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Proposed biosynthesis pathway of Campylobacter jejuni lipo-oligosaccharides (LOSs) mimicking gangliosides with a single sialic acid on

the inner galactosyl residue {27, 28]. Gal, galactose; GalNAc, N-acetylgalactosamine; NeuAc, N-acetylneuraminic acid.

polymerase (TaKaRa Ex Taq; Takara Bio), 4 nmol of dNTPs,
and buffer (2 mmol/L Mg*"). After the first denaturation step
of 5 min at 95°C, the amplification mixture was subjected to
30 cycles of amplification (table 1). Variation at codon 51 of
cstll was investigated by direct sequencing of the PCR fragment
{29].

Ganglioside-like LOS. Crude LOS fractions were prepared
from the strains as described elsewhere [33]. The presence of
ganglioside epitopes (GM1, GD1a, and GQ1b) on the C. jejuni
LOS was determined using an ELISA [34]. The reagents used
were monoclonal antibodies (mAbs; GB2 [anti-GM1], GB1
[anti-GD1a], and FS3 [{anti-GQ1b/GT1a]) [14, 34].

Analysis of O-deacylated LOS. C. jejuni was grown over-
night on a single agar plate, and the cells were treated as de-
scribed elsewhere {35], with minor modification [34]. The
O-deacylated LOS sample was analyzed by capillary electro-

phoresis—electrospray ionization mass spectrometry (CE-ESI-
MS) [36].

Sequencing of LOS biosynthesis genes. Isolation of genomic
DNA from C. jejuni strain CF90-26 was performed with a DNeasy
Tissue kit (Qiagen). A 6.1-kb PCR product bearing genes en-
coding the LOS outer core glycosyltransferases was amplified with
an Advantage 2 PCR kit (Clontech Laboratories) and the primers
CJ-99 (5-ATTAAAAAAAGACCTTGGGAATAC-3') and CJ-147
(5-AAGGTGTGCTAAGATAAACAAGAC-3'). The 6.1-kb PCR

Table 1. Polymerase chain reactions for the
lipo-oligesaccharide gene loci of Campylobac-
ter jejuni strains.

The table is available in its entirety in the online
edition of the Journal of Infectious Diseases.
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Table 2.

Lipo-oligosaccharide (LOS) locus classes of Campylobacter jejuni strains.

Guillain-Barré Fisher
syndrome-associated syndrome-associated
strains (n = 106) strains (n = 32) . .
Enteritis-associated

LOS locus class No. {%)  2-tailed P® No. (%)  2-tailed P*  strains, no. (%) (n = 103)
A 72 (68) <.001 12 (38) .02 17 (17)

B 18 (17) .02 15 (47) 14 33 (32)

C 12201 13 13 .03 20 (19)

D 0 12 0 1.0 3@

E 2(2) .001 2 (6) .36 14 (14)

F 0 .01 0 .34 6 (6)

A/C® 0 48 0 1.0 1(1)

B/CC 0 49 0 1.0 1)
Unclassified 2 {2) .06 2 (6) 1.0 8 (8)

A B,orC 102 {96) <.001 28 (88) .06 72 (70)

® Compared with enteritis-associated strains (Fisher’s exact test).

b Overlapping class A and C loci.
¢ Overlapping class B and C loci.

product was sequenced by means of custom-made primers that
were used previously to sequence this locus in multiple C. jeju-
ni strains [27]. DNA sequencing was performed with a BigDye
Terminator mix (Applied Biosystems). Products were analyzed
in an ABI 3100 Genetic Analyzer (Applied Biosystems).

Antiganglioside autoantibodies. Serum samples obtained
during acute phases of GBS and FS were available from 126
patients (95 patients with GBS and 31 patients with FS). IgG
autoantibodies to GM1, GD1la, and GQ1b were measured by
ELISA [37]. Serum was considered to be positive for antibody
when the titer was =500.

Statistical analysis. Frequency differences between groups
were compared using Fisher’s exact test. Differences in medians
were examined using the Mann-Whitney U test, and Scheffé’s
test was used in the case of multiple comparisons. The asso-
ciation between the LOS locus class and either GBS or FS was
first investigated by univariate analysis, without adjustment for
confounding variables. A multiple logistic regression model was
then used to determine the relative weighting of each variable.
Statistical calculations were made with SPSS (version 12.0];
SPSS). A difference was considered to be statistically significant
when P<.05.

RESULTS

LOS locus classification. Preliminary analysis of control
strains of each LOS locus class confirmed that PCR-based LOS
locus classification works well (data not shown). The class A
locus was predominant in the GBS-associated strains, and its
frequency was significantly higher in GBS-associated strains
than in enteritis-associated strains (table 2). The other LOS
locus classes were rarer in GBS-associated strains than in en-
teritis-associated strains. These findings agree with those of
Godschalk et al. [15]. In contrast, FS-associated strains most

frequently had the class B locus, but, compared with the en-
teritis-associated strains, the difference did not reach statistical
significance, because it also was the most common class found
in enteritis-associated strains. In the study by Godschalk et al.
[15], all 4 FS-associated strains had the class B locus, where-
as, in the present study, a significant number of FS-associated
strains had the class A locus. In 12 strains (2 GBS associated,
2 FS associated, and 8 enteritis associated), there was no am-
plification of any class-specific genes. Two enteritis-associated
strains were grouped as having overlapping class A and C or
B and C loci.

Sialyltransferase-encoding genes (cstll or cstIll) are present
in class A, B, and C loci [27], and this enables strains with
these LOS locus classes to be characterized as a single group.
Our data showed that 96% of GBS-associated strains had si-
alyltransferase-carrying LOS locus classes (A, B, or C), and this
percentage was significantly higher than that of enteritis-as-
sociated strains (70%) (table 2). FS-associated strains also reg-
ularly had these LOS locus classes (88%).

Serotype. Table 3 shows the associations between the LOS
locus class and the Penner serotype in GBS-associated, FS-
associated, and enteritis-associated strains. LOS locus classes
were closely—but not absolutely—associated with the Penner
serotype, because strains with each LOS locus class were
grouped into several serotypes, as was reported by Parker et
al. [26]. Most class A strains were serotype HS:19, whereas the
serotypes of class B strains varied. Conversely, most of the HS:
19 strains had the class A locus, whereas most of the HS:2 and
HS:4-complex strains had the class B or A locus.

cstll polymorphism. Class A and B loci are reported to
carry the cstil gene [27]. Therefore, the association between
cstll polymorphism and the class A or B locus was examined.
Most of the class A strains had the cstII (Thr51) genotype (78/
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Table 3. Associations between lipo-oligosaccharide (LOS) locus class and Penner serogroup in Campylobacter jejuni strains.

Serogroup (serotype)

Strains, A B D G 0 Y

LOS locus class no. (HS:1/44) (HS:2)  (HS:4/13/16/43/50)  (HS:8) (HS:19) (HS:37) Other
A? 101 0 7 15 {15) 0 73 (72) 11 6 (6)
B 66 12 21 (32) 21 (32} 6 (9) 6 (9) 0 17 (26)
o 33 14 (42) 721) 0 5 (15) 0 0 8 (24)
D 3 0 0 0 0 0 0 3 (100)
E 18 0 0 0 0 0 8 (44) 10 (86)
F 6 0 1017) 0 0 0 0 5 (83)
AIC 1 0 1 (100) 0 0 0 0 0

B/C 1 0 0 0 0 0 0 1 {100)
Unclassified 12 2017 2 (17) 0 0 2(17) 0 6 (50)

NOTE. Data are no. {%) of strains, unless otherwise indicated.

® One strain was serotyped as the O/Y serogroup.
® One strain was serotyped as the A/G serogroup.

101; 77%), whereas most of the class B strains had the cstll
(Asn51) genotype (49/66; 74%). FS-associated strains, how-
ever, were closely associated with the cstII (Asn51) genotype,
irrespective of whether the LOS locus class was A or B; 8 (80%)
of 10 class A strains and all 12 (100%) class B strains had the
estll (Asn51) genotype. This suggests that cstll polymorphism,
and not LOS locus class, is critical for the development of FS.

Ganglioside-like LOS and antiganglioside autoantibodies.
On the whole, reactivity to anti-GM1 mAb was increased in
class A and C strains, and that of anti-GD1a mAb was increased
only in class A strains (figure 2); this is indicative of a difference
in sialyltransferase substrate specificity between classes A (cstll)
and C (cstIII) [25]. Some class B strains had high reactivity to
anti-GM1 and anti-GD1a mAbs, but the median optical density
was low. Reactivity to anti-GQ1b/GT1a mAb was high overall
in class B strains and in some class A strains, but it was not
high in strains with loci of other classes.

We defined ganglioside epitopes as being present on LOSs
when the OD of mAb in the ELISA was 20.2. There was an
obvious difference in ganglioside epitopes between strains with
the class A, B, or C locus and strains with the class D, E, or F
locus, with epitopes being frequent in the former group and
absent in the latter group. For example, the GM1 epitope was
judged to be present in 80% of class A strains, 26% of class B
strains, and 64% of class C strains but in none of the strains
with the class D, E, or F locus. Furthermore, class A strains
regularly expressed both the GM1 and has the GDla epitope,
whereas class C strains expressed only the GM1 epitope; the
GDla epitope was detected in 76% of class A strains but in
only 3% of class C strains. The GQ1b/GT14 epitopé was pres-
ent in 37% and 50% of class A or B strains, respectively; no
strain with the class C, D, E, or F locus had this epitope.
Notably, several unclassified strains also had ganglioside-mim-
icking LOS (figure 2), and this is indicative of an unknown
sialyltransferase gene being present at an unclassified locus.

Patients with class A or C strains often were positive for IgG
autoantibodies against GM1 (72% and 75%, respectively). In-
terestingly, the frequency of anti-GD1a IgG autoantibodies was
higher in patients with class A strains (51%) than in patients
with class C strains (33%). These data agree with the finding
that anti-GD1a mAb bound to class A LOS but not to class C
LOS. In contrast, patients with class B strains more common-
ly had anti-GQ1b IgG autoantibodies (44%) than anti-GM1
IgG autoantibodies (25%) or anti-GD1a IgG autoantibodies
(25%). Anti-GQ1b IgG autoantibodies were rarely detected in
patients with class A (14%) or class C (0%) strains. These data
agree with the finding that anti-GQ1b/GTla mAb regularly
bound to class B LOS.

LOS structure and glycosyliransferase genes of strain CF90-
26. Because the above data suggested the importance of the
GM1 and GDla epitopes on class A strains, we investigated in
detail the LOS structure and gene sequences of the cstll, cgtA,
and cgtB glycosyltransferase genes. Elsewhere, we showed that
C. jejuni strain CF90-26 (a serotype HS:19 class A strain from
a patient with GBS who had high anti-GM1 IgG autoantibody
titers), which was used in the present study, has a GM1-like
structure, on the basis of nuclear magnetic resonance analysis
[16], and has the GD1a epitope, on the basis of thin-layer
chromatography with immunostaining [38]. CE-ESI-MS anal-
ysis of an O-deacylated LOS sample from C. jejuni strain CF90-
26 yielded various masses, and the predominant species was
[M-4H1*" (3645 Da). The differences in observed masses (table
4) were due to lipid A variation, as well as to the presence or
absence of a terminal sialic acid (in addition to the sialic acid
that is present on the inner galactosyl residue). CE-ESI-MS
analysis showed that the absence of the terminal sialic acid
resulted in a GM1 mimic, and its presence in a GD1a mimic
(figure 3) provided evidence that CF90-26 has both GM1-like
and GD1la-like LOSs. The LOS biosynthesis gene sequence in
strain CF90-26 (GenBank accession number AY661458) was
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Figure 2. Box and whisker plot of Campylobacter jejuni lipo-oligosaccheride reactivity with anti-GM1 {GB2; A}, anti-GD1a (GB1; 8), and anti-GQ1b/
GT1a {FS3; () monoclonal antibodies in an ELISA. Strains are grouped by lipo-oligosaccharide {LOS) locus class (A—F and unclassified [UC]). Center
lines denote medians, boxes denote 25%-75% percentiles, whiskers denote 10% and 90% percentiles, and white circles denate outliers. *P< .05;

**P< 01 (Scheffé's test).

100% identical to the corresponding region in the C. jejuni HS:
19 type strain (GenBank accession number AF167344), which
also expresses a mixture of GM1 and GD1a mimics in its LOS
outer core [17].

Risk factors for development of GBS. Because univariate
analysis showed that class A strains were associated with GBS,
we compared the features of GBS-associated and enteritis-as-
sociated class A strains. Differences remained significant be-
tween GBS-associated and enteritis-associated strains in the fre-
quency of the HS:19 serotype, the frequency of cstll (Thr51),
and LOS binding of anti-GM1 and anti-GD1a IgG autoanti-
bodies (table 5). All HS:19 strains with the class A locus had
the cstII (Thr51) genotype, except for the 2 GBS-associated
strains (OH4382 and OH4384) that were obtained from sib-
lings with GBS and external ophthalmoplegia {30]; these 2
strains were known to carry GD3-like or GT1a-like LOSs [17],
as well as the GMI epitope [39], all of which are present with
the cstIl (Asn51) genotype. Multiple logistic regression mod-
eling was used to adjust the comparisons between GBS-asso-
ciated and enteritis-associated strains for the class A locus, the
HS:19 serotype, the cstII (Thr51) genotype, and GM1-like and
GD1a-like LOSs. In that analysis, the difference remained sig-
nificant for the HS:19 serotype (odds ratio [OR], 16.5 [95%
confidence interval {ClI}, 4.0-68.8]; P<.001) and the class A
locus (OR, 5.6 [95% CI, 2.1-15.1}; P = .001).

DISCUSSION

We confirmed the finding of Godschalk et al. [15] that GBS is
associated with the class A locus of C. jejuni and provided
evidence of the first GBS-related C. jejuni characteristic that is

common to strains from Asia and Europe. Moreover, we found
that strains with the class A locus regularly express both the
GM1 and the GDla epitope on their LOSs; this unique LOS
profile among C. jejuni strains results in an increased risk of
producing anti-GM1 and anti-GDla IgG autoantibodies and,
therefore, developing GBS. Expression of the GM1 and GDla
epitopes in class A strains was enhanced in strains that were
also serotype HS:19, and this expression was possibly depen-
dent on the predominance of the ¢stlI (Thr51) genotype in HS:
19 strains. Of course, microbial properties alone do not suf-
ficiently explain why an autoimmune response is triggered in
only a minority of individuals with C. jejuni enteritis. Host
susceptibility must be much more important. Previous at-
tempts to find common host immunogenetic factors in pa-
tients with C. jejuni GBS, however, have had negative or con-
flicting results [40—44}.

The class A locus is 11.5 kb and has 13 genes. A and B class
loci have the same gene profile, except that the class B locus
has orf5II (cgtAll), which may be the result of duplication of
orfsI (cgtAl) [27]. This raises the question as to why GBS-
associated strains primarily have the class A locus. Our find-
ings suggest that nucleotide sequence variation within genes
is the answer. In fact, strains with the same LOS biosynthesis

Table 4. Lipid A variants and variable ter-
minal sialic acids of an 0-deacylated sample
from Campylobacter jejuni strain CF90-26.

The table is available in its entirety in the online
edition of the Journal of Infectious Diseases.
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Figure 3. Proposed lipo-oligosaccharide outer core structures as de-
termined on the basis of capillary electrophoresis—electrospray ionization
mass spectrometric analysis of 0-deacylated lipo-oligosaccharide samples
from Campylobacter jejuni strain CF30-26. Gal, galactose; GalNAc, A-
acetylgalactosamine; Hep, L-glycero-p-manno-heptose; G, glucose; Kdo,
3-deoxy-5-manno-2-octulosonic acid; NeuAc, N-acetylneuraminic acid;
FEtn, phosphoethanolamine.

gene content have been shown to express diverse ganglioside
mimics because of phase variation, a single nucleotide deletion,
or single or multiple nucleotide mutations of LOS biosynthesis
genes {27]. As we reported in the present study, class A strains
regularly had cstll (Thr51), which is indicative that this ge-
notype is a feature of class A strains and is related to the onset
of GBS, because cstlI (Thr51) encodes an enzyme with «-2,3-
sialyltransferase activity that transfers a single «-2,3-sialic acid
to both the inner and the terminal galactose residues, resulting
in GM1 and GD1la mimics (figure 1) {27].

Candidate enzyme functions of the class A locus have been
proposed, and most of them seem to be essential for the bio-
synthesis of ganglioside-like LOS [28, 45-47]. This suggests that
the content of a single gene of C. jejuni is insufficient for the
development of GBS; the entire gene content of the class A
locus is essential. Nachamkin et al. [19] reported that the 3
glycosyltransferase genes that are necessary for ganglioside-like
LOS biosynthesis—cstII/cstllI (sialyltransferase), cgtA (8-1,4-
N-acetylgalactosaminyltransferase), and cgtB (8-1,3-galacto-
syltransferase)—[28] are more often present in GBS-associated
strains than in enteritis-associated strains. These 3 genes are

present in class A, B, and C loci [27], which agrees with our
finding that 96% of GBS-associated strains had the class A, B,
or C locus. This strongly suggests that the class A, B, or Clocus
is required to induce the development of GBS, although the
class C locus is a much weaker risk factor than is the class A
locus.

Interestingly, class A strains regularly express GM1-like and
GD1la-like LOSs, whereas class C strains express GM1-like LOS
only. GM1 and GDla are candidate target antigens for the
circulating autoantibody [10]. Our results suggest that multi-
ple ganglioside mimicry is more effective for developing GBS
than is single ganglioside mimicry. This disagrees with the find-
ings of Nachamkin et al. [19] that the expression of the GD1la
epitope alone is associated with GBS. The reason for this dis-
crepancy is not known. We have shown in the present study,
however, that patients from whom class A strains were iso-
lated often had both anti-GM1 and anti-GD1a IgG autoanti-
bodies; in addition, the inoculation of rabbits with CF90-26
LOS (which has GM1 and GD1la mimics) caused acute motor
axonal neuropathy that was accompanied by anti-GM1 anti-
bodies, not by anti-GD1a antibodies [14]. The assumption that
GM1 mimicry, in addition to GD1a mimicry, is responsible for
the development of GBS, therefore, is reasonable.

On the basis of chemical analysis, the coexistence of the GM1
and GD1a epitopes on the outer core of the LOS of the HS:
19 serotype reference strain has been reported [17]. Elsewhere,
we showed by use of mAb immunostaining that both epitopes
were present in a GBS-associated HS:19 strain (CF90-26) [38],
and we confirmed that finding in the present study by use of
mass-spectrometric analysis. Furthermore, the nucleotide se-
quence of the 6.1-kb PCR product that included cstl, cgtA,
and cgtB (as well as downstream and upstream sequences) was
identical to the corresponding region in the C. jejuni HS:19
type strain that also expresses mixed GM1 and GD1a mimics
[17]. This finding confirms that the DNA sequence, as well as

Table 5. Comparison of Guillain-Barré syndrome—associated and enteritis-associated Campylobacter jejuni strains with the class A

lipo-oligosaccharide (LOS) locus.

Guillain-Barré
syndrome-associated  Enteritis-associated

Characteristic strains {(n = 72) strains (n = 17) 2-tailed P? OR (95% Cl)
Serotype HS:19 66 (92) 6 (35) <.001 20.2 (5.5-73.9)
cstil polymorphism

Thr51 66 (92) 10 (68) .002 7.7 (2.1-27.6)

Asnb1 6 (8) 7 (41) 002 0.13 (0.036-0.47)
Median OD + SD of mAb to LOS®

GM1-like LOS 2402 + 0.897 1.106 = 1.107 .002

GDta-like LOS 1.976 + 0.830 0.558 + 1.215 .03

GQ1b/GT1a-like LOS 0.086 + 0.431 0.126 + 0.500 1

NOTE. Data are no. (%) of strains, unless otherwise indicated. Cl, confidence interval; mAb, monoclonal antibody; OR, odds ratio.

2 Fisher's exact test or Mann-Whitney U test.

® ODs were measured by an ELISA with mAbs GB2 (GM1), GB1 (GD1a), and FS3 (GQ1b/GT1a).
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the makeup of glycosyltransferase genes, is responsible for de-
termining the type of ganglioside mimic that is formed on
LOSs.

In the present study, we found that most of the FS-associat-
ed strains had the class A or B locus, which supports the finding
of van Belkum et al. [48] that cstl] was present in all 8 strains
with GQl1b-like LOS that they tested. Godschalk et al. [15}
found that all 4 of the FS-associated strains that they tested
had the class B locus, whereas a significant number of FS-
associated strains that we tested in the present study had the
class A locus. Furthermore, the differences between the class A
and the class B locus were not important in our FS-associated
strains, whereas the cstII (Asn51) genotype was critical. cstl
(Asn51) has both «-2,3- and «-2,8-sialyltransferase activities
[27], which are essential for trahsferring the disialyl moiety to
the outer core of LOS, thereby mimicking GQlb and GTla
gangliosides. Our findings suggest that the ganglioside-like LOS
synthesis gene contents of cstll, cgtA, and ¢gtB, which are com-
mon to the class A and B loci, are important for triggering an
autoimmune response and that cstI polymorphism is the de-
terminant of autoantibody reactivity and neurological presen-
tations in GBS and FS.
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Y Campylobacter gene polymorphism as
a determinant of clinical features of
Guillain-Barré syndrome

M. Koga, MD, PhD; M. Takahashi, DVM, PhD; M. Masuda, MD, PhD; K. Hirata, MD, PhD;
and N. Yuki, MD, PhD

Abstract——Background: Ganglioside epitopes on Campylobacter jejuni are hypothesized as the key to the development
and characterization of Guillain-Barré syndrome (GBS), but a comprehensive theory has yet to be established. A C jejuni
gene, cst-II, involved in the biosynthesis of ganglioside-like lipo-oligosaccharide, shows a polymorphism (Asn/Thr51) that
affects ganglioside epitopes. Objective: To examine the hypothesis that this polymorphism determines autoantibody
reactivity, and thereby neurologic presentations in GBS. Methods: C jejuni isolates were collected from 105 GBS (including
its variants) and 65 uncomplicated enteritis patients. The authors examined the frequency of cst-II and polymorphism
(Asn/Thr51) in connection with the bacterial ganglioside epitopes, autoantibody reactivities against GM1, GDla, and
GQlb, and patients’ neurologic findings. Results: Neuropathic strains more frequently had cst-II, in particular cst-II
(Thr51), than did enteritic ones (85% vs 52%; p < 0.001). Strains with est-II (Asn51) regularly expressed the GQ1b epitope
(83%), whereas those with cst-II (Thr51) had the GM1 (92%) and GD1a (91%) epitopes. The presence of these bacterial
epitopes in neuropathy patients corresponded to autoantibody reactivity. Patients infected with C jejuni (Asn51) more
often were positive for anti-GQ1b IgG (56% vs 8%; p < 0.001) and had ophthalmoparesis (64% vs 13%; p < 0.001) and
ataxia (42% vs 11%; p = 0.001). Patients who had C jejuni (Thr51) more frequently were positive for anti-GM1 (88% vs
35%; p < 0.001) and anti-GDla IgG (52% vs 24%; p = 0.006) and had limb weakness (98% vs 71%; p < 0.001).
Conclusions: The genetic polymorphism of C jejuni determines autoantibody reactivity as well as the clinical presentation
of Guillain—Barré syndrome (GBS), possibly through modification of the host-mimicking molecule. The GBS paradigm is
the first to explain the detailed pathogenesis of a postinfectious, autoimmune-mediated, molecular mimicry-triggering
disorder.

NEUROLOGY 2005;65:1376-1381

Guillain-Barré syndrome (GBS) is characterized by
limb weakness and loss of tendon reflexes, but has a
variety of other neurologic presentations.! Anti-GM1
and anti-GDla IgG antibodies are associated with
axonal GBS,? whereas anti-GQ1lb IgG antibody is
specific to patients with Fisher syndrome (FS) or
GBS with ophthalmoplegia.? Campylobacter jejuni is
the most frequent antecedent infectious agent in
GBS.* The critical factor that causes the develop-
ment of neuropathy after C jejuni infection is un-

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the November 8 issue to find the title link for this article.

known, but the bacterial lipo-oligosaccharide (LOS)
is a candidate because its terminal sugar regions
mimic the sugar residues of the gangliosides GM1,
GD1a, and GQ1b.5" The development of axonal GBS
model after inoculation of rabbits with the GM1-like
LOS has provided conclusive evidence for the hy-
pothesis that the ganglioside-mimicry of C jejuni
LOS is a cause of GBS.2 However, determinant factor
of anti-ganglioside antibody specificity and neuro-
logic presentation in GBS remains unclear.
Determination of the complete genome sequence
of C jejuni NCTC 11168 showed that many LOS bio-
synthesis genes are encoded in a large cluster.® A
subsequent study identified the genes involved in the
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transfer of galactose, N-acetylgalactosamine, and
sialic acid to the LOS outer core.’® Because ganglio-
side classification is based on the sialylation type
(see figure E-1 on the Neurology Web site at www.
neurology.org),** sialyltransferase-encoding genes
may be associated with the variation in the ganglio-
side epitope on LOS. It was reported that cst-I, a
gene encoding sialyltransferase,'®!? was present in
all eight strains with GQ1b-like LOS and proposed
that its presence is associated with various
ganglioside-like LOSs, although cst-II frequency did
not differ between the GBS/FS and uncomplicated
enteritis strains studied.’® In contrast, based on tests
of 28 GBS isolates, it was reported that the cst-II
gene is more often present in GBS isolates than in
enteritis isolates.’* Whether the presence of this
gene is a risk factor for developing neuropathy after
C jejuni enteritis has yet to be proved.

The ganglioside-like structure of the C jejuni LOS
is, in part, determined by the multiple mechanisms
the bacterium uses to turn on or off a gene or to
modulate the substrate specificities of its glycosyl-
transferases, as well as by different gene contents.'
Interestingly, variation in the nucleotide sequence of
cst-IT might affect enzymatic activity; Cst-II (Thr51)
has only «-2,3-sialyltransferase activity (monofunc-
tional), whereas Cst-II (Asn51) has both «-2,3- and
a-2,8-sialyltransferase activities (bifunctional).’® Be-
cause both o-2,3- and «-2,8-sialyltransferase activi-
ties are required for the biosynthesis of GQlb
mimics such as GTla- or GDlec-like LOS,%7 cst-I1
polymorphism is assumed to affect autoantibody re-
activities through change in the ganglioside epitope
on the LOS outer core, resulting in the diverse neu-
rologic features shown by patients with GBS. In this
study we used 105 C jejuni isolates from patients
with GBS or a clinical variant and compared cst-II
gene frequency in the neuropathic and enteritic
strains. We also examined the hypothesis that the
genetic polymorphism of the bacterium produces the
differences in the clinical manifestation of GBS.

Methods. Bacterial strains and patients. Since 1990, we have
received more than 8,000 requests from Japanese physicians to
test serum anti-ganglioside antibodies from patients presenting
with various neurologic disorders, On receipt of serum samples
from patients with GBS or a clinical variant, we request the pri-
mary physicians to do a stool culture and to send the patient’s
stool specimen to the Tokyo Metropolitan Institute of Public
Health for C jejuni isolation. From 1990 to 2002, 81 C jejuni
strains were isolated successfully by one of the authors (M.T.),
and 24 strains were obtained from hospitals. These were used in
this study (n = 105: GBS, 80; FS, 20; Bickerstaff brainstem en-
cephalitis,’® 3; acute ophthalmoparesis,” 1; acute oropharyngeal
palsy,’® 1). Most of the strains used were included in our previous
study.’® Two, OH4384 and OH4382, were obtained from sibling
GBS patients®?; the others were from sporadic cases with geo-
graphically equal distributions. A questionnaire was filled in by
the primary physician as to whether diagnostic criteria for GBS or
a clinical variant were fulfilled. We also reviewed the patients’
medical records to ascertain diagnoses and neurologic findings.
GBS, FS, Bickerstaff brainstem encephalitis, and acute ophthal-
moparesis diagnoses were all based on clinical criteria.”#* ELISAs
were used to test for the presence of IgG antibodies to GMI,
GD1a, and GQ1b, as reported elsewhere.” Sixty-five strains that
had been isolated from patients with uncomplicated enteritis and

collected throughout Japan were the controls. Anti-ganglioside
antibodies were not tested in the enteritis patients because previ-
ous studies showed that such patients did not have the
autoantibodies.?%

Detection of ganglioside epitopes on LOS. Crude LOS frac-
tions were prepared from the isolates, as described elsewhere,
with minor modifications.2” We first performed sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and silver stain-
ing to ensure LOS had been extracted then used western blotting
with the cholera toxin B-subunit (a ligand for GMI1-
oligosaccharide structure) to examine whether the GM1 epitope
was present on it. A 5 pL portion of the bacterial lysate was added
to each well, after which the samples were separated on 156%
tricine-SDS-polyacrylamide gels (SPU-15S series, Atto Corpora-
tion, Tokyo, Japan).?® After electrophoresis, the LOS samples were
blotted on polyvinylidene difluoride membranes (Atto Corpora-
tion), and the membranes incubated at 4 °C for 2 hours with the
peroxidase-conjugated cholera toxin B-subunit (List Biologic Lab-
oratories, Campbell, CA) diluted 1:2,000 in phosphate-buffered
saline containing 0.5% casein. Binding was made vigsible with
4-chloro-1-naphtol (Konica Immunostaining HRP-1000, Konica,
Tokyo, Japan).

Ganglioside-like LOS also was investigated by thin-layer chro-
matography (TLC) with immunostaining because this methed de-
creases the volume of reagent needed in the immunostaining step.
The reagents used are the monoclonal antibodies (GB1 [anti-
GD1a], GB2 [anti-GM1}, and FS1 [anti-GQ1b]),** and sera from
patients with GBS (56960 [anti-GM1] and $5174 [anti-GD1a]) or
FS (87577 {anti-GQ1b]). A 10 uL portion of each bacterial lysate
was spotted on a precoated Silica Gel 60 TLC plate (Merck, Darm-
stadt, Germany), developed with an n-propanol-water-26% ammo-
nia solution (6:5:1, by volume), after which the plates were
immunostained as reported elsewhere.?® The TLC analysis was
done by one of the authors (M.K.).

PCR and DNA sequencing. A single bacterial colony was sus-
pended in 300 pL of sterile deionized distilled water and boiled for
10 minutes. After centrifugation at 15,000 rpm for 1 minute, the
supernatant was used as the template in the PCR amplification.
Oligonucleotide primers were designed based on the reported C
Jejuni cst-II sequence (GenBank accession no. AF400048): forward
directional primer, 17F (5'-TTTCTGGAAATGGACCAAGTTT-3'),
and reverse, 220R (5'-CGGTCTCATATTCITGATTITGG-3).
These primers amplify the 204 bp fragment of the cst-II gene
carrying the 51st codon. Amplification reactions were run in a
total volume of 50 uL with 20 pmol of each primer, 10 pL of
template, and 2.5 units of Teg DNA polymerase (TaKaRa Ex Tagq,
Takara Bio Inc., Shiga, Japan), 40 nmol dNTPs, and buffer (2 mM
Mg?*), as recommended by the manufacturer. After a denatur-
ation step of 5 minutes at 95 °C, the amplification mixture under-
went 30 cycles of amplification, each cycle consisting of 10 seconds
at 94 °C, 10 seconds at 55 °C, and 30 seconds at 72 °C, in &
GeneAmp PCR System 9700 (PE Biosystems, Foster City, CA).
PCR products were purified with a QLAquick PCR Purification Kit
(Qiagen K.K., Tokyo, Japan). Nucleotide sequences of PCR prod-
ucts were determined with an ABI BigDye Terminator v1.1 Cycle
Sequencing kit (Applied Biosystems, Foster City, CA) and an ABI
Prism 3100 Genetic Analyzer (Applied Biosystems).

Statistical analysis. Frequency differences between the
groups were compared by means of Fisher’s exact test using SPSS
12.0J software (SPSS Inc., Chicago, IL). A difference was consid-
ered significant when the two-sided p value was less than 0.05.

Results. cst-II Gene frequency and polymorphism (Thr/
Asn51). PCR and direct nucleotide sequence analyses
showed that the cst-II gene more often was present in
neuropathic than enteritic strains (table 1). Although the
51st codon of cst-II is reported to be AAT (corresponding to
Asn) or ACC (Thr),’® some strains in our study had AAC
(Asn). This indicates that a single base change (Ato Cor C
to A) which may occur during infection can alter the sub-
strate specificity of Cst-II (monofunctional or bifunctional).
¢st-1I (Thr51) was more common in the neuropathic (50%)
than enteritic (25%) strains (p = 0.001), whereas cst-II
(Asn51) did not differ (34% vs 26%; p = 0.31). Also, 9 of 16

November (1 of 2) 2006 NEUROLOGY 65 1877

Copyright @ by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibred



Table 1 Comparison of genetic and phenotypic properties of
neuropathic and enteritic Campylobacter jejuni strains

Neuropathic Enteritic
strains, strains,
n = 105 n =65 p Value
Gene
cst-I1 89 (85) 33 (51) <0.001
cst-111 9(9) 15 (23) 0.012
GM1 epitope*
Cholera toxin 62 (69) 25 (38) 0.01
GB2 63 (60) 25 (38) 0.007
56960 60 (57) 22 (34) 0.004
GD1a epitope*
GB1 51 (49) 13 (20) <0.001
85174 49 {47) 12(18) <0.001
GQ1b epitope*
81 22 (21) 13 (20) 1.0
87577 32 (30) 17 (26) 0.60

Values are n (%).

* The reagents used are the monocclonal antibodies (GB1 [anti-
GD1a}, GB2 [anti-GM1], and FS1 [anti-GQ1b]), and sera from
patients with Guillain-Barré syndrome (S6960 [anti-GM1] and
85174 [anti-GD1a]) or Fisher syndrome (S7577 {anti-GQ1b)).
Cholera toxin (B-subunit) is a ligand for GM1-oligosaccharide
structure.

neuropathic strains without cst-II had the cst-III gene,?
and this gene was significantly less frequent in the neuro-
pathic strains compared to the enteritic ones (see table 1).

Ganglioside-like LOS. Although we used two or three
reagents in the detection of each ganglioside epitope, the
overall results were identical, except for some discrepan-
cies probably due to differences in the sensitivities of the
reagents (see table 1). Figure E-2 shows the ganglioside
epitope detection in representative strains. Neuropathic
strains more commonly expressed GM1 and GD1a epitopes
than did enteritic strains. In contrast, the frequency of the
GQ1b epitope did not differ between them. Immunostain-
ing results for the patients’ sera showed that the GM1 and
GD1a epitopes commonly were present in the same neuro-
pathic strains (n = 48; 46%), whereas the GQ1b epitope
was present isolatedly (n = 27; 26%). GQ1b and GM1

Gm*-p-hm Gm: ewinpo Gm:sv!ow
Figure. The ganglioside-like lipo-oligosaccharide of
Campylobacter jejuni and anti-ganglioside autoantibody
reactivity in patients with Guillain-Barré syndrome or a
variant. Frequencies of positive IgG antibodies against
GM1 (left), GD1a (middle), and GQ1b (right) are com-
pared between patients whose isolates carry ganglioside
epitope on lipo-oligosaccharide (LOS) (pale bars) or not
(dark bars). *p = 0.04; **p < 0.001.

epitopes coexisted in five strains. Seventeen (16%) of the
strains had none of the ganglioside epitopes examined.

cst-II Polymorphism (Thr/Asn51) was closely related to
the ganglioside epitopes on LOS in both the neuropathic
and enteritic strains. Asn51 strains more often expressed
GQlb epitope than did the others (table 2). In contrast,
most Thr51 strains carried GM1- and GD1a-like LOS. Be-
cause the 53rd codon of cst-II is reported to affect «-2,3-
and o-2,8-sialyltransferase activities in an Asn51 strain,’®
we analyzed its association with ganglioside-like LOS. Of
the seven strains with cst-II (Asn51/11e53) thought to have
relatively low «-2,3- and «-2,8-sialyltransferase activi-
ties, four had both GQ1b and GM1 epitopes, three had
none. In contrast, all 22 strains (Asn51/Ser53 and Asn51/
Gly53) thought to have high a-2,8-sialyltransferase activity
had only the GQ1b epitope. Four of seven strains (Asn51/
Tyr53) also had only the GQ1b epitope. The other three had
neither epitope.

Serologic and neurologic features. Detailed neurologic
information was available for 97 neuropathy patients, and
pretreatment serum samples were obtained within 4
weeks of neuropathic onset for 94. Serum anti-ganglioside
autoantibody reactivities overall corresponded to the gan-
glioside epitopes on the LOSs of the isolates (figure):
GM1 epitope on LOS and anti-GM1 IgG ( value < 0.001);

Table 2 Association of bacterial properties with cst-1I content and polymorphism in neuropathic Campylobacter jejuni strains

cst-11 cst-II (Asn51) cst-II (Thrb1)
Present Absent p Value Present Absent p Value Present Absent p Value
Lipo-oligosaccharide n = 89 n=16 n =36 n = 69 n =53 n =52
GM]1 epitope* 53 (60) 7 (44) 0.28 4(11) 56 (81) <0.001 49 (92) 1121 <0.001
GD1a epitope* 48 (54) 1(6) <0.001 0 49 (71) <0.001 48 (91) 1(2) <0.001
GQ1b epitope* 31(35) 1(6) 0.04 30 (83) 2(3) <0.001 1(2) 31(60) <0.001
Values are n (%).

* Judged by results of thin-layer chromatography with immunostaining .of patients’ sera (86960 [anti-GM1}, $5174 [anti-GD1a], and

87577 [anti-GQ1b])) having high anti-ganglioside antibody titer.
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Table 8 Association of patients’ clinical features with est-I1 content and polymorphism of their Campylobacter jejuni isolates
A

est-I1 cst-II (Asn51) cst-II (Thrb1)
Present Absent p Value Present Absent p Value Present Absent p Value
1gG antibody to n = 80 n=14 n =32 = 62) n =48 n = 46
GM1 49 (61) 9(64) 1.0 7(22) 51 (82) <0.001 42 (88) 16 (35) <0.001
GDla 32 (40) 4(29) 0.56 7(22) 29 (47) 0.03 25 (52) 11(24) 0.006
GQ1b 20 (25) 3(21) 1.0 18 (56) 5(8) <0.001 2(4) 21 (46) <0.001
Neurological sign n = 81 n =16 n = 33 n =64 n =48 n =49
Ophthalmoparesis 25 (31) 4 (25) 0.77 21(64) 8(13) <0.001 48 25 (51) <0.001
Facial palsy 14 (17) 1(6) 0.45 11(33) 4(6) 0.001 3(6) 12 (24) 0.02
Bulbar palsy 17 (21) 0 0.07 13 (39) 4(6) <0.001 4(8) 13 (27) 0.03
Limb weakness 69 (85) 13 (81) 0.71 22 (67) 60 (94) 0.001 47 (98) 35 (1) <0.001
Ataxia 17 (21) 4 (25) 0.74 14 (42) 7D 0.001 3(6) 18 (37) <0.001
Sensory disturbance 26 (32) 319 0.38 927N 20 (31) 0.82 17 (35) 12 (24) 0.27
Diagnosis n = 89 n =16 n = 36 n =69 n = 53 n = 52)
Guillain—Barré syndrome 68 (76) 12 (75) 1.0 17 (47) 63 (91) <0.001 51(986) 29 (56) <0.001
Fisher syndrome 16 (18) 4(25) 0.50 14 (39) 6 (9 <0.001 2(4) 18 (35) <0.001
Values are n (%).
GD1a epitope and anti-GDla IgG (p value = 0.04); and  disorders. We believe that GBS is the first paradigm

GQ1b epitope and anti-GQ1b IgG (p < 0.001).

As expected, cst-II polymorphism was closely related to
serum anti-ganglioside autoantibody reactivities, and
therefore to neurologic features, whereas gene content was
not (table 3). Patients from whom C jejuni (Asn51) had
been isolated more often had serum anti-GQ1b IgG auto-
antibody, cranial nerve palsies, and ataxia. In contrast, C
Jjejuni (ThrB1) was associated with anti-GM1 and anti-
GDla IgG antibodies and limb weakness. The diagnosis
was GBS for most patients with C jejuni (Thr51), whereas
it was GBS for 47% and FS for 39% of patients with C
Jjejuni (Asn51). Conversely, compared to the enteritis pa-
tients, F'S patients more often had been infected by C je-
Juni (Asnb1) (70% vs 26%; p value = 0.001), whereas GBS
patients had been by C jejuni (Thr51) (64% vs 25%; p value
< 0.001). Variation in the 53rd codon was not associated
with any type of autoantibody or neurologic feature in
spite of its association with ganglioside-like LOS (data not
shown).

Discussion. The pathogenesis of many post-
infectious disorders is still unknown, no autoanti-
gens or virulence factors having been identified. For
example, why some group A streptococci can cause
acute rheumatic fever and others acute glomerulone-
phritis is unclear.?® In contrast, we are the first to
show the detailed molecular mechanism of GBS after
C jejuni enteritis, based on our and others findings
that the genetic polymorphism of the bacterium al-
ters the substrate specificity of the LOS biosynthesis
enzyme's and that autoantibody reactivity deter-
mines the clinical presentation of GBS.® These find-
ings suggest that the genetic polymorphism of
antecedent agents determines autoantibody reactivi-
ties and clinical manifestations through change to
the host-mimicking molecule in some post-infectious

to explain the detailed pathogenesis of a post-
infectious, autoimmune-mediated, molecular mimicry-
triggering disorder.

We confirmed results of a previous report that
est-IT more frequently exists in GBS than in enteritis
isolates, indicative that its presence is a risk factor
for developing GBS.1* However, considerable num-
bers of strains from patients with uncomplicated en-
teritis also had cst-II gene, indicating that cst-II gene
is necessary but not adequate for initiating autoim-
mune response, although cst-II genotype is impor-
tant in determining antibody reactivity when
autoimmune response is triggered. Certain other
genes (e.g., cst-III'? or an unidentified gene) might
produce the enzyme protein instead, subsequently
sialylating LOS. Three genes, cst-I, -1I, and -III, are
reported to encode sialyltransferase protein,’»*® but
cst-I was lacking in some strains with sialylated LOS
and therefore is unlikely to be responsible for LOS
sialylation.* Because Cst-III appears to have only
a-2,3-sialyltransferase activity (monofunction),'®
cst-II content must be essential for «-2,8-
sialyltransferase activity and thereby biosynthesis of
the GQ1b epitope.!®18

Most of the previous studies have failed to find a
specific C jejuni genotype for GBS and FS.31% It was
recently reported that the class A LOS biosynthesis
locus was over-represented in GBS-associated as
compared to enteritis strains, whereas all four of the
FS-related strains belonged to class B.% The authors
suspected that the frequent expression of a GM1
epitope in class A and a GQlb epitope in class B
strains is responsible for the development of GBS
and FS. Their findings, however, do not provide the
answers as to which difference leads to diverse
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ganglioside-mimics (GM1 and GQ1b) in spite of there
being almost the same class A and B gene profiles.’s
In contrast, our data clearly indicate that both pres-
ence and polymorphism of bacterial ¢s¢-II have a ma-
jor role in the type of ganglioside-like structure on
LOS, thereby determining autoantibody reactivity
and the pattern of neurologic presentation. Phase
variation owing to a homopolymeric G-tract in cst-IT
or other LOS synthesis genes also may be related to
what ganglioside epitopes are present.® Along with
those of a previous study,’® however, our findings
suggest that mainly it is variation in the cs¢-IT 51st
codon and supplemental variation in the 53rd codon
that determine which ganglioside epitopes are
present on LOS, but only the former was related to
the autoantibody reactivity in and neurologic fea-
tures of neuropathy patients. Interestingly, Hae-
mophilus influenzae, a pathogen recently suggested
to cause GBS and F§,%%7 also has sialylated LOS.%
Three genes (lic3A, siad, IsgB) have been cloned for
that sialylation enzyme.®*4 Whether the polymor-
phism of H influenzae genes also is related to autoanti-
body reactivity and consequently to the neurelogic
features of GBS and FS requires investigation.

C jejuni strains which had been isolated from
anti-GQ1lb antibody-positive patients often carried
GQ1b epitope on the LOS.# The specificity of anti-
ganglioside antibody induced by immunization of C
Jejuni LOS overall corresponds to ganglioside
epitopes on the LOS in rabbits.® In this study, we
showed that the target ganglioside (GM1, GDla, or
GQ1lb) for serum autoantibody corresponds to the
L.OS-mimicking gangliosides of isolates from individ-
ual patients. However, other gangliosides such as
GM1b and GalNAc-GD1la could be target antigens
for autoantibodies in GBS* and further investigation
is necessary to explain the variety of the clinical
manifestation of GBS in more detail.
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Carbohydrate mimicry: a new paradigm of autoimmune diseases

Nobuhiro Yuki

Molecular mimicry of microbial components by self
components is thought to be the mechanism that accounts
for the antigen and tissue specificity of immune responses in
post-infectious autoimmune diseases. Little direct evidence
exists, and research in this area has focused principally on

T cell mediated anti-peptide responses, rather than on humoral
responses to carbohydrate structures. Guillain—-Barré
syndrome, the most frequent cause of acute neuromuscular
paralysis, sometimes occurs after Campylobacter jejuni
enteritis. Recent studies have revealed that carbohydrate
mimicry of the bacterial lipo-oligosaccharide by the human
ganglioside is an important cause of the syndrome. This new
concept that carbohydrate mimicry can cause an autoimmune
disease provides a clue to inducing the resolution of
pathogenesis of other immune-mediated diseases.
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Introduction

Molecular mimicry has been proposed as a pathogenic
mechanism for autoimmune disease. The hypothesis is
based on the epidemiological, clinical and experimental
evidence of an association of infectious agents with auto-
immune disease and observed cross-reactivity of immune
agents with host ‘self’” antigens and microbial determi-
nants. Many studies are consistent with the mimicry
hypothesis, but none have convincingly demonstrated
that mimicry is an important mechanism in the develop-
ment of autoimmune disease in humans [1]. No replicas
of human autoimmune diseases have been obtained by
immunization of animals with a mimic of component of an
infectious agent associated with epidemiological evi-
dence between the disease and the agent.

Guillain-Barré syndrome (GBS), characterized by limb
weakness and areflexia is a typical post-infectious auto-
immune disease [2]. Since the near-elimination of polio-
myelitis in the world, GBS has become the most frequent

cause of acute flaccid paralysis. Most GBS patients have
had gastrointestinal or upper respiratory symptoms one to
two weeks before the onset of neurological symptoms.
The Gram-negative bacterium Campylobacter jejuni, a
leading cause of acute gastroenteritis in humans, is the
most frequent antecedent pathogen. This review shows
that carbohydrate mimicry is a cause of GBS, and that the
bacterial gene polymorphism is a determinant of the
clinical features. Both are new paradigms in the molecular
pathogenesis of autoimmune diseases.

A true case of molecular mimicry

Four criteria must be satisfied to conclude that a disease is
triggered by molecular mimicry [3°}: first, an epidemio-
logical association between the infectious agent and the
immune-mediated disease; second, the identification of
T cells or antibodies directed against the patient’s target
antigens; third, the identification of microbial mimics of
the target antigen; and forth, reproduction of the disease
in an animal model. As reviewed here, GBS subsequent to
C. jejuni enteritis fulfils all four criteria and provides the
first verification that molecular mimicry is a cause of
human autoimmune diseases.

Epidemiological association of Campylobacter jejuni
with Guillain-Barré syndrome

A case-control study detected evidence of recent C. jgjuni
infection in 26% of patients with GBS in comparison to
2% of the household controls (a member of the patient’s
household) and 1% of the age-matched hospital controls
[4]. This study established an epidemiological association
between C. jejuni infection and GBS. €. jejuni-isolated
GBS was most common in 10-30 year-old individuals, and
the male:female ratio was 1.7:1 [5]. The median latent
period between antecedent symptoms and the onset of
neuropathy was 10 days.

GBS was originally considered to be a demyelinating
disease of peripheral nerves. This view of GBS was
shaped largely by what is known of its laboratory analo-
gue, the experimental allergic neuritis induced by immu-
nization with P2 protein (a component of peripheral nerve
myelin). Now the presence of a primary axonal GBS,
acute motor axonal neuropathy (AMAN), is widely recog-
nized through findings of autopsy studies [6,7]. C. jegjuni
infection is associated with AMAN, but not with demye-
linating GBS [8].

Autoantibodies against gangliosides in Guillain-Barré
syndrome

Autoantibodies against the surface components of periph-
eral nerves were originally considered to be pathogenic
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substances that induce GBS because plasma exchange
facilitates the rate of recovery [2]. Gangliosides constitute
a large family predominantly made up of cell-surface
glycosphingolipids bearing a ceramide moiety anchored
in the external leaflet of the lipid bilayer and a sialylated
oligosaccharide core exposed extracellularly.

In AMAN, IgG is deposited on the axolemma of the
spinal anterior roots [7]. This indicates that IgG, which
binds effectively with complement components, is an
important factor in the development of AMAN. Patients
who developed AMAN subsequent to C. jejuni enteritis
had IgG antibody against GM1, and their autoantibody
titers decreased with the clinical course [9]. By contrast,
patients who had had C. jgjuni enteritis but no neurolo-
gical disorder did not have the autoantibodies. GD1a as
well as GM1 is an autoantigen for IgG antibodies in
patients with AMAN subsequent to C. jgjuni enteritis [10].

Campylobacter jejuni mimic of gangliosides
Lipo-oligosaccharide (LOS) is one of the most important

cell-surface structures expressed by C. jgiuni. One C. jejuni

strain (CF90-26), isolated from an AMAN patient carrying
anti-GM1 IgG antibodies, expresses an oligosaccharide
structure (Gal B1-3 GalNAc B14 [NeuAc a2-3] Galp),
which protrudes from the LOS core (Figure 1) [11]. This
terminal structure is identical to the terminal tetrasac-
charide of the GM1 ganglioside. This was the first defi-
nitive evidence of molecular mimicry between human
nerve tissue and C. sgruns. This strain also carries a GD1a-
like LOS (Figure 1) [12]. Another C. jguni strain
(16971.94GSH), isolated from a patient with GBS, carried

Figure 1

a GM1-like 1.OS [13]. One C. jgjuni strain (ATCC 43446)
from an enteritis patient also had GM1-like and GD1a-
like LOSs [14].

Animal models of Guillain-Barré syndrome

Gangliosides extracted from bovine brain tissue have
been widely used in Western Europe and South America
as therapeutic agents for various neurological disorders.
After receiving bovine brain ganglioside or an isolated
GM1, some patients developed AMAN, and anti-GM1
IgG antibody was detected in these patients [15]. An
AMAN model was established by sensitization of Japa-
nese white rabbits with a bovine brain ganglioside mix-
ture or an isolated GM1 [16]. The rabbits developed high
anti-GM1 IgG antibody titres, then flaccid limb weakness
of acute onset with a monophasic course. Pathological
findings in their peripheral nerves showed predominant
Wallerian-like degeneration with neither lymphocytic
infiltration nor demyelination. IgG was deposited on
the axons of the ventral roots, internodal axolemmas
and nodes of Ranvier. Cauda equina and spinal nerve
root specimens from the paralyzed rabbits showed macro-
phage infiltration in the periaxonal space [17]. Surround-
ing myelin sheaths were almost intact. These findings
correspond well with pathological findings for human
AMAN [6,7]. This AMAN rabbit model was also repro-
ducible in New Zealand white rabbits [18].

The most straightforward way to verify whether mole-
cular mimicry between microbes and autoantigens causes
GBS is to establish a GBS model by immunizing animals
with components of antecedent infectious agents. An
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AMAN model was established by the immunization of
Japanese white rabbits with C. jgruni LOS bearing a GM1-
like structure [19°°]. Following sensitization with this
GM1-like LOS, rabbits developed high anti-GM1 IgG
antibody titres and subsequent flaccid limb weakness.
Their nerve roots had occasional macrophages in the
periaxonal spacés surrounded by almost intact myelin
sheaths. Axons of these nerve fibres showed various
degrees of degeneration. Demyelination and remyelina-
tion were rare. These findings, which are compatible with
the features of human AMAN, are evidence that rabbits
inoculated with C. jejuni LOS constitute a valid AMAN
model. This is the first definitive replica of a human
autoimmune disease produced by immunization with
the mimic of an infectious agent associated with epide-
miological evidence of microbial ‘iilfection.
Campylobacter jejuni genes associated with
Guillain-Barré syndrome

As stated, ganglioside mimicry of C. jgjuni 1LOS is a cause
of GBS. Ganglioside-like LOS is synthesized by sialyl-
transferase  Cst-II, N-acetylgalactosaminyl-transferase
CgtA, and galactosyltransferase CgtB (Figures 1 and 2)
[20]. Compared with gastroenteritis-related isolates,
GBS-related C. sefuni isolates have a strong association
with the expression of GD1a mimicry [21]. Some genes
(est-11, ¢grA and ¢gzB) that are involved in ganglioside

Figure 2

Carbohydrate mimicry Yuki 579

mimicry are also associated with GBS-related bacterial
strains. These LOS biosynthesis genes cluster at the LOS
biosynthesis gene locus [22]. A specific type of gene locus
(called a class A gene locus), which includes these three
genes, is associated both with GBS and with the GM1-
like L.OS [23°°]. We have shown that isolates from GBS
patients have specific LOS biosynthesis gene loci, which
contain ¢s#-I1 or ¢sz-II1 more frequently than loci from
enteritis patients (102/106 [96%] versus 72/103 [70%]; the
difference is statistically significant), and that the GBS
isolates expressed the GM1 or GD1a epitope, or both (M
Koga and N Yuki, unpublished).

The ¢st-1I gene encodes an enzyme that transfers sialic
acid to the LOS, and #ewAl encodes an enzyme that
synthesizes the donor (CMP-sialic acid) used by the
Cst-I1 sialyltransferase [20]. Because both genes are
involved in LOS sialylation, they are essential for gang-
lioside-like LOS synthesis. Mutants of C. jefuni that lack
these genes have been made and analysed [23°°].
Whereas a mixture of GM1-like and GD1a-like structures
were identified in wild-type C. jejuni strains isolated from
GBS patients, neither structure was present in the
mutants. Both the es#-II and #neuAl knockout mutants,
unlike the wild types, had decreased reactivity to the sera
of GBS patients. GM2/GD2 synthase knockout mice,
which lack GM1 and GD1a, are immune-naive hosts that
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can be used to obtain high-titre anti-ganglioside antibody
responses. Immunization with the wild-type strain induced
an anti-GDla IgG antibody response in these mice,
whereas immunization with the mutant strains did not.
This shows that the genes involved in LOS sialylation are
essential for the induction of anti-ganglioside antibodies.

A bacterial gene (cst-Il) polymorphism as a
determinant of neuroclogical features

The reason why a certain microbial infection can induce
the development of different autoimmune diseases has
yet to be clarified. For example, group A streptococcal
infections can induce the development of acute rheu-
matic fever in some patients and acute glomerulonephri-
tis in others; however, the molecular pathogenesis is
unknown [24]. The mechanism by which C. jefuni infec-
tion induces the development of GBS in some patients
and Fisher syndrome (FS) in others has recently been
clarified [25°°].

Whereas GBS is characterized by limb weakness and
areflexia, FS is characterized by ophthalmoplegia, ataxia
and areflexia [2]. FS is regarded as a clinical variant of
GBS because they sometimes overlap (some FS patients
develop GBS during the illness). Although the presence
of anti-GM1 and anti-GD1a IgG antibodies is closely
related to AMAN, the presence of IgG antibodies to
GQl1b, which is expressed in the oculomotor nerves
and primary sensory neurons, are highly specific to
patients with FS [26,27]. The anti-GQ1b IgG antibody
cross-reacts with GT1a, indicating that the autoantibody
recognizes the terminal trisaccharides common to GQ1b

Figure 3

and GT1a (Figure 2). A case-control study showed ser-
ologic evidence of C. jejuni infections in FS patients was
present significantly more often than in the sex- and age-
matched hospital controls (21% versus 3%; [28°]). One C.
Jejuni strain (CF93-6) carried a GT'1a-like LOS that had
been isolated from a patient with FS. Another C. jeuni
strain (PG836) isolated from an FS patient carried a
GD1c-like LOS [29]. Both GTla-like and GDlc-like
L.OS have a trisaccharide residue that is also common
to GQ1b ganglioside (Figure 2).

Variation in the nucleotide sequence of ¢sz-/1 might affect
enzymatic activicy; Gst-II (Thr51) has only «-2,3-sialyl-
transferase activity (monofunctional) and can make GM1-
like and GD1a-like L.OSs, whereas Cst-II (Asn51) has
both «-2,3- and «-2,8-sialyltransferase activities (bifunc-
tional) and can make GTla-like and GD1lc-like LOSs
(Figure 2) [22]. Neuropathic strains more frequently have
cst-II than enteritic strains [25°°). Strains with esz-11
(Thr51) have the GM1 and GD1la epitopes, whereas
those with csz-IT (AsnS1) regularly express the GQ1b
epitope. Patients infected with C. jguni (Thr51) more
frequently than C. jgfuni (Asn51) were positive for anti-
GM1 and anti-GD1a IgG and had limb weakness, and
GBS was diagnosed. Patients infected with C. jejuni
(Asn51) were more often positive for anti-GQ1b IgG
and had ophthalmoplegia and ataxia, and FS and the
related conditions were diagnosed.

These results have presented a new paradigm that bac-
terial genetic polymorphism determines the clinical pre-
sentation of autoimmune diseases (Figure 3).

(a)
cgtA cgtB  cst-ll (Thr51)

N

\
Anti-GM1 or anti-GD1a IgG

A
Limb weakness
Y
Guillain-Barré
syndrome

GMi-ike LOS GD1a-ike LOS  GTyafke LOS GDicdike LOS

(b)
cgtA cgtB cst-ll (Asn51)

Anti-GQ1b IgG
\
Ophthalmoplegia, ataxia

i

Fisher syndrome
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Campylobacter jejuni gene polymorphism as a determinant of clinical neuropathies after infection by the bacterium. (a) C. jejuni carrying cst-l
(Thr51) can express GM1-like or GD1a-like LOS on its cell surfaces. Infection by such C. jejuni strains can induce anti-GM1 or anti-GD1a 1gG
production in certain patients. Anti-GM1 or anti-GD1a IgG antibodies bind to GM1 or GD1a, respectively; these are expressed on motor nerves
in the four limbs. This binding induces the development of Guillain-Barré syndrome. {b) By contrast, C. jejuni carrying cst-If (Asn51) can express
GT1a-like or GD1c-like LOS on its cell surfaces. Infection by such C. jejuni strains induces anti-GQ1b IgG production in certain patients.
Anti-GQ1b IgG antibody binds to GQ1b, which is expressed on the oculomotor nerves and primary sensory neurons. This induces the

development of Fisher syndrome.
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Conclusions

Convincing evidence has shown that carbohydrate mimi-
cry is a cause of GBS/FS subsequent to C. jefuni enteritis.
Moreover, the bacterial gene responsible for this has
been determined (¢sz-I1). Only a minority of those who
have C. jejuni enteritis develop GBS [30], and no host
susceptibility genes associated with the development of
GBS have yet been identified. The lipopolysaccharide
receptors CD14 and Toll-like receptor 4 (TLR4) are
important in antigen presentation and intracellular sig-
nalling, but the functional polymorphisms in D74 and
TLR4 are not associated with susceptibility to C. jejuni-
associated GBS [31]. A genome-wide search of single
nucleotide polymorphisms could identify the host sus-
ceptibility genes.
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Introduction

Guillain-Barré syndrome (GBS), characterized by
acute flaccid paralysis and areflexia, is the prototype
of post-infectious autoimmune diseases. Most GBS
patients have had gastrointestinal or upper respiratory
symptoms one to two weeks before the onset of
limb weakness. The relatively short period between
the antecedent illness and neuropathy makes possible
both the determination of the antecedent pathogen and
its isolation from GBS patients. The Gram-negative
bacterium, Campylobacter jejuni, a leading cause of acute
gastroenteritis in humans, is the most frequent ante-
cedent pathogen in GBS [1]. This review provides an
update on molecular mimicry as a cause of GBS after
C. jeruni infection,

A true case of molecular mimicry

Molecular mimicry is one mechanism by which infec-
tious agents may trigger an immune response against
autoantigens. Many study findings are consistent with
the mimicry hypothesis, but none has convincingly
demonstrated that mimicry is an important mechanism
in the development of autoimmune disease in humans.
Several examples of molecular mimicry between
microbial and self components are known, but in most
cases no epidemiological relationship between auto-
immune disease and microbial infection has been estab-
lished. Moreover, in some studies, no replica of human
autoimmune disease has been obtained by immuni-
zation with the mimic of an infectious agent. Replicas
associated with definite, epidemiological evidence of
microbial infection are required to test the molecular
mimicry theory of the development of autoimmune
diseases.

Four criteria must be satisfied to conclude that a disease
is triggered by molecular mimicry [2°]: (1) the establish-
ment of an epidemiological association between the
infectious agent and the immune-mediated disease;
(2) the identification of T cells or antibodies directed
against the patient’s target antigens; (3) the identification
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