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Fig.2. AA cascade-targeted metabolomics analysis. (A) Eicosanoid levels in the SCs of naive mice and EAE mice in the induction, acute, and chronic phases (1 = 8-10
animals) were determined. Data represent means = SEM. #, P < 0.001, *+, P <001, *, P < 0.05 compared with naive mice using the Kruskai-Wallis test with Dunn’s
post-hoc test. (8) The means of eicosanoid levels were normalized with those of naive mice for each eicosanoid. Then, a cluster analysis was performed by the Ward
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and EAE mice in the induction (pink), acute (red), and chronic (orange) phases are shown (n = 8-10 animals). Each data point represents the results from a single animal.

Data were analyzed statistically by Pearson’s correlation.

mPGES-1 Is Expressed in Human MS Lesions. To investigate whether
the mPGES-1 is a therapeutic target in MS patients, we examined
autopsy brain tissues obtained from MS patients (Fig. 4). In
accordance with murine EAE (Fig. 34), immunohistochemistry on
MS lesions revealed the overt expression of mPGES-1 protein (Fig.
4 A, B, D, and E) in CD68~ macrophages (Fig. 4 G-Q). Immuno-
reactivity of mPGES-1 was not detected with antigen-absorbed Ab
(Fig. 4 C and F). These data suggest that not only murine EAE, but
also human MS pathology seems to be influenced by the mPGES-
1-PGE- axis of the AA cascade.

Discussion
In the present study, we provided a comprehensive overview of
the AA cascade dynamics in EAE lesions and determined the
roles of mPGES-1 and PGE. in EAE. By the AA cascade-
targeted lipidomics approach, we found that the PGE, pathway
is favored and the PGDa. PGI,, and 5-1L.O pathways are atten-
uated. Correlation analysis imply that the AA producing enzyme
cPLA« possibly passes more AA to the COX than the 5-LO
pathway in EAE, because the sequential actions of eicosanoid-
synthesizing enzymes are regulated spatially and temporally in
the cells, the so-called functional coupling (16-18). Likewise,
PGH,. a common precursor of PGs, appears to be selectively
consumed by the PGE; pathway rather than the PGI» and PGD»
pathways. thereby producing PGE: in the SCs of EAE mice.
The symptoms of EAE in COX-27/~ mice were comparable to
those of wild-type controls and administration of indomethacin, a
nonselective COX inhibitor, prevented development of the disease
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(14). We found that COX-2 expression was substantially up-
regulated in the SCs of EAE mice from the induction phase (Fig.
1B). The absolute number of microglia/macrophages increased
before the onset and throughout the disease course (23). and
COX-2 is generally induced by the inflammatory mediators in these
cells (24), implying that the up-regulation of COX-2 depended on
these cells. In human MS, Rose et al. reported the COX-2 expres-
sion in microglia/macrophages of MS lesions (25). We demon-
strated here that COX-1 mRNA expression is up-regulated in the
SCs of EAE mice (Fig. 1B) and is correlated with clinical symptoms
(Fig. S2). Deininger and Schiuesener showed the constitutive
expression of COX-1 in the microglia/macrophages of rat brain and
an elevation of its expression levels in the cells with the progression
of EAE (26). Further studies are needed to disclose the functions
of COX-1 and COX-2 in EAE pathology.

Among the eicosanoids examined, only the PGE; level was
significantly elevated in the SCs of EAE mice (Fig. 2). This
up-regulation seems to depended on the mPGES-1 expressed in the
microglia/macrophages of EAE lesions, because the PGE, produc-
tion was almost completely suppressed in mPGES-1~/~ mice (Fig.
3B). The expression of EP1, EP2, and EP4 was altered depending
on the disease severity (Fig. 1B and Fig. S2). Therefore, these EPs
are candidates for the downstream effectors of PGE,. Indeed, the
exogenous and endogenous PGE, activates EP2 and EP4 on
antigen presenting cells to stimulate expression of IL-23 and IL-6,
resulting in a shift toward Ty17 responses (27-30). PGE, synergized
with IL-23 in expanding human Tyu17 cell (31) and directly pro-
moted differentiation of human and murine Ty17 cells through
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Fig.3. Suppression of EAE pathology and Tu1/Tu17 responses in the absence of mPGES-1. (A) 5Cs of EAE mice in the acute phase were stained with anti-mPGES-1
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values of individual groups. *, P < 0.05, by two-tailed Student's t test.

EP2/EP4 signaling (32). In addition, Yao et al. (30) recently
reported that PGE- acting on EP4 on T cells amplifies IL-23-
mediated Ty;17 expansion in vitro and an EP4-selective antagonist
suppressed the EAE pathology. In the case of Tyl immune
responses, differentiation of Ty 1 cells from naive T cells in vitro was
facilitated by EP1 (33), EP2, or EP4 agonists (30). T cells appear
to encounter the autoantigens mainly in the peripheral lymphoid
organs in the induction phase, and then in inflammatory foci of
CNS in the acute and chronic phases. The levels of PGE; in the
spleen were unchanged during the disease course (Fig. S4), whereas
those in the SCs were drastically elevated in wild-type mice (Fig. 2).
Furthermore, the EAE pathology of mPGES-1~/~ mice was atten-
uated in the chronic phase. These results imply that EP4-expressing
T cells are affected by PGE; in the CNS rather than in peripheral
lymphoid organs. We showed that the mPGES-1 deficiency abro-
gated the Tyl and Tu17 cytokine production in EAE (Fig. 3 E and
F), suggesting that PGE; produced by microglia/macrophages in
inflammatory foci may aggravate EAE by promoting the differen-
tiation of Tyl and the expansion of Ty17 cells through these EPs
Fig. 5).
( We zound that the PGIS expression was essentially diminished in
“EAE-induced C57BL/6 mice, resulting in a significant decrease of
6-keto-PGF,, levels in the acute phase of EAE (Fig. 2). Because
PGI; enhances endothelial barrier function (34), PG, seems to
protect mice from EAE by suppressing the inflammatory cell
infiltration. Several reports showed that loss of mPGES-1 results in
the rediversion of a substrate PGHj to other prostanoids, like PGI,,
which may affect the physiological and pathophysiological condi-
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tions of mPGES-1"/~ mice (35-37). Therefore, it is possible that the
amelioration of EAE in mPGES-1"/~ mice is due to the up-
regulation of PGI, levels (Fig. $6). On the other hand, the collagen-
induced arthritis was aggravated by the PGI,-IP axis (38), raising
another possibility that the PGI, is an exacerbating factor in Tul
and Ty17 immune responses and EAE pathology. The roles of PGI,
in EAE pathology remain controversial, and further studies are
needed.

Reduction in PGD; levels in the acute phase and its recovery in
the chronic phase could be explained by the expression changes of
L-PGDS (Figs. 1B and 2). One of the features of EAE/MS is
demyelination, which coincides with oligodendrocyte cell death.
L-PGDS is thought to be an anti-apoptotic molecule that protects
oligodendrocytes, because the oligodendrocyte apoptosis was en-
hanced in the brain of L-PGDS-deficient twitcher mice (39). In
human MS, L-PGDS expression was increased especially in the
remyelinated lesions (40). Thus, the decrease and the subsequent
recovery of L-PGDS may be associated with the demyelination and
remyelination in EAE/MS, respectively. Another PGD synthase,
H-PGDS, showed the pattern opposite to L-PGDS expression (Fig.
1B). Although H-PGDS is highly expressed in hematopoietic cells
and microglia/macrophages (41), PGD; levels were not elevated in
the SCs of EAE mice in the acute phase. Because these cells also
express mPGES-1, COX-1/2 seem to prefer to functionally couple
with mPGES-1 rather than H-PGDS in the cells of EAE lesions.

Contrary to the up-regulation of 5-LO/FLAP transcripts (Fig.
1B), we demonstrated here the significant suppression of 5-LO
metabolites during EAE pathology (Fig. 2). The discrepancy be-
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Fig. 4. mPGES-1 expression in infiltrated macrophages of MS lesions. Brain
tissues of MS patients’ autopsied materials displaying periventricular demyeli-
nating lesions were stained with anti-mPGES-1. (Scale bar, 50 um A, B, B, and £.)
The high magnification images of A and D are shown in B8 and E, respectively.
(Scale bar, 10 um.) The antigen-peptide blocks the signals of anti-mPGES-1 Ab
staining. (Scale bar, 10 um Cand F.} Both MS #1 (subacute stage, A-C) and MS #2
(acute stage, D-F) showed extensive infiltration of macrophages characterized by
foamy appearance. The mPGES-1 is colocalized with CD68-immunoreactive mac-
rophage in the MS lesions. (Scale bar, 10 pm G-Q.)

tween transcripts and metabolites is explained by posttranscrip-
tional/transiational (such as phosphorylation) regulation of en-
zymes (42-44) and/or functional coupling with cPLAa.
Furthermore, COX enzymes were up-regulated in the SC around
the same time (Fig. 1B), which results in the reduction of the
substrate availability for 5-LO. Emerson and LeVine reported that
3-LO™'~ mice developed more severe EAE than control wild-type
mice (15), suggesting a possibility of increased PGE; production in
the SCs of 53-LO™~ mice. Meanwhile, the report raises another
possibility that lipid mediators downstream of 5-LO may play
protective roles in EAE pathology. Because Gladue et al. (45)
showed that a BLT1 antagonist protects mice from EAE, LTB, is
not such a candidate for the protective lipid mediators. 5-LO
generates not only LTs but also lipoxins and resolvins (46, 47).
which are anti-inflammatory/proresolving lipid mediators derived
from AA and eicosapentaenoic acid, respectively. although we did
not measure these lipid mediators in the current study. 12/15-LO
deficiency conferred more severe EAE pathology (15), possibly
because 12/15-LO also mediates lipoxin production. Resolvin E1
reduces dendritic cell migration and IL-12 production, suggesting a
protective role in EAE pathology (48).

As a therapeutic strategy, blocking the hub of the AA cascade,
like COX-1/2. seems to be highly effective in preventing EAE
pathology. Although treatment of indomethacin actually amelio-
rates EAE, all mice died of gastrointestinal ulcers and bleeding (14),
a well-known side effect of NSAIDs (49). In 2004, rofecoxib, a
selective COX-2 inhibitor, was withdrawn because of an increased
cardiovascular risk in patients taking the drug for >18 months (50,
51). A possible reason why NSAIDs are currently only used for
treatment of flu-like symptoms associated with IFN therapy for MS
is that inhibition of COX-1/2 may put the patients at high risk for
adverse effects. Therefore, it seems that targeting AA cascade
downstream of COX-1/2 is highly effective in treating MS without
side effects. As discussed above, components of AA cascade
contribute to EAE pathology via intricate mechanisms (Fig. 5),
while our AA cascade-targeted lipidomics approach and knockout
study identified the mPGES-1-PGE;-EPs axis as the critical path-
way of AA cascade in EAE pathology. Given the function of EPs
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Fig. 5. Conceptual made! for the role of AA cascade in EAE pathology. PGE; is
produced by mPGES-1 in activated microglia (MG), infiltrating macrophages
(M®) and dendritic cells (DC), and then activates these cells in an autocrine/
paracrine manner through EP2/EP4. T celis differentiate into Ty17 cells by stim-
ulation with IL-6 and IL-23 secreted from activated MG/MA/DC, Ty1 differentia-
tion and expansion of Ty17 cells are accelerated by the direct effects of PGE; on
£P1 and EP2/EP4.

in Tyl and Ty17 immune responses (27-29. 38) and our findings of
mPGES-1 expression in MS lesions (Fig. 4), inhibition of mPGES-1
has a much better chance of blocking individual EPs. Although
mPGES-1 inhibitors which effectively suppress PGE. production in
rodents (22) have not been published vet, MF63. a selective human
mPGES-1 inhibitor, suppressed PGE; production, pyresis and
inflammatory pain in knock-in mouse expressing human mPGES-1
(52). We believe that mPGES-1 inhibitors provide a significant
treatment option for MS.

Materials and Methods

Mice. Female C57BL/6 mice were purchased from Charles River for lipidomics
analysis. The mPGES-17/~ mice were generated as described in ref. 53. See S/
Materials and Methods for more information.

Induction of EAE. Mice were s.c. immunized with MOG3s.s5 peptide. Pertussis
toxin was i.p. injected. See S/ Materials and Methods for more information.

Quantification of Eicosanoids and mRNA Levels in $Cs. Eicosanoid fevels were
estimated simultaneously as described in refs. 13, 19, 54, and 55. See S/ Materials
and Methods for more information.

Ex Vivo Experiments. The details of recall responses to the MOGss_ss peptide
antigen, ELISA, and flow cytometry are provided in $f Materials and Methods.

immunohistochemistry. For murine EAE, SCs obtained from EAE-induced mice
were stained with either anti-F4/80 (Serotec) or CD4 (BD Biosciences) Ab and
mPGES-1 (Affinity BioReagents) Ab as primary Abs. For human MS, cerebral
specimens were stained with rabbit anti-human mPGES-1 polyclonal Ab (Cay-
man) or mouse anti-human CD68 monoclonal Ab (DAKO, clone KP1) as a first Ab.
See S Materials and Methods for more information.

Statistical Analysis. As appropriate, data were analyzed statistically by means of

a Student's t test, Mann-Whitney U test, Fisher's exact test, two-way repeated
measures ANOVA, or Kruskal-Wallis test with Dunn's post-hoc test. Statistical,
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clustering, and correlation analyses were performed using JMP6 (SAS Institute) or
Prism 4 (GraphPad). Pvalues <0.05 were considered to be statistically significant.
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Abstract

There are two distinct subtypes of multiple sclerosis (MS) in Asians: opticospinal (OSMS) and conventional (CMS). OSMS
has similar features to neuromyelitis optica (NMO) and half of OSMS patients have the NMO-Immunoglobulin G (1gG)/
anti-aquaporin-4 (AQP4) antibody. We reported that Helicobacter pylori (H. pylori) infection was significantly less common
in CMS patients than controls. To reveal the immune responses to the H. pylori neutrophil-activating protein (HP-NAP)
in Japanese MS patients, according to anti-AQP4 antibody status, sera from 162 MS patients, 37 patients with other
inflammatory neurological diseases (OIND), and 85 healthy subjects were assayed for anti-H. pylori antibodies, anti-HP-
NAP antibodies, and myeloperoxidase (MPO) by enzyme immunoassays. H. pylori seropositivity rates were significantly
higher in anti-AQP4 antibody-positive MS/NMO (AQP4 + /MS) patients (19/27, 70.4%) than anti-AQP4 antibody-negative
CMS (AQP4 —/CMS) patients (22/83, 26.5%). Among H. pylori-infected individuals, the anti-HP-NAP antibody was
significantly more common in AQP4+/MS and AQP4 —/OSMS patients than healthy subjects (36.8%, 34.6% versus
2.8%). Among the AQP4+/MS patients, a significant positive correlation between anti-HP-NAP antibody levels and
the final Kurtzke’s Expanded Disability Status Scale scores was found, and MPO levels were higher in anti-HP-NAP
antibody-positive patients than anti-HP-NAP antibody-negative ones. Therefore, HP-NAP may be associated with the
pathology of anti-AQP4 antibody-related neural damage in MS/NMO patients.
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Japanese population. especially among those born
after Japan's period of rapid economic growth.
together with an increase in the overall prevalence of
MS.** Because the environment during childhood has a
critical effect on susceptibility to MS. environmental

Introduction

Multiple sclerosis (MS) is a demyelinating disease of the
central nervous system (CNS). In Asians, MS is rare;
however, when it appears, selective but severe involve-
ment of the optic nerves and spinal cord is character-
istic. This form. termed opticospinal MS (OSMS), is
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observed in 15-40% of Japanese MS patients, with
the remainder having features that are similar to
those of MS in Caucasians (conventional MS
(CMS)).' Recent studies. including Japan’s fourth
nationwide survey of MS, disclosed a sharp rise in the
ratio of CMS patients to OSMS patients in the
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changes accompanying Japan’s Westernization may
have altered the incidence and phenotypes of MS in
the Japanese.

Helicobacter pylori (H. pylori) are gram-negative
microaerophilic bacteria that reside in the stomachs of
more than 50% of the entire human population.*
Because H. pylori infection occurs early in childhood,
via water-borne transmission, and persists throughout
life,” the infection rate is dependent on the water source.®
Improvements in sanitation in Japan have reduced the
prevalence of H. pylori in people born after the 1950s.’
We disclosed that H. pylori seropositivity was signifi-
cantly lower in patients with CMS compared with
healthy controls, and that in CMS patients, H. pylori
seropositivity showed a significant inverse association
with mean Expanded Disability Status Scale (EDSS)
score and fulfillment of the Barkhof criteria for brain
magnetic resonance imaging (MRI) lesions.® A simi-
lar low prevalence of H. pylori infection was also
reported in MS patients in Western populations.” H.
prlori infection is thus suggested to be a protective
factor against CMS.

On the other hand, OSMS has similar features to the
relapsing form of neuromyelitis optica (NMO) in
Westerners.! Both selectively affect the optic nerves
and spinal cord, in which axons as well as myelin
are involved. The nosological position of NMO has
long been a matter of debate. However, the discovery
of a specific Immunoglobulin G (IgG) against NMO,
designated NMO-1gG."  recognizing aquaporin-4
(AQP4).'! suggests that NMO is a distinct disease
entity with a fundamentally different etiology from
MS. Because the anti-AQP4 antibody has been
reported to be present in 50-60% of OSMS patients
with longitudinally extensive spinal cord lesions
(LESCLs).'*!'* OSMS has been suggested to be the
same entity as NMO. However, the mechanisms under-
lying the development of LESCLs in Asians appear to
be heterogeneous; namely, there are anti-AQP4 anti-
body-related and -unrelated mechanisms.'> However,
the mechanism underlying anti-AQP4 antibody pro-
duction and its role in lesion formation still remains
ill defined.

Many studies published in the past decade indicate
a relationship between H. pylori infection and extra-
gastric inflammatory disorders.'*""” Persistent H. pylori
infection could be a chronic inflammatory stimulus to
hosts. H. pvlori neutrophil-activating protein (HP-NAP)
is one of the major proinflammatory proteins responsible
for the pathology of H. pylori-related gastric inflammatory
conditions." HP-NAP is capable of crossing epithelial
monolayers and induces migration and the activation of
neutrophils.'® In both OSMS and NMO, abundant neu-
trophil infiltration occurs in the acute lesions. '
Furthermore, we also found activation of peripheral

- 62

blood neutrophils and systemic inflammation in OSMS
patients, especially those with the anti-AQP4 antibody.*!
These observations prompted us to study the prevalence of
H. pylori infection and the immune response to HP-NAP
in Japanese patients with MS, according to the anti-AQP4
antibody status.

Methods
Patients

We conducted a retrospective analysis of 162 consecu-
tive patients (41 men and 121 women) with MS, diag-
nosed according to the criteria of McDonald et al.*? at
the Department of Neurology, Kyushu University
Hospital, between 1997 and 2007. The age at examina-
tion was 39.7 years (median; range: 14-73 years) and
the age at disease onset was 30.8 years (range: 9--70
years). There were no obvious symptoms of gastropa-
thy, such as gastric and duodenal ulcers, at the time
of blood sampling. Patients were classified according
to anti-AQP4 antibody status, as determined by
the immunofluorescence method described below, and
clinical phenotypes were divided into three subtypes:
anti-AQP4 antibody-positive MS/NMO (AQP4 + /
MS), anti-AQP4 antibody-negative OSMS
(AQP4 — /OSMS), and anti-AQP4 antibody-ncgative
CMS (AQP4 — /CMS). as described previously.'>*%*
Briefly, 27 patients were positive for the anti-AQP4
antibody while 135 patients were negative for the anti-
body. Among the AQP4 + /MS patients, 81.5% (22/27)
had an OSMS phenotype while 18.5% (5/27) had a
CMS phenotype, and 70.4% (19/27) fulfilled the 2006
Wingerchuk’s criteria for NMO:?®  thercfore, we
describe this patient group as AQP4 + /MS patients
in subsequent sections. Among anti-AQP4 antibody-
negative patients. 38.5% (52/135) of patients whose
clinically estimated main lesions were confined to the
optic nerves and spinal cord were classified as AQP4 —/
OSMS patients. These patients had no clinical evidence
of disease in either the cerebrum or cerebellum, but
minor brainstem signs, such as transient double vision
and nystagmus, were acceptable.”” The remaining
61.5% (83/135) of patients had multiple involvement
of the CNS, including the cerebrum, cerebellum, and
brainstem, and were classified as AQP4 - /CMS
patients.” In addition, 37 patients with other inflam-
matory neurological diseases (OIND) (27 patients with
HTLV-I-associated myelopathy and 10 patients with
encephalitis; nine men and 28 women), and 85 healthy
subjects (21 men and 64 women) were enrolled as con-
trol subjects. The age at sampling was 53.0 years (range:
15-77 years) in OIND patients and 42.0 years (range:
21-64 years) in healthy controls. The ages at onset and
the time of blood sampling were significantly higher in
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OIND patients than in AQP4—/OSMS and CMS
patients (age at onset: p = 0.0018 and p < 0.001, respec-
tively, and age at time of blood sampling: p = 0.019
and p <0.001, respectively). The disability status of
MS patients was scored by one of the authors (TM)
using Kurtzke's EDSS.?® Severe optic neuritis was
defined as grade 5 or more than 5 on Kurtzke's
Visual Functional Scale (FS) [26]. The progression
index was determined by dividing the EDSS scores by
disease duration (years).”’ Acute transverse myelitis
(ATM) was defined according to Fukazawa et al*®
The study procedures were approved by the ethics com-
mittee of the Graduate School of Medical Sciences,
Kyushu University.

Anti-H. pylori antibody assay

As described in a previous report,® serum H. pylori
antibodies were measured using the SMITEST ELISA
helicobacter (Chemicon., Australia) according to the
manufacturer’s instructions. In brief, serum specimens,
along with positive and negative controls, were diluted
1:201 with a dilution buffer (10l of serum in 2000 pl
of the dilution buffer) and 100 ul of each diluted sample
was added to a well on the ELISA plate before being
incubated for 15 minutes at room temperature; then,
the plate was washed three times with the washing
buffer provided. One hundred microliters of freshly pre-
pared horseradish peroxidase-IgG conjugale reagent
was added to each well, and the plate was incubated
for 15 minutes at room temperature. After repeat wash-
ings, 100 pl of substrate reagent was added to each well
and the plate was incubated in the dark for 15 minutes
al room temperature. Stopping solution (100 ul) was
added to each well 1o terminate the enzymatic reaction.
The absorbance was read within 30 minutes with a
450 nm filter. The antibody concentration of H. pylori
was read from the calibration curve of standards. The
cut-off value of the assay was 50 U/ml. and any reading
greater than this cut-off value was considered positive
for H. pylori infection.

Detection of anti-Chlamydia pneumoniae IgG,
anti-varicella-zoster virus IgG and anti-Epstein-Barr
virus nuclear antigen IgG antibodies

Anti-Chlamyvdia pneumoniae (C. preumoniae) 1gG, anti-
varicella-zoster virus (VZV) IgG. and anti-Epstein-Barr
nuclear antigen (EBNA) IgG levels were measured
using commercial ELISA kits according to the manu-
facturer’s instructions (VIRCELL, Spain). The anti-
body index was determined by dividing the optical
density (O.D.) values for target samples by the O.D.
values for negative control samples and expressed as a
percentage. :

HP-NAP preparation

For expression, the w»nupA reading frame was
amplified by polymerase chain reaction (PCR) from
the H. pvlori strain with the primers ThioNAP-kpn-(]
(5-GGCGGGTACCGATGAAAACATTTG -3') and
ThioNAP-pst1-02 (5- CGCTGCAGTTAAGCCAAA
TGAGCT -3'). and cloned into the pThioHis A cxpres-
sion vector included in the E. c¢oli His-Patch
ThioFusion™  Expression  System  (Invitrogen.
Carlsbad, CA). The clones were confirmed by restric-
tion digestion and sequencing. and then pThioHis-NA4P
was obtained. Thereafter, the plasmid was transformed
into the L. cofi Top 10 strain (Invitrogen). E. coli were
grown overnight at 37°C in 10 ml of Luria-Bertani (LB)
containing ampicillin (100 pg/ml), subcultured into 1L
of LB/ampicillin, and grown for 3 hours at 37°C. E. coli
was induced for 3 hours with isopropyl-thio-B-D-galac-
toside (IPTGQG) at a final concentration of I mM, and the
cells were collected by centrifugation and disrupted by
sonication. After centrifugation. the supernatants were
run through a ProBond column (Invitrogen) and HP-
NAP was extracted by clution buffer (25 mM Tris-HCL
0.5M NaCl, 250mM imidazole) and dialysed with
25mM Tris-HCI buffer (pH 8.0) in ImM EDTA.
Then, to remove the endotoxins of E. coli. polymyxin
B agarose gel filtration column chromatography
(Sigma-Aldrich, St. Louis. MO) was performed and
the concentrations of endotoxins werc measured using
a Limulus amebocyte lysate assay kit (BioWhittaker,
Walkersville, Maryland).

Enzyme-linked immunosorbent assay for HP-NAP

We measured the levels of serum IgG against HP-NAP
in 163 MS patients, 37 OIND patients. and 85 healthy
controls by ELISA. A cut-off value for positivily was
set as the mean +4 SD in healthy controls whosc
H. pylori infection was negative based on the results
of preliminary experiments. HP-NAP (2 pg/ml) was
applied to 96-well plates (ICN Biomedicals. Aurora.
Ohio) in the presence of 50 pl of bicarbonate coating
the buffer (I5mM Na-CO;, 35mM NaHCO; [pH 9.6])
at 4°C overnight. After being washed three times in
0.01% Tween 20 in Phosphate Buffered Salinc (PBS)
(PBS-T20), the plates were blocked with 20% blocking
buffer (Nacalai Tesque. Japan) for 45 minutes at room
temperature. Then, the serum samples were diluted
1:100 in PBS-T20 and 50pul of the diluted samples
was added to each well and incubated at room temper-
ature for 1 hour. After repeat washes. 50 ul aliquots of
1:2000-diluted horseradish  peroxidase-conjugated
mouse  anti-human  IgG  antibody  (Southern
Biotechnology Associates, Birmingham. AL) were
added to the plates, which were incubated at room



1414

Multiple Sclerosis 15(12)

temperature for 1 hour. The plates were washed again,
1001l of SIGMA FAST o-phenylenediamine dihy-
drochloride (Sigma-Aldrich) was added to each well,
and the plates were incubated in the dark for 15 min-
utes at room temperature. The reaction was stopped by
4 M sulfuric acid and the results were read within 30
minutes with a 450 nm filter in the spectrophotometer.
The newly developed ELISA for HP-NAP had intra-
and inter-assay CVs of 8.0% and 5.9%, respectively.

Assay measuring inhibition of anti-AQP4 antibody by
HP-NAP

Assays measuring the inhibition of the anti-AQP4 anti-
body by HP-NAP were performed in a liquid phase using
serum samples obtained from four anti-HP-NAP sero-
positive patients (three AQP4 + /MS patients and one
AQP4 — jOSMS patient). The sera were preincubated at
37°C for 1 hour in PBS containing 100pg/ml of
HP-NAP or bovine serum albumin as a control. After
preincubation, aliquots of the mixtures were transferred
to HP-NAP-coated plates and assessed as described
above for ELISA: the remaining mixtures were used for
measurement of the anti-AQP4 antibody by an immuno-
fluorescence method using GFP-AQP4 fusion protein-
transfected HEK 293 cells. as previously described. '

Mpyeloperoxidase sandwich enzyme immunoassay

The myeloperoxidase (MPO) level was measured by a
sandwich enzyme immunoassay according to the man-
ufacturer’s standard protocol (Immundiagnostik AG,
Benshein, Germany), as described in a previous
report.”' Serum samples were thawed from —80°C to
room temperature and assayed in duplicate in 96-well
polystyrene microtiter plates coated with a capture
antibody. A peroxidase-conjugated polyclonal anti-
human MPO antibody was used in the assays, and tet-
ramethylbenzidine was used as a peroxidase substrate.
The lower detection limit was 1.6 ng/ml. All antibody
assays were performed by one of the authors (WL)
without knowledge of the specimens.

Magnetic resonance imaging

All magnetic resonance (MR) studies were performed
with a 1.5-T Magnetom Vision and Symphony
(Siemens Medical Systems. Erlangen, Germany) MRI
scanner, as described previously.'” Brain and spinal
cord MR images were evaluated independently by
two of the authors (JS and T Matsuoka) who were
naive to the diagnoses. Brain MRI lesions were evalu-
ated according to the Barkhof criteria.* Spinal cord
lesions extending over three or more vertebral lengths
were considered to be LESCLs.

— 64

Statistical analysis

Statistical analyses of ages at time of onset and blood
sampling, disease duration, relapse rate, progression
index, EDSS score, and antibody index were initially
performed using the Kruskal-Wallis H test. When sta-
tistical significance was found, the Mann-Whitney U
test was used to determine the statistical significance of
differences among subgroups. Uncorrelated p-values
were corrected by multiplying by the number of compar-
isons (Bonferroni-Dunn’s correction). Differences in
ratios among subgroups were tested for significance by
Fisher’s exact test. The correlation of anti-HP-NAP
antibody titers with various clinical parameters was ana-
lysed by Spearman’s rank correlation test. In all assays,
significance was defined as P < 0.05.

Results

Demographic features of the patients according to
the anti-AQP4 antibody status

The demographic features of the patients are summar-
ized in Table 1. The proportion of females was signifi-
cantly greater among AQP4 + /MS patients than
among AQP4 — /CMS patients (P = 0.01). The ages at
onset and time of blood sampling were significantly
higher in AQP4 + /MS patients than in AQP4 — /CMS
patients (P = 0.044 and P = 0.038, respectively). The
disease durations at the time of blood sampling and
final follow-up, and the EDSS at final follow-up, did
not differ significantly among AQP4 + /MS, AQP4 —/
OSMS and AQP4 — /CMS patients. The frequency of
brain lesions fulfilling the Barkhof criteria was signifi-
cantly higher in AQP4 — /CMS patients than in AQP4 + /
MS and AQP4 — JOSMS patients (P < 0.001). while the
frequency of LESCLs was higher in AQP4 + /MS
patients than in AQP4 —/OSMS and AQP4 —/CMS
patients (P <0.001). The relapse rate was significantly
greater in AQP4 + /MS patients than in AQP4 — /CMS
patients (P = 0.0078), but there was no significant dif-
ference in progression index among the three groups.
Interferon (IFN)-beta treatiment was more commonly per-
formed in AQP4 — /CMS patients than in AQP4 + /MS
and AQP4 — /OSMS patients (44.3% versus 14.8% and
20.4%., P =0.0177, and P = 0.0177, respectively). but
there was no significant difference among the three
groups in terms of the chronic administration of low
dosages of corticosteroids (prednisolone <20 mg/day).

Frequency of H. pylori seropositivity

The frequency of H. pylori seropositivity did not differ
significantly between MS patients and healthy controls
(67/162, 41.4% versus 36/85, 42.4%) (Figure I(a)).
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Figure 1. Frequency of H. pylori seropositivity in MS patients and controls. (a) The frequency of H. pylori seropositivity is shown
according to the anti-AQP4 antibody status and clinical phenotype. Note that the H. pylori seropositivity rate is significantly higher
in AQP4 +/MS patients than in AQP4 —/CMS patients. It is also significantly higher in AQP4 +/MS patients than in OIND patients.
(b) Frequency of H. pylori seropositivity according to year of birth. Among patients born after 1950, the H. pylori seropositivity rate is
significantly higher in AQP4 +/MS patients and AQP4 — /OSMS patients than in AQP4 — /CMS patients. AQP4, aquaporin-4; AQP4 —/
CMS, anti-AQP4 antibody-negative conventional form of muitiple sclerosis; AQP4 +/MS, anti-AQP4 antibody-positive multiple
sclerosis; AQP4 — JOSMS, anti-AQP4 antibody-positive opticospinal form of multiple sclerosis; HC, healthy controls; H. pylori,
Helicobacter pylori; OIND, other inflammatory neurological diseases.

However, when analysed separately based on the anti-
AQP4 antibody status and clinical phenotype, H. pylori
seropositivity was significantly higher in AQP4 + /MS
patients (19/27, 70.4%; P = 0.0004) than AQP4 -/
CMS patients (22/83. 26.5%). In addition, H. pylori ser-
opositivity was significantly higher in AQP4 + /MS
patients than in OIND patients (11/37, 27.7%:
P = 0.013). Furthermore, when analysed separately by
year of birth, in patients born after 1950, the H. pylori
seropositivity rate was significantly greater in AQP4 + /
MS patients (11/17, 64.7%: P = 0.006) and AQP4 —/
OSMS patients (17/36, 47.2%; P =0.037) than in
AQP4 — /CMS patients (15/70. 21.4%). In patients
born:before 1949, the H. pvlori seropositivity rate did
not differ significantly among the subgroups and healthy
controls, although it was still higher in AQP4 + /MS
patients than in the other groups (Figure 1(b)).

— 66

By contrast, seropositivity rates and antibody indices
for C. pneumonia, VZV, and EBNA did not differ
among the subgroups and controls (Table ).

Frequency of anti-HP-NAP antibody positivity rate

Among subjects with the anti-H. pylori antibody, the
frequency of antibodies against HP-NAP was signifi-
cantly higher in AQP4 + /MS patients (7/19, 36.8%)
and AQP4 — /OSMS patients (9/26, 34.6%) than in
healthy controls (1/36, 28%:. P =10.016, and
P =0.008, respectively) (Figure 2). However, anti-
HP-NAP antibody levels (absorbance at 450nm.
shown in Figure 2} in AQP4 + /MS patients were not
significantly correlated with anti-AQP4 antibody titers
(P >0.05). To determine if there was any cross reactiv-
ity between the anti-HP-NAP antibody and the
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Figure 2. Anti-HP-NAP antibody levels in H. pylori-infected individuals. Among anti-H. pylori antibody-positive subjects, the frequency
of the anti-HP-NAP antibody is significantly higher in AQP4 +/MS patients and AQP4 — /OSMS patients than in healthy controls. The
cut-off value is set at the mean absorbance of the HC group +4S D. AQP4, aquaporin-4; AQP4 — /CMS, anti-AQP4 antibody-negative
conventional form of multiple sclerosis; AQP4 +/MS, anti-AQP4 antibody-positive multiple sclerosis; AQP4 — /OSMS, anti-AQP4

antibody-positive opticospinal form of multiple sclerosis; HC, healthy controls; H. pylori, Helicobacter pylori; NAP, neutrophil-activating

protein; OIND, other inflammatory neurological diseases.

anti-AQP4 antibody, four anti-HP-NAP antibody-
positive serum samples were preabsorbed with 100 pg/
ml of recombinant HP-NAP. This treatment comple-
tely abrogated the reactivity to HP-NAP in all four
cases, while it did not affect anti-AQP4 antibody reac-
tivity in any, including three anti-AQP4 antibody-
positive cases.

Correlation between anti-HP-NAP antibody and
clinical outcome

Anti-HP-NAP antibody levels were positively corre-
lated with the final EDSS scores in all MS patients
(R=0.248, P =0.0022). Among the subgroups. only
AQP4 + /MS patients showed a significant positive
correlation between anti-HP-NAP antibody levels and
the final EDSS scores (R = 0.405, P = 0.0299), while
no significant association between these parameters
was observed in either AQP4 — /OSMS or AQP4 —/
CMS patients (Figure 3(a)). Furthermore, in all MS
patients, anti-HP-NAP antibody-positive patients had
significantly greater EDSS scores than anti-HP-NAP
antibody-negative patients (6.0 [range: 0-9.5] versus
3.5 [range: 0-9.5], respectively; P = 0.0304). Only in
the AQP4 + /MS patient group did anti-HP-NAP anti-
body-positive subjects demonstrate significantly higher
EDSS scores than anti-HP-NAP antibody-negative
ones (6.0 [range: 5.0-9.0] versus 3.3 [range: 0-7.0],
respectively; P = 0.0312), but no such difference based

on anti-HP-NAP antibody status was found in cither
AQP4 — /OSMS or AQP4—/CMS patients (Figure
3(b)). Among anti-H. pylori antibody-positive subjects.
anti-HP-NAP antibody scropositivity had no signifi-
cant correlation with the frequency of severe optic neu-
ritis (=FS§ 5.0), ATM, relapse rate. progression index.
or abnormal MRI findings.

Relationship between myeloperoxidase level and
anti-HP-NAP antibody status

We then compared MPO levels between anti-HP-NAP
antibody-positive and -negative palients among the
three subgroups of MS patients. Among AQP4 + ;
MS patients, MPO levels were significantly higher in
anti-HP-NAP antibody-positive patients than anti-
HP-NAP antibody-negative ones in the remission
phase (170.6 ng/ml [range: 103-1970] versus 119.9 ng/
ml. [range: 16-486], respectively: P = 0.036). A similar
trend was also found in the relapse phase among
AQP4 + /MS patients, but the difference between
anti-HP-NAP antibody-positive and -negative subjects
did not reach statistical significance owing to the small
sample size (218.0ng/ml [range: 81 1629] versus
145.7ng/ml {range: 62-311]. respectively: P> 0.1). By
contrast, among both AQP4 — /OSMS and AQP4 —/
CMS patients. there were no significant differences in
MPO levels between anti-HP-NAP antibody-positive
and -negative patients (Figurc 4).
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Figure 3. Relationship between the anti-HP-NAP antibody and the EDSS score. (a) Relationship between anti-HP-NAP antibody levels
and final EDSS scores. In all MS patients and AQP4 +/MS patients, statistically significant positive correlations are seen between anti-
HP-NAP antibody levels and final EDSS scores. (b) EDSS scores according to anti-HP-NAP antibody status. Among all MS patients and
the AQP4 +/MS patient group, anti-HP-NAP antibody-positive patients show significantly higher EDSS scores than anti-HP-NAP anti-
body-negative ones. Ab, antibody; AQP4, aquaporin-4; AQP4 —/CMS, anti-AQP4 antibody-negative conventional form of multiple

sclerosis; AQP4 + /MS, anti-AQP4 antibody-positive multiple sclerosis; AQP4 — JOSMS, anti-AQP4 antibody-positive opticospinal form
of multiple sclerosis; EDSS, Expanded Disability Status Scale of Kurtzke; H. pylori, Helicobacter pylori; NAP, neutrophii-activating protein.

Discussion

The main new findings in the present study are as fol-
lows. (1) In H. pylori-infected individuals, the anti-
HP-NAP antibody was significantly more common in
AQP4 + /MS patients and AQP4 —/OSMS patients
than controls. (2) Among the MS subgroups. only
AQP4 + /MS patients showed a significant correlation
between anti-HP-NAP antibody levels and final EDSS
scores. and only among AQP4 + /MS patients did

— 68

anti-HP-NAP antibody-positive subjects demonstrate
significantly higher EDSS scores than anti-HP-NAP
antibody-negative ones. (3) In AQP4 + /MS patients.
MPO levels were significantly higher in anti-HP-NAP
antibody-positive patients than in anti-HP-NAP anti-
body-negative ones in the remission phase, while a sim-
ilar trend was also observed in the relapse phase.
Among anti-AQP4 antibody-negative MS patients,
AQP4 — JCMS patients had a significantly lower fre-
quency of H. pylori infection than AQP4 — /OSMS
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Figure 4. Relationship between MPO levels and anti-HP-NAP antibody seropositivity. Note that in the AQP4 +/MS patient group,
MPO levels are significantly higher in anti-HP-NAP antibody-positive patients than in anti-HP-NAP antibody-negative patients in the
remission phase; a similar trend is also seen in the relapse phase. No such difference based on anti-HP-NAP antibody status is seen in
either AQP4 — /OSMS or AQP4 — /CMS patients. Ab, antibody; AQP4, aquaporin-4; AQP4 — /CMS, anti-AQP4 antibody-negative
conventional form of multiple sclerosis; AQP4 +/MS, anti-AQP4 antibody-positive multiple sclerosis; AQP4 — /OSMS, anti-AQP4
antibody-positive opticospinal form of multiple sclerosis; HPF, Helicobacter pylori; MPO, myeloperoxidase; NAP, neutrophil-activating

protein.

patients, which is in accordance with the results of our
previous report.® In addition, in the present study, we
demonstrated that AQP4 + /MS patients had even
higher frequencies of H. pylori infection than
AQP4 — /CMS and AQP4 — JOSMS patients, especially
in those born after 1950 when Japan’s period- of rapid
economic growth began. H. pylori infection is supposed
to occur mainly before the age of two years,” primarily
because the parietal cells secreting gastric acids, which
hamper the survival of H. pylori, are not:-mature in
infancy.* Once acquired, the bacterium persistently
colonizes the human stomach for years and decades:?
thus, the difference in the H. pvlori seropositivity rate
indicates a distinction in the childhood infectious envir-
onment. Therefore, the sanitary environment during
childhood is distinct between OSMS and CMS patients,
and between AQP4 + /MS and AQP4 — /CMS patients:
a clean environment is associated with CMS without
the anti-AQP4 antibody, while an infectious one is
associated with OSMS, and especially with MS/NMO
with the anti-AQP4 antibody. Because an association
between socioeconomic status and the risk of MS has
been suggested to exist in Western countries,™ the rela-
tionships among childhood socioeconomic status,
H. pylori infection, and the occurrence of MS subtypes.
in the Japanese, will be worth studying in the future.
The frequency of H. pylori infection has been
reported to be increased in patients with some chronic
inflammatory diseases, such as rheumatoid arthritis,'”
thyroiditis,'* and autoimmune thrombocytopenic pur-
pura.'™'® Although the mechanism underlying this
increase is ill defined, either a chronic inflammatory

stimulus induced by H. pylori or cross mimicry between
bacterial and host antigens is assumed to be responsi-
ble. We recently reported that. in AQP4 + /OSMS
(NMO) patients, a high frequency of clevated
C-reactive protein (CRP) and hypercomplementemia
exist in the relapse phase.® indicating the presence of
systemic inflammation. In OSMS (NMO) patients,
spinal cord lesions are heavily infiltrated with MPO-
positive granulocytes,'”?® and neutrophilic pleocytosis
in the cerebrospinal fluid (CSF) is occasionally secn in
these conditions.' We also reported that the TL-17/1L-8
system. which induces neutrophil activation and migra-
tion. is upregulated in the CSF of OSMS patients,™
irrespective of the presence or absence of the anti-
AQP4 antibody.™ and that the serum MPO level was
significantly increased in OSMS patients and was pos-
itively correlated with EDSS scores.”’ Thus. neutro-
phils and a systemic inflammatory reaction appear to
constitute a part of the potent effector arm of QSMS;
NMO. Interestingly, anti-HP-NAP antibody levels
were significantly positively correlated with both final
EDSS scores and MPO levels in AQP4 + /MS patients
in the present study. In individuals with the anti-
HP-NAP antibody, HP-NAP is supposed to be
absorbed in hosts and presented to the host immune
system. HP-NAP acts not only directly on neutrophils
and monocytes by promoting their recruitment and
activation,”*** but also induces mast cells to release
proinflammatory molecules that are able to activate
neutrophils and  monocytes.****  Furthermore.
H. pylori has been shown to strongly activate Thl7
cells via induction of TL-23.-* resulting in neutrophil
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mobilization and activation. It is therefore conceivable
that H. pylori infection and the proinflammatory pro-
tein HP-NAP contribute to the pathology of anti-
AQP4 antibody-related neural damage, by acting as a
systemic inflammatory stimulus targeting neutrophils.

Because HP-NAP itself did not bind to the anti-
AQP4 antibody, molecular mimicry between HP-NAP
and AQP4 is unlikely. However, bacteria harbor their
own water channel proteins with some sequence homol-
ogy to human AQP4."" Thus, molecular mimicry
between human AQP4 and bacterial AQP is worth
exploring for a possible source of cross-reactive anti-
gens for the anti-AQP4 antibody.

In conclusion, H. pylori infection seems to be one of
the risk factors for the development of AQP4 + /MS.
Because of the retrospective nature of the present study,
the occurrence of gastropathy might have been over-
looked. Therefore, the results of the present study indi-
cate that careful observation of the development of
gastropathy and the eradication of H. pvlori may be
warranted in MS;NMO patients with H. pylori infec-
tion and the anti-AQP4 antibody as a possible adjunc-
tive therapy.
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ARTICLE INFO ABSTRACT
Article history: [n an axonal variant of Guillain-Barré syndrome (GBS) associated with Campylobac(erjejunf (C. jejuni) enteritis,
Received 2 June 2009 the mechanism underlying axonal damage is obscure. We purified and characterized a DNA-binding protein from
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starved cells derived from C. jejuni (C-Dps). This C-Dps protein has significant homology with Helicobacter pylori
neutrophil-activating protein (HP-NAP), which is chemotactic for human neutrophils through binding to
sulfatide. Because sulfatide is essential for paranodal junction formation and for the maintenance of ion channels
Keywords: on myelinated axons, we examinet! t'he in vivg effects of C-Dps. First, we found that C-Dps specifically binds to
Guiliain-Barré syndrome sulfatide by ELISA and immunostaining of thin-layer chromatograms loaded with various glycolipids. Double
Campylobacter jejuni immunostaining of peripheral nerves exposed to C-Dps with anti-sulfatide antibody and anti-C-Dps antibody
DNA-binding protein from starved cells revealed co-localization of them. When C-Dps was injected into rat sciatic nerves, it densely bound to the
Axonal degeneration outermost parts of the myelin sheath and nodes of Ranvier. Injection of C-Dps rapidly induced paranodal myelin
Paranadal demyelination detachment and axonal degeneration; this was not seen following injection of PBS or heat-denatured C-Dps.
Electron microscopically, C-Dps-injected nerves showed vesiculation of the myelin sheath at the nodes of Ranvier.
Nerve conduction studies disclosed a significant recluction in compound muscle action potential amplitudes in C-
Dps-injected nerves compared with pre-injection values, but not in PBS-, heat-denatured C-Dps-, or BSA-injected
nerves. However, C-Dps did not directly affect Na* currents in dissociated hippocampal neurons. Finally, when C-
Dps was intrathecally infused into rats, it was deposited in a scattered pattern in the cauda equina, especially in
the outer part of the myelin sheath and the nodal region. In C-Dps-infused rats, but not in BSA-infused ones, a
decrease in the number of sodium channels, vesiculation of the myelin sheath, axonal degeneration and
infiltration of Iba-1-positive macrophages were observed. Thus, we consider that C-Dps damages myelinated
nerve fibers, possibly through interference with paranodal sulfatide function, and may contribute to the axonal
pathology seen in C. jejuni-related GBS.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction be pathogenic [3], reproduction of either the clinical or pathological

components of the disease by passive transfer of anti-GM1 antibodies to

An axonal variant of Guillain-Barré syndrome (CBS) is associated with experimental animals has never been successful [4-6]. Thus, the role of

Campylobacter jejuni (C. jejuni) enteritis {1]; however, the mechanism anti-GM1 antibodies in axonal GBS remains to be elucidated, and further
underlying axonal damage is obscure. It was reported that, in this studies on other factors are required.

condition, the earliest changes are nodal lengthening and paranodal We purified and characterized a DNA-binding protein from starved

demyelination [2]. Although anti-GM1 ganglioside antibody is assumed to cells (Dps) derived from C. jejuni [7]. The C-Dps protein was found to share

41% and 24% amino acid identities with Helicobacter pylori neutrophil-

N Crori:;eﬂspon ding author. Tel: +81 92 642 5340 fax: -+81 92 642 5352, activating pr.otein (Hf.’—NAP) and Escllelic{xia coli .(E. coli) Dps, respectivgly.

E-mail address: kira@neuro.med kyushu-u.ac.jp (J. Kira). These proteins constitute the Dps protein family, are produced at high

! These authors contributed equally to this work. levels under conditions of oxidative or nutritional stress, and efficiently

0022-510X%/% - see front matter © 2009 Elsevier B.V. All rights reserved.
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protect bacterial DNA from damages. HP-NAP lacks DNA-binding
capability, but through binding to neutrophil glycosphingolipids, such as
sulfatide, it is chemotactic for human neutrophils [8]. Recently, sulfatide
was found to be essential for paranodal junction formation and for the
maintenance of ion channels on myelinated axons [9,10). In addition, anti-
sulfatide antibody is frequently found in dysimmune neuropathy patients
presenting with demyelination and .prominent axonal involvement
{11,12], and passive transfer of the antibody induces similar pathology
[13). These findings prompted us to clarify the effects of C-Dps on
myelinated axons and the possible involvement of C-Dps in C jejuni-
related GBS. For this purpose, we first studied specific binding of C-Dps to
sulfatide by ELISA, immunostaining of thin-layer chromatograms loaded
with various glycolipids, and double immunostaining of the peripheral
nerves by anti-C-Dps and anti-sulfatide antibody, and then applied C-Dps
onto peripheral nerves by intraneural injection and intrathecal infusion.
Moreover, we also investigated the direct actions of C-Dps on sodium
channels using dissociated hippocampal neurons expressing sodium
channels. Here, we report the induction of paranodal myelin detachment
and axonal degeneration by C-Dps in myelinated fibers.

2. Materials and methods
2.1. Purification of recombinant C-Dps protein

E. coli BL21 (DE3) cells harboring the dps gene were grown in LB-
ampicillin (50 ug/ml) at 37 °C overnight. After expression of dps was
induced with 1 mM isopropyl-D-thiogalactoside for 3 h, bacterial cells
were harvested (15,000 xg for 1 h) and resuspended in 20 mM Tris-
HCL buffer (pH 8.0). After cell disruption by sonication, the lysates
were centrifuged at 4°C (39,000xg for 20 min). Supernatants
containing C-Dps were purified using Ni-NTA agarose columns and
dialyzed against PBS—0.1 mM EDTA [7]. Thereafter, endotoxin levels
were decreased by affinity chromatography using a polymyxin B
agarose gel (Sigma, MO, USA). We assayed the endotoxin level in the
final protein solution using a QCL-1000 kit (BioWhittaker, Belgium),
and the levels were found to be less than 10 EU/mg.

2.2. Generation of a monoclonal antibody to C-Dps

For the generation of a monoclonal antibody against C-Dps, BALB/c
mice were immunized with a recombinant C-Dps protein {7]. After
four injections at 3 week intervals, spleen cells obtained from
immunized BALB/c mice were fused with mouse P3U1 myeloma
cells. Hybridoma supernatants were screened by ELISA. Subcloning of
positive hybridomas was done using standard techniques. Immuno-
globulin G (IgG) was purified by protein G column chromatography.

2.3. ELISA for C-Dps binding to gangliosides

We coated polystyrene microtiter ELISA plates (ICN Biomedicals,
Inc., USA) with 200 ng of bovine brain ganglioside type lll, GM1, GM2,
GM3, GD1a, GD1b, GD3, GT1b, galactocerebroside, sulfatide (Sigma),
and GQ1b (Calbiochem, CA, USA), and dried them by evaporation.
After incubation with 1% bovine serum albumin (BSA) in PBS for
30 min, 50 pl of C-Dps protein (0.5 pg/mli) was added to each well at
room temperature for 1 h. Uncoated welis treated with C-Dps were
used as controls. For quantitative measurements, we applied 50 pl of
C-Dps protein (0, 0.125,0.25, 0.5, 1, 2, or 4 pg/ml) to the plates coated
with GM2, GD1a, and sulfatide (200 ng of each). After washing wells
with PBS, 50 pl of anti-C-Dps IgG mAb (1:5000) was added to each
well at room temperature and incubated for 1h. After further
washing, 50 sl of HRP-conjugated anti-mouse IgG (1:2000) (Vector
Laboratories, CA, USA) was added and incubated at rcom tempe-
rature for 1 h. After washing, a color reaction was obtained by adding
o-phenylenediamine dihydrochloride (Sigma; 100 pl/well), and incu-
bating at room temperature for 15 min. The reaction was stopped by

the addition of 50 ul of 4 N H,SOy4, and the optical density (OD) was
measured at 450 nm.

2.4. Thin-layer chromatogram immunostaining

Glycolipids were separated on Polygram Sil G thin-layer chromato-
gram (TLC) plates (Macherey-Nagel Gmbh & Co., Germany). The plates
were developed in chloroform-methanol—0.2% CaCl, (50:45:10, v/v/v)
and glycolipids were detected by orcinol spray. After separating the
lipids, the TLC plates were dipped in n-hexane containing 0.4% poly
(isobutyl)methacrylate for 1 min and air-dried, After incubation in 1%
BSA in PBS for 30 min, each plate was incubated for 1 h with or without
C-Dps protein (1 pg/ml) at room temperature. After washing, the plates
were incubated with a mouse anti-C-Dps mAb {1:5000) for 1 h at room
temperature and developed with an HRP-conjugated anti-mouse-igG
antibody (1:200) for 1 h at room temperature, After the last wash, a
color reaction was developed using 0.5 mg/mi 3,3’-diaminobenzidine
tetrahydrochloride (Sigma) in PBS containing 0.01% H,0,.

2.5. C-Dps binding to the peripheral nerve tissue

To study C-Dps binding to peripheral nervous tissues, 8-week-old
female Lewis rats were fixed by transcardial perfusion with 2%
paraformaldehyde in PBS. Sciatic nerves were harvested and incubated
in collagenase type 1V in PBS for 20 min at room temperature. After
washing, the nerves were de-sheathed and teased into small bundles of
fibers under a stereomicroscope. The teased fibers were incubated in
blocking buffer (5% goat serum and 1% BSA in PBS) for 15 min. After
blocking, they were incubated with C-Dps (5 pg/mtl) at room temper-
ature for 1 h. Control fibers were incubated without C-Dps. For double
immunostaining, anti-C-Dps mAb (1:5000) and mouse anti-O4 IgM
antibody recognizing sulfatide (1:200) (R&D Systems, Minneapolis, MN,
US) were applied to fibers and incubated at room temperature for 1 h
followed by incubation with Alexa Fluor 488 anti-mouse 1gG (1:1000) or
Alexa Fluor 594 anti-mouse IgM (1:1000) (Molecular Probes, OR, USA).
Images were captured by confocal laser scanning microscopy (CLSM,
Fluoview FV300, Olympus, japan).

2.6. Intraneural injection of C-Dps

To examine the effects of C-Dps in vivo, the effect of an intraneural
injection of C-Dps was investigated. Eight-week-old Lewis rats
(female) were anesthetized by intraperitoneal injections of 40-
50 mg/kg sodium pentobarbital. The sciatic nerve was exposed by
an aseptic surgical incision from the sciatic notch to the popliteal fossa
and 15 pg (30 pl) of C-Dps was injected intraneurally at the mid-thigh
fevel. As controls, PBS alone, 15 ug (30 ul) of heat-denatured C-Dps
(100°C, 30 min) or 15ug (30ul) of BSA was injected into the
contralateral side. All injections were done using a hand-held
microsyringe fitted with a 30 1/2-gauge needle under a dissecting
microscope. Four hours after the intraneural injection, rats were kept
anesthetized and the tissues were fixed by transcardial perfusion with
4% paraformaldehyde. Animals were sacrificed and the sciatic nerves
were harvested. All rats were kept normothermic at 36.5-37.5°C
using a heat lamp. All experiments conformed to the Guiding
Principles for the Care and Use of Animals approved by the Council
of Kyushu University.

2.7. Neuropathological studies

The harvested sciatic nerves and cauda equina were coated with
OCT (Sakura Finetek, CA, USA) and cut into 10-pm sections in the
longitudinal and transverse planes. Immunohistochemistry with an
anti-C-Dps mAb was used to detect if C-Dps had bound to neural
tissues. The sections were incubated in blocking buffer (5% goat serum
and 1% BSA in PBS) for 15 min. After blocking, they were incubated
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with anti-C-Dps mAb (1:5000) or an anti-neurofilament (NF)
polyclonal antibody (1:200) (Chemicon, MA, USA) in blocking buffer
for 1 h at room temperature, Binding of these antibodies was detected
by incubating sections with Alexa Fluor 488 anti-mouse 1gG (1:1000)
or Alexa Fluor 594 anti-rabbit 1gG (1:1000) (Molecular Probes).
Sections from rats that had undergone intrathecal infusion were
incubated with blocking buffer for 15 min and then incubated for 1 h
at room temperature with anti-ionized calcium-binding adapter
molecule-1 (Iba-1) antibody (1:2000) (Wako, Japan). Biotinylated
goat anti-rabbit antibody (undiluted solution) and peroxidase-
conjugated streptavidin (undiluted solution) (Nichirei, Japan) were
used as secondary antibodies. The colored reaction product was
developed using Simple Stain DAB solution (Nichirei). The sections
were counterstained lightly with hematoxylin. The frequency of
affected nerves was evaluated in an examiner-blinded fashion based
on the presence or absence of abnormal fiber changes (vesiculation of
myelin or axonal degeneration on cross-sections). For comparison of
the frequencies of affected nerves, more than 100 nerve fibers were
counted in each animal and six to ten rats were included in each
experimental group.

2.8. Immunohistochemistry in teased sciatic nerve fibers

Teased sciatic nerve fibers from intraneurally injected Lewis rats
were prepared and incubated in blocking buffer for 15 min. After
blocking, they were incubated with biotin-conjugated peanut agglu-
tinin (PNA) (10 pg/ml) (Vector Laboratories), anti-sodium channel
Scn8a antibody (1 pg/ml) (Sigma), anti-contactin-associated protein
(Caspr) antibody (1:1000) (a marker for paranodal junctions between
the axonal membrane and terminal loop of myelinated glial cells; a
kind gift from Dr. E. Peles, Weizmann Institute, Israel), anti-myelin
basic protein antibody (1:200) (Acris Antibodies GmbH, Germany) or
an anti-NF antibody (1:400) in blocking buffer for 1h at room
temperature. Binding of these antibodies was detected by incubating
fibers with dichlorotriazinyl amino fluorescein (DTAF)-conjugated
streptavidin (Immunotech, France), Alexa Fluor 488 anti-mouse 1gG
(1:1000) or Alexa Fluor 594 anti-rabbit 1gG (1:1000). Images were
captured by CLSM.

2.9. Teased fiber analysis and electron microscopy for C-Dps-injected
sciatic nerves

A portion of each sciatic nerve specimen was fixed overnight in 3%
glutaraldehyde in 0.125M cacodylate buffer (pH 7.4), washed,
osmicated and embedded in epon. A 2-3-mm portion proximal to
the injection site was embedded in epon to obtain a cross-section. The
portion of the specimen distal to the cross-section {about 5 mm in
length) was fixed in the same glutaraldehyde solution, washed and
osmicated for teased-fiber analysis. Semi-thin sections were made for
light microscopy and ultra-thin sections were made for electron
microscopy. In the teased fiber analysis, the percentages of abnormal
fibers were evaluated by counting the number of abnormal fibers
(showing paranodal demyelination or axonal degeneration) among
one hundred nerve fibers in each animal; six rats were included in
each experimental group.

2.10. Nerve conduction study

Stainless steel needle electrodes were used for stimulation and
recording. One pair of stimulating electrodes was positioned on the
sciatic nerve at the mid-thigh level and compound muscle action
potentials (CMAPs) were recorded using two pairs of recording
electrodes penetrating the intrinsic foot muscles. Ground electrodes
were placed either side of the recording electrodes. CMAPs were
amplified by a Dual Bio Amp ML 135 amplifier (Cygnus Technology, PA,
USA) and analyzed using Scope software (v3.7.1; AD Instruments

Powerlab 2/20, NSW, Australia). Recordings were obtained immediately
before injection and at 10, 60, 180, 300 and 420 min after injection. Peak
to peak amplitudes and latencies of the first peaks were measured. To
assess the presence of a conduction block, one of the electrophysiolo-
gical correlates of acute demyelination, the proximal to distal (P/D)
amplitude ratio of CMAPs, was calculated [14]. This method minimizes
changes in the absolute amplitudes resulting from variations in
electrode placement during different recording sessions in the same
animal.

2.11. Patch-clamp recording of Na™* cuwivents using dissociated hippocampal
CAI neurons

Mechanically isolated hippocampal neurons prepared from Wistar
rats (postnatal days 12-14) were whole-cell clamped at room
temperature in an external solution containing (in mM) 140 NaCl,
2.5 KCl, 10 HEPES, 2 CaCl,, 1 MgCl,, and 10 glucose (pH 7.4, adjusted
with Tris-OH), as described previously {15]. The pipette solution
contained (in mM) 5 KCl, 130 K-D-gluconate, 10 NaCl, 10 HEPES, 0.5
EGTA, 4 Mg-ATP and 0.4 Na-GTP (pH 7.3, adjusted with KOH). Pipette
resistance was 3-5MQ. Currents were acquired using an Axopatch
200B amplifier, filtered at 5 kHz (internal low-pass Bessel filter) and
sampled at 40 kHz using pClamp8 software through a Digidata 1322A
interface. Neurons were held at —60 mV. Capacity transients were
cancelled and series resistance was compensated by 70-80%. Using a
"Y-tube system”, the external solution was focally applied to neurons
and rapidly exchanged for a solution containing C-Dps (5 ug/mt).
One-hundred-millisecond voltage pulses to —20mV preceded by
100-ms pre-pulses to —100 mV evoked transient large inward
currents followed by steady outward currents.

2.12. Intrathecal infusion of C-Dps

Intrathecal infusion of C-Dps (0.06 mg/kg/day for 10 days, n=6)
or BSA (0.06 mg/kg/day for 10 days, n=6) was performed. Eight-
week-old Lewis rats (female) were anesthetized and a T10 laminect-
omy was carried out to expose the underlying thoracic spinal cord
segments. After the dura was carefully punctured, a polyethylene tube
(PE-10) (Becton Dickinson, NJ, USA) was inserted into the subarach-
noid space. The PE-10 tube was connected to an osmotic pump (Alzet
2002) (Alzet Corp., CA, USA) through a PE-60 tube, which was then
inserted into the subcutaneous space via a sterile surgical procedure.
Salmonella typhimurium lipopolysaccharide (LPS) (Sigma) (3 mg/kg in
200 ul PBS) was given intraperitoneally on days 4 and 7. Disruption of
the blood nerve barrier (BNB) was confirmed by injection of Evans
blue-labeled BSA (67 kDa) (Sigma) 23 h after intraperitoneal injection
of LPS in preliminary experiments. On day 10, animals were sacrificed,
and the sciatic nerves and cauda equina were harvested.

2.13. Statistical analysis

We used two-way repeated-measures ANOVAs and Bonferroni
post-tests to compare the OD values from ELISA experiments. The
frequencies of affected nerves were compared using Fisher's exact
probability test. In the teased fiber analysis, abnormal fiber percent-
ages were analyzed using the Mann-Whitney U test. Results of nerve
conduction studies are expressed as means+S.D. Mean P/D ampli-
tude ratios and the motor conduction velocity (MCV) of sciatic nerves
after injection with C-Dps, PBS and heat-denatured C-Dps were
compared with the pre-injection values using a Wilcoxon signed-rank
test. Statistical significance was set at P<0.05. Data from patch-clamp
recordings are expressed as means = SEM and statistical analysis was
performed using a Student's t test.
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3. Results
3.1. C-Dps binding to sulfatide

We searched for the molecular target of C-Dps among glycolipids
by analogy to HP-NAP [13]. Analysis by ELISA, using microtiter wells
coated with various glycolipids, revealed that C-Dps adsorbed to
sulfatide alone, but not to GM1, GM2, GM3, GD1a, GD1b, GD3, GT1b,
GQ1b or galactocerebrosides (Fig. 1A). C-Dps dose-dependently bound
to sulfatide, but not to GM2 or GDla (Fig. 1B). Furthermore,
immunostaining of TLCs loaded with the above-mentioned glycolipids
confirmed that C-Dps strongly bound to sulfatide only (Fig. 1C), in a
manner analogous to that of HP-NAP [13]. Double immunostaining
with anti-C-Dps antibody and anti-O4 antibody on teased nerve fibers
exposed to C-Dps revealed co-localized immunostaining of C-Dps and
sulfatide (Fig. 1D).

3.2. Morphological effects of C-Dps injected into the rat sciatic nerve
In teased nerve fiber specimens of PBS-injected sciatic nerves,

double immunostaining for sodium channels and Caspr, and for Caspr
and NF, showed clustering of sodium channels at the nodes of Ranvier,

A

which were scattered along the nerve fibers (Fig. 2A). On the other
hand, in C-Dps-injected sciatic nerves, C-Dps was found to be
deposited at the nodes of Ranvier and on the outer surface of
internodal myelin. Furthermore, decreased and patchy immunoreac-
tivity for sodium channels was observed in the nodes of Ranvier
(Fig. 2B). Immunoreactivity for Caspr, a marker of paranodes, was also
impaired in C-Dps-injected nerves (Fig. 2B). In epon-embedded
sections, C-Dps-injected nerves showed various changes, such as
vesiculation of the myelin sheath, intramyelinic edema and axonal
degeneration, compared with the control groups (PBS-injected and
heat-denatured C-Dps-injected sciatic nerves) (Fig. 3A). The frequen-
cy of affected nerves showing either vesiculation of the myelin sheath
or axonal degeneration on cross-sections was significantly higher in
the C-Dps-injected group than in the control group (83.3% vs. 20.0%,
P=0.0350) (Fig. 3C). In teased fiber analysis, C-Dps-injected sciatic
nerves showed paranodal demyelination and axonal degeneration
more frequently than the control group (Fig. 3B). The abnormal fiber
percentage in C-Dps-injected nerves was significantly greater than
that in control nerves (6.0% vs. 0.7%, P=0.0457) (Fig. 3C). Electron
microscopically, C-Dps-injected nerves showed disruption of the
myelin terminal loop and vesiculation of the myelin sheath at the
nodes of Ranvier (Fig. 4).
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Fig. 1. C-Dps specifically binds to sulfatide. A. An ELISA assay using microtiter plates coated with bovine brain ganglioside type Il GM1, GM2, GM3, GD1a, GD1b, GD3, GT1b, GQ1b,
galactocerebroside and sulfatide shows C-Dps binding to sulfatide only. The experiments were repeated four times and the bars indicate the standard errors. B. An ELISA assay shows
dose-dependent C-Dps binding to sulfatide, but not to GM2 or GD1a (*'P<0.01, "*P<0.001). The experiments were repeated three times and the bars indicate the standard
deviations. C. Immunostaining of thin-layer chromatograms loaded with the above-mentioned glycolipids demonstrates strong staining for sulfatide (arrow) only. Panel A shows
orcinol staining, while panels B and C show plates overlaid with PBS and C-Dps, respectively, immunostained with anti-C-Dps mAb and a peroxidase-conjugated anti-mouse IgG
antibody. In panels A-C, fanes show bovine brain ganglioside type Il {lane 1}, GMI (lane 2), GM2 (lane 3}, GM3 (lane 4), GD1a (lane 5), GD1b {lane 6), GD3 (lane 7), GQ1b (lane 8).
sulfatide {lane 9), GT1b (lane 10) and galactocerebroside (lane 11). C-Dps = Campylobacter jejuni DNA-binding protein from starved cells, 0.D. = optical density. D. Double
immunostaining with anti-C-Dps antibody and anti-04 (sulfatide) antibody on teased sciatic nerve fibers exposed to C-Dps shows C-Dps binding to the outer part of the myelin

sheath, where the co-localization with sulfatide is seen. Scale bars= 10 uym.



