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Molecular mimicry between lipooligosaccharides (LOS) of Campylobacter jejuni and gangliosides in periph-
eral nerves plays a crucial role in the pathogenesis of C. jejuni-related Guillain-Barré syndrome (GBS). We
have analyzed the LOS outer core structures of 26 C. jejuni strains associated with GBS and its variant, Miller
Fisher syndrome (MFS), by capillary electrophoresis coupled with electrospray ionization mass spectrometry.
Sixteen out of 22 (73%) GBS-associated and all 4 (100%) MFS-associated strains expressed LOS with
ganglioside mimics. GM1a was the most prevalent ganglioside mimic in GBS-associated strains (10/22, 45%),
and in eight of these strains, GM1a was found in combination with GD1a mimics. All seven strains isolated
from patients with ophthalmoplegia (GBS or MFS) expressed disialylated (GD3 or GD1c) mimics. Three out
of 22 GBS-associated strains (14%) did not express sialylated ganglioside mimics because their LOS locus
lacked the genes necessary for sialylation. Three other strains (14%) did not express ganglioside mimics
because of frameshift mutations in either the cstII sialyltransferase gene or the cgtB galactosyltransferase gene.
It is not possible to determine if these mutations were already present during C. jejuni infection. This is the first
report in which mass spectrometry combined with DNA sequence data were used to infer the LOS outer core
structures of a large number of neuropathy-associated C. jejuni strains. We conclude that molecular mimicry
between gangliosides and C. jejuni LOS is the presumable pathogenic mechanism in most cases of C. jejuni-
related GBS. However, our findings suggest that in some cases, other mechanisms may play a role. Further

examination of the disease etiology in these patients is mandatory.

Gastroenteritis caused by Campylobacter jejuni is the most
common infection preceding Guillain-Barré syndrome (GBS),
an acute immune-mediated neuropathy (15, 29). Molecular
mimicry between lipooligosaccharides (LOS) in the C. jejuni
cell wall and gangliosides in peripheral nerves plays a crucial
role in the pathogenesis of GBS (1). Gangliosides are mem-
brane glycolipids that are highly enriched in the nervous sys-
tem. They are composed of a highly variable oligosaccharide
core containing one or more sialic acid molecules and a cer-
amide tail inserted in the cell membrane. Acute-phase sera of
most patients with C. jejuni-associated GBS contain high titers
of antibodies to various gangliosides that cross-react with C.
jejuni LOS (2, 30). The specificities of these antiganglioside
antibodies relate to specific antecedent infections and different
clinical presentations of GBS. For example, anti-GM1 antibod-
ies have been associated with a preceding Campylobacter in-
fection and with a severe, pure motor form of GBS (16). Miller
Fisher syndrome (MFS), a variant of GBS with oculomotor
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weakness and ataxia, is strongly associated with the presence of
anti-GQ1b antibodies (8).

Since the first report in 1993, several studies have demon-
strated ganglioside-like structures in the LOS outer core of C.
jejuni strains isolated from GBS and MFS patients (31). Mass
spectrometry (MS) and nuclear magnetic resonance analyses
of individual strains have revealed the presence of GMla,
GD3, GD1a, and GT1a mimics in GBS-associated strains and
of GD3 mimics in MFS-associated strains (4, 6, 24, 25, 32).
Serological studies of larger collections of isolates have con-
firmed and extended these findings (2, 22). However, serolog-
ical assays are not suitable to determine the exact chemical
structure of the LOS outer core.

Detailed knowledge of the biosynthesis and structures of
LOS outer cores in neuropathy-associated C. jejuni isolates
may help to further elucidate the role of microbial factors in
the pathogenesis of GBS, especially since C. jejuni displays
considerable structural variation in its LOS outer core. Several
genetic mechanisms responsible for this variation have been
described (12). First, there is extensive variation in the gene
content of the LOS biosynthesis gene locus (“LOS locus”). In
addition, variation in homopolymeric tracts, single-base dele-
tions, insertions, and mutations can lead to gene inactivations
or glycosyltransferases with different acceptor specificities, re-
sulting in the expression of different LOS structures. Previ-
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TABLE 1. C. jejuni strains and patient characteristics

Strain serotl;’lse(s)a Origin Patient diagnosis acg::i](?inri(o.b
GB1 1 The Netherlands GBS EF066651
GB2 uT The Netherlands GBS DQ813306
GB3 19 The Netherlands GBS DQ906040
GB4 37 The Netherlands GBS AY943308
GB5 4,604 The Netherlands GBS AY854153
MF6 4, 64 The Netherlands MEFS AY422196
MF7 35 The Netherlands MFS DQ140270
MF8 23,36 The Netherlands MEFS DQ102714
GBl11 2 The Netherlands GBS AY422197
GB13 2 The Netherlands Enteritis, family GBS EF101695
GB14 2 The Netherlands Enteritis, family GBS EF101696
GB15 5,34 The Netherlands GBS AY423554
GBI16 13, 66 Belgium GBS (with ophthalmoplegia) EF076703
GB17 4,13, 64 The Netherlands GBS EF094857
GB18 19 The Netherlands GBS DQ868320
GB19 4,50 The Netherlands GBS (with ophthalmoplegia) DQ357237
MF20 2 The Netherlands MFS EF064287
GB21 13,65 The Netherlands GBS EF076704
GB22 13, 64 The Netherlands Antilles GBS EF091821
GB23 4,13,43 The Netherlands GBS EF107518
GB24 31 The Netherlands GBS AY573819
GB25 2 The Netherlands GBS (with ophthalmoplegia) EF064288
GB26 1,44 The Netherlands Enteritis, family GBS DQ351737
GB27 1,44 The Netherlands Enteritis, family GBS EF095404
GB28 19, 38 The Netherlands Antilles GBS DQY06041
GB31 13,50 The Netherlands Antilles GBS DQ518908

“HS, heat stable (Penner serotyping system).

® GenBank accession numbers for the partial DNA sequences within the LOS locus are given.

ously, we analyzed the LOS locus of a collection of Dutch
neuropathy-associated and control enteritis C. jejuni isolates
(14). We found that the class A LOS locus was associated with
GBS and the expression of GM1-like structures, whereas the
class B LOS locus was associated with MFS and the expression
of GQlb-like structures. The presence of GMI-like and
GQ1b-like structures was determined using serological assays,
and the exact LOS structures were not known. The develop-
ment of new MS methods combined with serotyping and pre-
liminary genetic knowledge to predict LOS structures allows
the quick screening of many strains (27). In the current study,
we used this method to infer the LOS outer core structures of
26 GBS- and MFS-associated C. jejuni strains. Furthermore,
we analyzed the genetic mechanisms responsible for the ob-
served variation in these structures, and we related the differ-
ent LOS structures to clinical symptoms in the corresponding
patients.

MATERIALS AND METHODS

C. jejuni strains. Twenty-two GBS-associated and four MFS-associated C.
Jejuni isolates were isolated from patients from The Netherlands, Belgium, and
The Netherlands Antilles between 1991 and 2000 (Table 1). GB13 and GB14,
and GB26 and GB27, were cultured from the diarrheal stools of family members
of two GBS patients (3). In both families, there was an outbreak of C. jejuni
enteritis, whereas only one family member developed GBS. We were unable to
culture C. jejuni from either GBS patient, despite the serological evidence that
the GBS patients had also been infected with C. jejuni. These paired isolates were
found to be highly related by various genotyping methods (9, 10), suggesting that
family members had been infected with the same C. jejuni strain. The degree of
subculturing was kept to a minimum, but six to eight passages were necessary for
isolation, storage, transport, and preparation of cells for mass spectrometry
analysis.

Determination of the LOS locus class by PCR. The LOS locus class was
determined as described previously (14). To distinguish between class D and
class F, an additional primer set for the detection of orf17d (specific for class D)
was included (23).

Mass spectrometry analysis. Confluent growths from one agar plate (Mueller-
Hinton medium) grown overnight were treated as described previously by Szy-
manski et al., except that we used proteinase K at 60 mg/ml, RNase A at 200
mg/ml, and DNase I at 100 mg/ml (27). The O-deacylated LOS samples were
analyzed by capillary electrophoresis coupled with electrospray ionization MS
(CE-ESI-MS) as described previously by St. Michael et al. (26). All CE-ESI-MS
and CE-ESI-tandem MS (MS/MS) analyses were performed using a crystal
model 310 capillary electrophoresis instrument (ATI Unicam, Boston, MA)
coupled to an API 3000 mass spectrometer (Applied Biosystems/MDS Sciex,
Concord, Canada) via a microlon-spray interface.

DNA sequencing. Genomic DNA was isolated using a DNeasy tissue kit
(QIAGEN). Long PCR products were generated using an Advantage 2 PCR kit
(Clontech Laboratories). The PCR products were sequenced using custom-made
primers that were used previously to sequence the LOS locus in multiple strains
(12). DNA sequencing was performed using an Applied Biosystems (Montreal,
Canada) model 373 automated DNA sequencer and the manufacturer’s cycle
sequencing kit (see Table SXXVII in the supplemental material for additional
details).

Cloning and expression of the cstII gene from C. jejuni GB26. The GB26 cstll
gene was amplified using Pwo polymerase (Roche Diagnostics, Laval, Canada)
and the following primers: CJ-131 (5'-CTTAGGAGGTCATATGAAAAAAGT
TATTATTGCTGGAAATG-3' [41-mer] [the Ndel site is in italics]) and CJ-764
(5'-TTTAGGGTCGACTCAAAGATTAAAATTTTTTGAG-3" [34-mer] [the
Sall site is in italics]). These two primers amplified the region encoding amino
acids 1 to 260 of cstII from C. jejuni GB26. The PCR product was digested with
Ndel and Sall and cloned in pCWori+(-lacZ) (19), creating construct CST-125.
Escherichia coli AD202, containing construct CST-125, was grown in 2X yeast
extract-Tryptone medium containing 150 wg/ml ampicillin. The culture was in-
cubated at 37°C until the A, reached 0.35, induced with 1 mM IPTG (isopropyl-
B-p-thiogalactopyranoside), and then incubated for 7 h at 37°C. The cells were
broken using an Avestin C5 Emulsiflex cell disruptor (Avestin, Ottawa, Canada).
a-2,3-Sialyltransferase and o-2,8-sialyltransferase activities were assayed as de-
scribed previously (12).
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FIG. 1. Mass spectrometry analysis of O-deacylated LOS from representative C. jejuni strains with sialylated LOS outer cores. (A and B) C.
jejuni GB11; (C and D) C. jejuni GB16; (E and F) C. jejuni MFS8. Panels A, C, and E show extracted mass spectra from CE-MS. Panels B, D, and

F show MS/MS of a representative peak from each CE-MS spectrum.

Statistical analysis. Differences in frequencies between groups were analyzed
with the Fisher’s exact test using InStat version 3.0 (Graphpad Software, San
Diego, CA). Differences were considered significant at a P value of <0.05 after
two-sided testing.

Nucleotide sequence accession numbers. The GenBank accession numbers for
the newly determined nucleotide sequences of the LOS loci of the C. jejuni
strains indicated in parentheses are EF066651 (GB1), DQ813306 (GB2),
DQY06040 (GB3), AY943308 (GB4), DQ140270 (MF7), DQ102714 (MFS8),
EF101695 (GB13), EF101696 (GB14), AY423554 (GB15), EF076703
(GB16), EF094857 (GB17), DQS868320 (GB18), DQ357237 (GB19),
EF0064287 (MF20), EF076704 (GB21), EF091821 (GB22), EF107518 (GB23),
AYS573819 (GB24), EF064288 (GB25), DQ351737 (GB26), EF095404
(GB27), DQY06041 (GB28) and DQ518908 (GB31).

RESULTS

Determination of the LOS outer core structures. We used
CE-ESI-MS on O-deacylated C. jejuni LOS to propose LOS
outer core structures for the 26 GBS- and MFS-associated
isolates (Fig. 1 and 2 and Table 2) (see Tables SI to SXXVI in
the supplemental material). The CE-ESI-MS procedure did
not provide linkage information but provided information
about the sugar composition of the LOS outer core. The gly-
cosyltransferase variants present in the LOS locus of each
strain (Table 3) were used to help interpret the data obtained

by CE-ESI-MS (see appendixes SA and SB in the supplemen-
tal material). For several strains, we could determine only the
sugar composition of the LOS outer core and no structure. In
class A and class B strains, the presence of a two-domain
Cj1135 (glucosyltransferase) suggests that both heptoses are
substituted with glucose, while the presence of a one-domain
Cj1135 suggests that only Hepl is substituted with glucose (11).
The extension of the outer core from Hepll is proposed for the
strains that have an active Cj1136 variant, while the two strains
(MF7 and MF8) that have an inactive Cj1136 variant due to
frameshift mutations (GenBank accession numbers DQ140270
and DQ102714) are proposed to have an outer core extended
from the glucose substituted to Hepll. Based on our previous
observations with strains whose LOS outer core structures
were completely determined (11), we propose that the inner
galactose is substituted with sialic acid in the strains that have
no glucose on Hepll and that have CgtA and CgtB variants
that are specific for a sialylated acceptor. We propose that the
inner galactose is not substituted with sialic acid in the case of
class A and class B strains that have a glucose on Hepll, an
active Cj1136 variant, and CgtA/CgtB variants that are specific
for nonsialylated acceptors.
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FIG. 2. Mass spectrometry analysis of O-deacylated LOS from representative C. jejuni strains with nonsialylated LOS outer cores. (A and B)
C. jejuni GB15; (C and D) C. jejuni GB4; (E and F) C. jejuni GB24. Panels A, C, and E show extracted mass spectra from CE-MS. Panels B, D,
and F show MS/MS of a representative peak from each CE-MS spectrum.

Fifteen different outer core structures were identified among
the 26 strains that were analyzed, and 14 strains expressed a
mixture of at least two different outer core structures. It was
not possible to quantify the proportions of the different outer
core structures because their different sialic acid contents re-
sulted in different ionization efficiencies, which then had an
impact on the observed peak intensities. Several strains har-
boring the same LOS locus expressed different LOS structures.
Within the class A strains, five different (mixtures of) LOS
structures were detected. Clearly, knowledge of the LOS locus
class is not sufficient to predict the LOS structure. It is also
necessary to sequence the key glycosyltransferases to deter-
mine the variants involved and whether they encode complete
or truncated products.

Expression of ganglioside mimics in the LOS. Sixteen of 22
(73%) GBS-associated isolates and all four (100%) MFS-as-
sociated isolates expressed LOS with ganglioside mimics in-
cluding GM1a, GM1b, GM2, GD1a, GD1c, GD2, and GD3.
Ganglioside mimics were detected only in strains with a class
A, B, or C LOS locus (the presence of ganglioside mimics in
class A/B/C versus other classes was 20/23 versus 0/3 [P <
0.01]). In GBS-associated strains, GM1a was the most preva-

lent ganglioside mimic, present in 10 out of 22 strains (45%).
Interestingly, in all eight GBS strains with a class A LOS locus
and GM1a mimicry (36% of all GBS strains), the GM1a mimic
was present as part of a GM1a/GD1a mixture (the presence of
GM1a/GD1la in class A versus non-class A was 8/13 versus 0/13
[P < 0.01]). All seven strains isolated from patients with MFS
or GBS with ophthalmoplegia expressed structures with a ter-
minal di-NeuAc-Gal (GD3 and GDIc), versus only 1/19 other
GBS-associated strains (5%; P < 0.01). These mimics were
found predominantly in strains with a class B LOS locus (the
presence of GD1c or GD3 in class B versus non-class B was 6/7
versus 2/19 [P < 0.01]). Both class A strains with a GD1c mimic
were isolated from GBS patients with ophthalmoplegia.

LOS outer core structures without ganglioside mimics. Gan-
glioside mimics could not be detected in the LOS of 6 out of 22
GBS-associated isolates (27%): GB1, GB4, GBS, GB15, GB24,
and GB27 (Table 2). These strains were further analyzed to
explain the absence of ganglioside mimics. The class C LOS
locus of strain GB1 contains all genes necessary to synthesize
sialylated LOS. However, we found a five-base deletion in the
cstlIl gene of GB1 (GenBank accession number EF066651),
resulting in a truncated CstIII (219 amino acids instead of 294
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Strain(s)

Structure

Ganglioside mimic

GB2, GB3, GB11, GBI1S,
GB21, GB22, GB28, GB31

GB23

GB26

GB27

GB16, GB19

GB17, GB25

MF6, MF20

MF7

( Eal—GalNAc-Gal-HepII-HepI
| |

NeuAc Glc

(Eal-GalNAc-Gal-HepII-HepI
| |

|
NeuAc NeuAc Glc

( ;alNAc—Gal—HepII—HepI
| |
NeuAc Glc
( Eal—GalNAc-Gal-HepII-HepI
| |
NeuAc Glc Glc

Gal-GalNAc-Gal-HeplI-Hepl

Glc Gle
(Eal-GalNAc-Gal-HepII-HepI
| | |
NeuAc Gle Gle

|
NeuAc

Gal-GalNAc-Gal-HeplI-Hepl

Glc Glc
( Eal-GalNAc-Gal-HepII-HepI
I\|IeuAc G|lc G|lc
( Eal—GalNAc-Gal-HepII-HepI
1\|I euAc G|lc G|1c
1\|I euAc
( Eal-GalNAc-Gal-HepII-HepI
I\|IeuAc G|lc G|1c
( Eal-GalNAc-Gal-HepII-HepI
I\|IeuAc G|lc G|lc
I\|IeuAc
( ialNAc—Gal-Glc-HepII-HepI
Neu|Ac G|lc
( EalNAc-Gal-Glc-HepII-HepI
Neu|Ac G|1c
Neu|Ac
Gal-Glc HeplI-Hepl
Neu|Ac G|1c
Neu|Ac

GMla

GDla

GM2

GM1b

None (GA1l)

GDlc

None (GAl)

GM1b

GDlc

GM1b

GDlc

GM2

GD2

GD3

Continued on following page
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TABLE 2—Continued

Strain(s) LOS class Structure Ganglioside mimic

MF8 B ( EalNAc—Gal-Glc—HepII-HepI GM2

Neu|Ac G|1c

Gal-Gle-HeplI-Hepl GD3

Neu|Ac Glc

Neu|Ac
GB35 B GalNAc-Gal-HeplI-Hepl None (GA2)”

Glc G|lc
GB13, GBl14 c Gal-GalNAc-Gal-Gal-HeplI-Hepl GMla
NeuA‘c G2|il Gl|c G1|c
GBI C Gal-Gal-HeplI-Hepl None
Gz|11 Gllc Gl|c

GB24 K HexsHexNAc,Hep, None
GB4 P Hex;HexNAc;QuiNAc,Hep,* None
GBI15 F Hex,HexNAc,Hep, None

“ The brackets indicate the portions of the LOS outer cores that are mimicking gangliosides. The Hepl of the inner core is linked to a Kdo residue that is linked

to the lipid A portion of the LOS (4).

> The exact structure could not be deduced from the observed masses, but the composition of the sugar residues was consistent with an “asialo-GM2”-like (GA2)

structure.

¢ The observed masses suggest that this LOS structure is related to the LOS outer core structure of strain ATCC 43431 (HS:3 type strain) (5).

amino acids). This will prevent the transfer of sialic acid and
the subsequent addition of the terminal GalNAc to the LOS
backbone. Strain GBS also contains an LOS locus (class B)
that is essentially capable of directing the synthesis of sialylated
LOS, but single-base deletions in the cgsB and cstII genes result
in the expression of a truncated LOS outer core without sialic
acid (13). Although GB26 and GB27, isolated from two family
members of a GBS patient, were indistinguishable by various
phenotyping and genotyping methods (9, 14), mass spectrom-
etry revealed that only GB26 expresses sialylated LOS. We
detected a poly(G) tract in the cst/I gene that leads to a frame-
shift and premature translation stop in GB27 (10-G tract) and
mostly a complete translation product in GB26 (nine-G tract).

We sequenced the entire LOS biosynthesis locus of GB4,
GB15, and GB24 and found that all three strains lack the genes
necessary for sialylation of the LOS (GenBank accession num-
bers AY943308, AY423554, and AYS573819, respectively).
These three LOS loci do not contain either the sialyltransfer-
ase gene (cstIl or cstlll) or the genes (neuAd, neuB, and neuC)
necessary for the synthesis of sialic acid and its activated donor,
CMP-NeuAc. GB15 has a class F LOS locus (11), whereas both
GB4 and GB24 contained novel LOS loci (classes P and K,
respectively) (C. T. Parker et al., unpublished data). The exact
LOS outer core structures of strains GB4 and GB24 could not
be deduced from the mass spectrometry data, but the former
structure is related to the LOS outer core of strain ATCC
43431 (HS:3 type strain), which does not contain a ganglioside
mimic (5). The mass spectrometry profile suggests that the
LOS outer core of GB15 is composed of four hexoses and one

HexNAc. It is possible that the LOS outer core of GB15
mimics a human glycolipid of the globo or isoglobo series.
However, none of the LOS outer cores of GB4, GB15, and
GB24 contains sialic acid, as shown by the absence of the
diagnostic ion (m/z 290) in CE-MS/MS spectra of O-deacylated
LOS samples from these strains (Fig. 2). This was further
confirmed by precursor ion scan experiments in which no gly-
coforms were detected with a precursor ion at m/z 290 (data
not shown).

CstII variants and LOS structure. Polymorphisms in the cstIl
gene determine the extent of sialylation of the LOS (12). There-
fore, we determined the correlation between CstII variants and
LOS outer core structure. We have previously shown that amino
acid residues 51 and 53 affect the level of activity and specificity of
CstII (12). Most of the variants with Asn51 express disialylated
LOS outer cores (bifunctional CstIl; -2,3- and «-2,8-sialyltrans-
ferase activity), while most of the variants with Thr51 express LOS
outer cores with only o-2,3-linked sialic acids (monofunctional
CstIL; only o-2,3-sialyltransferase activity). CstIII, the CstII ho-
mologue present in class C strains, is always monofunctional and
was therefore not analyzed in this study. We detected eight dif-
ferent variants among the 20 class A and class B neuropathy-
associated strains (Fig. 3), 5 of which had Asn51. Seven out of 10
strains (70%) with an Asn51 variant expressed disialylated LOS,
as opposed to 1 out of 10 strains (10%) with a Thr51 variant (P =
0.02). However, the correlation between CstlI variants and LOS
structure was not perfect. MF8 has the Thr51 variant and ex-
presses a mixture of mono- and disialylated LOS outer cores,
while GB26 has Asn51 and expresses only a monosialylated LOS
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TABLE 3. Variants of the glycosyltransferases involved in the synthesis of the LOS outer core structures in
C. jejuni strains with a class A or B LOS locus”

Variant

Strain LOS class

Gj1135 Cj1136 CgtAl CgtAIl CgtB CstII?
GB2 A One domain On Monosialylated® NAY Monosialylated Monofunctional
GB3 A One domain On Monosialylated NA Monosialylated Monofunctional
GB5 B Two domains On* Nonsialylated” Monosialylated/disialylated® off* Off
MF6 B Two domains On Nonsialylated Monosialylated/disialylated Nonsialylated Bifunctional
MF7 B Two domains Off Off Monosialylated/disialylated Off Bifunctional
MEF8 B Two domains Off Off Monosialylated/disialylated Monosialylated Monofunctional
GBl11 A One domain On Monosialylated NA Monosialylated Monofunctional
GB16 A Two domains On Nonsialylated NA Nonsialylated Bifunctional
GB17 B Two domains On Nonsialylated Monosialylated/disialylated Nonsialylated Bifunctional
GB18 A One domain On Monosialylated NA Monosialylated Monofunctional
GB19 A Two domains On Nonsialylated NA Nonsialylated Bifunctional
MF20 B Two domains On Nonsialylated Monosialylated/disialylated Nonsialylated Bifunctional
GB21 A One domain On Monosialylated NA Monosialylated Monofunctional
GB22 A One domain On Monosialylated NA Monosialylated Monofunctional
GB23 A One domain On Monosialylated NA Off Monofunctional
GB25 B Two domains On Nonsialylated Monosialylated/disialylated Nonsialylated Bifunctional
GB26 A Two domains On Nonsialylated NA Nonsialylated Monofunctional
GB27 A Two domains On Nonsialylated NA Nonsialylated 0)i
GB28 A One domain On Monosialylated NA Monosialylated Monofunctional
GB31 A One domain On Monosialylated NA Monosialylated Monofunctional

¢ Assignment of the glycosyltransferase variants is based on amino acid sequence comparisons with variants of known specificities (11, 12).
b For CstII variants, monofunctional indicates that CstIT has «-2,3-sialyltransferase activity, and bifunctional indicates that CstIT has both «-2,3-sialyltransferase and

a-2,8-sialyltransferase activity.

¢ Monosialylated indicates that the glycosyltransferase is specific for the monosialylated acceptor.

4 NA, not applicable.
¢ On indicates that a gene has no frameshift mutation.

/Nonsialylated indicates that the glycosyltransferase is specific for a nonsialylated acceptor.
£ Monosialylated/disialylated indicates that the glycosyltransferase can use a monosialylated or a disialylated acceptor.

" Off indicates that a gene is inactive because of a frameshift mutation.

outer core. The LOS loci of MF8 and HS:36 are identical except
for a difference in the length of the G tract in cgt4 (12). Although
speculative, it is possible that a cgt4 mostly in an “off status”
enables CstlIl with very low «-2,8-sialyltransferase activity to add
a second sialic acid, since the lack of a GalNAc addition preserves
the acceptor for CstIl. We cloned and expressed CstlI from GB26
and found that it has only «-2,3-sialyltransferase activity (using in
vitro assays) (see Fig. S1 in the supplemental material), although
it has Asn51. Cstll from GB26 has the sequence that diverges
most from the other CstIl sequences (Fig. 3), and it is possible
that one (or several) amino acid substitution(s) has inactivated
the «-2,8-sialyltransferase activity. We observed that the Asn51
variant was present in 6/7 class B strains (86%), whereas Thr51
was the most prevalent variant in class A strains (9/13; 69% [P =
0.06]). Likewise, the Asn51 variant was present in 6/7 (86%) of
the MFS-associated strains and strains associated with GBS and
ophthalmoplegia, whereas the Thr51 variant was found primarily
in the other GBS-associated strains (9/13; 69% [P = 0.06]).

DISCUSSION

Ganglioside mimicry is considered to be a crucial factor in
the pathogenesis of C. jejuni-associated GBS (1). Detailed
knowledge of the bacterial components mimicking human
structures, the genetic mechanisms responsible for the ob-
served variation in these structures, and their relation to cross-
reactive autoantibodies and clinical features may provide a
better understanding of the role of molecular mimicry in
postinfectious neuropathy. For the first time, MS combined

with DNA sequence data were used to determine the LOS
outer core structures of a large number of neuropathy-associ-
ated C. jejuni strains. Our data confirm that ganglioside mim-
icry is the most likely pathogenic mechanism underlying the
majority of C. jejuni-associated GBS cases but that in some
GBS patients, mimicry towards microbial structures other than
ganglioside-like LOS or other mechanisms may lead to neuro-
logical damage.

Various ganglioside mimics were found in the LOS of neu-
ropathy-associated strains. GM1a was the most prevalent gan-
glioside mimic in GBS strains, and it was predominantly
present in combination with GD1a mimics (36% of all GBS
strains). Although GM1a mimics were found in both class A
and class C strains, the GM1a/GD1a mixture was present only
in strains with a class A LOS locus, which has previously been
associated with GBS (14, 20). Because the prevalence of a class
A LOS locus in enteritis-associated strains is 14 to 17% (14,
20), it is expected that a maximum of 14 to 17% of these strains
have the GMla/GDla mixture. The high prevalence of a
GM1a/GD1a mixture in GBS-associated strains suggests that a
cluster or complex of these two ganglioside mimics may be the
target antigens in a subgroup of GBS rather than single gan-
glioside mimics. This finding is consistent with the results re-
ported previously by Koga et al. but is in contrast with those
reported previously by Nachamkin et al., who found that the
expression of GD1a and not GM1 was associated with GBS
(20, 22). Furthermore, our results are in agreement with recent
observations that ganglioside complexes are important target
antigens in GBS as well as in MFS (17, 18).
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FIG. 3. Alignment of the CstllI sialyltransferase amino acid sequences from the GBS and MFS C. jejuni strains. Only variable residues are

shown in addition to the consensus sequence. An “*” indicates conserved residues, a

@, @ 2

indicates strongly similar residues, and a indicates

weakly similar residues. The amino acids that were shown to influence the activity and spec1ﬁc1ty of Cstll are underlined (residues 51 to 53).

MFS and GBS with ophthalmoplegia (GBS/MFS overlap)
have been associated with the presence of anti-GQ1b antibod-
ies and with the presence of GQ1b-like LOS as determined by
serological assays (2, 8). This association may be explained by
the enrichment of GQ1b in the nerves that innervate the oc-
ulomotor muscles (7). Up to now, MS analysis has not dem-
onstrated true GQIlb-like structures in C. jejuni LOS. The
detection of structures with a terminal di-NeuAc-Gal in seven
out of eight (87%) strains associated with ophthalmoplegia
suggests that in these patients, pathogenic antibodies are
raised against the disialylated GD3- or GDlc-like LOS and
cross-react with GQ1b in human nerves.

There are several possible explanations for the observation
that six GBS-associated strains did not express ganglioside
mimics in their LOS. We previously demonstrated that a GBS
patient was coinfected with two C. jejuni strains, while only one
strain could be linked to GBS (13). In such cases, it is possible
that a coinfecting strain, possibly a strain without ganglioside
mimics, is isolated from the stool sample and wrongfully re-
garded as a “GBS-associated” strain. This may also have oc-
curred in patients described here, related to strains that lacked
ganglioside mimics. However, it is also possible that the ex-

pression of ganglioside mimics vanished during the infection or
culture procedures due to mechanisms such as phase variation
or single-base mutations or deletions. Strain GB1 did not ex-
press ganglioside mimics due to a frameshift mutation in the
cstlIl gene. It is possible that GBS was induced by a gangli-
oside-mimicking GBI strain and that this mutation occurred
later in the course of the infection or during laboratory
processing. This hypothesis is concordant with the presence
of antibodies against both GM1 and asialo-GM1 in the
patient serum (2). The same scenario may also apply to
strains GB26 and GB27, which were isolated from two fam-
ily members of a GBS patient who did not develop neuro-
logical symptoms. Both isolates are genetically highly re-
lated, indicating that all family members had probably been
infected with the same strain. Interestingly, we found that
variation in the poly(G) tract of the cstII gene was respon-
sible for the lack of ganglioside mimics in the LOS of GB27.
In this case, GBS may have been triggered by the ganglio-
side-mimicking variant of the strain (GB26) and not by the
variant without ganglioside mimics (GB27). Strain GB26
expresses an LOS outer core that mimics GM1b, which,
unfortunately, is not commercially available. Consequently,
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we could not determine if the family member who developed
GBS had any anti-GM1b antibodies.

On the other hand, our findings indicate that sometimes,
molecular mimicry with nonsialylated LOS may be involved in
the pathogenesis of GBS. We demonstrated previously that the
GBS patient serum contains anti-asialo-GM2 antibodies that
are cross-reactive with GB5 LOS, which suggests that GBS was
induced by molecular mimicry with C. jejuni LOS without gan-
glioside mimics (13). Other mechanisms, including mimicry
with C. jejuni structures other than LOS, either sialylated or
nonsialylated, or with other microorganisms, should also be
considered in some cases. Strains GB4, GB15, and GB24 do
not express ganglioside mimics because they do not have the
genes that are required for sialylation of the LOS. The acute-
phase patient sera with GB4, GB15, and GB24 did not contain
antiganglioside antibodies (2; M. L. Kuijf, unpublished data),
suggesting a pathogenic mechanism other than ganglioside
mimicry. Further investigations are needed to elucidate the
pathogenesis of GBS and the role of C. jejuni in these cases.

Genetic polymorphism of C. jejuni determines the LOS
structure and thereby also the specificity of the antiganglioside
antibody response and clinical features of GBS (2, 12, 14). The
presence of and polymorphism within the cst/I gene have been
associated with the expression of ganglioside mimics and with
clinical features of GBS (21, 28). We found that the CstII
Asn51 variant was associated with the expression of disialy-
lated LOS and seemed to occur more frequently in class B
strains and strains related with clinical symptoms of MFES or
GBS with ophthalmoplegia. The Thr51 variant was associated
with monosialylated LOS and seemed to occur more fre-
quently in class A strains and in GBS-related strains. These
observations suggest that the previously described associations
between a class A LOS locus and GBS and class B LOS locus
and MFS may be based on the high prevalence of the Thr51
variant in the class A LOS locus and the Asn51 variant in the
class B LOS locus (14). Our findings are concordant with
recent data reported by Koga et al. (20, 21).

We conclude that the majority of C. jejuni strains isolated
from GBS or MFS patients express single or multiple gangli-
oside mimics in their LOS. However, a substantial portion of
the strains is apparently lacking the antigen that is supposed to
give rise to the potentially pathogenic antiganglioside antibod-
ies. Further examination of the disease etiology in these pa-
tients is mandatory.
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