88,89].

Thus, the strategy of targeting B cell survival offers
another option for B cell-directed therapy, although the
depletion is not as complete as that seen with rituximab, and
the outcome of the various trials that target BAFF/APRIL in
RA and SLE are awaited.

Important considerations for the use of
B cell-directed therapy and future development of
B cell-directed therapy

Immune regulatory role of B cells

Like T cells, B cells also have a dual role in immunity, includ-
ing autoimmunity, and the immune regulatory roles of B
cells are increasingly appreciated. Thus, a complete depletion
of B cells may not be the best approach for optimal efficacy
in some autoimmune diseases [90]. Furthermore, B cell
depletion at different disease stages could lead to opposite
effects, as shown in experimental allergic encephalomyelitis
(EAE), an animal model of human multiple sclerosis [30]. In
the early stages of EAE, anti-CD20 treatment exacerbated
disease symptoms substantially because the treatment also
depleted an IL-10-producing CD1dhiCD5+ regulatory B cell
subset, whereas at a later stage in the disease progression, B
cell depletion suppressed dramatically the clinical signs of
paralysis [30]. These results demonstrate dual roles of B cells
during EAE immunopathogenesis. However, B cell depletion
in both early and later stages of T1D development in NOD
mice had a beneficial outcome [51,58 (#133)]. The roles of B
cells vary at different stages in different autoimmune
diseases. The therapeutic effect of B cell depletion for the
treatment of autoimmune diseases may thus depend on the
balance of the pathogenic and regulatory roles of B cells
during the course of disease.

Thus, a major challenge of B cell-directed therapy lies in
fully understanding the roles of B cells in disease develop-
ment, such as (i) which subsets of B cells are pathogenic or
regulatory; (ii) at what stage B cells are pathogenic or regu-
latory; and (iii) where the pathogenic B cells are located. The
answers to these questions will be important to target the
pathogenic B cells more specifically.

Is long-term depletion of B cells necessary for
continued clinical effect?

The aetiology of most autoimmune diseases is multi-
factorial, and many studies have suggested that environmen-
tal factors could play an important role in addition to genetic
factors that include susceptibility or protection encoded in
major histocompatibility complex (MHC) molecules. It is
reasonable to believe that modulation or resetting of the
immune system, such as the approach of B cell depletion,
could improve disease. However, whether this will have long-
term benefit has yet to be shown.

The best-studied mouse model of human type 1 diabetes,
NOD mice, develops spontaneous autoimmune diabetes
starting around 12 weeks of age. However, when B cells were
removed in embryonic development by genetic alteration,
such as in mMT–/– NOD mice, diabetes was inhibited
[91–93], although there are instances where a small number
of mice are able to develop disease [94]. In these mice, where
B cells are deficient from birth, this induced mutation most
probably has effects by altering the interactions with other
developing cells of the immune system. Therefore, it is
important to confirm the results of those studies by remov-
ing B cells after maturation rather at ontogeny. Recent
studies showed that when B cells were removed transiently at
different time-points in the course of diabetes development,
the disease onset was significantly delayed or prevented in
the NOD mice [51,57,58,84]. Most importantly, temporary
depletion of B cells can cure type 1 diabetes in a proportion
of diabetic NOD mice. These studies confirmed the early
reports using mMT–/– NOD mice and, more importantly,
extended our understanding that B cells play an important
role in T1D development through antigen presentation
and/or pro- or anti-inflammatory cytokine production [95].
Considering the data from mMT–/– NOD mice, that B cells are
important in antigen presentation and the progression of the
autoimmune process, it is conceivable that repeated B cell
depletion therapy might have long-term benefit. However,
regulatory B cells have been reported among the newly gen-
erated B cells [51,58] and repeated B cell depletion will also
target the B regulatory cells. Repeated treatment may there-
fore not be desirable. It is clear that more studies are required
to determine whether repeated treatment would be benefi-
cial in diabetes.

It is known that rheumatoid factor (RF)-producing B cells
are pathogenic in RA. The efficacy of destruction of
RF-producing B cell clones by anti-CD20 antibodies and/or
other agents has been tested to determine whether repeated
treatment might be necessary. In a follow-up clinical trial the
investigators demonstrated clinical improvement in all the
RA patients, which lasted up to 43 months from a single
2-week cycle of rituximab therapy, but all patients eventually
relapsed [96]. In addition, approximately half the patients
relapsed at the time of repopulation of circulating B cells and
rise of autoantibodies [97]. This trial demonstrated that
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transient B cell depletion by rituximab could induce long-
term improvement in RA, although this was not permanent.
The need for repeated treatment was supported by results
from a recent clinical trial which suggested that repeated B
lymphocyte depletion over a 5-year period is an acceptable
and relatively well-tolerated therapy in RA [48]. In this study
each cycle of treatment showed benefit, on average for
15 months with a range of 6–43 months, and the time to
retreatment ranged from 5 to 60 months. At the time of
reporting at 7 years, 19 of the original 37 patients recruited
remained in the programme. The reasons for not continuing
with the treatment included lack of efficacy of a relatively
short time-period of response, and a small number of
patients had problems with lower respiratory tract infection
[48]. Cessation of treatment due to hypersensitivity was rela-
tively uncommon. Thus, at least in RA, there is some benefit
to repeated treatment, although at this time it appears that
this treatment does not induce permanent remission. The
benefit of repeated B cell depletion is likely to be different in
different diseases. However, the possibility that the immune
system of patients may be compromised due to humoral
immunodeficiency remains a serious concern for repeated
treatment. Although Popa et al. showed that total immuno-
globulin levels remained in the normal range even after five
cycles of treatment in most RA patients, IgA, IgG and IgM
were below normal in a group of patients. This suggested
that the repeated use of rituximab could potentially jeopar-
dize host protective immunity, as lower respiratory tract
problems were observed in a few patients in spite of the fact
that a reduction in Ig was not associated with infections or
adverse clinical events following repeated treatment [48].
Thus far, however, evidence suggests that repeated B cell
depletion, on balance, can have long-term benefits, at least in
patients with RA.

In summary, transient depletion of B cells can ameliorate
autoimmune diseases and repeated treatment can prevent
disease relapse (Fig. 1). However, the optimal timing for
repeated B cell depletion remains a difficult decision due to
the heterogeneity of patient populations. Thus, patient-
tailored treatment regimens may be required for the best
therapeutic outcome. From the safety viewpoint, continued
close monitoring is required for repeated treatment. Most
importantly, the identification and analysis of biomarkers,
such as unique feature(s) of repopulated B cell subsets com-
bined with autoantibody profile and Ig level, could improve
this therapy significantly.

Could combination treatment improve efficacy?

Although rituximab, as monotherapy, has been utilized in a
variety of autoimmune diseases, with increasing under-
standing of the safety of this and other similar reagents it is
possible that rituximab could be used in combined therapy,
i.e. together with other Food and Drug Administration
(FDA)-approved drug(s) such as anti-inflammatory agents.

It is conceivable that rituximab could be used as part of
a monoclonal antibody cocktail simultaneously or in a
sequential treatment protocol.

The first possible approach is the combination of ritux-
imab with cytokines that can promote B cell depletion. In
treatment of lymphoma, therapies using cytokines such as
granulocyte colony-stimulating factor (G-CSF) and IL-2 in
combination with rituximab have shown an increased thera-
peutic effect [98–100]. It is possible that rituximab treatment
in combination with cytokines might enhance the efficiency
of B cell depletion and therefore have better therapeutic
efficacy for treating autoimmune diseases.

Other studies have shown that B cell depletion was less
effective in autoimmune-prone mice compared with mice
on a non-autoimmune-prone genetic background [49,52].
There are a number of possible reasons for this, including
refractoriness to depletion that is inherited with the autoim-
mune susceptibility or due to the autoimmune state [52].
One possible reason for this resistance is impaired clearance
by macrophages, which may contribute to resistance to
depletion [52]. It is interesting that, in humans, it has been
noted that efficiency of B cell depletion when rituximab
treatment has been used in lymphoma [60] and SLE [101]
relates to expression of the FcgRIIIa genotype. In addition,
repeated rituximab treatment could lead to the loss of CD20
expression, as seen in lymphoma patients [102]. This might
also be a problem in repeated rituximab treatment for
autoimmune diseases. Therefore, combination therapy could
provide a solution by inducing up-regulation of CD20
expression, such as with IFN-a, which could then enhance
the effect of therapy as shown in treating lymphoma [103].

In addition to cytokines, rituximab could also be used
with other well-accepted therapeutic reagents, such as intra-
venous immunoglobulins (IVIg) and plasma exchange. IVIg
has been used widely to treat some autoimmune diseases
[104,105]. A recent clinical study suggested that the combi-
nation of IVIg and rituximab was effective in patients with
refractory pemphigus vulgaris, decreasing the levels of
pathogenic anti-keratinocyte IgG4 antibodies but replacing
immunoglobulins to prevent problems with humoral immu-
nodeficiency [106]. The use of intravenous immunoglobulin
in itself had been reported to be of benefit, although not in
all cases, and the efficacy of the treatment in the study by
Ahmed and colleagues was attributed to the rituximab [106].

Thus, there are possible combination therapies with rit-
uximab that may either be considered to improve the efficacy
of anti B cell-directed therapy or to reduce potential side
effects that may be associated with this type of treatment.

Potential problems with the use of B cell-directed
treatment

Therapy targeting B cells is now in clinical use in RA and is
in clinical trials for a number of other autoimmune diseases.
While this provides an important possibility for treatment in
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different diseases for which there are currently no cure, it is
important to consider potential problems associated with
this treatment. Firstly, will hypersensitivity reactions or
development of anti-idiotype responses that block the effects
of the drugs prevent repeated dosage? This is important as
the indications, certainly for RA, are that repeated doses may
be necessary [48]. Although this was not a major problem in
this particular study, more trials will be needed to assess
whether this will be a limiting feature. Secondly, and of
major importance, considering the central role of B cells and
antibodies in the adaptive immune response, is there a long-
term risk of infection and progressive immunodeficiency?
Thus far, the available studies suggest that, certainly for a
single course of treatment, immunodeficiency has not been a
major problem in most recipients. Probably this is more
likely to be a potential concern if multiple treatments are
required. At present, experience is limited, although again
the study of Popa and colleagues indicate that overall immu-
nodeficiency over 7 years was not a major feature. However,
there was an increase in respiratory infections in a small
number of patients in their study and this observation
should be followed further. As more experience is gained
from various clinical trials in other autoimmune diseases
with B cell-targeted treatment, it is important to continue to
weigh the benefits with the risks associated with what is
undoubtedly potentially very powerful treatment.

Conclusion

Growing evidence from both animal studies and clinical
trials has shown the therapeutic efficacy of B cell-directed
therapy in autoimmune disorders. It is important to under-
stand more clearly the pathogenesis of these diseases and the
mechanisms of B cell depletion therapy, including immune
regulation induced by the therapy. With increased knowl-
edge, B cell-directed therapy may have an important place in
treating a variety of autoimmune diseases.
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