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Abstract B cells and B cell-derived autoantibodies play a
central role in the pathogenesis of many autoimmune diseases.
Thus, depletion of B cells via monoclonal antibodies such as
Rituximab is an obvious therapeutic intervention and has been
used successfully in many instances. More recently, novel
therapeutic options targeting either the autoantibody itself or
resetting the threshold for B cell activation have become
available and show promising immunomodulatory and anti-
inflammatory effects in a variety of animal models. The aim of
this review is to summarize these results and to provide an
insight into the underlying molecular and cellular pathways of
these novel therapeutic interventions targeting autoantibodies
and B cells and to discuss their value for human therapy.
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Introduction

Loss of humoral tolerance is a hallmark of autoimmune dis-
eases such as immunothrombocytopenia (ITP), autoimmune
hemolytic anemia (AIHA), rheumatoid arthritis (RA), system-
ic lupus erythematosus (SLE), skin blistering diseases, and
acute and chronic inflammation of the peripheral nervous
system [1–3]. Research over the last years has established that
the production of self-reactive antibodies (autoantibodies) in

these diseases may not represent a mere bystander effect
useful for therapeutic purposes but that B cells and autoanti-
bodies actively contribute to the inflammatory process and
tissue destruction. Moreover, it has become clear that B cells
and autoantibodies may also be critical for the development of
autoimmune diseases in which T cells were thought to be the
dominant factor driving tissue destruction and inflammation
such as multiple sclerosis and type 2 diabetes [4]. Thus, in the
absence of B cells and pathogenic IgG antibodies, diabetes
induced by a high-fat diet was strongly ameliorated, suggest-
ing that class-switched IgG-positive B cells, which accumu-
late in fat tissue, play a crucial role for the disease. Quite
interestingly, a transfer of IgG antibodies from mice with
diabetes was sufficient to induce higher glucose levels in B
cell-deficient mice, which are resistant to diet-induced obesity
and diabetes, suggesting that IgG molecules are also involved
in the disease process. Supporting the relevance of these
observations for therapy, depletion of B cells with a monoclo-
nal antibody diminished diabetes development in this mouse
model system [4]. With respect to multiple sclerosis, several
reports were able to show that depletion of B cells greatly
impacts disease severity [5–7]. Besides autoantibody produc-
tion, B cells may act as antigen-presenting cells to stimulate
autoreactive T helper cell responses, which in turn may be
critical for the generation of high-affinity class-switched au-
toantibodies or may enhance or maintain autoimmune inflam-
mation by secreting pro-inflammatory cytokines such as IL6
[8]. Moreover, IL10-producing B cells may have an active
role in dampening autoimmune disease and hence have been
referred to as regulatory B cells [9–11]. Thus, a simple deple-
tion of B cells may not only diminish harmful B cell popula-
tions but also this highly regulatory B cell subset. Moreover,
the major (auto) antibody-producing B cell population, name-
ly, plasma cells in the bone marrow, may not be easily targeted
via cytotoxic antibodies due to the downregulation of many
common B cell lineage markers. Thus, alternative strategies
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aiming at inactivation of the autoantibodies itself or targeting
B cells and plasma cells via other approaches will be neces-
sary. One example of such a strategy which shows great
preclinical success is the use of the proteasome inhibitor
bortezomib [12–15]. Plasma cells, which produce thousands
of antibody molecules per second, seem to be especially
sensitive to proteasome blockade resulting in cell death and
reduction of autoantibody levels. In this review, we will take
one step back and summarize preclinical information about
two enzymes targeting IgG activity and discuss how they may
become useful in the therapy of human autoimmune disease.
Moreover, we will provide some insights into novel
immunomodulating activities of intravenous immunoglobu-
lins on B cells and how this may interfere with chronic
autoantibody production.

Targeting autoantibody-dependent effector functions
in autoimmunity

Avariety of studies have addressed the molecular and cellular
pathways by which autoantibodies especially of the IgG sub-
class may mediate tissue inflammation and in the worst case
organ destruction. The common theme of these results is that
activating cellular Fcγ receptors (FcγR) expressed on a wide
variety of innate immune effector cells are critical for
autoantibody-induced tissue pathology [16–18]. In contrast,
autoimmune disease was enhanced in mice deficient in the
inhibitory FcγRIIB, suggesting that the integration of positive
and negative signals triggered via the binding of immune
complexes to both types of FcγR expressed on the same cell
may set a threshold for activation [19–23]. The complement
system further enhanced autoantibody activity in diseases
such as AIHA in an IgG subclass-specific manner [24].
Although the details of the exact pathway remain to be
established, it was demonstrated by several groups that an
FcγR-dependent release of C5 or C5a independent of early
components of the classical complement pathway may have a
great impact on tissue inflammation in autoimmune diseases
such as inflammatory arthritis and skin blistering diseases
[25–30]. In these diseases, FcγR and C5 deficiency protect
from autoimmune disease development. As the anaphylatoxin
C5a not only recruits innate immune effector cells to the site of
inflammation but also upregulates activating FcγR expres-
sion; this may represent a positive feedback loop fueling
inflammation. In humans, allelic variants of activating
FcγRIIA and FcγRIIIAwere associatedwith the development
and severity of RA and SLE, and infusion of a FcγRIIIA
blocking antibody or inhibitors of Syk activation, which is a
crucial component of the signaling pathway of activating
FcγR, were able to interfere with platelet depletion in ITP
patients [16, 31–33]. Therefore, blocking or interfering with
the interaction of autoantibodies with cellular FcγR represents

an attractive therapeutic target. Indeed, targeting this Achilles
heel of most antibody-dependent effector functions has shown
very promising results in experimental model systems and has
been achieved by treating animals with two enzymes derived
from Streptococcus pyogenes (S. pyogenes) called
endoglycosidase S (EndoS) and the IgG-degrading enzyme
of S. pyogenes (IdeS). Both proteins selectively inactivate the
IgG molecule, albeit through entirely different mechanisms.
Whereas EndoS targets the sugar moiety attached to the IgG
Fc-fragment, IdeS hydrolyzes the IgG backbone beyond the
disulfide bonds in the hinge region, generating a F(ab)2 frag-
ment and two single Fc fragments (Fig. 1) [34–36]. The
therapeutic success of these enzymes underscores the critical
role of the IgG Fc fragment in mediating the effector functions
which are ultimately responsible for tissue inflammation and
destruction during autoimmunity. Of note, an interesting
species-specific variability of IdeS activity has been noted.
Whereas all human and rabbit IgG subclasses are efficiently
hydrolyzed, in mice, a selective specificity for the IgG2a/c
subclass has been noted, which limits the availability of mu-
rine experimental in vivo models of autoimmune diseases
[37]. Where possible, however, an impressive suppression of
autoantibody-mediated autoimmune disease was noted. Thus,
injection of IdeS into rabbits resulted in a very rapid removal of
serum IgG within 4–6 h and lasted for about 1 week [38]. In
mice, the arthritis incidence induced by the injection of collagen
type II-specific IgG2a antibodies was diminished from over
80 % to about 20 % [37]. In active models induced by immu-
nizing mice with collagen type II, a reduction in the severity of
arthritis was achieved, and the strength and incidence of chronic
relapses usually observed in this model systemwere reduced. In
mouse models of immunothrombocytopenia, induced by the
injection of platelet-specific rabbit polyclonal IgG into mice,
IdeS injection rescued mice from lethal bleeding and restored
platelet counts [38]. In a similar manner, IdeS injection
prevented kidney damage in a passive model system in which
rabbit antibodies directed against the glomerular basement
membrane (GBM) were injected into mice [39]. In mice and
humans, anti-GBM antibodies are responsible for
Goodpasture’s disease, which is characterized by a ribbon-like
deposition of IgG molecules in the glomeruli of the kidney and
the lung causing organ inflammation, fibrosis, lung hemorrhage,
and ultimately total organ failure if no treatment is initiated [40].
More recently, IdeS was used to inactivate aquaporin-4 (AQP-
4)-specific autoantibodies, which are considered to be causative
for neuromyelitis optica, an autoimmune disease in which in-
flammation and demyelination occurs predominantly in the
spinal cord and the optical nerve [41, 42]. Consistent with the
important role of IgG-Fc-dependent effector mechanisms in-
volved in nerve inflammation and demyelination, IdeS-
pretreated AQP-4-specific antibodies were no longer able to
demyelinate nerve cells in a mouse model in vivo [42].
Similar results were obtained by injection of IdeS post injection
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of AQP-4-specific antibodies, suggesting that IdeS may have
therapeutic value (Table 1).

Besides in vivo cleavage of the IgG molecule, the removal
of the sugar domain attached to the asparagine 297 residue of
each IgG Fc fragment has proven to be quite efficacious in
ameliorating a number of autoimmune diseases in in vivo
model systems. The general requirement of this sugar domain
for IgG activity has been demonstrated by several previous
studies using either IgG molecules in which the N297 residue
is exchanged for another amino acid, PNGase F-treated anti-
bodies, or by incubating IgG-producing hybridoma cells with
tunicamycin, which blocks protein glycosylation [17, 43, 44].
In all of these instances, this resulted in an abrogation of IgG
activity in vivo. On a molecular basis, crystal structural

analysis of aglycosylated IgG demonstrated that the open
conformation of the IgG Fc fragment collapses, which may
explain the loss of binding to cellular Fcγ receptors and the
complement component C1q [45–50]. In contrast to PNGase
F, EndoS removes the sugar moiety not entirely, but spares
one N-acteylglucosamine residue with or without a branching
fucose residue (Fig. 1) [35]. Unlike IdeS, EndoS is active on
all human, mouse, and rabbit IgG subclasses and efficiently
cleaves the sugar moiety in vitro and upon EndoS injection
into mice and rabbits in vivo. Accordingly, ITP induced by
injection of rabbit-derived platelet-specific antibodies into
mice was efficiently prevented by EndoS injection under
preventive and therapeutic treatment conditions [35]. A sim-
ilar efficacy of EndoS was noted in a rabbit IgG-mediated
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Fig. 1 Effects of EndoS and IdeS
on the IgG molecule. Shown is a
schematic view depicting the
effect of EndoS and IdeS on the
IgG molecule. Whereas EndoS
treatment removes the largest part
of the sugar moiety, leaving only
one residual N-acetylglucosamine
residue and one branching fucose
residue, incubation with IdeS
generates a F(ab)2 fragment and
two single Fc fragments as IdeS
cleaves the IgG molecule beyond
the disulfide bond connecting the
two heavy chains

Table 1 Autoimmune diseases treated with IdeS and EndoS

Disease Disease induction and IgG species Model organism Therapeutic Ref

ITP Passive, rabbit IgG Mouse IdeS [38]

Arthritis Passive, mouse IgG2a Mouse IdeS [37]

Glomerulonephritis Passive, rabbit IgG Mouse IdeS [39]

Neuromyelitis optica Passive Human IgG Mouse IdeS [42]

ITP Mouse IgG1, IgG2b, rabbit IgG Mouse EndoS [52, 35]

Glomerulonephritis Passive, rabbit IgG Mouse EndoS [39]

SLE Spontaneous BXSB mouse EndoS [52]

Epidermolysis bullosa acquisita Passive, rabbit IgG Mouse EndoS [51]

Autoimmune hemolytic anemia Passive, mouse IgG1 Mouse EndoS [53]
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model of acute glomerulonephritis in mice, where one injec-
tion of EndoS was sufficient to protect the animals from
kidney inflammation and organ failure [39]. Further
confirming these results, autoantibody-dependent induction
of skin blistering diseases such as epidermolysis bullosa
acquisita (EBA), which is induced by injection of rabbit
anti-collagen type VII antibodies, was abolished by therapeu-
tic EndoS administration [51].

A quite interesting IgG subclass-specific effect of EndoS
treatment on the activity of mouse IgG1, IgG2a, and IgG2b
switch variants of a platelet-specific antibody was noted in a
mouse model of ITP. Whereas both IgG1 and IgG2b sub-
classes pretreated with EndoS lost their platelet depleting
activity in vivo, antibodies of the IgG2a subclass remained
fully active [52]. These results were confirmed by others in an
independent model of autoantibody-induced hemolytic ane-
mia (AIHA), in which IgG1 but not IgG2a induced red blood
cell depletion was ameliorated by EndoS injection [53]. Most
interestingly, EndoS treatment not only reduced autoantibody
binding to cellular FcγR but also inhibited complement acti-
vation and deposition in this model system. With respect to
human IgG subclasses, a similar effect was noted for human
IgG2 binding to FcγRIIA and FcγRIIB which was either not
affected or even enhanced, whereas IgG1, IgG3, and IgG4
binding to FcγR were all strongly reduced in vitro [54].
Consistent with the inactivation of mouse IgG1 and IgG2b
subclasses, EndoS treatment was able to ameliorate joint
swelling in a passive model of inflammatory arthritis in which
IgG1 autoantibodies and FcγRIII play a dominant role [55].
The remaining disease activity in this model may be explained
by the concomitant presence of IgG2a autoantibodies, which
mediate their activity via FcγRIV and are not inactivated by
EndoS treatment [56, 57]. In a similar manner, the SLE-like
autoimmune disease, which spontaneously develops in BXSB
mice and is dominated by autoantibodies of the IgG2b sub-
class, responded very well to EndoS therapy as demonstrated
by an improved survival despite the presence of high autoan-
tibody levels [52] (Table 1). Quite interestingly, autoantibody
specificity seemed to change over time in EndoS-treated mice
shifting from a predominant nuclear to a more cytoplasmic
staining in some of the long-term surviving animals [52]. This
may suggest that the autoantibody response seems to be
variable and change over time or that EndoS impacted auto-
antibody production by B cells. Further studies will be neces-
sary to fully understand these effects on a molecular and
cellular level.

Apart from acting on the disease-inducing autoantibody
directly, another immunomodulatory activity of EndoS-
treated antibodies was noted more recently. Injection of
EndoS treated antibodies specific for collagen type II together
with untreated CII-specific antibodies prevented the develop-
ment of inflammatory arthritis [58]. Quite surprisingly, other
non-collagen-specific antibodies of different mouse IgG

subclasses were also able to suppress arthritis development
if they were pretreated with EndoS, arguing against a simple
competition mechanism of EndoS-treated and EndoS-
untreated antibodies for the target antigen. Indeed, small
amounts of EndoS-treated antibodies at a dose 36-fold lower
than the untreated disease inducing antibodies were sufficient
to block disease development. Moreover, this effect was only
observed in a narrow time frame from 3 h before until 3 h after
injection of collagen type II-specific antibodies, suggesting
that EndoS-treated antibodies may interfere with the phase of
autoantibody deposition or immune complex formation in
joints [58]. Consistent with this interpretation, less comple-
ment activation and C3b deposition was noted in animals
receiving EndoS-treated therapeutic antibodies. As we will
discuss later, this mechanism is entirely different from the
suppression of autoimmune inflammation by polyclonal hu-
man IgG preparations (IVIg) injected intravenously at high
doses. Here, IgG deglycosylation via PNGase F abrogates the
anti-inflammatory activity in vivo.

One obvious question with respect to the potential of these
enzymes for treatment of human patients may be their immu-
nogenicity. Indeed, EndoS- and IdeS-specific antibodies were
detected in human and rabbit serum [35, 38]. Interestingly,
however, this did not result in a loss of activity, indicating that
the catalytic site of the respective enzymes is not bound by
these antibodies and remains functional. In a similar manner,
multiple injections of EndoS into rabbits resulted in an in-
creased level of EndoS-specific antibodies, which again did
not result in impaired EndoS activity [35]. Moreover, strepto-
kinase, another enzyme derived from Streptococci is used in
the clinic since years to remove blot clots and to prevent or
treat acute heart attacks and strokes [59]. Whether a long-term
treatment will be possible remains to be established, but at the
least, a treatment of acute autoimmune inflammation seems a
viable option. Combining IgG inactivation with the depletion
of B cells or other target cells involved in tissue damage
during autoimmune disease with therapeutic antibodies may
be another potentially new therapeutic avenue. This could be
either achieved by using therapeutic IgG subclasses which are
not inactivated by EndoS, such as IgG2 for example, or by
using therapeutic antibodies produced in organisms adding
high mannose sugar structures instead of the biantennary
sugar moiety found in mammalian cells. Whereas EndoS
removes biantennary sugar moieties, it cannot hydrolyze
high-mannose structures efficiently, which would enable the
parallel use of EndoS and a therapeutic antibody targeting B
cells for example [60].

With respect to the transferability of the animal data to
human disease and most forward with respect to the potential
efficacy of EndoS treatment, two other potential issues should
be considered. First, autoantibody responses are rarely restrict-
ed to one IgG subclass. Thus, in SLE patients, DNA-specific
antibodies of various IgG subclasses have been detected
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including IgG2, which is not inactivated by EndoS treatment.
Taking this into account, one may expect to achieve no com-
plete suppression of autoantibody-mediated inflammation, but
rather a reduction as observed in the BXSB model system,
which would be a major achievement, nonetheless [52].
Second, a recent study suggests that EndoS-mediated inacti-
vation of human IgG activity may be influenced not only by
the IgG subclass, but also by the size of the IgG containing
immune complex and the individual FcγR [61]. Previous
studies showing that EndoS treatment results in loss of IgG
binding investigated the interaction of monomeric IgG with
recombinant FcγR. During autoimmune diseases such as SLE
for example, rather immune complexes consisting of multiple
IgG molecules bound to their target antigen than single IgG
molecules are responsible for the pro-inflammatory and tissue
destructive activity. By generating different immune complex
sizes with human IgG subclasses, it was demonstrated that the
size of the immune complex did impact binding to cellular
FcγR, with larger complexes showing a better binding and a
higher level of pro-inflammatory cytokine release [61]. Of
note, even IgG4 immune complexes, supposed to have a very
low or even absent binding to human FcγR, were able to bind
if present in a large complex. More interestingly, EndoS-
treated immune complexes showed a similar behavior. Thus,
IgG1, IgG2, and IgG3 immune complexes binding to
FcγRIIAwere virtually absent in a small complex, but clearly
detectable if present in a larger immune complex. Moreover, a
FcγR allele-specific contribution was noted in this study,
suggesting that the FcγRIIA-131H and FcγRIIIA-158V al-
lele, both shown to be associated with the incidence and
severity of autoimmune diseases, may retain their capacity to
bind to EndoS-treated IgG1 and IgG3 immune complexes [33,
61]. This potential problem could be easily overcome by a
careful selection of patients based on their activating FcγR
alleles and by using IdeS in these instances instead. Taken
together, both EndoS and IdeS have shown promising thera-
peutic effects in passively induced and spontaneous complex
animal models of autoimmune disease and thus may represent
a viable option for the use in human therapy in the future.

Targeting immune homeostasis via polyclonal IgG
preparations

The other nondepleting IgG-based therapeutic strategy to treat
autoimmune diseases we will discuss is the use of polyclonal
IgG preparations pooled from tens of thousands of donors
which are infused at high doses intravenously (intravenous
IgG therapy or IVIg therapy). This type of therapy is used for
autoimmune diseases such as ITP, Kawasaki disease, Guillain-
Barre syndrome, chronic inflammatory demyelinating
polyneuropathy, and more recently for autoantibody-
mediated skin blistering diseases such as epidermolysis

bullosa acquisita (EBA) [49, 62–64]. Its off-label use for a
variety of autoimmune and inflammatory diseases is quite
substantial, and mirroring this widespread use of IVIg prepa-
rations are the proposed mechanisms underlying this immu-
nomodulatory activity [65, 66]. We will not be able to cover
all these pathways in detail and the interested reader is directed
to several excellent recent reviews covering this topic in
greater depth [49, 63, 65, 67–69]. Instead, we will exclusively
focus on results from human clinical trials [70] and mouse
in vivo model systems of autoimmune diseases such as ITP,
nephrotoxic nephritis, transfusion-related acute lung injury
(TRALI), and inflammatory arthritis, which all suggest that
the IgG-Fc fragment is sufficient for the anti-inflammatory
and immunomodulatory activity of IVIg [71–75] (Fig. 2).
Similar to what we have discussed before with respect to the
important function of the N297-attached sugar moiety for pro-
inflammatory IgG-dependent effector functions, deglycosyla-
tion of IVIg also results in a loss of the anti-inflammatory
activity in vivo [73, 76]. More specifically, terminal sialic acid
residues were critical for the modulation of FcγR-dependent
effector functions in model systems of ITP and inflammatory
arthritis [73, 76, 77], whereas IgG glycoforms rich in galac-
tose residues present in immune complexes were able to
interfere with complement-dependent tissue inflammation
[78]. With respect to the cellular pathway underlying the
immunomodulatory activity of IVIg and sialic acid-rich
glycoforms within this IgG preparation, myeloid effector
and more recently B cells were shown to respond to IVIg
infusion in mice and humans in vivo. The majority of studies
concentrated on the effect of IVIg on myeloid effector cells,
elucidating a quite complex molecular and cellular pathway.
In brief, a general outcome of IVIg infusion seems to be an
upregulation of the inhibitory FcγRIIB on innate immune
effector cells resulting in a higher threshold for activation
via immune complexes [71–74, 79]. A series of elegant stud-
ies in a model of inflammatory arthritis suggest that mouse
splenic macrophages and human myeloid or dendritic cells
have the capacity to directly recognize sialic acid-rich IgG
glycoforms via SIGNR1 (mice) or DC-SIGN (humans) [77,
80, 81]. This results in the release of IL33, which induces IL4
secretion via basophils, ultimately resulting in an upregulation
of FcγRIIB on innate immune effector cells [77, 80–82]. A
similar requirement for SIGNR1 was noted in a model of
IVIg-mediated amelioration of ITP, although the impact of
IL4 and IL33 was less dominant under these rather non-
inflammatory conditions [76, 83].

As this immunodulatory pathway has been covered exten-
sively by recent reviews, we will focus our attention on the
recent observation that IVIg infusionmay have a direct impact
on B cells via upregulation of FcγRIIB [79, 84]. To do so, we
first have to provide some background about the physiological
role of this inhibitory FcγR on B cells. In contrast to cells of
the innate immune system, B cells solely express the
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FcγRIIB, which counterbalances activating signals trans-
duced via the B cell receptor. Lack of FcγRIIB expression
or function results in loss of humoral tolerance inmice and to a
SLE-like autoimmune disease on susceptible genetic back-
grounds in mice and humans [17, 21, 85–89]. Autoimmune-
prone mouse strains including NOD, BXSB, and NZBW are
characterized by a polymorphism in the FcγRIIB promoter,
resulting in a lower level of expression on B cells and innate
immune effector cells, the loss of humoral tolerance, and an
increased level of plasma blasts and plasma cells [90, 91].
Restoring FcγRIIB expression either ubiquitously or selec-
tively on B cells restored humoral tolerance in these mouse
strains and ameliorated the autoimmune phenotype, arguing
for a major gatekeeper function of FcγRIIB to prevent the
production of autoantibodies and the initiation of autoimmune
disease [92, 93]. In a similar manner, human SLE and CIDP
patients were demonstrated to express lower levels of
FcγRIIB on B cells and myeloid cells [79, 94, 95]. More
interestingly, a failure of FcγRIIB upregulation was noted
on memory B cells, which together with plasma cells and
plasma blasts normally show an increased level of FcγRIIB
expression compared to mature B cells. Further along these
lines, either FCGR2B promoter polymorphisms or allelic

variants of the receptor in which an isoleucine at position
232 in the transmembrane domain is exchanged for a threo-
nine residue (FcγRIIB-I232T variant) were shown to be as-
sociated with the development or severity of autoimmune
diseases including SLE and rheumatoid arthritis [89, 95–97].
The exchange of the isoleucine residue for threonine results in
a defective association of the receptor with lipid rafts and a
diminished signaling function. Indeed, a recent study using a
humanized mouse model, in which immunodeficient mouse
strains were reconstituted with human hematopoietic stem
cells derived from donors carrying the functionally defect
FcγRIIB-I232T allele, could demonstrate that the human im-
mune system developing in these animals was affected by the
presence of this allelic variant [98]. For example, animals
carrying the FcγRIIB-232T variant in a homozygous fashion
had a higher amount of memory B cells and plasma cells,
consistent with earlier studies in mouse model systems.
Moreover, these animals produced autoantibodies directed
against double-stranded DNA and citrullinated proteins,
strongly arguing for an important function of FcγRIIB as a
gatekeeper of humoral tolerance in mice and humans.

Apart from this negative regulation of signals delivered via
the BCR, FcγRIIB was also suggested to be involved in
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plasma cell survival, providing a possible explanation for the
increased level of plasma cells, which was noted in
autoimmune-prone mouse strains [99]. A potential mecha-
nism underlying this phenomenon was provided by several
studies showing that isolated triggering of FcγRIIB on B cells
in the absence of a concomitant activating signal provided by
the B cell receptor induced apoptosis. On plasma cells and
plasma blasts, the B cell receptor is expressed either at very
low levels or not at all, whereas FcγRIIB is becoming even
upregulated. Thus, immune complexes, which are present at
enhanced levels during an infection (or an active autoimmune
disease) may feedback on the antibody-producing plasma cell
by inducing apoptosis. This mechanism has been suggested to
be at least one explanation for the establishment of a broad
variety of plasma cells producing antibodies for a wide variety
of pathogens, by opening up survival niches for newly gener-
ated plasma cells. With respect to the lower level of FcγRIIB
expression on memory B cells and plasma cells in mice and
humans with autoimmune diseases, this may indicate that
these autoantibody-producing cells escape this feedback loop,
allowing a long-term survival of these cells once they have
reached their niches either in the bone marrow or, as described
by several groups for autoimmune diseases such as SLE or
arthritis, in peripheral tissues such as the joint or the kidney.

Taken together these results suggest that restoring FcγRIIB
expression levels may be of therapeutic value. Quite interest-
ingly, it was noted that infusion of IVIg into mice and humans
not only upregulates FcγRIIB on innate immune effector cells,
thereby raising their threshold for activation by immune com-
plexes, but also on B cells [79, 84]. Taking into account the
important role of FcγRIIB for B cell activation and plasma cell
survival, this may restore a balanced B cell response, reduce the
production of autoantibodies and allow the removal of
autoantibody-producing plasma cells by circulating immune
complexes. As neither SIGNR1 nor DC-SIGN are expressed
on B cells and sialic acid-rich IgG glycoforms have a reduced
affinity for FcγRIIB, two non-mutually exclusive mechanisms
seem possible. First, FcγRIIB upregulation on B cells may be
induced indirectly via cytokines, for example. As IL4, however,
while upregulating FcγRIIB on myeloid cells, rather results in a
downmodulation of this receptor on B cells it seems unlikely
that the recently described Th2 pathway is involved in modu-
lating FcγR expression on B cells. Second, IVIg may directly
bind to cell surface molecules on B cells. Evidence for the latter
scenario was obtained by two recent studies showing that IVIg
can indeed bind to human and mouse B cells [100, 101]. More
interestingly, also sialic acid-enriched IVIg glycovariants bound
to human B cells, suggesting that a receptor for this IgG
glycovariant is indeed present on B cells. An obvious candidate
molecule whichmay have this capacity is CD22, which belongs
to the family of Siglec proteins and has been shown to be able to
recognize sialic acid containing sugar moieties [102].
Consistently, a co-staining of bound sialic acid-rich IVIg

showed significant overlaps with the localization of CD22 on
the surface of B cells and CD22 co-immunoprecipitated with
IVIg [101]. Further functional studies performed with human
tonsillar B cells in vitro revealed that either the intact IVIg
molecule or the sialic acid-rich glycovariants, but not the IVIg
F(ab)2 fragment or the sialic acid-depleted IVIg fraction, were
able to reduce B cell survival and to modulate B cell receptor
signaling. Thus, compared to triggering BCR signaling alone,
phosphorylation of CD19, Lyn, BLNK, and PLCγ were all
reduced by co-incubation with IVIg or sialic acid-rich IVIg,
but not if the sialic acid-negative IVIg fraction was used. A
conceptual concern remaining with these results is that CD22
usually is occupied by sialic acid residues abundantly present on
other molecules expressed on the B cells (most notably CD22
itself and the B cell receptor) [103]. Thus, normally, a neur-
aminidase treatment is required first to remove these ligands
before CD22 can bind to exogenous sialic acid containing sugar
residues. Indeed, a study performed with CD22-deficient mice
demonstrated that IVIg is still able to bind to B cells [100].

More recently, yet another cell surface molecule expressed
on B cells, known as the low-affinity receptor for IgE or CD23,
was identified to have the capacity to bind to sialic acid-rich IgG
[82]. CD23 belongs to the family of calcium-dependent C-type
lectins and has been shown to have an important role for the
negative feedback regulation of IgE onB cells [104]. The crystal
structure of IgE in complex with CD23 suggests that upon
binding of two CD23 molecules to the IgE Cε3Cε4 domain,
the rather flexible conformation of the Cε3 domain acquires a
closed structure preventing a further interaction with the high-
affinity FcεRI [105]. Despite being a C-type lectin, the binding
of CD23 to IgE seemed not to involve IgE glycosylation sites
and solely represented a protein-protein interaction. A similar
mode of binding was proposed to be relevant for the interaction
of sialic acid-rich IgG to SIGNR1, where sialic acid was essen-
tial for SIGNR1 binding to IgG. Importantly, SIGNR1 would
not interact directly with the sugar residue but rather with the
IgG amino acid backbone. Indeed, biophysical data suggest that
sialic acid-rich IgG may have an altered structure, although a
recent crystal structure obtained with sialic acid-rich IgG did not
show major structural alterations [106]. Regardless of these
open questions concerning the impact of sialic acid on IgG
structure, it was demonstrated that sialic acid-rich IgG
glycovariants acquire the capacity to bind to CD23 expressed
on CHO cells. Thus, sialic acid-rich IgG binding to CD23 on B
cells may be involved in modulating the B cell response. It
would be especially interesting to study if CD23 is involved in
the upregulation of the inhibitory FcγRIIB, which has been
observed in mouse and human B cells as discussed before.

Apart from modulating the humoral immune response, IVIg
binding to B cells may also have an indirect effect on autoanti-
body activity. Given the potency of B cells to downmodulate
autoimmune diseases such as EAE via secretion of IL10, one
could envisage a scenario where the B cell-dependent release of
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anti-inflammatory cytokines may be responsible for the changes
in activating and inhibitory FcγR expression observed in several
models of autoimmune disease. Arguing against this scenario,
two studies performed in B cell-deficient mice showed that IVIg
was still able to ameliorate ITP and inflammatory arthritis [71,
100]. Although more experiments in other model systems may
be necessary to fully exclude a function of B cells, the current
data suggest that B cells or B cell-derived cytokines may not be
involved in the immediate anti-inflammatory and immunomod-
ulatory activity of IVIg acting on innate immune effector cells.

Conclusions and outlook

Work over the last 10 years has provided convincing evidence
that B cells and autoantibodies of the IgG isotype play a very
active role in autoimmune diseases including SLE, MS, RA,
CIDP, ITP, AIHA, and IPEX. It seems quite likely that further
autoimmune diseases will be added to this list in the future,
emphasizing that B cells and antibodies represent important
therapeutic targets. Apart from simply depleting B cells via
monoclonal antibodies, other more selective and less immu-
nosuppressive therapeutic options have become available.
This includes enzymes such as EndoS and IdeS, which leave
the B cell compartment intact but inactivate IgG function via
deglycosylating or cleaving the IgG-Fc fragment. More re-
cently, an impact of IVIg on B cells was noted which may
allow achieving long-term effects by resetting the threshold
for B cell activation and thereby halting the production of
cross-reactive and/or autoreactive antibodies. As a continuous
treatment with bacterial enzymes will result in an antibody
response of the host, which may at some point prevent a
further use, a combination therapy of EndoS or IdeS as first-
line treatments to stop the destructive activity of autoanti-
bodies, followed by the use of intravenous immunoglobulins
to achieve a reduction in autoantibody production or B cell
depletion via cytotoxic antibodies, may be promising thera-
peutic avenues. Taken together, the armament of therapeutic
options to interfere with autoimmune inflammation is increas-
ing and hopefully will lead to a better management of these
devastating diseases in the near future.
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