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ARTICLE INFO ABSTRACT
Article history: Antiganglioside antibodies play a pathogenic role in the pathophysiology of Guillain-Barré syndrome (GBS)
Received 30 November 2009 and Fisher syndrome (FS). Antiganglioside antibody-mediated nerve injury is likely to result from nerve
Received in revised form 1 February 2010 damage through complement activation or dysfunction of molecules such as voltage-gated sodium and
Broepted 2 Febousty 2010 calcium channels. Clustered epitopes of complexes of two gangliosides in the cell membrane can be targeted
Keywonts: by serum antibodies ‘ir! GBS .and FS and may regulatt_e tl_le a‘ccessibility and a\fidity of antigangiioside
Guil!ain—éarré syndrame antibodies. The glycolipid environment or the specific distribution of target gangliosides in the peripheral
nervous system may also influence the pathogenic effect of antiganglioside antibodies in GBS and FS.

Fisher syndrome A X - . i "
Ganglioside Structural and functional analyses of glycoepitopes of ganglioside complexes in membranes will provide new

Ganglioside complex vistas on antibody-antigen interaction in GBS and shed light on microdomain function mediated by
Antibody carbohydrate-carbohydrate interactions, which may lead to novel treatments for GBS and FS.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction ronal membranes with exposure of their oligosaccharides on the cell

surface (Hakomori, 2000). Gangliosides are believed to reside in

Gangliosides are N-acetylneuraminic acid (sialic acid)-bearing clusters within membrane microdomains that are referred to as lipid
glycosphingolipids that are concentrated in the outer leaflet of neu- rafts or detergent-resistant membranes, together with other sphin-
golipids, cholesterol, and glycosylphosphatidylinositol (GPI)-an-

chored proteins (Simons and Toomre, 2000). Through molecular

* Corresponding author, Tel.: +81 72 366 0221x3553; fax: -+81 72 368 4846 interactions with plasma membrane proteins at cell surfaces, the
E-mail address: kusunoki-tky@umin.ac.jp (S. Kusunoki). ganglioside glycans are involved in cell adhesion and intracellular
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signaling, myelin-axon interactions via Siglec (sialic acid-binding
immunoglobulin-like lectin)-4, modulation of natural killer cell
function, and inflammation through E-selectin, as addressed in a
recent review (Lopez and Schnaar, 2009).

Gangliosides in the peripheral nervous system (PNS) can be tar-
geted by serum antibodies in acute immune-mediated polyradiculo-
neuropathy, including Guillain-Barré syndrome (GBS) and variants
such as Fisher syndrome (FS) (Chiba et al., 1992; Willison and Yuki,
2002); however, the pathogenic action of antiganglioside antibodies
is not ubiquitously exerted in the PNS. Antiganglioside antibody-
mediated nerve injury originates from antibody binding at specific
loci in peripheral nerves, and is fundamentally regulated by antibody
specificity and the specific distribution of target gangliosides (Chiba
et al, 1993; Willison and Yuki, 2002; Kaida et al, 2009). Single
ganglioside antigens have hitherto been utilized for conventional
ELISA screening of antiganglioside antibodies. Recent studies have
shown the presence of serum antibodies to ganglioside complexes
(GSCs) consisting of two different gangliosides in GBS and FS (Kaida
et al, 2004, Kaida et al, 2006, 2007), thereby emphasizing the
significance of screening for antibodies to GSCs. Anti-GSC antibody-
positive sera have no or little reactivity with constituent gangliosides,
indicating that the sera react specifically with clustered glycoepitopes
of GSCs. In this review we highlight the clinical and immunobiological
aspects of the pathogenic action of antibodies to gangliosides and
GSCs.

2. Correlation of clinical features with antiganglioside antibodies

Antiganglioside antibodies are often closely associated with clinical
phenotype and specific symptoms (Willison and Yuki, 2002). This
association is likely to depend upon the diverse distribution of gan-
glioside antigens in the peripheral nervous system.

2.1. Pure motor variant of GBS

The pure motor variant of GBS is characterized by no sensory loss,
sparing of the cranial nerves, and predominant distal weakness, with
frequent electrodiagnostic findings of acute motor axonal neuropathy
(AMAN). This clinical phenotype is closely associated with antibodies
to gangliosides such as GM1, GalNAc-GD1a, GD1a, and GM1b (Visser
et al,, 1995; Jacobs et al., 1996; Hao et al., 1999; Ang et al.,, 1999; Ho
et al, 1999; Kaida et al, 2000; Yuki et al, 2000). The precise
localization of GM1-like epitopes targeted by pathogenic anti-GM1
antibodies in human peripheral nerves has yet to be revealed, but
recent analyses of a rabbit model of AMAN indicated that GM1
antigens are distributed at the nodes of Ranvier in motor nerves (Yuki
et al, 2001; Susuki et al, 2003; Yuki et al, 2004). Using 31,4-N-
acetylgalactosaminyltransferase (GalNAcT; GM2/GD2 synthase)-
knockout mice, GM1 has been shown to play a role in maintaining
the paranodal architecture and clusters of voltage-gated sodium
channels (Susuki et al., 2007a).

GalNAc-GD1a is a minor ganglioside in the human brain and peri-
pheral nerves (Svennerholm et al, 1973; llyas et al, 1988). An
immunohistochemical study using rabbit anti-GalNAc-GD1a antibo-
dies revealed that GaINAc-GD1a localizes in the vicinity of the nodes of
Ranvier in human motor nerves, especially in the nodal and paranodal
axolemmae (Kaida etal., 2003). An inner part of compact myelin and a
periaxonal axolemma in the intramuscular nerves are also candidates
for the target region of the anti-GalNAc-GD1a antibody (Kaida et al.,
2003). Human motor and sensory nerves both contain GD1a, but the
precise location of GD1a is unknown. As described below, structural
differences of glycoepitopes of GD1a between motor and sensory
nerves may explain the predisposition of the motor nerves for selective
breakdown. The anti-GD1a antibody inhibits regeneration of damaged
peripheral nerves, inducing delayed or poor recovery in patients with
AMAN (Lehmann et al., 2007).

The tissue localization of GM1b in human PNS also remains to be
determined. One study showed that among GBS patients with IgG
anti-GM1b antibodies, 36% had IgG anti-GalNAc-GD1a antibodies and
32% had anti-GM1 antibodies, but the anti-GM1b antibodies were not
associated with development of AMAN (Kusunoki et al., 1996a). In a
collaborative study performed in Japan and the Netherlands, 56% of
anti-GM1b-positive GBS patients had anti-GM1 antibodies and
suffered from pure motor neuropathy, but there was no correlation
between the presence of anti-GM1b antibodies and electrodiagnostic
findings indicative of axonal neuropathy (Yuki et al.,, 2000).

2.2. Other phenotypes of GBS

IgG anti-GQ1b antibody has been identified as a diagnostic marker
and a pathogenic factor in FS, and is often cross-reactive with GT1a
(Chiba et al., 1992, 1993; Kusunoki et al., 1999b). An immunohisto-
chemical investigation showed that GQ1b is densely localized in the
paranodal regions of cranial nerves innervating the extraocular
muscles and in a subpopulation of large neurons in dorsal root
ganglia. Nerve terminals inside muscle spindles and in touch with
intrafusal fibers can also be targeted by antibodies to GQ1b, GT1a, and
GD1b (Liu et al., 2009). Therefore, GQ1b is likely to be a prime antigen
in FS and the IgG anti-GQ1b antibody may cause ophthalmoplegia and
ataxia through specific binding to these regions.

Acute neuropathy characterized by pharyngeal-cervical-brachial
(PCB) weakness has been recognized as a variant of GBS, and a recent
clinical study showed that PCB, GBS, FS, and Bickerstaff brainstem
encephalitis form a continuous spectrum (Nagashima et al., 2007). A
monospecific anti-GT1a antibody without GQ1b reactivity is essential
for the development of bulbar palsy in patients with GBS (Nagashima
et al,, 2004). Human glossopharyngeal and vagal nerves contain both
GQ1b and GT1a (Koga et al., 2002), but the localization of GT1a in
human peripheral nerves has not been determined.

Monospecific anti-GD1b antibodies are likely to induce ataxia in
GBS (Kusunoki et al., 1996b, 1999a; Kaida et al,, 2008a). A recent
analysis in a rabbit model of anti-GD1b-positive ataxic neuropathy
indicated that an apoptotic mechanism in dorsal root ganglion cells is
associated with development of ataxia (Takada et al, 2008),
suggesting that activation of an apoptotic cascade plays a key role in
development of ataxia in anti-GD1b-positive GBS.

3. Antiganglioside antibody-mediated pathophysiology in GBS
and FS

3.1. Nerve injury through complement activation

Pathological studies on human specimens and recent experiments
have shown that inappropriate activation of the complement cascade
triggered by antiganglioside antibodies may induce nerve injury in
GBS (Hafer-Macko et al., 1996a, 1996b; Lu et al., 2000; Putzu et al,,
2000; Wanschitz et al, 2003; Willison et al., 2008). Especially,
complement activation through the classical pathway is considered to
be a key process in the development of GBS and FS (Willison et al.,
2008). Ex vivo and in vitro experiments using mouse hemi-diaphragm
preparations have shown that GQ1b-reactive monoclonal IgM anti-
bodies and anti-GQ1b-positive sera impair neurotransmission at
neuromuscular junctions (NM]Js) through complement activation
(Plomp et al.,, 1999; Goodyear et al., 1999). Among the classical,
lectin, and alternative pathways of the complement activation system,
activation of the classical pathway accompanied by MAC formation
seems to play a central pathophysiologic role in experimental models
of GBS and FS (Halstead et al., 2004; Halstead et al., 2005). In C6-
deficient mice, monoclonal anti-GQ1b IgM antibodies do not provoke
formation of MAC or increase MEPP frequency at NMJs. CD59-
deficient (CD59~/~) mice are unable to inhibit formation of MAC
and are characterized by deposits of MAC and damage to perisynaptic
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Schwann cells and neurofilament at nerve terminals (Halstead et al.,
2004). Furthermore, this study demonstrated strong inhibition of
MAC formation and loss of neurofilament under Ca**-free conditions,
suggesting that activation of the classical pathway is essential for
nerve injury since this pathway is Ca?* dependent, whereas the
alternative pathway is Ca®* independent (Halstead et al., 2004).
These observations indicate that nerve damage in GBS and FS occurs
principally through antiganglioside antibody-mediated activation of
the classical pathway.

3.2, Antibody-mediated dysfunction of ion channels in peripheral nerves

Recent in vitro, in vivo, and ex vivo studies suggest involvement of
ion channels in the pathophysiology of GBS. The most potent
molecules are ion channels associated with generation of muscle
action potentials such as voltage-gated sodium channels (Navs).
Dysfunction of Navs located and clustered at high density on the
axonal membrane at the nodes of Ranvier may play an important role
in the development of muscle weakness in GBS (Arasaki et al., 1993;
Takigawa et al., 1995; Weber et al,, 2000). GBS patients show marked
refractoriness to axonal excitability in AMAN with IgG antibodies to
GM1, GM1b, or GalNAc-GD1a (an increase in threshold current during
the relative refractory period) followed by rapid normalization and a
recovery of compound muscle action potentials (Kuwabara et al,
2002), suggesting that Nav dysfunction at the nodes of Ranvier is a
primary cause of reversible conduction failure in GBS. AIDP patients
without antiganglioside antibodies do not show similar refractoriness
(Kuwabara et al., 2002). In view of localization of GM1-like epitopes
and GalNAc-GD1a at high density at the nodes of Ranvier (Corbo et al,,
1993; Sheikh et al, 1999; Kaida et al,, 2003), anti-GM1 and anti-
GalNAc-GD1a antibodies may directly or indirectly alter the regula-
tory function of Navs via antibody binding to antigens on the axonal
membrane at the nodes.

Several studies have shown that anti-GM1 antibodies can exert a
blocking effect on Navs at the nodes of Ranvier through complement
activation (Arasaki et al., 1993; Takigawa et al., 1995; Weber et al.,
2000; Santoro et al.,, 1992), but others have not found this blocking
effect (Hirota et al, 1997; Dilley et al.,, 2003). It is intriguing that
reversible disruption of Nav clusters with structural changes of the
nodes was observed in ventral roots in a rabbit AMAN model
immunized with a bovine brain ganglioside mixture including GM1
(Susuki et al., 2007b). Lengthened nodes and complement-mediated
impairment of paranodal and nodal structures were also observed in
the anti-GM1-positive rabbit model, with gradual recovery of these
changes (Susuki et al., 2007b). Taken together, these findings suggest
that antiganglioside antibody-mediated dysfunction of Navs is a
principal pathogenesis in the AMAN variant of GBS. The prompt
recovery (within one day) after immunomodulatory therapy that is
often seen in clinical practice may be explained by functional blockage
of Navs with little or no structural destruction of nodes.

Calcium (Ca) channels have been shown to be involved in the
pathophysiology of GBS. In a co-culture of rat muscle-spinal cord cells,
human and rabbit IgG anti-GalNAc-GD1a antibodies exerted a
complement-independent inhibitory effect on acetylcholine (Ach)
release at NMJs (Taguchi et al., 2004). Similarly, rabbit anti-GalNAc-
GD1a-positive sera reversibly inhibits voltage-gated Ca channel
currents of PC12 pheochromocytoma cells (Nakatani et al., 2007),
and the Cav2.1 voltage-gated Ca channel current in cerebellar
Purkinje cells is inhibited by sera containing IgG antibodies to GMT1,
GalNAc-GD1a, or GD1a (Nakatani et al, 2009). Such complement-
independent inhibition of voltage-gated Ca channel current has also
been observed in other ex vivo and in vitro studies using anti-GM1 or
anti-GD1a monoclonal antibodies (Buchwald et al., 2007). Antibody-
antigen interaction in the presynaptic membrane may cause inhibi-
tion of depolarization-induced calcium influx. The presynaptic
membranes are likely to be susceptible to antiganglioside antibody

attack because the blood-nerve barrier is absent and gangliosides are
abundant in these membranes (Martin, 2003), but how target
gangliosides interact with Ca channels in the presynaptic membrane
remains to be elucidated. Taken together, the results showing
complement-independent inhibition of voltage-gated Ca channel
current at the presynaptic membrane may reflect an alternative
pathophysiclogy in GBS, although clinical and electrophysiological
examinations in GBS patients with antibodies to GM1, GD1a, or
GalNAc-GD1a have not shown neuromuscular transmission failure.

4. Antibodies to ganglioside complexes in GBS
4.1. Clinical correlates of anti-GSC antibodies in GBS

Conventional measurement of antiganglioside antibodies has been
done for purified single ganglioside antigens using enzyme-linked
immunosorbent assays (ELISAs) or thin-layer chromatogram (TLC)-
immunostaining. However, a mixture of two gangliosides can gene-
rate new epitopes that differ from those of the constituents and may
be targeted by serum autoantibodies from GBS patients (Kaida et al,,
2004). Such a mixture of gangliosides is referred to as a ganglioside
complex (GSC). Antibodies to the GD1a-GD1b complex (GD1a/GD1b)
were first found in GBS sera by ELISA and TLC immunostaining (Kaida
et al,, 2004). When GD1a and GD1b were developed such that they
overlapped in the same lane on the TLC plate, the serum IgG reacted
strongly with the overlapping portion (Fig. 1). With another
developing solvent that produced completely separate positions of
GD1a and GD1b, the reaction disappeared. In ELISA with GD1a, GD1b,
and a mixture of the two, the serum IgG had a positive reaction only in
a well coated with the mixture, with an optimal reaction ata GD1a to
GD1b ratio of approximately 1 to 1. These findings indicate that a
mixture of GD1a and GD1b induces formation of a GD1a/GD1b
complex with a novel glycoepitope that differs from that of GD1a or
GD1b.

We next investigated IgG antibodies to GSCs consisting of two of
the four major gangliosides (GM1, GD1a, GD1b, and GT1b) using 234
GBS sera, and demonstrated that 39 sera (17%) had IgG antibodies to
at least one GSC, including GD1a/GD1b, GM1/GD1a, GD1b/GT1b,
GM1/GT1b, or GM1/GD1b (Table 1) (Kaida et al.,, 2007). All 39 anti-
GSC-positive sera reacted with GM1/GD1a, 27 reacted with GM1/
GT1b, 16 with GD1a/GD1b, 13 with GD1b/GT1b, and 6 with GM1/
GD1b. Anti-GD1a/GT1b antibodies were not found in the sera. Since a
particular combination of gangliosides is recognized by serum

Fig. 1. Results from thin-layer chromatography (TLC). (A) TLC bands visualized with
orcinol reagent. (B) TLC immunostaining using a representative anti-GD1a/GD1b-
positive serum, showing that the overlapping region between GD1a and GD1b is
strongly stained (arrowhead). Serum is diluted to 1:100.
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Table 1

Antiganglioside complex IgG antibodies and the associated clinical features.
GSC antigens Disorders (frequency)* Clinical features
GM1/GD1a GBS (17%)
GM1/GT1b GBS (12%)
GD1a/GD1b GBS (7%) Severe disability, need for artificial ventilation, impairment of lower cranial nerves
GD1b/GT1b GBS (6%) Severe disability, need for artificial ventilation, impairment of lower cranial nerves
GM1/GalNAc-GD1a GBS (3-11%) Pure motor, AMCBN

FS (41%), GBS with OP (28%)
FS (6%), GBS with OP (19%)
FS, GBS, BBE

GM1/GQ1b, GM1/GT1a, GD1b/GQ1b, GD1b/GT1a
GD1a/GQ1b, GD1a/GT1a, GT1b/GQlb, GT1b/GT1a
GA1/GQ1b, GA1/GT1a

Infrequent sensory dysfunction

GSC = ganglioside complex, GBS = Guillain-Barre syndrome, FS = Fisher syndrome, AMCBN = acute motor conduction block neuropathy, OP = ophthalmoplegia, BBE =

Bickerstaff brainstem encephalitis.
* “Frequency” indicates frequency of anti-GSC antibodies in the disorder.

antibodies, an epitope formed by a combination of [Gal31-3GalNAc]
and [NeuAco2-3Galp1-3GalNAc] in the terminal residues of gang-
liotetraose structures is essential for antibody binding (Fig. 2). Most
anti-GD1a/GD1b- or anti-GD1b/GT1b-positive sera also reacted with
GM1/GD1a and GM1/GT1b, suggesting that they are more multivalent
than the antibodies reacting only with GM1/GD1a or GM1/GT1b, or
with a single ganglioside antigen. Predisposition to severe disability in
patients with anti-GD1a/GD1b or anti-GD1b/GT1b antibodies may be
associated with this multivalency. Whether GSCs consisting of three
or more different gangliosides can be target antigens in GBS and its
variants remains unclear. When mixtures of three or four gangliosides
were used as antigens in ELISA, antibodies to GSCs consisting of two
different gangliosides often decreased the antibody activities (Kaida
et al,, 2007). These results suggest that combinations of two ganglio-
sides appear to form target epitopes in biological membranes.
Anti-GMT1 and anti-GalNAc-GD1a antibodies are associated with a
pure motor variant of GBS (Visser et al., 1995; Rees et al., 1995; Jacobs
etal., 1996; Hao et al,, 1999; Ang et al., 1999; Kaida et al., 2000, 2001).
Pathological studies using peripheral nerve specimens from patients
with AMAN suggest that AMAN-associated antigens are likely to be
expressed in the axolemma of motor nerves, especially at the nodes of
Ranvier (Hafer-Macko et al,, 1996b). GM1-like epitopes are present in
the axolemma at the nodes of Ranvier (Sheikh et al., 1999), although
immunohistochemical studies of normal human peripheral nerves
have not provided conclusive evidence for the distribution of the GM1

GA1/GT1a

Pz

Cer Ceramide @ Glucose
@ Sialic acid

Q Galactose [] N-acetylgalactosamine

Fig. 2. Pattern diagrams of glycolipid complexes GM1/GD1a, GD1a/GD1b, GM1/GQ1b,
GD1a/GQ1b, GA1/GQ1b, and GA1/GT1a. Squares with dotted lines indicate putative
antigenic epitopes for antiganglioside complex antibodies.

antigen (Kusunoki et al.,, 1993). GalNAc-GD1a is found in the vicinity
of the nodes of Ranvier in human motor nerves; at nodal and para-
nodal axolemmae in the ventral roots and in a periaxonal axolemma-
related region in intramuscular nerves (Kaida et al., 2003). From these
findings, it can be speculated that GM1 and GalNAc-GD1a colocalize in
the motor axolemma, and that antibodies to GSCs containing GM1 or
GalNAc-GD1a may be associated with pure motor GBS. Actually, we
found an antibody to a GSC consisting of GM1 and GalNAc-GD1a
(GM1/GalNAc-GD1a) in 10 of 224 GBS sera (Kaida et al., 2008b), and
the anti-GM1/GalNAc-GD1a-positive patients suffered from a pure
motor variant of GBS, as expected. However, their electrophysiological
findings featured early conduction block at intermediate nerve seg-
ments of motor nerves. In serial nerve conduction studies, the
conduction block promptly improved and there were no findings
indicative of remyelination or axonal degeneration. From these
observations, we inferred that the conduction block results from
reversible conduction failure on the axolemma at the nodes of Ranvier
(Kuwabara et al., 1998; Kaida et al., 2008b). In view of the dense
cluster of Navs at the nodes, antibody binding to GM1/GalNAc-GD1a
at these nodes can cause reversible conduction block through alter-
ation of the regulatory function of Nav. The prompt recovery after
immune-mediated treatment such as IVIG may result from functional
block with little or no pathological changes of the nodes. It remains to
be determined whether the antibody-antigen interaction causes Nav
dysfunction through complement activation or direct breakdown of
Nav function, or both. Regardless, GM1, GalNAc-GD1a, and Nav may
assemble in microdomains at the nodes of Ranvier.

4.2. Induction of anti-GSC antibodies

Analyses of the molecular structure of C. jejuni lipooligosaccharide
(LOS) showed molecular mimicry between the LOS and GSCs targeted
by serum antibodies from GBS patients (Kuijf et al., 2007). Inhibition
ELISA using GBS sera with antibodies to such GSCs as GM1/GD1a,
GD1a/GD1b, GD1a/GQ1b, and GD3/GQ1b revealed that each anti-GSC
antibody cross-reacted with the LOS from the autologous C. jejuni
strains, indicating that the LOS contained GSC-like structures.
Interestingly, ganglioside-like structures expressed in some LOS of C.
Jjejuni strains were not in accord with those expected from anti-GSC
antibodies. Strains isolated from GBS patients with anti-GD1a/ GQ1b
antibodies expressed a homogeneous LOS with only a GD1c-like
structure (Kuijf et al., 2007). Further studies on the structures of GSCs
may explain the unexpected antibody-antigen interactions, such as
the cross-reaction between the anti-GD1a/GQ1b antibodies and
GD1c-like moieties.

5. Antibodies to ganglioside complexes in FS and GBS
with ophthalmoplegia

Analysis of FS sera for antibodies to GSCs containing GQ1b or GT1a
revealed that a half of FS patients had antibodies to GSCs such as GM1/
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GQ1b and GD1a/GQ1b (Table 1) (Kaida et al,, 2006; Kanzaki et al,,
2008). Based on antibody specificity, the FS-associated antibodies
were subdivided into three types: GQ1b-specific, GM1/GQ1b-reactive,
and GD1a/GQ1b-reactive (Kaida et al., 2006). Given the combination
of GQ1b and other gangliosides in the targeted GSCs, the conforma-
tion of terminal residues containing sialic acids is likely to regulate the
antibody binding. A combination of [Galp1-3GalNAc] and [NeuAco2-
8 NeuAco2-3Gal@1-3GalNAc] in the terminal residues of ganglio-N-
tetraose structures is essential for binding of the anti- GM1/GQ1b-
antibody, whereas a combination of [NeuAca:2-3Galp1-3GalNAc] and
[NeuAca2-8 NeuAca2-3Galp1-3GalNAc] in the terminal residues is
targeted by the anti-GD1a/GQ1b antibody (Fig. 2) (Kaida et al., 2006;
Kanzaki et al, 2008). Such diversity of antibody specificity may
produce clinical difference among FS patients, and sensory function
was preserved in FS patients who had anti-GM1/GQ1b-reactive sera
(Kanzaki et al., 2008). However, patients with FS displayed the clinical
triad regardless of the presence of such anti-GSC antibodies,
suggesting that molecules targeted by GQlb-specific, GM1/GQ1b-
reactive, or GD1a/GQ1b-reactive antibody are in the vicinity of the
nerve membrane. GQ1b must be a key molecule in the immunobiol-
ogy of FS, and GSCs containing GQ1b appear to be preferential
antigens in most FS patients. Anti-GQ1b IgG antibody remains as an
excellent diagnostic marker of FS.

1gG anti-GQ1b antibody is also associated with development of
ophthalmoplegia in GBS, acute ophthalmoplegia without ataxia, and
Bickerstaff brainstem encephalitis, as well as FS (Chiba et al., 1993;
Odaka et al.,, 2001). A recent study of anti-GSC antibodies in GBS
revealed that IgG antibodies to GSCs containing GQ1b or GT1a were
present in 47% of GBS patients with ophthalmoplegia, whereas no
such anti-GSC antibodies were found in those with GBS without
ophthalmoplegia (Kanzaki et al, 2008). This indicates that the
antibodies to GSCs containing GQ1b or GT1a are closely associated
with development of ophthalmoplegia in GBS. Our recent study on
antibodies to glycolipid complexes consisting of asialo-GM1 (GA1)
and GQ1b have made us reconsider the conformational structure of
the glycoepitopes targeted by the FS-associated anti-GSC antibodies
(Ogawa et al., 2009). Some anti-GM1 antibodies in GBS sera are cross-
reactive with GA1 and probably bind to the terminal N-acetylgalacto-
samine-galactose moiety (Koga et al., 2001). Because terminal
residues with a gangliotetraose structure in GA1 are shared with
GM1 or GD1b, the terminal residues of a glycolipid complex, GA1/
GQ1b should be analogous to those of GM1/GQ1b or GD1b/GQ1b.
However, approximately 70% of anti-GA1/GQ1b or anti-GA1/GT1a
positive sera did not react with GM1/GQ1b and GD1b/GQ1b (Ogawa
et al, 2009). In view of the terminal residues of such glycolipid
complexes, the specificity of antibodies to GSC containing GQ1b or
GT1a may be regulated not only by sialic acids in the terminal residues
but also by those attached to an internal galactose. Conformational
analyses of glycoepitopes in the GSCs are required for identification of
the exact target antigens and understanding of the antibody-
mediated pathophysiology in GBS and its variants.

6. Glycolipid environment and avidity of
antiganglioside antibodies

Ataxia is a well-known symptom in GBS that is thought to be
closely associated with IgG anti-GD1b antibodies. This is supported by
studies showing that IgG GD1b-specific antibodies induce experi-
mental ataxic neuropathy (Kusunoki et al., 1996b, 1999a). GD1b has
been shown to be localized in large neurons in dorsal root ganglia
(Kusunoki et al., 1993), indicating that anti-GD1b antibodies cause
ataxia by binding to large primary sensory neurons that mediate deep
sensation. However, only half of GBS patients with IgG anti-GD1b
antibody present with ataxia (Miyazaki et al, 2001). To unveil the
reason for this discrepancy, we examined the specificity of IgG anti-
GD1b antibodies using GSC antigens containing GD1b and analyzed

the association of the antibody specificity with ataxia (Kaida et al.,
2008a). We found that anti-GD1b activities were strongly inhibited by
the addition of gangliosides with two or more sialic acids to GD1b in
patients with GBS with ataxia, compared to those with GBS without
ataxia (Kaida et al., 2008a). These results suggest that target epitopes
of GD1b can be masked or modified by colocalization of gangliosides
with two or more sialic acids, such as GD1a. Thus, IgG antibodies with
high specificity for GD1b may play a critical role in development of
ataxia in GBS and colocalization of another ganglioside with GD1b
may influence the accessibility of the anti-GD1b antibodies (Fig. 3).
Cis-interaction of the sugar chain of gangliosides in membrane
microdomains may modify the conformation of the glycoepitopes.
Such complex glycolipid environments in the cell membrane may
govern the accessibility and avidity of antiganglioside antibodies for
target gangliosides. A recent intriguing study using GalNAc transfer-
ase-deficient (GalNACT~/~) and GD3 synthase-deficient (GD3s™/™)
mice supports this hypothesis (Greenshields et al., 2009). The binding
ability of the pathogenic anti-GM1 antibody to GM1-like epitopes is
dependent upon which gangliosides are in the vicinity of GM1 on the

A

4 GD1b-specific Ab 4 Anti-GD1a/GD1b Ab

T Ceramide @ Glucose () Galactose
[ N-acetyigalactosamine 4 Sialic acid

Fig. 3. Schematic diagram depicting proposed antigen-antibody interactions between
GD1b-specific antibodies and GSCs containing GD1b in the nerve cell membrane. (A)
The GD1b-specific antibody binds to antigenic epitopes of GD1b that are exposed and
unmasked in the cell membrane. (B) GD1b and GM1 colocalize and cis-interact together
in the membrane. The GD1b-specific antibody can access antigenic epitopes of GD1b in
the GM1-GD1b complex. Colocalization and cis-interaction between GD1b and
monosialogangliosides do not interrupt the binding of the GD1b-specific antibody to
GD1b in the membrane (for details, see text). (C) GD1b and GD1a colocalize and cis-
interact in the membrane, The GD1b-specific antibody cannot access antigenic epitopes
of GD1b in the GD1a/GD1b complex, while the anti-GD1a/GD1b antibody can bind to
glycoepitopes formed in the GD1a/GD1b.
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cell membrane and whether the GM1-like epitopes are unmasked.
Colocalization and cis-interaction of gangliosides may either enable or
inhibit antibody binding to the neuronal membrane or have no effect
(Greenshields et al., 2009). In our recent study, the epitope targeted
by monoclonal anti-GA1 antibody was masked in a glycolipid complex
GA1/GQ1b, whereas that recognized by the monoclonal anti-GQ1b
antibody was preserved (Ogawa et al., 2009). Therefore, even if GA1
and GQ1b actually form complexes in the biological membrane, the
anti-GQ1b antibody can access GQ1b epitopes in GA1/GQ1b but the
anti-GA1 antibody cannot access GA1 epitopes in the same complex.
Thus, the local glycolipid environment in the plasma membrane may
regulate the pathogenic effect of antiganglioside antibodies, and it
should be borne in mind that the antibody-antigen interaction
depends not only upon the fine specificity of individual antibodies but
also upon the conformation of glycoepitopes formed in glycolipid
environments in the nerve cell membrane.

7. Putative factors influencing antibody binding to target epitopes

Certain specific conditions of glycoepitopes in the cell membrane
are essential for exertion of the pathogenic action of antiganglioside
antibodies. First, complex glycolipid environments in the cell
membrane may influence the accessibility and avidity of antiganglio-
side antibodies for target gangliosides, as described above (Fig. 3)
(Kaida et al, 2008a; Greenshields et al., 2009). Analyses of the
reactivity of antiganglioside antibodies against various GSCs are useful
for evaluation of the accessibility of the antibodies. Second, the large
amount of targeted gangliosides in particular loci of peripheral nerves
is closely associated with antibody-mediated injury and specific
clinical features. GQ1b is abundantly distributed in human oculomo-
tor, trochlear, and abducens nerves, leading to predisposition to
binding of anti-GQ1b antibodies (Chiba et al., 1993, 1997). Anti-GD1a
antibody-mediated nerve injury is observed in GD3-synthase knock-
out mice that overexpress GD1a, but not in normal mice, probably
because the abundant expression of GD1a at a particular region is
critical for development of anti-GD1a-mediated nerve damage
(Goodfellow et al., 2005). Third, the-conformational difference of
glycoepitopes between motor and sensory nerves may influence
antibody binding and development of nerve injury. Ganglioside
analysis of human motor and sensory nerves has shown that the
amount of GM1 and GD1a is almost equal in both nerves, but that the
ceramide compositions differ between the motor and sensory nerves
(Ogawa-Goto et al.,, 1990): the gangliosides from sensory nerves are
abundant in long-chain fatty acids, in contrast to those from motor
nerves. In a binding assay using derivatives of GD1a bearing very long
chain fatty acids, the difference in length of fatty acids in the ceramide
reduced the binding ability of monoclonal anti-GD1a antibodies with
GD1a derivatives, indicating that the ceramide composition can
modify the steric structure of gangliosides in membranes (Tagawa
et al, 2002). These findings may partly explain the preferential
binding of anti-GD1a antibodies from AMAN patients to GD1a in
motor nerves (Gong et al.,, 2002).

Finally, the conformational microstructure of sialic acids in
gangliosides may regulate the binding ability of antiganglioside
antibodies. In a recent immunohistochemical study using GDla
derivatives with chemically modified sialic acid residues, anti-GD1a
monoclonal antibodies that preferentially stained motor axons
specifically bound to GD1a-1-ethyl ester, GD1a-1-alcohol, and
GD1a-1-methyl ester, in contrast to other anti-GD1a monoclonal
antibodies that stained both motor and sensory axons (Lopez et al.,
2008). There were no differences in binding to GD1a derivatives
between anti-GD1a antibodies from AMAN patients and motor-
specific anti-GD1a monoclonal antibodies. Thus, ganglioside exposure
in the nerves and the fine specificity of antiganglioside antibodies is
likely to regulate their accessibility to target gangliosides. The effects
of phospholipids should also be considered because the presence of

several kinds of phospholipids influences antibody binding to gang-
liosides (Hirakawa et al., 2005).

8. Perspective

Recent progress on the immunobiological mechanism in GBS has
contributed to the precise understanding of antiganglioside antibody-
mediated nerve dysfunction, and has encouraged development of
novel therapeutic strategies for patients with GBS and its variants
(Willison et al., 2008; Kaida and Kusunoki, 2009). Consideration of
GSCs will provide new avenues of research on antibody-antigen
interactions in GBS. Examination of anti-GSC antibodies may expand
the spectrum of antiganglioside antibodies in GBS, enhancing their
value as diagnostic markers and expediting understanding of the
pathophysiology underlying antiganglioside antibody-mediated
nerve dysfunction. New techniques such as combinatorial glycoarrays
are beneficial for studies on anti-GSC antibodies (Rinaldi et al., 2009).
The understanding of GSCs will also shed light on microdomain
function mediated by carbohydrate-carbohydrate interactions in
biological membranes. Microdomain function is controlled by
carbohydrate-binding proteins such as selectins and Siglecs and is
based on cis- or trans-carbohydrate—carbohydrate interactions (Hako-
mori, 2004; Varki, 2007). In the microdomain, complex glycoconju-
gates such as GSCs with clustered sialic acid epitopes may form rigid
rodlike structures with multivalency and strict binding specificity, and
are likely to function in cell-cell recognition or immune-mediated
events in a more effective manner than a solo glycoepitope of an
isolated ganglioside. This hypothesis is supported by a recent study
demonstrating that a GSC, GM2/GM3, provides more efficient
suppression of cell motility through blocking of cMet activation
compared to GM2 or GM3 alone (Todeschini et al., 2008).
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Abstract

Guillain-Barré syndrome (GBS) is acute autoimmune
neuropathy, often subsequent to an infection. Serum anti-
ganglioside antibodies are frequently elevated in titer. Those
antibodies are useful diagnostic markers and possible
pathogenetic factors. Recent data demonstrated that sera
from some patients with GBS react with ganglioside com-
plexes (GSCs) consisting of two different gangliosides, but
not with each constituent ganglioside. Those antibodies may
specifically recognize a new conformational epitope formed
by two gangliosides. In particular, the antibodies against
GD1a/GD1b and/or GD1b/GT1b complexes are associated
with severe GBS requiring artificial ventilation. The antibod-
ies to GM1/GalNAc-GD1a and those to GSCs containing

Anti-ganglioside antibodies, mostly IgG type, are present in
the sera from approximately 60% of patients with Guillain-
Barré syndrome (GBS), acute immune-mediated polyradicu-
loneuropathy (Willison and Yuki 2002; Kusunoki et al.
2008; Van Doorn ez al. 2008). Because the presence of anti-
ganglioside antibodies in the acute-phase sera is a charac-
teristic feature of GBS, those antibodies can be used as
diagnostic markers of GBS. There are many molecular
species of gangliosides, named depending on the carbo-
hydrate sequences. Each ganglioside has unique distribution
within the PNS. Considering the gangliosides are localized in
the plasma membrane with their carbohydrate portions
extended to the extracellular spaces, the anti-ganglioside
antibodies may function in the pathogenesis of GBS through
antibody-antigen interaction in PNS.

IgG anti-GQ1b antibody is one of the best studied antibod-
ies. Ig anti-GQ1b antibodies are specifically associated with a
variant of GBS, Fisher syndrome (FS) characterized by
ophthalmoplegia and ataxia (Chiba ef al. 1992). Anti-GQ1b
monoclonal antibody specifically immunostains paranodal

© 2011 The Authors

GQ1b or GT1a are associated with pure motor GBS and
Fisher syndrome, respectively. In contrast, the binding
activities of the antibodies highly specific to GD1b are
strongly inhibited by the addition of GD1a to GD1b. Gan-
gliosides along with other components as cholesterol are
known to form lipid rafts, in which two different gangliosides
may form a new conformational epitope. Future investigation
is necessary to elucidate the roles of GSCs in the plasma
membrane and of the clinical relevance of the anti-GSCs
antibodies.

Keywords: ganglioside, Guillain-Barré syndrome, membrane
microdomain, peripheral nerve.
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myelin of human cranial nerves innervating extraocular
muscles (Chiba et al. 1993) and some large neurons in dorsal
root ganglia (Kusunoki et al. 1999). It has recently been
reported that the neuromuscular junctions of human extra-
ocular muscles are richly bound by the antibodies against
GQIb and GTla (Liu et al. 2009). Thus, the anti-GQ1lb
antibodies may cause opthalmoplegia and ataxia by binding
to the regions where GQIb is densely localized.
Measurement of anti-ganglioside antibodies has been
conducted with ELISA or TLC-immunostaining by the use
of purified single ganglioside antigens. Gagliosides have
characteristics of forming clusters in the plasma membrane
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(Hakomori 2002). In the clusters, the carbohydrate structure
of a ganglioside may interact with each other to form a novel
epitope. We recently demonstrated that some GBS patients
had serum antibodies that specifically recognize the novel
glycoepitopes formed by two individual ganglioside mole-
cules and named such antibodies as ‘anti-ganglioside com-
plex (GSC) antibodies’ (Kaida et al. 2004).

Antibodies to ganglioside complexes in GBS

Antibodies to GD1a/GD1b and GD1b/GT1b complexes in
severe GBS

Anti-GD1a/GD1b complex antibodies are the first identified
antibodies against GSCs. We investigated a serum from a
GBS patient who showed acute severe flaccid tetraparesis
and needed artificial ventilation. We found an unidentified
immuno-reactive band in the position just below GDla on
TLC of a crude ganglioside fraction from bovine brain. The
serum was not reactive with any of such purified ganglio-
sides as GM1, GM2, GM3, GDla, GD1b, GD3, GalNAc-
GDla, GT1b, and GQ1b. But the serum IgG bound strongly
to the well coated with the mixture of GDla and GDI1b
gangliosides (GD1a/GD1b complex). When GDla and
GDI1b were developed in the same lane on TLC using a
developing solvent, chloroform/methanol/0.2%CaCl,2H,0
(50 : 45 : 10), the serum IgG strongly immunostained just the
overlapping portion between GDla and GDI1b. When
another developing solvent (C/M/0.2%CaCl,2H,0, 30/65/
10) that completely separated the positions of GDla and
GD1b was used, no immunoreaction was identified. Those
data indicate that mixing GDla and GD1b may produce a
new conformational glycoepitope which is different from that
of GDla or GDI1b alone and the antibody in sera from the
above patient may specifically recognize such a new
glycoepitope.

We next investigated antibodies in sera from 234 GBS
patients with ELISA using a mixture of two of the four major
gangliosides (GM1, GD1a, GD1b and GT1b) (Kaida et al.
2007). The sera with anti-GSC antibodies often exhibited to
some extent reactivity with constituent gangliosides of the
GSCs. When optical density for the anti-GD1a/GDI1b
antibody was 0.2 higher than that corresponding to anti-
GD1a or anti-GD1b antibody or it was more than the sum of
those of anti-GD1a and anti-GD1b antibodies, the sera were
judged to be anti-GD1a/GD1b-positive. The same criteria
also were applied to the other GSCs. The cutoff value (0.2)
for anti-GSC antibodies was decided arbitrarily. The results
showed that 39 of 234 patients (17%) had antibodies against
at least one of the mixture antigens. All the 39 patients had
anti-GM1/GDla antibodies, 27 had anti-GM1/GTlb anti-
bodies, 16 had anti-GD1a/GDI1b antibodies, and 13 had
GDI1b/GT1b antibodies. Most of anti-GD1a/GD1b or anti-
GDI1b/GT1b antibody reacted also with GM1/GT1b as well

© 2011 The Authors
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as GM1/GD1a. Immunoabsorption study suggested that anti-
GSC antibodies specifically react with clustered glycoepi-
topes common to these GSCs, rather than individually with
each GSC. An epitope formed by a combination of [Galf1-
3GalNAc] and [NenAco2-3Galp1-3GalNAc] in the terminal
moieties of ganglio-N-tetraose structures is likely to be
essential for the antibody binding. Among them, antibodies
against GD1a/GD1b and GDIb/GTlb complexes were
significantly associated with severe GBS requiring artificial
ventilation (Kaida ez al. 2007). Those antibodies can be
useful markers of severe GBS. Future study is needed to
clarify why anti-GD1a/GD1b and GD1b/GT1b antibodies are
associated with severe disabilities.

Antibodies to ganglioside complexes including GQ1b
Because FS is considered to be a variant of GBS, we
extended an investigation of anti-GSC antibodies to FS
patients. Presence of anti-ganglioside complexes antibodies
in FS therefore was investigated with ELISA using seven
ganglioside antigens; GM1, GM2, GDla, GDlb, GTla,
GTl1b and GQIlb (Kaida et al. 2006).

Acute phase serum samples were collected from 12 FS
patients, 10 of whom had IgG anti-GQ1b antibodies. ELISA
results showed that seven patients had antibodies to GSCs
such as GQIb/GMI1, GQI1b/GD1b, GQ1b/GDla, GQIb/
GT1b, GT1a/GMI, GT1a/GD1b, and GT1a/GDa, but not to
the complexes without GQ1b and GT1a. One patient had no
anti-GQ1b or anti-GTla antibodies, but had antibodies to
GQIb/GM1 and GT1a/GMI1. Specific immunoreactivities
against the overlapping portion of the two gangliosides were
confirmed by TLC-immunostaining. In contrast to GBS, no
FS patients had antibodies to the complexes consisting of
two of the four major gangliosides, GM1, GD1a, GD1b and
GTlb.

The results of anti-GSCs antibody assay on larger number
of patients with FS and those with GBS with opthalmoplegia
indicated that the serum antibodies could be subdivided into
the three groups (Kanzaki et al. 2008): (i) antibodies specific
to GQIb and/or GTla without anti-GSCs reactivity; (ii)
antibodies that recognize a combination of [Galf1-3GalNAc]
and [NeuAco2-8 NeuAco2-3GalP1-3GalNAc] in the termi-
nal residues of ganglio-N-tetraose structures, such as anti-
bodies to GQ1b/GM1, GQ1b/GD1b, GT1a/GMI1, GTla/
GD1b (Fig. 1); and (iii) antibodies that recognize a combi-
nation of [NeuAco2-3Galp1-3GalNAc] and [NeuAco2-8
NeuAco2-3Galp1-3GalNAc] in the terminal residues, such
as antibodies to GQIb/GDla, GT1a/GDla, GQ1b/GTlb,
GTla /GT1b. In addition, recent report showed that some
patients have the antibodies specific to GQ1b/GA1 (Ogawa
et al. 2009).

Sensory signs were infrequent in FS patients with
antibodies to GQ1b/GM1 but were frequent in patients with
other types of antibodies. However, the clinical relevance of
such anti-GSC antibodies needs to be investigated in future.
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Fig. 1 An ELISA plate showing the binding activities of a serum
antibody that recognizes a combination of [Galf1-3GalNAc] and
[NeuAca2-8NeuAca2-3 GalB1-3GalNAc] in the terminal residues. All
the wells in each line and column were coated with a respective
ganglioside (e.g. the wells in the first line and column were coated only
with a single ganglioside, the well in the eighth line and the second
column was coated with GQ1b and GM1), except for those on the
oblique dotted line that were uncoated control wells. The antibody
binds strongly to GQ1b/GM1, GQ1b/GD1b, GT1a/GM1 and GT1a/
GD1b but only weakly to GQ1b.

Antibodies to GM1/GalNAc-GD1a complex in pure motor
GBS

IgG antibodies against GM1 or those against GalNAc—
GDla are known to closely correlate with acute motor
axonal neuropathy (Kaida ez al. 2000; Willison and Yuki
2002). We investigated antibody activities against the
mixture of GMI1 and GalNAc-GDla (GMI1/GalNAc-
GDla complex) in a large population of patients with
GBS. The results showed that ten of 224 GBS patients had
IgG antibodies to the GM1/GalNAc-GD1a complex (Kaida
et al. 2008a).

We then analyzed the clinical and electrophysiologic
findings of those 10 anti-GM1/GalNAc-GD1a-positive
patients. Respiratory infections preceded the neurological
onset in six cases and gastrointestinal infections in two
cases. Therefore, although Campylobacter jejuni is an
infectious agent that frequently causes the antecedent
infection of GBS cases with anti-GM1 and anti-GalNAc—
GD1la antibodies, C. jejuni may not be the major infectious
agent inducing anti-GM1/GalNAc-GDla complex antibod-
ies. Cranial nerve involvement and sensory signs are
infrequent. Early motor conduction block at intermediate
nerve segments was found in five patients. Generally, the
response to therapy was good. According to the criteria
established by Hadden et a/l. (1998), four were categorized
as demyelinative and two were axonal. When judged by
other criteria (Ho et al. 1995), four were demyelinative and
three were axonal.

© 2011 The Authors

Table 1 Representative anti-GSCs antibodies in GBS and FS

Associated Frequency
Antigen disease (%) Clinical features
GD1a/GD1b GBS 7 Severe GBS
GD1b/GT1b GBS 6 Severe GBS
GM1/GalNAc-GD1a GBS 4 Pure motor GBS
AMCBN

GQ1b/GM1 and FS 41 Infrequent sensory

related GSCs GBS with OP 28 dysfunction
GQ1b/GD1a and FS 6

related GSCs GBS with OP 19

GSC, ganglioside complex; GBS, Guillain-Barré syndrome; FS, Fisher
syndrome; AMCBN, acute motor conduction block neuropathy; OP,
ophthalmoplegia.

GQ1b/GM1 and related GSCs, GQ1b/GM1, GQ1b/GD1b, GT1a/GM1,
GT1a/GD1b; GQ1b/GD1a and related GSCs, GQ1b/GD1a, GT1a/
GD1a, GQ1b/GT1b, GT1a/GT1b.

The clinical findings of the 10 GBS patients were
consistent with a pure motor variant of GBS. Clinical
features of anti-GM1/GalNAc-GDla IgG-positive GBS
resemble those of acute motor conduction block neuropathy
(AMCBN), in view of preserved sensory function, early
conduction block at intermediate nerve segments and good
recovery (Capasso et al. 2003). IgG anti-GM1 antibody
(and sometimes anti-GalNAc-GD1a antibody) was reported
in their sera. However, IgG anti-GM1 or anti-GalNAc—
GD1la antibodies are frequently detected in sera of acute
motor axonal neuropathy type GBS and conduction block is
not common in such cases. Anti-GMI1/GalNAc-GDla
antibody is likely to cause early reversible changes on the
axolemma and may be more closely associated with
AMCBN than the anti-GM1 or anti-GalNAc-GDla anti-
body. GM1 and GalNAc-GDla may form a complex in the
axolemma at nodes of Ranvier or paranodes of the motor
nerves, and may be a target antigen in pure motor GBS;
especially in the form of AMCBN.

Representative anti-GSCs antibodies in GBS and FS are
listed in the Table 1.

Antibodies against ganglioside complexes in
chronic neuropathies

Nobile-Orazio et al. (2010) investigated serum IgM antibod-
ies to GSCs in such chronic neuropathies as multifocal motor
neuropathy, chronic inflammatory demyelinating polyradicu-
loneuropathy and IgM paraproteinemic neuropathy. As a
result, one of 34 chronic inflammatory demyelinating
polyradiculoneuropathy patients had IgM antibody activity
to GTIb/GM1 and GT1b/GM2, and one of 23 IgM
paraproteinemic neuropathy patients had IgM anti-GM2/
GD1b activity.

Journal of Neurochemistry © 2011 International Society for Neurochemistry, J. Neurochem. (2011) 116, 828-832

= 105~



Production of antibodies against ganglioside
complexes

In GBS and related disorders subsequent to C. jejuni
infection, anti-ganglioside antibodies are shown to be induced
by the immune reaction against lipo-oligosaccharides (LOS)
of pathogens causing antecedent infection (Willison and Yuki
2002; Van Doorn et al. 2008). A similar mechanism can be
speculated in the production of anti-GSC antibodies. Kuijf
et al. (2007) recently reported that such anti-GSC antibodies
as anti-GM1/GDla and GQ1b/GDla cross-reacted to LOS
from the autologous C. jejuni strain, indirectly demonstrating
that the LOS contained GSC-like structures. However,
carbohydrate structures expressed in the LOS may not exactly
be the combination of the two carbohydrate chains expected
from the reactivity of the serum anti-GSC antibodies.

Inhibition of the reactivity of the anti-ganglioside
antibody by another coexistent ganglioside

If the interaction of two gangliosides creates a new epitope
with conformational changes, the binding acitivity of the
antibody highly specific to one ganglioside may be lessened
by the addition of another ganglioside to make an antigen
mixture.

We investigated sera from 17 GBS patients who had IgG
antibody reactive only with GD1b in routine antibody assay.
For those sera, antibody activity against a mixture of GD1b
and another ganglioside was examined and compared the
activity with that against GD1b alone. The results showed
that the addition of GD1a, GT1a, GT1b, GQIb and GalNAc-
GDla to GDIb caused marked decrease of the binding
activity of anti-GD1b antibodies, suggesting that those
gangliosides may interact with GD1b to make a novel
epitope which cannot be easily recognized by the anti-GD1b
antibodies (Kaida et al. 2008b).

In addition, the reduction rates of the binding activities
caused by the addition of such gangliosides as GD1a, GT1b,
GQI1b and GalNAc-GDla were significantly more in the
antibodies from ataxic patients than in those from non-ataxic
patients. The addition of another ganglioside may cause
conformational change. Therefore, the more specific the
antibody is, the more affected its reactivity should be. It
therefore suggests that the anti-GD1b IgG antibodies in
ataxic patients may be more specific to GD1b than those in
patients without ataxia. This may provide further evidence to
the association between anti-GD1b antibody and ataxia
(Kusunoki et al. 1996).

Thus, the antibodies specific to GD1a/GD1b complex are
associated with severe GBS (Fig. 2) and those specific to
GD1b itself are associated with the development of ataxia
(Fig. 3).

A similar inhibitory effect of neighboring gangliosides has
recently been reported in the case of anti-GM1 antibodies by

© 2011 The Authors

Anti-ganglioside complexes antibodies in GBS | 831

lgG antibody activity against GD1a, GD1b

14 or GD1a/GD1b complex
S

1.2}

1 L

E
£0.8
8
n 0.6
o

0.4

0.2

GD1a GD1b GD1a/GD1b
Antigen

Fig. 2 ELISA result on a serum sample from a patient with severe
Guillain-Barré syndrome (Kaida et al. 2004). This patient’s serum IgG
shows strong reaction with a mixture of GD1a and GD1b (GD1a/
GD1b) but reacts only weakly with GD1a or GD1b alone.
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Fig. 3 The IgG antibody activities to mixture antigens in sera from
nine GBS patients with ataxia who had only IgG anti-GD1b antibody in
routine antibody assay (Kaida et al. 2008b). Bars of GM1/GD1b and
GD1a/GD1b showed the average activities of the nine patients.
Compared with the antibody activity to GD1b alone (100%), the activity
was markedly reduced because of the addition of GD1a to GD1b
antigen whereas the addition of GM1 did not affect the antibody
activity.

Greenshields ef al. (2009). Negative effects by gangalioside
complexes on the binding of IgM anti-GM1 antibodies in
sera from patients with chronic immune-mediated neuropa-
thies, particularly multifocal- motor neuropathy, have also
been reported (Nobile-Orazio et al. 2010).

Future studies on the anti-GSC antibodies in the
pathogenesis of autoimmune neuropathies

Gangliosides are located in the cell membranes with carbo-
hydrate portions on the outer surfaces, and are preferentially
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packaged with cholesterol, forming lipid rafts. Within rafts,
gangliosides are considered to interact with important
transmembrane receptors or signal transducers (Simons and
Ikonen 1997; Hakomori 2002). Anti-GSC antibodies may
cause dysfunction of the axon or Schwann cells through their
binding to clustered epitopes of glycosphingolipids in the
plasma membrane microdomains. Future study on the
localization of each ganglioside complex is needed. Animal
model of the autoimmune neuropathy mediated by anti-GSC
antibodies should also be developed. Such investigations
may lead to the understanding of the roles of GSCs in the
plasma membrane and of the clinical relevance of the anti-
GSCs antibodies.
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Guillain-Barré fE{EEf

EL®IC

BB EEML O 2L REMIER TH S Guillain-.

Barré fERHEE (GBS) &, il 5 D HENTERFFIC X D F
FET 3 EEZON T3, MEMERE - RIEREOMIED
LRI TObNTET S, INETOMETIRATH
i BERT & T 5 REREBRTF OREAIRITLTED,

BB T3tk Sy < BE T 2 0 Fe— b —258
Wik X WRBOITICED CTERTH 5, AT, FE
RREREEE - —ThH 2N TV AL FHifgzdh
DICHEHT 5.

Guillain-Barré JEZBICHB IR F—H—:
WA TIX S Rk

GBS fEFI DF9 60% i FERRE LR Ic 3 % B Sl b
ATzZipmon, GBS DRMiv—A—L LTERAZN
Tw3, ZOFTHS7VEBEEUARAT7 4 v ITHEIRETH
DHERICBBECHEET AN/ VAY P 3 HEH
BB EAETH B, FICIgGl, 1gG3 DY TV 5 ADH
FEIRWEREZR->TwELEEILTw S, ENFET
HrH VTV AY FREEOEBLBRRIDO—2E L

GD1a

AE

T Ceramide (O Glucose @ Galactose
© N-acetylgalactosamine V/ Sialic acid
1 HRREEDH T F S K

1400

fEHE— W &
T, WSS 2 MEEA CEbe - RETHE_EEON
BicFELTw3 (K1), MEEETEELTHFEL (2
5 A% —HR), aLAFa—LP GPl7vH—EH (gly-
cosylphosphatidylinositol-anchored protein) & & & IZAEE
7 7 F (lipid rafts) EMEiZN B <4 70 F XL 2L
T, MlEE S, ¥ 7 FvimER ERkA e
KBb-oTWwaEEIGNTVWEY, ZDXIRF VI
A FICNT 2 PiEQEERF, BIRRIC OV TIRRE
BADED S Z A8, SfTBREYREEOMIEY X4 I8
(LOS) I BT 2 FESIREE DT E ARSI Loy v 7Y A
TFEHIAELTRY, ATRRC k> TERINH
JR4 LOS BESHIC X 3 3 b2 & wiRbEs i< RIS
L THEREL B 27 &L o e o THREMERFE SRR D
RTHO»LZ->TWBD, ¥k, FY7/UATFidzh
FNMRERICBITRENRLZ ZLBALNTED, Hi
Ay 7Y Ay FHEOBEIC & > THIRT 2 HIERS R
B EHRoNTY Y, KB, GBS i3 2 OMFRERIC
DL OPOFEBICAEINGD, T ZhOmEICE
EHy 2BEENGSmshTw5s (R). UTiC, fidv
7V A Y FHBBRIE L ST v 7V Ay PHik L 2 DR
HERICOWTRR 3,

1. AT FREREE

TV o REREN TSIV ATFEAELLT
ELISA (enzyme-linked immunosorbent assay) ¥ % F\>T
BELEFOFAZHET 2, FBL &b IAMEIMET
T 5D FEE L ORI O AMEINE 2 v 228, 16#
BTHRHINZ BB, V—F LV OHFERAS Y —=
YICRE—F YTV AY FBHREL L THu R TY
%, RAZHEORED:DICEEIne 7574 %R
BeYeth ¥k (thin-layer chromatogram immunostaining) % F
WHILbHB, ZOE, TIVWRHVITIVAFRY TV

PR FAWE  BEERRHECHEE/ AT 3 AR
(TDE TT& ERAFBE/ERR

0289-0585/10/ ¥ 500/ X/ JCOPY
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s
ﬁﬁﬂﬁﬁﬁﬁ@ga@,ﬁ ey

& MR 13 B R AR DB

FeATREE THIREIR
< BIRR>
GM1 1gG C. jejuni, H. Influenzae  AMAN, #i¥:EEh%E GBS TNEA (Ranvier 18R, EHERERESRIR . H£7E)
GD1a 1gG C. jejuni AMAN
GalNAc-GD1a 1gG C. jejuni AMAN, #liE-BENTY GBS EE)HEE Ranvier B8, (SRERLIEITRAS
BB AR/ R ARAE
1gM C. jejuni AMAN, #PESEE)E! GBS
IgM YA MAHATAINR  EEEHRRRE, BEES
GM1b IgG C. jejuni #iRESHE GBS
GD1b IgG 17 5 D OFF R ER A GBS ICH T 2B MBS K AR ET AT, BRERImITY >
(GD1b FHROFEDHE)
GM2 IgG, 1gM YA bAHOTAIA  ADP, EEEMEERRE, BMEREE
GQ1b 1gG 18] 5 D> DO IF LA Rk FS, RREKEBZH#D GBS BiRE, BERE, SEREOERR
C. jejuni, H. Influenzae BITY >, HBIRWHEE
GTla IgG T EE, MMEEEEs R GBS
GD3 1gG AIDP
LM1 1gG 18] 5 D> O WFR FR R AIDP T
Gal-C IgG, IgM YA TSIk Rty b2
<GSC #ig >
GM1/GD1a 1gG H{CERREE (C. jejuni)  GBS(17%)
GM1/GT1b 1gG EACEREEE (C. jejuni)  GBS(12%)
GD1a/GD1b 1gG H{EERREER (C. jejuni)  GBS(7%) : BIE, THIMSZEE
GD1b/GT1b 1gG IR (C. jejun))  GBS(6%) : BIE, TRIBiEE
GM1/GalNAc-GD1a IgG 0 5 DO IR ER R GBS (3-11%) . #kBE8HEY
AMCBN

GM1/GQ1b, GM1/GT1a, IgG FS(41%), RERKEBHEEEHD

GD1b/GQ1b, GDI1b/ GBS (28%)

GTia
GD1a/GQlb, GD1a/GTla, 1gG FS(6%), REREHEELHS

GT1b/GQlb, GTib/ GBS(19%)

GTla

GBS : Guillain-Barré syndrome, C. jejuni . Campylobacter jejuni, H. influenzae . Haemophilus influenzae
AMAN ;| acute motor axonal neuropathy, AIDP | acute inflammatory demyelinating polyradiculoneuropathy, FS ; Fisher syndrome
Gal-C | galactocerebroside, GSC | ganglioside complex, AMCBN : acute motor conduction block neuropathy

BB L DL 2pDA Y 7Y Ay FREIC ST THIR E
LTHV»TWwS,

BREbNONE 2EEOL 7V AS FRBALERL
=B APUR D GBS B & U Fisher FEREHE (FS) lc BV T
MHREE 2B LERBLEY, ZhigBBoryy 7yt
YFHEFICRIZEAERIE LV, 2BOX Y 7Y 4y
FZBA&LABIHDTHEIRET 200 THS,. ZoH
FREGHRICE TR INZFbEAIE 7%
RENICERLCVwRLEZI NS, bhibhizIDEE
Rz A v 7V 4> FEE&E (ganglioside complex, GSC)
L AfFF, GBS 8 kU7 DRI B TH GSC Hilk DK
RHEEBLZHFANTV2 (H2). ZoH GSCHEDFHERLL
kR, bhhbnOWMAEE TIZ GSC okt 2 HiMk b EEHAE
LTw3, %7, 7xA7 75 B (phosphatidic acid,
PAZAVZYAY FHIEICMAZZ LItk >T, — %D
WAy 7) 4y FHRBEESHERINE Z L2 RHLY,
BWA 7 )A Y FHEICPA ZMAREDIT-o T
3,

ELISA% TLC TLC SHEse

K 2 ELISA & TLC&EHBICEBMHVITUF Y RESHR
AT

ELISA (%) Ti¥, GD1la/GD1b, GM1/GDla, GD1b/GT1b, GM1/
GTib it ¥ 2 IgG MMtk TdH 5. TLC HBHe (F) it
GMI1, GDla ® A — 83— F v 7L HEATIC RG34 & 4 (%RH)),
GM1/GDla #ilEBtEch 2. *, * *xiZZNFNGDla, GM1 %2 7
754 L-E8.
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2. BRAVITVA Y FRGORHES

A, i GMI1 Infk

GBS TELHHHEEOEWIATH 5. REBEENS
$, MRS ICZ L wilksESE GBS ICHBIL <& D,
SE Bl 8 8Y GBS (AMAN ; acute motor axonal neuropa-
thy) & DEEBIER I N T 5, Campylobacter jejuni 5
REFTREPLT DS, EE, HlGML HuFBEE
GBS #l D ff» & 47 BfERE 2 X L7z Campylobacter jejuni @
LOS i GM1 MRIBENFEET 5 Z LWL PICI T
37, & MEBRERIC BT 55T GML Fiik ORRIERALIE
FEIZ1X 22 o TWiawnds, AMAN GESI DR ZNERCH)
Yo BE 5, EEHEE Ranvier B ORI Lic
GM1 HBEIHFELTVE EEZ N TWEY, GML %
EUH V7 Ay FIREYRBIEL BYE 7V OBGET
X, BRINT- IgG #1 GMI Tk EEHEE Ranvier £
ERBICEA L, MdEELZEC T NaF v RLD7
FRAY—RWET 5 LBBEINTL2Y. HiGMIH
HIZER L 758 % 5 GD1b L BT 5 2 & HE0naS,
GMI1 IZ B B D E WL GM1 Fifk 1 EREE £ HEST 5 7]
BT S T 310,

B. #i GalNAc-GDla #ifk

GDla DHESCRIGIC N-7 £ F VA7 7 by I v E(N-
acetylgalactosamine ; GalNAc) %Z % -2 GalNAc-GDla I3,
t M, RMEHRICEET AHES Y SV FTH S,
b hRAEHRETIXRIR, AIPARED Ranvier BRI & £ D
FIo®EES LU ) YRABICEEICEEL TY
%. IgG #i GalNAc-GDla ¥ifkfa#E GBS 1d FafT B SIC
Campylobacter jejuni B 53% L, BMBEMLOHIET %
5 3 MREED L WPREE R Th 39, BREEYE
WicEREEN L R T, REREERICE T 2T,
#i GalNAc-GDla FifkhHEBI R AR I 3 1) 5 BALK AN
CaF v v 2N 2WHET 2 EABBEI LT3,

—E D GBS #IT IgG T K IgM 7 7 A D GalNAc-
GDlatifko A ERL T35 D, FLiTEED Cam-
pylobacter jejuni F5 %5 T & 1 P4k K IG 1 2% GalNAc-
GDla BB TH b, RN ICHMPESE 2R Y. —7, %
PR Y L R AR T AL VA THNE GM2 & RXKIG
RRTHETHY, HEmpRRE, BEREZREEICR
12

C. M GDla itk

GDla b bt MERICB I 2 FELT VI VA Y FTH
%. 1gG #i GDla #ifk B ¥ GBS 1 & 8 il 38 & GBS
(AMAN) 2 27 %, BEOWFT, #i GDla Hiffk L EE)
TR T T  HH P E B ERIEHME D Ranvier BRI &
WCHIMEF I I REE R E T 2 LS RICINT
w3 i GDla Pk i3 EEMROFEZIH T 2 /EH 2
bH, BIEEIES %723 ARBEND 5.

D. #i GMIb #ifk

LEBDMETC, P GMIb Fifkkat: GBS 3 LA
DHATT 2 HESEE T GBS Th D, #ETIIHEVDDOR
B 7Y vEEEEAORIES L LI EPRINTY
2% i GM1b HifkBFEER D 36% i< L GalNAc-GDla #i
A3, 32%12Hi GML kAR ER L T3,

E. #1 GQIb fifk

FS (341 AR K BC ok (BHHR - VB EE - SMERTREE) DRRER, JE
B, BEHENEEZ ZHE T3 GBS OHERETH S, Hi
GQ1b Hifkix FS @ 90% L L ofEGlicBtETH b, TN
o2 —aRF—ItBWTH - & bEBRENL < —
H—=Ths. —H, HMEFHFKEZMES GBS BT HHL
GQIb HikizERICEEETH Y, RAFFIX GBS KBV T
AIRFARRE & ROHEEE R 0. 72, SHRERREOH S B
Th WAL FS okatc:EE)ARFH L 51 GQlb itk DB
bRBOLNTWES, b bR TIRSHRF XL D
B o) v, —HMoBRBBHREUMEICEE K
GQlb BEELTED, ZD )% GQlb DMK D/FFEDS
FSHEIHM{Ebo T3 EEISNTLEY, 72, A
TIPfaEsE 2 294 3 GBS TlaHl GQlb FuEG I 23F
HIc% <, GBS IZBIT 2 MR HMEIC b 52D EZ K
ELTWA AR H 5, S 51T, FS OREZ b LR
5 PR i e b £ 9 Bickerstaff BYRMERIN S < b A bifE
WG RS,

F. ¥ GDIb #ifk

GBS iz & 5 1L % #i GD1b #ifk i3 Z 0 RIGR BHED 5 E
20 EENS, Tibb, GMIL, asialo-GMI1(GAI)
ERRRIGRRTIA 7L, GDIb ICRENZRSY A 7 TH
%. HiZlE GM1, GDI1b 2@ ¥ 5 84 Gal-GalNAc %38
BT2H0T, HiGMLYitkL EDICERTBIEMEL
AETHB. GML L ZXKIET 54 GD1b Hifkz b >l

1402 Clinical Neuroscience vol. 28 no. 12 (2010-12)
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DEEFREIZHL GMI VilkBEtE GBS ERIL Th 5. —4,
GD1b B BEAFLIT R ERTER E MBI L T3, MR
HRhiR i O KTUMIREIC GDIb 23B7ET % 2 &, GDIb J&fE
FKRICEB T GDIb FEMIEIKFAE= 2 — 0 F —
DOFFEICHES L, %R BRMEHAEMEOBEENA S
N5 ELEEEEEAHE L OMEEZRHL WY X
S, BMEMEESEFAE 2 — o F —2RELZKRD
BRI TR, FERREZH-o TV 3 LEZ Sz kR
MR 7 R b= ADEE I N, GDIb RrENTIEIZ D
FEF—VAOREIHES LT 2 AR S 31, BE
bbb, fEEDBMA Y 7)Y FHiEEZ LR 2
Y — = 7T IgG#i GD1b HFifE DS BHIMGE T H 2 ik 2
£, GDIb & GSC 2HF & L T2 ORIEHEZ #a L
7. ZOfER, EEKFE & 72T GBS OHi GD1b Hifkiz
GD1b KD TERMENE LI LS itk o721,
Eo Xz, ¥iGDIb FiE DR REE%2 M 5 - DI
GSCHiFEZ A Wi Bt b b TH 5,

G. ¥ GTlahitk

Fi GQIb Hifk L ARz ERT 2 2 £ 2% <, GQlb it
BT AHEEEBERL B LEZLSNT WS, GBS D
B, WHEHSETS BRI GBS L #i GTla ¥ifhk & ofE 2 R%
THHE L VDY, PEELRERITHETYR Y, GQlb £
RIe%E R e GTla FREIUE L GBS D BRIFFEE R
DFFEICEETHBL LEZONTVS, b PRMMRICE
7% GTla DRERRHATSH 3,

H. \iA>T) A MEEH(GSC) Hifk

2DH V7Y &> FORATUR (GSC) 2 R 2112 585
T 2P D GBS BLUFSItBWTHLNS (F).
FE2 A7 VAL FGMI, GDla, GDlb, GTlb ® 2
ZHAEGOETH GSCHEEZRB LI E Z 3, 17% 055
HTH o7, i GD1a/GD1b HifkdH % 2 13#i GD1b/GT1b
PUABSEG] 13 B CRSERE I A TR S8sEE %58, Tt
HREEERS W EVIREZERLTED, Zhs0H
GSC Hifk i3 EEM & HB T 2 ATREME23H 219, GML &
GalNAc-GDla DIRAHUR ICREIIC IG5 Hikh35 %
D GBS HlicA 5032 $i GM1/GalNAc-GD1a Hifkk ik
GBS 10 Bl O TIZ, 13 & A EDMPLEET GBS ThH b,
A FREEEEAL Tl 7 < EB R E PRI IR 2 5 5
7oy s BR6NBIEBBEMTHo, ZDEES

0y ZI3REG R EE L, BEzE L THEH LR
TRIRIZZ L\wZ &5 5, Ranvier fRHGHHIC 8 1) 2 i Z=HE
HEEEIC L AR ERETH S LN TV 5, E
Eff#E Ranvier SRS EIRAICERE L THIET 5 GMI,
GalNAc-GDla SEAEZIZR L, MikEEEITY GBS DR
R E o TR L AREELD 5,

FS Tl EE DA EHED GSC I § 2 Hifkld A 60
7, GQlb & %\ X GTla & GSC I § 2Pk % £92
BB 208 FSICBI A Y 7Y A FHEIIK
IVEREDO RS, GQlb REFEF, GQlb/GMI1 DHEHH
IY b —7ICRIGT 25k, GQlb/GDla DFEHLE F —
TWRIGT Bk D 3 2 EE N, i GQlb/GMI Fifk
BT IR EREE O R WERSA SN TL AR, ©
NETGQb ZDLDVENFIRTH S EEZLNTE
72238, EEOMEE_ETIX GQlb i GM1 & %\ & GDla
& GSC TR L THEMNTIR L 2> T 2 HJREED H 5.

DLED X H i 70 4 Pk ORENESE, 2H
v—A—t LTOFREZHEE§T2IcHh, GSCIZRd
ZRIGHZMEET 2 2 EEETH 5. RALDHET,
GSC ZEIA > 7Y Ao F X b billEABEREZEICHE
HEL UL TSR SN Tw 3%, 25T, $1GSC
PRIz X 2 iEEEICOWT, MEIEELZ AT 2 ok
BT TR SR EEEE T 2 X D kA =
AL SESHEBIEL TOBENH 3 9.

I. ZOfhOniEREERE

v A4 a7 ITARBEREBE GBS KA T 7 L 7Try K
(galactocerebroside, Gal-C) Iz § 2 Hifk2s LR § 2 2 &
%<, BBEEBIET 2 LEZ o TWw3, Gal-C BEIER
RCTRBEE = 2 —u N F =R 50T 5, HiGML 5
T FERHC ER T 25 IREREZ R TEAbH D, <A
275 X< BB HE & RIGT 55t GM1 Fifk 23R E
B2 O OWBESERINTV S, ¥4 XYL LR
St GBS Ti3H GM2 itk LR A i, EEEE
BRI MR % R S RERIDIZ >, Z Of, FAYMEES =)
VICEBEIZHFEET 5 LM (sialosylneolactotetraosylcera-
mide) I239 2 IgG Fitk% & > GBS I BBERI A%\,

TR FY—H—

ZNFTGBS DFEEICEVEEZ b I LY VEARY
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F, MREASTICNT 2 HEHFREREIN LRy,
Schwann fHfE DA EIEE R TH % glial fibrillary acidic
protein 7% GBS DIEREE LT 2> —A— L2 2 ARG
HEIREINTLIVERDH L,

T U
EAEDBIFE T, GBS DfFkE L L THiEMRELZ AL
REE, WMEEREEDA 4 v F v RVEE, BRMWERE
HififED 7R b= AR EBHERINTEY, IV
F¥ FHES N6 OFEBICH G L TW»5 2 ERE
NTw3, X7V 4y FHMHRIE GBS 8 L U2 oiiHl
BV Th-o L bEERSTF—A—L LTALSRZ#EN
20H B, ZORMEFADRBEICIIRL 2EF 28 L
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Neuromyelitis optica (NMO) is an inflammatory disease affecting
the optic nerve and spinal cord, in which autoantibodies against
aquaporin 4 (AQP4) water channel protein probably play a patho-
genic role. Here we show that a B-cell subpopulation, exhibiting
the CD19™CD27"9"CD38""CD180  phenotype, is selectively in-
creased in the peripheral blood of NMO patients and that anti-
AQP4 antibodies (AQP4-Abs) are mainly produced by these cells
in the blood of these patients. These B cells showed the morpho-
logical as well as the phenotypical characteristics of plasmablasts
(PB) and were further expanded during NMO relapse. We also
demonstrate that interleukin 6 (IL-6), shown to be increased in
NMO, enhanced the survival of PB as well as their AQP4-Ab secre-
tion, whereas the blockade of IL-6 receptor (IL-6R) signaling by
anti-IL-6R antibody reduced the survival of PB in vitro. These
results indicate that the IL-6-dependent B-cell subpopulation is
involved in the pathogenesis of NMO, thereby providing a thera-
peutic strategy for targeting IL-6R signaling.

neuroinflamatory disease | autoimmunity | multiple sclerosis | central
nervous system | IL-6 receptor blockade

euromyelitis optica (NMO) is an inflammatory demyelinating

disorder characterized by recurrent attacks of severe optic
neuritis and myelitis. Unlike the conventional form of multiple
sclerosis (CMS), the lesions of NMO tend to spare the cerebral
white matter, especially during the early stage (1), and even a sin-
gle episode of attack can cause serious neurological deficits such
as total blindness and paraplegia. Accordingly, accumulation of
irreversible damage to the central nervous system (CNS) along
with rapid progression of disability is more frequently found in
NMO compared with CMS (2).

NMO can be distinguished from CMS by clinical, neuro-
imaging, and serological criteria (3). It is now known that serum
anti-aquaporin 4 (AQP4) autoantibodies can be used as a disease
marker of NMO (1, 2). AQP4 is the most abundantly expressed
water channel protein in the CNS and is highly expressed in
the perimicrovessel astrocyte foot processes, glia limitans, and
ependyma (4). Emerging clinical and pathological observations
suggest that anti-AQP4 antibodies (AQP4-Abs) play a key role in
the pathogenesis of NMO. Prior studies have documented a sig-
nificant correlation of serum AQP4-Ab levels with the thera-
peutic efficacy of plasma exchange during clinical exacerbations
of NMO (2, 5). In the CNS lesions of NMO, reduced expression
of AQP4 on astrocytes is evident even during the early stage (6),
which is followed by the occurrence of vasculocentric destruction
of astrocytes associated with perivascular deposition of comple-
ment and IgG (7).

On the other hand, recent studies have suggested that AQP4-
Abs alone are incapable of causing the clinical and pathological
features of NMO. In fact, Hinson et al. emphasized the role of
cellular immunity in combination with AQP4-Abs by showing
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that the attack severity of NMO was not correlated with serum
AQP4-Ab levels (8). It was also demonstrated that direct in-
jection of IgGs derived from NMO patients into the brains of
naive mice did not cause NMO-like lesions, although brain tissue
destruction associated with leukocyte infiltration was elicited by
coinjecting human complement (9). Other groups have shown
that the passive transfer of IgGs from NMO patients to rats
challenged with induction of experimental autoimmune enceph-
alomyelitis (EAE) may cause a decrease in the expression of
AQP4 in astrocytes along with worsening of clinical EAE (10-12).
In contrast, the transfer of IgGs to unimmunized rats did not
cause any pathology. These results suggest that induction of
AQP4-Ab-mediated pathology in NMO depends on the pres-
ence of complement, leukocytes, and T cells.

Although AQP4-Ab-secreting cells are a potential target for
therapy, detailed characteristics of AQP4-Ab-producing cells
have not been clarified yet. Because some NMO patients have
elevated serum anti-nuclear and anti-SS-A/SS-B Abs (1), as found
in patients with systemic lupus erythematosus (SLE) or Sjogren
syndrome, NMO might share common pathological mechanisms
with these autoimmune diseases. Kikuchi et al. previously reported
that CD180™ B cells are activated B cells capable of producing
autoantibodies in SLE (13). CD180 is a member of the leucine-rich
repeat family of molecules with homology to Toll-like receptor
4 (14), which is highly expressed by naive and memory B cells but
not by plasma cells (15). Odendahl et al. demonstrated that
CD27"#'CD38* B cells, capable of producing high-affinity IgG
(16), are increased in the peripheral blood of SLE patients with
some correlation to disease activity (17). Considering the pheno-
types of autoantibody-producing cells reported in SLE, we ana-
lyzed the expression of CD27, CD38, and CD180 on CD19* B
cells in the peripheral blood of NMO patients. We found that
CD27"#'CD38MEPCD180™ B cells were significantly increased in
AQP4-Ab seropositive patients diagnosed with NMO or NMO
spectrum disorder (1) compared with healthy subjects (HS) or
CMS patients. Notably, this B-cell subpopulation was found to
be a major source of AQP4-Abs in the peripheral blood of AQP4-
Ab seropositive patients and depended on interleukin-6 receptor
(IL-6R) signaling for survival.
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