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allowing us to speculate that the iINKT cell defects may account for the autoimmune
susceptible nature. On the contrary, transgenic overexpression of the invariant TCR
of iINKT cells was found to protect NOD strain of mice from development of EAE.
This EAE protection was associated with an inhibition of antigen-specific IFN-y
production but was independent of IL-4 (Mars et al. 2002). These results indicate
an inverse correlation of INKT cell numbers/functions with the susceptibility to
EAE, raising a simple idea that expanding iINKT cells may be beneficial for treating
patients with MS.

After o-GC was identified as a potent ligand for iINKT cells, several laboratories
have examined whether in vivo injection of o-GC may modify the clinical course
of EAE by stimulating iNKT cells. A study by Singh et al. showed that o-GC is
capable of down-modulating EAE, by inducing Th2 bias of INKT cells (Singh et al.
2001). Furlan et al. also showed an efficacy of a-GC in EAE, but they did not reveal
a Th2 bias but rather showed an enhanced IENvy production by the liver INKT cells
(Furlan et al. 2003). In an independent study by Jahng et al,, injection of o-GC with aim
to suppress EAE resulted in diverse outcome, which depends on the administration
route, timing of injection, and dose of this glycolipid (Jahng et al. 2001). Although the
reason for these discrepancies remain unclear, it is possible that source of the mice,
quality of the animal facilities, or even gut flora might have influenced the results.

It was subsequently found that CD28-B7 costimulatory signals play a critical
role in stimulating iINKT cells with o-GC. When iNKT cells were stimulated with
0-GC in the presence of anti-B7 (CD80) antibody in vitro, they selectively pro-
duced Th2 cytokines (Pal et al. 2001). In vivo stimulation of INKT cells along with
blocking CD28-B7 interactions was found to suppress the onset of EAE (Pal et al.
2001). These results collectively indicated that proper stimulation of iINKT cells
might lead to suppression of pathogenic Thl responses. We have then explored
whether a Th2 polarizing ligand could be identified among o-GC analogs. As dis-
cussed briefly in Sect, 3.1.2, we have found that an analog of o-GC, called OCH,
bearing a shorter sphingosine chain could selectively induce production of IL.-4 but
not of IFN-y and could modulate disease process of EAE when injected in vivo
(Miyamoto et al. 2001). This protective effect against the development of EAE was
abrogated by a simultaneous injection of anti-IL-4 antibody. Moreover, the protective
effect of OCH could not be seen in I1.-4 knockout mice, indicating that I -4 produced
from iNKT cells is involved in the disease suppression.

The molecular mechanism for the selective I1.-4 production by OCH has been
intensively studied in our laboratory. Owing to the truncation of sphingosine chain,
OCH binds to CD1d molecule less stably compared to o-GC. We are proposing that
the unstable OCH-CD1d interaction, which does not allow continuous TCR stimu-
lation, is a key to understanding the Th2 polarizing character of OCH (Oki et al. 2004).
When iNKT cells are stimulated by a-GC, 114 is produced within a few hours,
which is then followed by production of a large quantity of [FN-y (Pal et al. 2001).
Of note is that de novo protein synthesis is required for the INKT cell production
of IFN-y but not of IL-4 (Oki et al. 2004). Subsequent analysis has revealed that c-Rel
protein is selectively induced, when INKT cells are simulated by o-GC. Inhibiting
c-Rel expression in INKT cells has led to a selective IL-4 induction as a result of




Role of NK Cells and Invariant NKT Cells in Multiple Sclerosis

suppressed production of IFN-y, as seen with OCH stimulation. Taken together, it can
be postulated that unstable binding of OCH with CD1d leads to disrupted TCR
signaling, which does not induce expression of c-Rel and of its down-stream mol-
ecule IFN-y. Compared with a-GC, which is capable of fully inducing c-Rel and
IFN-y, OCH would exhibit a unique Th2 polarizing effect on iINKT cells in vitro
and in vivo. Intriguingly, in vivo injection of OCH induces defective IFN-y production
not only by NKT cells but also by NK: cells (Oki et al. 2005). Mechanistic analysis
has revealed that an injection of OCH induces an insufficient induction of CD40L in
addition to lower primary IFN-y production by the NKT cells, leading to a marginal
IL.-12 production by DCs. A combination of these differences between OCH and a-GC
stimulation would account for the lower secondary IFN-y production by NKT and NK
cells by OCH. Of note, McCarthy et al, have recently confirmed that shortening of
the phytosphingosine chain increased the rate of lipid dissociation from CD1d mol-
ecule and induced less sustained TCR signals (McCarthy et al. 2007). In this study,
they have also demonstrated the decreased affinity of TCR to OCH bound-CD1d:

Other lipid chain truncated analogs of o-GC have been reported to display a
similar skewing of cytokine profile towards Th2 but the mechanism seems to differ
from that found in OCH (Goff et al. 2004; Yu et al. 2005). Taken together, altered
glycolipid: provides attractive means for /INKT cells mediated intervention of
inflammatory autoimmune disease such as EAE and buman MS.

4 MRI1- Restricted Invariant T Cells in MS

Another novel invariant NK cell receptor-positive T cell population besides INKT
cells has been described in mice and humans. They are preferentially located in the
gut lamina propria and are generally termed mucosal-associated invariant T (MAIT)
cells (Treiner ct al. 2003). Of interest, they are absent in germ-free mice, which
indicates the role of gut flora for generation and maintenance of this lymphocyte.
The discovery of this population is dated back to 1993, when DN T cell population
expressing an invariant TCR o-chain was described along with the identification of
Vo024 iINKT cells (Porcelli et al. 1993). It is now established that the new invariant
T cells are distinct from INKT cells in the expression of another conserved CDR3a.
sequence (Vo.7.2-J0,33 in humans and Voi19-Jo33 in mice) and restricted use of VP2
and VP13 in mice and humans. Unlike INKT cells selected by CDId, they are
selected by another MHC class Ib molecule, MR1, that is also highly conserved
among species (Treiner et al. 2003). The mouse MAIT cells were isolated from
NK1.1* T cells in the liver of CD1d deficient mice lacking “conventional’” INKT
cells, allowing us to call the cells “Va19-Jo33 NKT cells”” As seen with “conven-
tional” NKT cells, human MAIT cells constitutively express memory phenotype and
some NK cell markers other than CD57 (Treiner et al. 2005) (Fig. 1). Several lines
of evidence suggest that MR1 presents lipid ligands such as o-mannocylceramide
(Shimamura et al. 2007). Although the function of MAIT cells is unclear at the
moment, their cardinal features such as the semiinvariant repertoire, restriction by
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monomorphic class I-like molecule and the natural memory phenotype suggest that
INKT cells and MAIT cells may exhibit similar and/or complementary functions,
When expression of Vor7.2 invariant TCR for human MAIT cells was investigated
in MS patient samples, there was a striking difference between the MAIT and INKT
cell invariant TCR in their expression. Expression-of the invariant TCR chain for
NKT cells was clearly reduced in the peripheral blood of MS patients (Illes et al:
2000), whereas: invariant TCR for MAIT cells was clearly detected in: the great
majority of the patients (Illes et al. 2004). Parallel analysis of CNS lesions from MS
patients showed that MAIT cells would infiltrate the majority of the lesions, whereas
INKT cells do not (Illes et al. 2000, 2004). The differential expression of the two
invariant chains in samples from MS suggests that MATT cells and NKT cells may
complement each other and MAIT cells may substitute deficiency of iINKT cells in MS.
The protective role of MAIT cells is further delineated by the study of mouse
EAE. We found that overexpression of the invariant Vo19-Jo33 ' TCR in B6 mice
is protective against EAE induction and progression (Croxford et al. 2006).
Consistently, EAE was exacerbated in MR1 deficient mice, which lack V. «19-Jo33
invariant T cells. The protective effect was found to accompany a reduced produc-
tion of inflammatory mediators as well as an increased secretion of I1.-10. We have
also: demonstrated that IL.-10 production occurred in part through interactions
between B cells and Vo199 MAIT cells involving ICOS costimulatory molecule.

5 Concluding Remarks

NK cells and INKT cells are groups of innate lymphocytes with multi potential
qualities. Recent advances in cell biology of these cells have brought our attention
to their ability in regulating autoimmune inflammatory responses. Selective induc-
tion of their regulatory properties could be an effective means for modification of
autoimmune disease affecting the CNS. It is also notable that NK cells and iNKT
cells change their phenotypes, number, and gene expression profile during disease
course of MS, They could be good targets also for those who attempt to identify
useful biomarkers for MS,

References

Araki M, Kondo T, Gumperz J, Brenner M, Miyake S, Yamamura T (2003) T, 2 bias of CD4* NKT
cells derived from multiple sclerosis in remission. Int Immunol 15:279-288

Araki M, Miyake S, Yamamura T (2004) Continuous oral glucocorticoid therapy restores the NKT
cell frequency in multiple sclerosis. Neuroimmunology 12:175-179

Aranami T, Miyake S, Takahashi K (2006) Differential expression of CD11c by peripheral blood
NK cells reflects temporal activity of multiple slcerosis. J Immunol 177:5659-5667

Awasthi A, Carrier Y, Peron JP, Bettelli E, Kamanaka M, Flavell RA, Kuchroo VK, Oukka M,
Weiner HL. (2007) A dominant function for interleukin 27 in generating interleukin 10-producing
anti-inflammatory T cells. Nat Immunol 8:1380-1389




Role of NK Cells and Invariant NKT Cells in Multiple Sclerosis

Backstrom E, Ljunggren H, Kristensson K (2007) NK cell-mediated destruction of influenza A
virus-infected peripheral but not central neurons. Scand J Immunol 65:353-361

Baecher-Allan C, Hafler D (2006) Human regulatory T cells and their role in autoimmune disease.
Immunol Rev 212:203-216

Ballas Z, Rasmussen W (1990) NK 1.1+ thymocytes, adult murine CD4-CD8- thymocytes contain
an NK1.1*, CD3* CDS5*, CD44*, TCR-Vb 8+ subset. J Immunol 145:1039-1045

Benczur M, Petranyl G, Palffy G, Varga M, Talas M, Kotsy B, et al (1980) Dysfunction of natural
killer cells in multiple sclerosis: a possible pathogenetic factor. Clin Exp Immunol 39:657-662

Bendelac A, Fearon DT (1997) Innate pathways:that control acquired immunity.' Curr: Opin
Immunol 9:1=3

Bendelac A, Savage P, Teyton L (2007) The biology of NKT cells. Annu Rev Immunol 25:297-336

Bielekova B, Goodwin B, Richert J, Cortese I, Kondo T, Afshar G (2000) Encephalitogenic potential
of the myelin basic protein peptite (amino acids 83-99) in multiple sclerosis: results of a phase
II clinical trial with an altered peptide ligand. Nat Med 6:1167-1175

Bielekova B, Catalfamo: M, Reichert-Scrivner S, Packer A, Cerna M, Waldmann T, et al (2006)
Regulatory. CD56 (bright) natural killer cells mediate immunomodulatory effects of 1L-2Roi-
targeted therapy (daclizumab) in multiple sclerosis. Proc Natl Acad Sci U § A 103:5941-5946

Bilisland C, Diamond M, Springer T' (1994) The leukocyte integrin p150, 95(CD11¢/CD18) as a
receptor for ic3b: activation by a heterologous B subunit and localization of a ligand recogni-
tion site to the I domain. J Immunol 152:4582-4589

Borg N, Wun K, Kjor-Nielson L, Wilce M, Pellicci D, Koh' R; et al (2007) CD1d-lipid-antigen
recognition by the semi-invariant NKT T-cell receptor. Nature 448:44-49

Borrego F, Masilamani M, Marusima A, Tang X, Coligan J (2006) The CD94/NKG2 family of
receptors from molecules and cells to clinical relevance: Immnol Res 35:263-294

Brigl M, Brenner M (2004) CD1: antigen presentation and T cell function. Annu Rev Immunol
22:817-890

Brossay L, Chioda M, Burdin N, Koezuka Y, Casorati G, Dellabona P, et al (1998) CD1d:-mediated
recognition of an alpha-galactosylceramide by natural killer T cells is. highly conseived
through mammalian evolution. ] Exp Med 188:1521-1528

Carrol M, Prodeus A (1998) Linkages of innate and adaptive immunity Curr Opin Immunol
10:36-40

Correale J, McMillan M, McCarthy K, Le T, Weiner L (1995) Isolation and characterization of
autoreactive proteolipid protein-peptide specific T cell clones from multiple sclerosis patients.
Neurology 45:1370-1378

Croxford J, Miyake S, Huang Y, Shimamura M, Yamamura T (2006) Invariant Val9i T cells regu-
late autoimmune inflammation. Nat Immunol 7:987-994

Dellabona P, Padovan E, Casorati G, Brockhaus M, Lanzavecchia A (1994) An invariant Vo 24-J
a Q/Vb11l T cell receptor is expressed in all individual by clonally expanded CD4-CD8 T
cells. ] Exp Med 180:1171-1176

Diefenbach A, Jamieson A, Liu S, Shastri N, Raulet D (2000) Ligands for the murine NKG2D recep-
tor; expression by tumor cells and activation of NK cells and macrophages. Nat Immunol
1:119-126

Exley M, Garcia ], Balk S, Porcelli § (1997) Requirements for CD1d recognition by human invari-
ant Vb24* CD4-CD8 T cells. ] Exp Med 186:109-120

Exley M, Garcia J, Wilson §, Spada F, Gerdes D, Tahir S, et al (2000) CD1d structure and regulation
on human thymocytes, peripheral blood T cells, B cells and monocytes. Immunology 100:37-47

Fearon D, Locksley R (1996) The instructive role of innate immunity in the acquired immune
response. Science 272:50-53

Fowlkes B, Kruisbeek A, Ton-That H; Weston M, Coligan J, Schwartz R, et al (1987) A novel
population of T-cell receptor aP-bearing thymocytes which predominantly express a single VB
gene family. Nature 329:251-254

Furlan R, Bergami A, Cantarella D, Brambilla E, Taniguchi M Dellabona P, et al (2003) Activation
of invariant NKT cells by agalcer administration protects mice from MOG 35-55-induced
EAE: critical roles for administration route and IFN-y. Eur J Immunol 33;1830-1838



K. Sakuishi et al.

Gigli G, Caielli S, Cutuli D, Falcone M (2007) Innate immunity inodulates autoimmunity: type 1
interferon-b treatment in multiple sclerosis promotes growth and function of regulatory invariant
natural killer T cells through dendritic cell maturation. Immunology 122:409-417 :

Goff R, Gao Y, Mattner J, Zhou D, Yin N, Cantu C 3rd, et al (2004).Effects of lipid chain lengths
in alpha-galactosylceramides on cytokine release by natural killer T cells. J'Am Chem Soc
126:13602

Goodnow C, Sprent J, Fazekas de St. Groth B, Vinuesa C (2005) Cellular and genetic mechanism
of self-tolerance and immunity. Nature 435:590-597

Gumperz J, Miyake S, Yamamura T, Breaner M (2002) Functionally distinct subsets of CDld-
testricted natural killer T cells revealed by CD1d tetramer staining. J Exp Med . 195:625-636

Hafler D (2004) Multiple sclerosis. J Clin Invest 113:788-794

Hauser S, Ault K, Levin' M; Garovoy M, Weiner H (1981) Natural killer cell activity in multiple
sclerosis. J Immunol 127:1114-1117

Homann D, Jahreis A, Wolfe T, Hughes A; Coon B; van Stipdonk M, etal (2002) CD40L blockade
prevents: autoimmiune. diabetes by induction of bitypic. NK/DC regulatory cells. Immunity
16:403-415 :

Hong S, Wilson MT. Serizawa I, Wu L, Singh N, Naidenko OV, et al (2001) The natural killer
Tecell ligand w-galactosylceramide prevents autoimnmune diabetes in non-obese diabetic mice.
Nat Med 7:1052-1056

Hoshino T, Winkler-Pickett RT, Mason AT, Ortaldo JR; Young HA (1999) IL-13 production by NK
cells: TL<13-producing NK and T cells are present in vivo in the absence of IFN-y. J Immuriol
162:51-59

Huang D, Shi E, Jung S, Pien G, Wang J, Salazar-Mather T, et al (2006) The neuronal chemokine
CX3CR1/fractalkine. selectively recruits NK cells that modify experimental autoimmune
encephalomyelitis within the central nervous system. FASEB J 20:896-905

Huseby E, Liggitt D, Brabb T, Schnabel B, Ohlen C, Goverman JA (2001) Pathogenic role for
myelin-specific CD8* T cells in a model for multiple sclerosis, J Exp Med 194:669-676

Iglesias A, Bauer J; Litzenburger T, Schubart A, Linington C (2001) T-and B-Cell responses to
myelin_ oligodendrocyte glycoprotein in experimental autoimmune encephalomyelitis and
multiple sclerosis. Glia 36:220-234

Illes Z, Kondo T, Yokoyama K, Ohashi T, Tabira T, Yamamura T (1999) Identification of autoimmune
T cells among in vivo expanded CD25* T cells in multiple sclerosis. J Immunol 162:1811--1817

Mles Z, Kondo T, Newcombe I, Oka N, Tabira T, Yamamura T (2000) Differential expression of NK
Teell Va24 JaQ invariant TCR chain in the lesion of multiple sclerosis and chornic inflammatory
demyelinating polyneuropathy. J Immunol 164:4375-4381

Iles Z, Shimamura M, Newcombe J; Oka N, Yamamura T (2004) Accumulation of V. 07.2- ] 033
invariant T cells in human autoimmune inflammatory lesions in the nervous system. Int
Immunol 16:223-230

Infante-Duarte C, Weber A, Kratschmar J, Prozorovski T, Pikol S, Hamann I, et al (2005)
Frequency of blood CX3CR1-positive natural killer cells correlates with disease activity in
multiple sclerosis. FASEB J 19:1902-1904

Jahng A, Maricic [, Pedersen B, Burdin N, Naidenko O, Kronenberg M, et al (2001) Activation of
natural killer T cells potentiates or prevents experimental autoimmune encephlomyelitis. J Exp
Med 194:1789-1799 ,

Kastrukoff L, Morgan N, Zecchini D, White R, Petkau A, Satoh J, et al (1998) A role for natural
killer cells in the immunopathogenesis of multiple sclerosis. J Neuroimmunol 86:123-133
Kastrukoff L, Lau A, Wee R, Zecchini D, White R, Paty D (2003) Clinical relapse of multiple sclerosis
are associated with novel valleys in natural killer cell functional activity, J Neuroimmunol

145:103-114

Kawano T, Cui J, Koezuka Y, Toura I, Kaneko Y, Motoki K, et al (1997) €D ld-restricted and
TCR:mediated activation of Val4 NKT cells by glycosylcermides. Science 278:1626-1629

Kim C, Johnston B, Butcher E (2002) Trafficking machinery of NKT cells: shared and differential
chemokine receptor expression among Va24*Vb11* NKT cell subsets with distinct cytokine-
producing capacity. Blood 100:11-16




Role of NK Cells and Invariant NKT Cells in Multiple Sclerosis

Kinjo Y, Wu D Kim G, Xing G, Poles M, Ho D, et al (2005) Recognition of bacterial glycosphin-
golipids by natural killer T cells. Nature 434:520-525

Kirwan S, Burshtyn D: (2007) Regulation of natural killer cell: activity.: Curr: Opin: Immunol
19:46-54

Koehier N, Genain C, Giesser B, Hauser S (2002) The human T cell response to myelin oligoden-
drocyte glycoprotein: a multiple scleorsis family-based study. J Immunol 168:5920-5927

Kondo T, Yamamura T, Inobe J; Ohashi T, Takahashi K, Tabira T (1996) TCR repertoire to proteo-
lipid protein (PLP) in multiple sclerosis (MS): homologies between PLP-specific T cells'and
MS-associated T cells in TCR junctional sequences. Int Immunol 8:123-130

Koseki H, Asano H; Inaba T, Miyashita N, Moriwaki K, Lindahl’K; et al (1991) Dominant expression
of a distinctive: V144 T-cell antigen-receptor . a chain in mice. Proc Natl Acad Sci'U S A
88:7518-7522

Kronenberg M (2005) Toward understanding of NKT cell biology: progress and paradoxes. Annu
Rev Immunol 2005: 877-900

Kyewski B, Derbinski J (2004) Self-representation is the thymus: an extended view. Nat Rev
Immunol 4:688-698

Lee P, Benlagha K, Teyton L, Bendelac A (2002) Distinct functional lineages of human:Vo24
natural killer T cells. J Exp Med 195:637-641

Lopez-Botet M, Perez-Villar J, Carretero: M, Rodriguez A, Melero I, Bellon T (1997) Structure
and function of the CD94 C-type lectin receptor complex involved in the recognition of HLA
class I molecules. Immunol Rev 155:165-174

Mars L, Laloux V, Goude K; Desbois S, Saoudi A, Van Kaer L, et al (2002) Cutting edge:
Vold4-Jo. 281 NKT cells naturally regulate experimental autoimmune encephalomyelitis in
nonobese diabetic mice. ] Immunol 168:6007-6011

Martin R, Howell M, Jaraquemada D, Flerlage M, Richert I, Brostoff § (1991) A myelin: basic
protein peptide is recognized by cytotoxic T cells in the context of four HLA-DR types associated
with multiple sclerosis. J Exp Med 173:19-24

Matsumoto Y, Kohyama K, Aikawa Y, Shin T, Kawazoe Y, Suzuki Y, et al (1998) Role of natural
killer cells and TCR 43 T cells in acute autoimmune encephalomyelitis. Eur J Immunol
28:1681-1688

Mattner J, Debord K, Ismail N, Goff R, Cantu 3rd C, Zhou D, et al (2005) Exogenous, and endog-
enous glycolipid antigens activate NKT cells during microbial infection. Nature 434:525-529

McCarthy C, Shepherd D, Floire S, Stronge V, Koch M, Illarionov P, et al (2007) The length of
lipids bound to human CDI1d molecules modulates the affinity of NKT cell TCR and the
threshold of NKT cell activation. J Exp Med 204:1131-1144

Medzhitov R, Janeway JC (1997) Innate immunity: impact on the adaptive immune response. Curr
Opin Immunol 9:4-9

Mempel M, Ronet C, Suarez F, Gilleron M, Puzo G, Van Kaer L, et al (2002) Natural killer T cells
restricted by the monomorphic MHC class 1b CD1d1 molecules behave like inflammatory
cells. J Immunol 168:365-371

Mendel I, Kerlero de Rosbo N, Bennun AA (1995) Myeline oligodendrocyte glycopottein peptide
induces typical chronic experimental autoimmune encephalomyelitis in H-2B mice: fine specificity
and T cell receptor Vb expression of encephalitogenic T ells. Eur J Immunol 25:1951-1959

Miyamoto K, Miyake S, Yamamura T (2001) A synthetic glycolipid prevents autoimmune enceph-
alomyelitis by inducing TH2 bias of natural killer T cells. Nature 413:531-534

Miyara M, Sakaguchi S (2007) Natural regulatory T cells; mechanisms of suppression. Trends Mol
Med 13:108-116

Morelli A, Lamegina A, Shufesky W, Zahorchak A, Logar A, Papworth G, et al (2003)
Intemalization of circulating apoptopic cells by splenic marginal zone dendritic cells: depen-
dence on complement receptors and effect on cytokine production. Blood 101:611-620

Moretta A, Bottino C, Vitale M, Pende D, Cantoni C, Mingari M (2001) Activating receptors and core-
ceptors involved in human natural killer cell-mediated cytolysis. Annu Rev Immunol 19:197-223

Morse RH, Seguin R, Mc¢Crea EL, Antel P (2001) NK cell-mediated lysis of autologous human
oligodendrocytes. J Neuroimmunol 116:107-115 '




K. Sakuishi et al.

Munschauer F, Hartrich L, Stewart C, Jacobs L (1995) Circulating natural: killer cells but not
cytotoxic T lymphocytes are reduced in patients with active relapsing multiple slcerosis and
little clinical disability as compared fo controls. J Neuroimmunol 62:177-181

Ohashi T, Yamamura T, J-i Inobe, Kondo T, Kunishita T, Tabira. T (1990) Analysis of proteolipid
protein (PLP)-specific. T cells in multiple sclerosis: identification of PLP 95-116 as an HLA-
DR2,w15-associated determinant. Int Immunol 7:1771-1778

Oki S, Chiba A, Yamamura T, Miyake S (2004) The clinical implication and molecular mecha-
nism: of preferential 1L-4 production by modified glycolipid-stimulated NKT cells. T Clin
Invest 113:1631-1640

Oki S, Tomi C, Yamamura T, Miyake S (2005) Preferential T, 2 polarization by OCH is supported
by incompetent NKT' cell induction of CD40L and following production of:inflammatory
cytokine by bystander cells in vivo. Int Tmmunol 17:1619-1629

Ota K, Matsui M, Milford E, Mackin G, Weiner H, Hafler D (1990) T-cell recognition of an
immunodominant myelin basic protein epitope in multiple sclerosis. Nature 346:183-187

Pal E, Tabira T, Kawano T, Taniguchi M, Miyake S, Yamamura T (2001) Costimulation-dependent
modulation of experimental autoimmune encephalomyelitis by ligand stimulation of Val4 NK
T cells. J Immmunol 166:662-668

Pelfrey C, Trotter J, Tranquill L, McFarland H (1993) Identification of a novel T cell epitope of
human proteolipid protein (residues 40-60) recognized by proliferative and cytolytic CD4' T
cells from multiple sclerosis patients. J Neuroiminunol 46:33-42

Peritt D, Robertson S, Gri G, Showe L, Aste-Amezaga M, Trinchieri G (1998) Cutting edge.
Differentiation of human NX cells into NK1 and NK2 subsets. J Immunol 161:5821-5824

Pette M, Fujita K, Wilkinson D, Altmann D, Trowsdale J, Giegerich G, Wekerle H (1990) Myelin
autoreactivity in multiple sclerosis: recognition of myelin basic protein in the context of
HLA-DR2 products by T lymphocytes of multiple slcerosis patients and healthy donors. Proc
Natl Acad Sci U S A 87:7968-7972

Pillarisetty V, Katz S, Bleier J, Shah A, Dematteo R (2005) Natural killer dendritic cells have both
antigen presenting and lytic function and in response to CpG produce IFN-y via autocrine
1L-12. J Immunol 174:2612-2618 '

Porcelli S, Yockey C, Brenner M, Balk S (1993) Analysis of T cell antigen receptor (TCR) expres-
sion by human peripheral blood CD4-CD8 alph/f T cells demonstrates preferential use of
several VP genes and an invariant TCRa chain. ] Exp Med 178:1-16

Porubsky S, Speak A, Luckow B, Cerundolo V, Platt E, Grone H (2007) Normal development and
function of invariant natural killer T cells in mice with isoglobotrihexosylceramide (iGb3)
deficiency. Proc Natl Acad Sci U S A 104:5977-5982

Rauch H, Montgomery I, Kaplan J (1985) Natural killer cell activity in multiple sclerosis and
myasthenia gravis. Immunol Invest 14:427-434

Rice G, Casali P, Merigan T, Oldstone M (1983) Natural killer cell activity in patients with multiple
sclerosis given a interferon. Ann Neurol 1983: 333-338

Richert J, Robinson E, Deibler G, Martenson R, Dragovic L, Kies M (1989) Human cytotoxic
Tecell recognition of a synthetic peptide of myelin basic protein. Ann Neurol 26:342-346

Roncarolo M, Gregori S, Battaglia M, Bacchetta R, Fleischhauer K, Levings M (2006) Interleukin-
10-secreting type I regulatory T cells in rodents and humans. Immunol Rev 212:28-50

Sakuishi K, Oki S, Araki M, Porcelli S, Miyake S, Yamamura T (2007) Invariant NKT cell biased
for IL-5 production act as crucial regulators of inflammation. J Immunol 179:3452-3462

Santoli D, Hall W, Kastrukoff L, Lisak R, Perussia B, Trinchieri G, et al (1981) Cytotoxic activity

. and intetferon production by lymphocytes from patients with multiple sclerosis. J Immunol
126:1274-1278

Saraste M, Irjala H, Airas L (2007) Expansion of CD56%#" natural killer cells in the peripheral
blood of multiple sclerosis patients treated with interferon-b. Neurol Sci 28:121-126

Screpanti V, Wallin R, Grandien A, Ljunggren H (2005) Impact of FASL-induced apoptosis in the
elimination of tumor cells. Mol Immunol 42:495-499 ,

Shi F, Van Kaer L (2006) Reciptocal regulation between natural killer cells and autoreactive T cells.
Nat Rev Immunol 6:751-760




Role of NK Cells and Invariant NKT Cells in Multiple Sclerosis

Shi F, Ljunggren H, Sarventnick N (2001) Innate immunity and autoimmunity: from self-protec-
tion to self-destruction. Trends Immunol 22:97-101

Shimamura M, Huang YY, Okamoto N, Suzuki N, Yasuoka J, Morita K, et al (2007) Modulation
of Vo199 NKT cell immune responses by oi-mannosyl ceramide derivatives consisting of a
series of modified sphingosines. Eur J [mmunol 37:1836-1844

Singh A, Wilson M; Hong S, Olivares-Villagomez D, Du C, Stanic A; et al (2001) Natural killer
T cell activation protects: mice against experimental autoimmune encephalomyelitis..J. Exp
Med 194:1801-1811

Skulina C, Schmidt S; Dornmair K; Babbe H, Roers A, Rajewsky K, Wekerle H, Hohlfeld R;
Goebels N (2004) Multiple sclerosis: brain-infiltrating CD8* T cells persist as clonal expan-
sions in the cerebrospinal fluid and blood: Proc Natl Acad Sci U S'A°101:2428-2433

Smeltz R, Wolf N, Swanborg R (1999) Inhibition of autoimmune T cell response in the DA rat by bone
marrow-derived NK cells in vitro: implication for autoimmunity. J Immunel 163:1390-1397

Smyth M, Swann J, Cretney E,; Zerafa N, Yokoyama W, Hayakawa Y (2005) NKG2D function
protects the host from tumor initiation. J Exp Med 202:583~588

Sospedra: M, Martin :R . (2005) Immunology of multiple sclerosis. Annu:Rev Immunol
23:683-747

Speak A, Salio M, Nerville D, Fontaine J, Priestman DP, Platt N, Heare T, et al (2007) Implications
for invariant natural killer T cell ligands due to the restricted presence of isoglobotrihexosyl-
ceramide in mammals. Proc Natl Acad Sci U S'A 104:5971-5976

StackerS, Springer T (1991) Leukocyte intergrin P150, 95 (CD11¢/CD18) function as an adhesion
molecule binding to a counter-receptor on stimulated endothelium. J Immunol 146:648-655

Steinman L (2001) Multiple sclerosis: a two-stage disease. Nat Immunol 2:762-764

Takahashi K, Miyake S, Kondo T, Terao K, Hatakenaka M, Hashimoto S, et al (2001) Natural
killer type 2 bias in remission of multiple sclerosis. J Clin Invest 107:R23-R29

Takahashi K, Aranami T, Endoh M, Miyake S, Yamamura T (2004) The regulatory role of natural
killer cells in multiple sclerosis. Brain 127:1917-1927

Takeda K, Hayakawa Y, Smyth M, Kayagaki N, Yamaguchi N, Kakuta S, et al (2001) Involvement
of tumor necrosis factor-related apoptosis-inducing ligand in surveillance of tumor metastasis
by liver natural killer cells. Nat Med 7:94-100

Taniguchi M, Harada M, Kojo S, Nakayama T, Wakao H (2003) The regulatory role of Va14 NKT
cells in innate and acquired immune response. Annu Rev Immunol 21:483-513

Treiner E, Duban L, Bahram §, Radosavljevic M, Wanner V, Tilloy E et al (2003) Selection of
evolutionary conserved mucosal-associated invariant T cell by MR 1. Nature 422:164-169

Treiner E, Duban L, Moura I, Hansen T, Gilfillan S, Lantz O (2005) Mucosal-associated invariant
T (MAIT) cells: an evolutionarily conserved T cell subset. Microbes Infect 7:552-559

Trinchieri G (1989) Biology of natural killer cells. Adv Immunol 47:187-193

Vranes Z, Poljakovic 7, Marusic M (1989) Natural killer cell number and activity in multiple
sclerosis. ] Neurol Sci 94:115-123

Walker L, Abbas A (2002) Keeping self-reactive T cells at bay in the periphery. Nat Rev Immunol
2:11-19 :

Warren H, Smyth M (1999) NK cells and apoptosis. Immunol Cell Biol 77:64-75

Yamamura T, Sakuishi K, llles Z, Miyake S (2007) Understanding the behavior of i mvanant NKT
cells in autoimmune disease. J Neuroimmunol 191:8-15

Yoshimoto T, Bendelac A, Hu-LiJ, Paul W (1995) Defective IgE production by SJL mice is linked
to the absence of CD4* NK1.1* T cells that promptly produce interleukin 4. Proc Natl Acad
Sci US A 92:11931-11934

Yu K, Im J, Molano A, Dutronc Y, Illarionov P, Forestier C, et al Modulation of CD 1d-restrotced
NKT cell responses by using N-acyl variants of oi-galactosylceramides. Proc Natl Acad Sci
U S A (2005) 102:3383-3388

Zhang B, Yamamura T, Kondo T, Fujiwara M, Tabira T (1997) Regulation of experimental auto-
immune encephalomyelitis by natural killer (NK) cells. J Exp Med 186:1677-1687

Zhou D, Mattner J, Cantu 3rd C, Schrantz N, Yin N, Gao Y, et al (2004) Lysosomal glycosphin-
golipid recognition by NKT cells. Science 306:1786--1789

=




Journal of the Neurological Sciences 280 (2008) 22-28

Heterogeneity and continuum of multiple sclerosis phenotypes in Japanese according
to the results of the fourth nationwide survey

Takaaki lshlzu“ Jun-ichi Kira ***, Manabu Osoegawa Toshiyuki Fukazawa °, Seiji Klkucm
Kazuo Fujlhara Makoto Matsui ¢, Tatsuo Kohriyama, Gen Sobue &, Takashi Yamamura Yasuto Itoyama ¥,

Takahiko Saida’, Kiyomi Sakata’

and The Resear ch Committee of Neuroimmunological Diseases
* Department of Neurology, Neurological Institute, Graduate School of Medical Sciences, Kyushu University, 3-1-1Maidashi, Higashi-ku, Fukuoka 812-8582, japani

> Department of Neurology, Nishimdruyama: Hospital, Sapporo, Japan

< Department of Neurology; Sappora-Minami: National Hospital, Sapporo, Japan
9 Department of Neurology, Tohoku University School of Medicine, Sendai, Japan
© Department of Neurology, Kanazawa Medical University, Kanazawa, Japan

f Departinent of Clinical Neuroscience and Therapeutics, Division of Integrated Medical Science, Graduate School of Biomedical Sciences, Hiroshima University, Hiroshima, fapan

¢ Department of Neurology, Nagoya University Graduate School of Medicine, Nagoya, Japan
b Départment of Immunology, National Institute of Neuroscience, NCNP, Tokyo, Japan

i Department of Neurology. Center for Neurological Diseases, Utano National Hospital; Kyoto, Japan
I-pepartment of Hygiene and Prevéntive Medicine, Iwate Medical University School of Medicine, Morioka, Japan

ARTICLE INFO ABSTRACT
Article history: There are two distinct phenotypes of multiple sclerosis (MS) in Asians, optic-spinal MS: (OSMS} and
Received 8 September 2008 conventional MS (CMS). In 2004, we performed the fourth nationwide epidemiological survey of MS. The

Received in revised form 6 January 2009
Accepted 9 January 2009
Available online 7 February 2009

epidemiological features were reported elsewhere; here we report the characteristic features of patients with
each MS phenotype, classified according to the clinically estimated sites of involvement and MRI findings.
Among 1493 MS patients collated, 57.7% were classified as having CMS and 16.5% were classified as having
OSMS. Based on MRI findings, MS patients were further subdivided into those with OSMS with or without

ﬁeﬁ;gf;demsis longitudinally extensive spinal cord lesions (LESCLs) and those with CMS with or without LESCLs. Although
Japanese disease duration did not differ significantly among the four groups, EDSS scores were significantly higher in
Optic-spinal form patients with LESCLs than in those without LESCLs, irrespective of OSMS or CMS phenotype, Similar trends
Epidemiology were found for the frequencies of bilateral visual loss, transverse myelitis, and marked CSF pleocytosis and
Magnetic resonance imaging neutrophilia. Increased IgG index, brain lesions fulfilling the Barkhof criteria and secondary progression were
Conventional form more commonly found in CMS patients than in OSMS patients, while negative brain MRIs were more

Neuromyelitis optica

commonly encountered in OSMS patients than CMS patients, irrespective of the presence of LESCLs. These

findings suggest that demographic features not only vary based on CMS or OSMS phenotype, but also with
the presence or absence of LESCLs, and that nonetheless, these four phenotypes constitute a continuum.

0

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating
disease of the central nervous system (CNS). MS is rare in Asians, but
when it appears, involvement of the optic nerve and spinal cord is
destructive [1]. There are two distinct subtypes of MS in Asians: the
optic-spinal form (OSMS), which shows selective involvement of the
optic nerve and spinal cord, and the conventional form (CMS), which
affects multiple sites of the central nervous system (CNS), including
the cerebrum and cerebellum [2]. The two subtypes have distinct

* Corresponding author. Tel:: 81 92 642 5340; fax: +81 92 642 5352.
E-mail address: kira@neuro.med kyushu-u.ac.jp. (J. Kira).
¥ These authors contributed equally to this work.

0022-510X/$ = see front matter © 2009 Elsevier B.V. All rights reserved.
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clinical and neuroimaging features, OSMS is characterized by a higher
age at onset, greater female preponderance and higher Kurtzke's

Expanded Disability
1,2]. Longitudinally

Status Scale (EDSS) score |3] compared with CMS
extensive spinal cord lesions (LESCLs) extending

over three or more vertebral segments are more commonly found in
patients with OSMS than CMS patients {1]. However, reflecting the
pronounced spinal cord damage seen in Asians, one-fourth of CMS
patients also have such LESCLs [4,5].

[n Japan, nationwide surveys of MS were conducted in 1972, 1982,
1989 and 2004 using essentially identical criteria [6-8]. In the fourth
survey, we disclosed a four-fold increase in the estimated number of
clinically definite MS patients (9900; crude MS prevalence, 7.7/

100,000) in 2003 cor

onset from early 30

mpared with 1972, and a shift in the peak age at
s in 1989 to early 20 s in 2003 [8], suggesting an
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Table 1
Clinical characteristics among each multiple sclerosis subgroups.

#: Chair-bound or worse. CMS = conventional form of multiple sclerosis; EDSS = expanded disability status scale of Kurtzke; Gd = gadelinium; LESCLs = longitudinally extensive
spinal cord lesions extending 3 or more vertebral segments; N.S, = not significant; OSMS = optic-spinal form of muitiple sclerosis.

*a: P<0.01 (OSMS with LESCLs vs. OSMS without LESCLS), *b: P<0.01 (CMS with LESCLs vs. CMS without LESCLs); *c: P<0.01 (OSMS with LESCLS vs. CMS with LESCLs}, *d: P<0.01
(OSMS: without LESCLs vs. CMS without LESCLs}, *e: P<0.01 (OSMS with LESCLs vs. CMS without LESCLs), *f: P<0,01 (OSMS without LESCLs vs. CMS with LESCLs), *g: 0.01 <
P<0.05 {OSMS with LESCLs vs. OSMS without LESCLs), *h: 0.01 < P<0.05 (CMS with LESCLs vs. CMS without LESCLS), *j: 0.01 < P<0,05 {OSMS with LESCLs.vs. CMS with
LESCLs), *j: 0.01 < P<0.05 (OSMS without LESCLS vs. CMS without LESCLs}, *k: 0.01 < P<0.05 (OSMS with LESCLs vs. CMS without LESCLs), *1: 0,01 < P<0.05 (OSMS without
LESCLs vs; CMS with LESCLs).

increase in susceptibility to this disease among the younger genera-  Health, Labor and Welfare, Japan. The study was approved by the
tion. In this study, a successive decrease in optic-spinal involvement in Kyushu University Ethics Committee, The survey was undertaken in
clinically definite MS patients was also revealed, while the absolute  two steps: first, a preliminary survey was undertaken to ascertain the
numbers of CMS patients and those with MS-like brain lesions approximate number of MS patients in Japan, and second, a survey
fulfilling the Barkhof criteria were found to increase rapidly with was conducted using a questionnaire sheet for each patient. The
advancing year of birth, Also, the frequency of LESCLs was found tobe  hospitals included in the study were randomly selected from the
significantly higher in OSMS patients than in CMS patients in this  directory of all of the registered hospitals throughout Japan. Selection
nationwide survey. was made according to a stratification based on the number of beds in

We recently reported that there are distinct subtypes of MS each hospital; the more beds a hospital had, the higher was its
according to clinical and MRI findings using our institutional series of - probability of being selected [11]. Sampling rates were approximately
Ms patients [9,10]. Therefore, in the present study, we aimed to clarify 8%, 13%, 24%, 43%, 83% and 100% for the strata of general hospitals with
the characteristic features of each MS phenotype classified according 20 to 99 beds, 100 to 199 beds, 200 to 299 beds, 300 to 399 beds, 400
to the clinically estimated sites of involvement and MRI findings  to 499 beds and 500+ beds, respectively. All university hospitals,
unique to Asian MS patients, such as the presence or absence of  including those in which council members of the Japanese Society of
LESCLs, using collated MS cases from the fourth nationwide survey of =~ Neurology and members of the Committees of Medical Facilities for

MS in Japan. Children and the Japanese Society of Child Neurology were working,
were also surveyed.

2. Methods The questionnaire for the preliminary survey on MS patients who
visited haspitals because of the disease in 1 year from 1 January to 31

2.1 Survey procedures : December 2003 was mailed to 6708 departments (including 1933
neurology/internal medicine, 1227 orthopedics, 997 psychiatry, 945

The fourth nationwide survey of MS was conducted by the  pediatrics, 831 ophthalmology, 759 neurosurgery and 16 rehabilita-
Research Committees of Neuroimmunological Diseases and of  tion departments), together with the diagnostic criteria, in January
Epidemiology of Intractable Diseases, sponsored by the Ministry of 2004, In Japan, all patients with MS are requested to visit hospitals at

__8'3_
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Fig. 1. Distribution of age at onset in patients with CMS without LESCLs (A), CMS
without LESCLs, OSMS patients with LESCLs and OSMS patients without LESCLs (B). In
(A) and (B). “anticipation” of age at onset is more pronounced in patients without
LESCLs, irrespective of CMS or OSMS phenotype. The second peak around the early 50 s
is not evident in CMS patients without LESCLs, but is still identifiable in the other three
subtypes. CMS = conventional form of multiple sclerosis, LESCLs = longitudinally
extensive spinal cord lesions extending three or more vertebral segments on MRl n =
number of patients on whom information was obtained, and OSMS = eptic-spinal form
of multiple sclerosis.

least once every year for registration of intractable diseases with the
government in order to have their medical costs, which are not
covered by health insurance, subsidized. Following the collection and
collation of the first questionnaire, the second questionnaire was
forwarded to those institutions reporting patients in the first survey. [t
requested detailed clinical \information on individual patients,
including age at onset and examination, sex, birthplace, present
address, symptoms based on history and signs based on physical
examination, laboratory findings, course, treatment and prognosis.
Patients reported by more than one hospital or department were
treated as duplicates,

2.2. Diagnostic criteria

The diagnostic criteria used for the present survey were based on
those used for the first nationwide survey in 1972 |6}, except that the
fimitation of age at onset was removed, as it was in the third survey
{7]: The criteria required multiplicity in time and space and were
essentially the same as Schumacher’s criteria [12]. Briefly, the criteria
used for relapsing remitting muitiple sclerosis (MS) in the present
survey consisted of three items for clinically definite MS: (1)
symptoms and signs owing to multifocal lesions in the CNS (more
than two lesions in the CNS): (2) remissions and exacerbations
(multiplicity in time); and (3) other diseases, such as tumars, syphilis,
cerebrovascular accident, cervical spondylosis, angiomas, subacute
myelo-optico-neuropathy, neuro-Behget, cerebellar degeneration,
HTLV-I-associated myelopathy/tropical spastic paraparesis and col-
lagen diseases, could be excluded. Clinically definite MS fulfilled all of
the criteria, while a diagnosis of possible MS was made when all three

criteria for clinically definite MS could not be fulfilled, but the signs

were suggestive, The criteria concerning primary progressive MS
(PPMS) were the same as McDonald's criteria [13].

2.3; Classification of clinical phenotype

Clinical classification of MS: subtypes was. based solely on the
clinically ‘estimated  sites of the’[esions. The second questionnaire
asked answerers to report the clinically estimated sites of the lesions
according to the symptomatology. during: the entire clinical course
from among the following: optic: nerve, cerebrum, cerebellum,
brairistern and spinal cord. Moreover, the questionnaire also asked
answerers to check for the presence of any of the signs and symptonis
listed in the footnote to Table 1, during the entire clinical course: The
survey center classified each case into the following clinical subtypes
based on the clinically estimated lesion sites reported by each
institution: OSMS involving the optic nerve and the spinal cord;
optic-brainstem-spinal MS (OBSMS) involving the optic nerve,
brainstem and spinal cord; brainstem-spinal MS (BSMS) involving
the brainstem and the spinal cord; spinal MS (SMS) involving only the
spinal cord, which was identical to recurrent myelitis without any
known cause; and conventional MS (CMS), which involved multiple
sites of the CNS, including the cerebrum and/or cerebellum; If there
was no information about lesion sites, or-the symptoms and sighs
during the entire course were incompatible with the lesion sites, the
cases were placed into the unclassified category.

In the preliminary survey, 3749 institutions (55.9%) responded,
and reported 4827 MS patients, including 849 patients with possible
MS. [n the second questionnaire, detailed data were collated for 1919
patients (39.3% of those in the preliminary survey), including 30
duplicate cases, The estimated number of clinically definite MS
patients in 2003 was 9900 (95% €I: 9100-10,700) and the estimated
crude prevalence was 7.7/100,000 (95% Cl: 7.1-8.4) [8]. Based on the
clinically estimated sites of lesions, 1493 patients with clinically
definite MS and completed questionnaires were classified as having
CMS (57.7%), OBSMS (5.8%), BSMS (4.6%), OSMS (16.5%), SMS (10.6%)
or unclassified MS (4.9%). In the present study, both CMS and OSMS
patients were subjected to further analyses.

2.4. MRI finding-based classification

We recently published a purely MRI findings-based classification in
our institutional MS series to minimize the ambiguity of clinical finding-
based classification | 10]; therefore, we applied such an MRI finding-
based classification to the present Japanese nationwide survey series. In
the present study, MS patients wete classified according to the presence
or absence of LESCLs as well as the presence or absence of brain lesions
fulfilling the Barkhof criteria (brain lesions fulfilling the Barkhof
criteria = Barkhof brain lesions (+)). MS patients were classified into
four groups based on MRI findings, Barkhof(4 )LESCL(+ ), Barkhof (+)
LESCL{--), Barkhof(—)LESCL(-+), and Barkhof(—)LESCL(—), and we
compared the demographic features anong these groups. To conduct
MRI finding-based classification and analyses, longitudinally extensive
spinal cord lesions (LESCLs) were defined as those extending over three
or miore vertebral segments on MRIs taken during the entire clinical
course, Fulfillment of the Barkhof criteria [14] was assessed by the
central office according to the MRI findings described in the answer
sheets. [n this analysis, not only patients with OSMS and CMS, but also
those with OBSMS, BSMS and SMS, were included.

2.5, Statistical analysis

Statistical analyses of numerical variables were initially performed
using the Kruskal-Wallis H test, When statistical significance was found,
the Mann-Whitney U test was used to determine the statistical
significance of differences between subgroups. Uncorrelated P values
were corrected by multiplying them by the number of comparisons
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Fig. 2. Relationship between EDSS scores and disease duration in patients with each MS subtype. (A) CMS without LESCLs. {B} CMS with LESCLs. (C} OSMS without LESCLs. (D) OSMS
with LESCLs. All patients except OSMS patients with LESCLs show a highly significant correlation between the two parameters. CMS = conventional form of muitiple sclerosis, EDSS =
Expanded Disability Status Scale of Kurtzke, LESCLs = longitudinaliy extensive spinal cord lesions extending three or moré vertebral segments on MRI, 1 = number of patients on

whom information was obtained; and OSMS = optic-spinal form of multiple sclerosis:

(Bonferroni-Dunn's correction) to calculate corrected P values. Differ-
ences in the ratios between two groups were tested for significance by
the »2 test or the Fisher's exact test when the criteria for the ¥ tests
were not fulfilled.

3. Results
3.1. Demographic features of each MS subtype

Based on the MRI findings, MS patients were subdivided into those
with OSMS with or without LESCLs and those with CMS with or
without LESCLs (Table 1). The propottion of females was significantly
greater among OSMS or CMS patients with LESCLs than among CMS
patients without LESCLs (P°"<005 in OSMS with LESCLs and

-~

P <0.05 in CMS with LESCLs), Age at onset was significantly higher.

in OSMS patients with LESCLs than in other patient groups
(P <0.05). The peak age at onset was early 20 s among CMS or
OSMS patients without LESCLs, late 20 s among CMS patients with
‘LESCLs, and late 30 s among OSMS patients with LESCLs (Fig. 1A, B). A
second peak in the early 50 s was identifiable in all groups except for
CMS patients without LESCLs. ,
Although disease duration did not differ significantly among the
four groups, EDSS scores were significantly higher in patients with
LESCLs than in those without LESCLs, irrespective of OSMS or CMS
phenotype (P®"<0,01). Occurrences of bilateral visual loss, trans-
verse myelitis, paraparesis, sensory level and sphincter disturbance
were highest in OSMS patients with LESCLs among the four groups
(P£'<0,01 in all comparisons). CMS patients with LESCLs also
showed significantly higher frequencies of these symptoms than
CMS patients without LESCLs (P°"'<0.01 in all). Bilateral visual loss
and transverse myelitis were significantly more common in OSMS
patients without LESCLs than in CMS patients without LESCLs
(P27 <0.01 in both). Secondary progression was more common in
CMS patients than OSMS patients, regardless of the presence or
absence of LESCLs (P7'<0,05, OSMS without LESCL vs. CMS with or
without LESCL). There was a significant positive correlation between

EDSS scores and disease duration in all groups (P<0.0001), with the
exception of OSMS patients with LESCLs (Fig. 2).

3.2. Laboratory. findings in each MS subtype

In the CSE marked pleacytosis or neutrophilia was more common
in patients with LESCLs than in those without LESCLs; irrespective of a
diagnosis of OSMS or CMS (P27<0,05 in all). Increased IgG index and
brain lesions fulfilling the Barkhof criteria [14] were more commonly
found in CMS patients than in OSMS patients, while negative brain
MRIs were more commonly encountered in OSMS patients than CMS
patients, irrespective of the presence of LESCLs (P”7<0.01 in all).
Even when MS patients with a disease duration of [ess than 10 years
were excluded, more OSMS patients showed a lack of brain lesions
than CMS patients (53.8% of OSMS patients with LESCLs, 34% of OSMS
patients without LESCLs, 2.1% of CMS patients with LESCLs, and 2.1% of
CMS patients without LESCLs, P®"<0.01 in all comparisons), while
there were fewer OSMS patients than CMS patients with Barkhofbrain
lesions (5.1% of OSMS patients with LESCLs, 6.4% of OSMS patients
without LESCLs, 51.1% of CMS patients with LESCLs, and 54.4% of CMS
patients without LESCLs, P*"'<0.,01 in all comparisons), regardless of
the presence or absence of LESCLs. Gadolinium enhancement of the
spinal cord lesions was significantly more common in patients with
LESCLs than in those without, irrespective of clinical phenotype
(P77 <0.01 in all),

3.3. Comparison of demographic features among MS patients with
contrast-enhanced spinal cord lesions

To focus on inflammatory spinal cord lesions, we compared the
demographic features of MS patients with contrast-enhanced spinal
cord lesions according to the clinical classification of OSMS or CMS and
MRI findings of LESCL positivity. We found essentially the same
tendency in this analysis as in the analysis of all the spinal cord lesions,
but lost some statistical significance owing to the small sample size
(Supplementary Table).
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3.4. Comparison of the demographic features of MS paﬁents according to
MRI finding-based classification

We finally classified MS patients according to two hallmark MRI
findings: brain lesions fulfilfling the Barkhof: criteria and: LESCLs
(Table 2). The. former is the characteristic. feature of Western MS,
while the latter is characteristic of Asian MS.

The proportion of féemales was highest in the Barkhof(+)LESCL{+)
group, but no significant difference was found among the four groups,
The age at onset was higher in the Barkhof({— )LESCL(+) group than in
any other group (P <0.01 in all comparisons). Although the disease
duration was not significantly different among the four groups, the
EDSS scores were significantly higher in patients with LESCLs than'in
those without LESCLs; irrespective of the ‘presence or absence of
Barkhof brain lesions (P©7"<0.01 in all comparisons). Likewise, the
frequencies of bifateral visual loss, transverse myelitis, paraparesis,
quadriparesis, sensory level and sphincter disturbance were signifi-

cantly higher in patients with LESCLs than in those without LESCLs, -

regardiess of the presence or absence of Barkhof brain lesions
(PT<0.,05 in all ‘comparisons). By contrast, the frequency of
secondary: progression was. significantly - higher in patients with
Barkhof ‘brain: lesions: than those without Barkhof brain: lesions
(P <0,05 inall comparisons). Marked CSF pleocytosis and CSE
neutrophilia were more frequent in’ the Barkhof(—)LESCL(+) group
than the Barkhof (+)LESCL(=) and Barkhof(—)LESCL(—) groups
(PT<0.01 in all comparisons), while the frequency of increased IgG
index was significantly more common in the Barkhof (+)LESCL(—)
group than the Barkhof(—)LESCL(+) and: Barkhof(=)LESCL(—)
groups (P27 <0.01 in all comparisons).

4. Discussion
in the present study. using MS cases collated in the fourth

nationwide survey in Japan, we disclose that distinct demographic
features vary not only with clinical phenotype, stich as OSMS and CMS,

Table 2

but also with the characteristic MRI findings, such as LESCLs and
Barkhof brain lesions.

The present study had some limitations, primarily because the
response rate in.the second survey was not high. Concerning the
relatively low response rate to this type of nationwide epidemiological
survey in Japan, the assumption that the mean number of patients
among responding hospitals is equal to that among non-responding
hospitals has already been validated [15], Therefore, we consider that
our: results would not be: distorted: seriously by the relatively low
response rates, Second, the study was inevitably limited by the fact
that the questionnaires were answered by many different clinicians
across the country: 88% of the questionnaires were collected from
neurologists, 70% of whom had previously participated in:a rando-
mized controlled trial of interferon beta-1b [16], which increases the
quality of the data, but unfortunately produces-a selection bias,

Subtype classification: of MS based on symptomatology tends to
have same ambiguity and arbitrariness, which may produce equivocal
results. - To minimize such a limitation, clinical classification’ was
performed in all cases by the central office reviewing collected
information. The present survey could not incorporate testing for
either neuromyelitis optica (NMO)-IgG or anti aquaporin-4 (AQP4})
antibody [17,18]; which had not yet been discovered when this survey
was initiated, As NMO-1gG, a newly identified matker for NMO [17,18],
was also detected in a fraction of Japanese OSMS patients [19], OSMS is
claimed to be the same disease as relapsing NMO [20]. However, recent
studies from Japan have revealed that about halfof OSMS patients with
LESCLs are negative for anti-AQP4 antibodies [21,22], and that both
NMO-IgG- and anti-AQP4 antibody-positive MS patients frequently
have periventricular ovoid lesions in the brain and short spinal cord
{esions in addition to LESCLs; suggesting that there is still some overlap
between NMO-IgG-positive and ~negative MS patients, at least among
Japanese [21]. Given that these limitations exist, a nationwide survey
collating a large number of Asian MS cases; including MRI findings for
the first time, Seems to still be relevant, especially cases of CMS, who
rarely have NMO-IgG/anti-AQP4 antibody [21].

Clinical features among each multiple sclerosis subgroups classified according to the characteristic MRI findings.

1#: Chair-bound or worse, EDSS expanded disability status scale of Kurtzke; Gd = gadolimium; LESCLs = longitudinally extensive spinal cord lesions extending 3 or more vertebral

segments; N.S. = not significant.

*3: P<0.01 (LESCLs<+>Barkhof Brain MRI lesions <+>vs, IESCLs<-->Barkhof Brain MRLlesions <4->),*b: P<0.01 (LESCLs<+>Barkhof Brain MRI lesions <—>Vvs. LESCLs<—>Barkhof Brain
MRl 1esions <+>).¢c: P<0.01 (LESCLs<-+>Barkhof Brain MRI lesions <> vs. LESCLs<+>Barkhof Brain MRI lesions <-—>), *d: P<0.01 (LESCLs<—>Barkhof Brain MRI lesions <4->vs.
LESCls<-->Barkhof Brain MRI lesions <—>)e: P<0.01 {LESCLs<+>Barkhof Brain MR lesions <-+> vs. LESCLs<—>Barkhof Brain MRI lesions <—>).': P<0.01 (LESCLs<—>Batkhof:
Brain MRI lesions <4 vs, LESCLs<+ >Barkhof Brain MRI lesions <—>), *g: 0.01 SP<0.05 (LESCLs<+->Barkhof Brain MRIlesions <-+>vs. LESCLs<~>Barkhof Brain MRl lesions <+>},'h:
0.01 <P<0.05 ({LESCLs<-->Barkhof Brain MRl lesions <— > vs. LESCLs< —>Barkhof Brain MRI lesions <—>),i: 0,01 <P<0.05 (LESCLs<-+>Barkhof Brain MRIlesions <+ > vs, LESCLs<+4->
Barkhof Brain MRI lesions <—>), *j: 0.01 <P<0.05 (LESCLs<—>Barkhof Brain MRl lesions <+> vs. LESCLs<—>Barkhof Brain MRI lesions <->).*k: 0.01 <P<0.05 {LESCLs<->Barkhof
Brain MRI lesions <> vs. LESCLs<—>Barkhof Brain MRI lesions <—>),'I: 0.01 SP<0.05 (LESCLs<—>Barkhof Brain MRI lesions <-+> vs. LESCLs<+>Barkhof Brain MRI fesions <—>).
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Although: occurrence 'of LESCLs: was more: frequent in: OSMS
patients than in CMS patients, LESCLs were also clearly present in a
considerable fraction of Japanese CMS patients, Because not all. MRI
scans were performed in the relapse phase, the frequency of LESCLs in
the present study could have been underestimated; There is'also some
ambiguity attributed to the fact that MRI films were not assessed
centrally in the present study, which was a nationwide survey using
questionnaire sheets and not collecting MRI films; however, impor-
tantly, the present. study. disclosed: distinctive: clinical features
associated: with MRI:findings. LESCLs, regardless of OSMS: or CMS
phenotype, were related to greater female preponderance, higher
EDSS scores and higher frequencies of bilateral visual loss, transverse
myelitis and marked CSE pleacytosis and neutrophilia, Even when we
compared the demographic features:of MS patients with. contrast
enhancement of spinal cord lesions to focus on the inflammatory
types of the lesions, we found practically the same tendency as seen
for all spinal cord lesions, On the other hand, increased IgG index and
secondary ‘progression were more closely associated with the
presence of brain lesions fulfilling the Barkhof criteria [14]. In addition;
Barkhof brain lesions were more frequently detected in CMS patients
than in OSMS patients, whereas negative brain MRIs were more
commonly encountered in OSMS patients ‘than in CMS patients,
irrespective of the presence of LESCLs.

Therefore, it is reasonable to classify MS patients according to the
clinically estimated sites of lesions, as previously reported, and,
additionally, into four subgroups based on the presence or absence of
LESCLs. Under such a classification system, OSMS patients with LESCLs
represent prototypic Asian-type MS, while CMS patients without
LESCLs, most of whom have Barkhof brain lesions, represent classical
Western-type MS [1]; these two subgroups are supposed to exist at
opposite ends of the MS spectrum, CMS patients with LESCLs shared
many features with OSMS patients with LESCLs, while there were
differences in age at onset, brain lesion loads, CSF IgG response and
secondary progression, assigning this subtype a unique position.

Many features were also found to be common between OSMS
patients without LESCLs and CMS patients without LESCLs; however,
these subtypes differed in terms of age of onset, brain lesion loads, CSE
IgG responses and secondary progression. Moreover, the follow-up
periods of patients with intermediate phenotypes were similar to
those of prototypic ones, excluding the possibility that shortness of
observation periods resulted in apparently intermediate phenotypes.
Although some researchers have claimed that OSMS patients without
LESCLs are in fact in the early course of CMS [23], on the basis of the
results of the present study and our own MS series [9,10], OSMS
without LESCLs appears to be a unique subtype in Asians.

It is thus suggested that in between the two extreme ends of the
MS spectrum, represented by OSMS with LESCLs and CMS without
LESCLs, there exist a considerable number of patients with inter-

mediate phenotypes, such as CMS with LESCLs and OSMS without

LESCLs, showing similarities and dissimilarities to these prototypes.
Solely MRI finding-based classification also yielded similar resuits; the
Barkhof (++)LESCL(—) group represents Western-type MS and the
Barkhof(—)LESCL(+) group represents Asian-type MS, while in
between the two exist the Barkhof(-+)LESCL{+) and Barkhof(—)
LESCL(—) groups. Ikuta et al. [24] investigated a large number of
Japanese and American autopsy cases with MS and found OSMS in47%
of the Japanese series, while 13% of the American cases were classified
as having OSMS with frequent necratic lesions pathologically. The
results of this study suggest that even in Westerners, cases with OSMS
and destructive spinal cord lesions exist with a frequency that should
not be ignored.

- We recently reported a decrease in peak age at onset in Japanese
MS patients over the period of the four nationwide surveys [8]. The
present analyses indicate that such "anticipation” of age at onset
occurs in patients without LESCLs, irrespective of CMS or OSMS
phenotype, but not in those with LESCLs, suggesting that changes in

environmental: factors: associated with modernization. may have
differentially influenced disease susceptibility in each subtype.

In the present survey series, OSMS: patients without LESCLs and
CMS patients with or without LESCLs all showed a significant positive
correlation between disease duration and EDSS: scores, while OSMS
patients with LESCLs did not. The absence of a correlation between
disease duration and EDSS scores:in OSMS patients with LESCLs may
in part be explained by the fact that the severity of relapses
determines the residual disability :in-anti-AQP4" antibody-positive
MS/NMO patients with rare secondary progression {21}, who overlap
OSMS patients with LESCLs. Future nationwide surveys incorporating
anti-AQP4: antibody: assays and: central assessment of MRI scans:in
Japanese will give further insight into the mechanisms underlying the
phenotypic differences in MS patients,
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Appendix A

The chairmen of the previous nationwide survey committees were
Professors Yoshigoro Kuroiwa (Department of Neurology, Kyushu
University; first survey), Akihiro Igata (Third Department of Internal
Medicine, Kagoshima University; second survey), and Hiroshi Nishi-
tani (Department of Neurology, National Utano Hospital; third
survey): In the fourth survey, in addition to the authors, the following
were members of the Research Committee of Neuroimmunological
Diseases:; Drs. Susumu Chiba (Department of Neurology, School of
Medicine, Sapporo Medical University), Yoshitaka Fujii (Department
of Surgery [I, Nagoya City University Medical School), Susumu
Furukawa (Department of Pediatrics, Yamaguchi University School
of Medicine), Hideo Hara (Department of Vascular Dementia
Research, National Institute for Longevity Sciences, National Center
of Geriatrics and Gerontology), Toshirou Hara (Department of
Pediatrics, Graduate School of Medical Sciences, Kyushu University),
Kinya Hisanaga (Department of Neurology, Miyagi National Hospital),
Shu-ichi [keda (Department of Neurology, Shinshu University School
of Medicine), Shuji [zumo (Division of Molecular Pathology, Center for
Chronic Viral Diseases, Graduate School of Medical and Dental
Sciences, Kagoshima University), Ryuji Kaji (Department of Neural-
ogy, Graduate School of Medicine, Tokushima University), Takashi
Kanda (Department of Neurology and Clinical Neuroscience, Yama-
guchi. University School of Medicine), Shosei Koh (Department of
Biomedical Laboratory Sciences, School of Medicine, Shinshu Uni-
versity), Susumu Kusunoki (Department of Neurology, Kinki Uni-
versity School of Medicine), Satoshi Kuwabara (Department of
Neurology, Chiba University School of Medicine), Hidenori Matsuo
(Division of Clinical Research, Nagasaki Medical Center of Neurology),
Hidehiro Mizusawa (Department of Neurology and Neurological
Science, Graduate School, Tokyo Medical and Dental University),
Tatsufumi Nakamura (Department of Molecular Microbiology and
Immunology, Graduate School of Biomedical Sciences, Nagasaki
University), Kyoichi Nomura (Department of Neurology, Saitama
Medical School), Mieko Ogino (Department of Internal Medicine Il
(Neurology), Kitasato University School of Medicine), Yoshiro Ohara
(Department of Microbiology. Kanazawa Medical University), Mitsu-

. hiro Osame {Department of Neurology and Geriatrics, Kagoshima

University School of Medicine), Kohei Ota (Department of Health
Science, Faculty of Science, Tokyo University of Science), Jun Shimizu
(Department of Neurology, University of Tokyo), Akio Suzumura
(Department of Neuroimmunology, Research Institute of Environ-
mental Medicine, Nagoya University), Takeshi Tabira (Department of
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Vascular Dementia Research, National Institute for Longevity Sciences,
National Center-of Geriatrics  and Gerontology), Keiko Tanaka
(Departmenit of Neurology, Brain Research’ [nstitute, Niigata Univer-
sity), Masami Tanaka (Department of Neurology and Clinical Research
Center, Nishi-Niigata Chuo’ National Hospital), Makoto Yoneda
(Second Department of Internal Medicine, Faculty of Medical Sciences;
University  of Fukui), Hiroaki Yoshikawa (Health: Service Center,
Kanazawa University) and Nobuhiro Yuki (Department of Neurology
and: Research’ [nstitute: for Neuroimmunological- Diseases, Dokkyo
Medical University School of Medicine).

Appendix B Supplementary data

Supplementary data assaciated with this article can befound, in
the online version; at doi;10.1016/].jns.2009,01,008.
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Molecular network of the comprehensive multiple
sclerosis brain-lesion proteome

JI Satoh'2, H Tabunoki’ and T Yamdmura?

Background. A recent proteomics study of multiple sclerosis (MS)_lesion-specific proteome profiling
clearly revealed a pivotal role of coagulation cascade proteins in:chronic active demyelination. However,
among thousands of proteins examined, nearly all of remaining proteins are yet to be characterized in
terms of their implications in MS brain-lesion development.

Methods By the systems biology approach using four different pathway analysis tools of bioinfor
matics, we studied molecular networks and pathways of the proteome dataset of: acute plaques,
chronic active plagues (CAP), and chronic plaques (CP).

Results  The database search on Kyoto Encyclopedia of Genes and Genomes (KEGG) and protein
analysis through evolutionary relationships (PANTHER) indicated the relevance of extracellular matrix
(ECM)-mediated focal adhesion and integrin signaling to CAP and CP proteome. KeyMolnet disclosed
a_central role of the complex interaction among diverse cytokine signaling pathways in brain-lesion
development at all disease stages, as well as a role of integrin signaling in CAP and CP. Ingenuity
pathway analysis (IPA) identified the network constructed with a wide range of ECM components,
such as collagen, type L'al, type | 02, type VI a2, type VI o3, fibronectin 1, fibulin 2, laminin a1, vitro-
nectin, and heparan sulfate proteoglycan, as one of the networks highly relevant to CAP proteome.
Conclusions  Although four distinct platforms produced diverse results, they commonly suggested
a role of ECM and integrin signaling in development of chronic lesions of MS. These in silico
observations indicate that the selective blockade of the interaction between ECM and integrins in
brain lesions in situ would be a target for therapeutic intervention in MS. Multiple Sclerosis 2009;
15: 531-541. http://msj.sagepub.com

Key words: extracellular matrix; multiple sclerosis; pathway analysis; proteome; systems biology
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Introduction

Multiple sclerosis (MS) is an inflammatory demye-
linating disease of the central nervous system (CNS)
presenting with relapsing-remitting and progressive
clinical courses. An autoimmune process triggered
by a complex interplay between genetic and envi-
ronmental factors may mediate MS, although the
causative agents have not yet been identified.
Pathologically, MS shows remarkable heterogeneity
in inflammatory demyelination, astrogliosis, and
axonal degeneration [1]. Even though various
drugs are lined up in clinical trials, currently, freat-
ment options with limited efficacies, including
interferon-B, glatiramer acetate, and mitoxantrone
are available for ordinary clinical practice of MS [2].

The completion of the Human Genome Project
in 2003 allows us to systematically characterize the
comprehensive disease-associated profiles of the
whole human genome [3]. The global analysis of
transcriptome, proteome, protein interactome, and
metabolome helps us identify disease-specific
molecular signatures and biomarkers for diagnosis
and prediction of prognosis, and would broaden
the spectrum of molecular mechanism-based ther-
apy for MS [4,5]. Actually, the comprehensive gene
expression profiling of MS brain tissues and periph-
eral blood lymphocytes by DNA microarray identi-
fied a battery of genes aberrantly regulated in MS,
whose role has not been previously predicted dur-
ing its pathogenesis [6,7]. A recent proteomics study
of MS lesion-specific proteome profiling showed
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that overproduction of tissue factor and protein C
inhibitor plays a central role in molecular events
ongoing in  chronic active  plaques  (CAP) [8].
In vivo administration: of coagulation cascade inhi-
bitors really reduced the clinical severity in a mouse
model of experimental autoimmune encephalomy-
elitis' (EAE), supporting the view that the blockade
of the coagulation cascade would be a potential
approach for. the treatment of MS [8]. However,
among thousands of proteins: this study examined,
nearly all of remaining proteins were left behind to
be characterized in terms of their implications in
MS brain-lesion development.

Sirice the:global expression analysis of transcrip-
tome  and ' proteome usually produces high-
throughput experimental data at a time, it is often
difficult to find out the meaningful biological impli-
cations of the dataset. Recent advances in systems
biology enable us to illustrate the cell-wide map of
the complex molecular interactions by using the
literature-based knowledgebase of molecular path-
ways [9,10]. In the scale-free molecular network,
targeted disruption of limited numbers of critical
components, on which the biologically important
molecular connections concentrate, could disturb
the whole cellular furiction by destabilizing the net-
work [11]. From this point of view, the integration
of comprehensive transcriptome and proteome data
of disease-affected tissues with underlying molecu-
lar networks could provide the rational approach
not only to characterize disease-relevant pathways
but also to achieve the network-based choice of
effective drug targets. By using four different path-
way analysis tools of bioinformatics, this study was
designed to characterize molecular networks and
pathways of MS lesion-specific proteome data of
Han, etal. [8]. Although the analysis by distinct
platforms did not lead to fully identical results,
they commonly suggested a role of extracellular
matrix (ECM) and integrin signaling in chronic
lesions of MS. These in silico observations indicate
that ECM and integrins would be a target candidate
for designing therapeutic intervention in MS.

Databases and methods

The dataset of the comprehensive MS brain-lesion
proteome

In the original dataset of Han, et al. [8], fresh-frozen
brain autopsy samples were collected from six MS
patients of different clinical subtypes, acute, chronic,
progressive, - secondary progressive, or chronic
progressive, with ages 27-54, and from two age-
matched control subjects free of neurological dis-
eases. The postmortem interval of each case ranged

Multiple Sclerosis 2009; 15: 531-541

from 4 to 24 h. Multiple sclerosis lesions were classi-
fied into three distinct categories: acute plaques (AP),
CAP: (chronic active plaques);: or. chronic plaques
(CP); based on histological evaluation of the disease
activity; briefly as follows: AP showed characteristics
of acute ongoing inflammation, edema, and active
demyelination.. CAP was' characterized by chronic
demyelination - with = active ' inflammation ‘at the
lesion edges, whereas CP represented chronic inac-
tive demyelination accompanied by profound astro-
gliosis. Protein samples: were: prepared: from small
pieces of brain tissues isolated by laser-captured
microdissection, and the tissue pieces were chara-
cterized separately by the standard histological
examination. The proteins were separated on one-
dimensional  SDS-PAGE: (sodium: dodecyl - sulfate-
polyacrylamide gel electrophoresis) gels. Then, the
protein bands were dissected and digested in-a gel
with trypsin, and peptide fragments were processed
for mass spectrometric analysis several times to
obtain a saturation point. Among 2,574 proteins
determined with high confidence, the application
of 'a computational data exploration program
named INTERSECT/INTERACT identified 158, 416,
and 236 lesion-specific proteins that were detected
exclusively in AP, CAP, and CP, respectively. In this
study, we tentatively called them as the comprehen-
sive MS brain-lesion proteome dataset.

Conversion of protein IDs into Entrez Gene [IDs
and KEGG IDs

We converted the protein 1Ds listed in the dataset
described = above into the corresponding the
National Center for Biotechnology Information
(NCBI) Entrez Gene IDs, Gene Symbols, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) IDs
by searching them on the UniProt knowledgebase
(http://www.expasy.org/sprot).

Molecular network analysis

To identify biologically relevant molecular path-
ways from large-scale proteome data, we have
undertaken the systems biology approach. We ana-
lyzed them by using four distinct pathway analysis
tools endowed with a comprehensive knowledge-
base which are as follows: KEGG (http://www.
kegg.jp), the protein analysis through evolutionary
relationships (PANTHER) classification  system
(http://www.pantherdb.org), Ingenuity pathways
analysis (IPA) (Ingenuity Systems, Redwood City,
CA; http://www.ingenuity.com), and KeyMolnet
(Institute of Medicinal Molecular Design, Tokyo,
Japan; http://www.immd.co.jp).

http://msj.sagepub.com

Downloaded rom hilp/Amis sagepub.oom by Jun-ichi Satoh on April 24, 2009




Comprehensive multiple sclerosis brain-lesion proteome .~ 533

By importing the list of KEGG IDs, we studied
molecular pathways on. KEGG, a public database
that systematically integrates genomic and chemi-
cal information to create the whole biological
system in silico. KEGG contains manually curated
reference pathways that cover a wide range. of
metabolic, genetic, environmental, and cellular pro-
cesses, and human diseases [12]. Currently, KEGG
contains 90,931 pathways generated from 371 refer-
ence pathways. PANTHER, a public database gener-
ated by computational algorithms. that relate the
evolution: of protein sequerice to the evolution of
protein functions and biological roles; provides a
structured representation of protein function in
the context of biological reaction networks [13].
Currently, PANTHER includes the information on
165 regulatory and metabolic pathways, manually
curated by expert biologists. PANTHER visualizes
pathway maps with the format compatible with
the Systems Biology Markup Language (SBML) stan-
dard. By uploading the list of Entrez Gene IDs, PAN-
THER identifies the genes in terms of over- or
under-representation in canonical pathways, fol-
lowed by statistical evaluation by multiple compar-
ison with a Bonferroni correction.

IPA is a commercial tool built upon a knowledge-
base that contains approximately 1,600,000 biolog-
ical and chemical interactions and functional
annotations with scientific evidence. They are col-
lected from more than 300 selected articles, text-
books, and other data sources, manually curated
by expert biologists. By uploading the list of Entrez
Gene IDs, the network-generation algorithm identi-
fies focused genes integrated in a global molecular
network [14]. IPA calculates the score P-value, the
statistical significance of association between the
genes and the network by the Fisher's exact test.

KeyMolnet is a commercial database, composed of
knowledge-based contents on relationships among
human genes, molecules, diseases, pathways, and
drugs, curated by expert biologists. They are catego-
rized into the core contents that are collected from
selected review articles with the highest reliability or
the secondary contents extracted from abstracts of
PubMed database and Human Reference Protein
database. By importing the list of Entrez gene 1D,
KeyMolnet automatically provides corresponding
molecules as a node on networks [15]. The
“N-points to N-points’ network-search algorithm
identifies the molecular network constructed by the
shortest route connecting the start point molecules
and the end point molecules. The generated network
was compared side by side with 346 human canoni-
cal pathways of the KeyMolnet library. The algo-
rithm counting the number of ovetlapping molecu-
lar relations between the extracted network and the
canionical pathway makes it possible to identify the
canonical pathway showing the most significant

http://msj.sagepub.com

contribution to the extracted network. The signifi-
cance in the' similarity between both is scored
following the formula, where O=the number of
overlapping - molecular - relations: between ' the
extracted network and. the canonical  pathway,
V'=the number of molecular relations located in
the extracted network;, C = the number of molecular
relations located in the canonical pathway, T =the
number of total molecular relations composed of
approximately 90,000 sets; and the X = the sigma
variable that defines coincidence.

Score = —log;{Score(p))
Min(C,7) '

Score(p) = ¥ f(x)
x=0
fx) =cCiorcCris/rCr

Results

KEGG and PANTHER searches elucidated
a role of ECM-mediated cell adhesion
in chronic lesions of MS i

First of all, we converted all protein IDs listed in the
original database [8] into the corresponding NCBI
Entrez Gene IDs, Gene Symbols, and KEGG IDs by
searching them on the UniProt knowledgebase.
After the removal of unaccepted and redundant
IDs, we finally identified 155, 407, and 232 Entrez
Gene IDs and KEGG IDs from the AP, CAP, and CP-
specific proteome data, respectively. They are listed
in Supplementary Tables 1-3*%.

When the KEGG IDs of the proteome were
uploaded onto the ‘Search Objects in Pathway’ tool
of the KEGG database, the vast majority of AP, CAP,
or CP-specific proteins was not mapped on any
KEGG human reference pathways (Table 1). How-
ever, a battery of CAP-specific proteins were catego-
rized as those located in the pathways linked to focal
adhesion (KEGG pathway ID: hsa04510), cell com-
munication (hsa01430), ECM-receptor interaction
(hsa04512), purine metabolism (hsa00230), and
other biological pathways (not shown). Likewise, a
panel of CP-specific proteins was found to be
involved in the pathways linked to focal adhesion,
regulation of actin cytoskeleton (hsa04810), oxida-
tive phosphorylation (hsa00190), and cell communi-
cation (Table 1). These results are derived chiefly
from enhanced production and deposition of ECM
and receptor components, including collagen, fibro-
nectin, vitronection, integrin, and laminin in CAP
and CP lesions. In contrast, relatively small numbers
of AP-specific proteins were mapped on the

*Supplementary Tables 1=4 are available online at http://msj.
sagepub.com/ , :
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Table 1 The molecular pathway relevant to multiple'sclerosis (MS) brain-lesion proteome suggested by KEGG search
Stage Rank Functional category (KEGG Pathway ID) - Genes classified
AP 1 Unclassified 123 genes
2 Oxidative phosphorylation (hsa00190) .- NDUES7, NDUFB9, ATP4A, ATP6VOC
3 Regulation of actin cytoskeleton FGD1,; ITGB4, SSHT, ACTA1
(hsa04810)
CAP 1 Unclassified 281 genes
2 Focal-adhesion (hsa04510) COL1A1; COLTA2; COL5AZ, COL6A2, COL6A3, FNT, LAMAT,
MYLK, SHC3, PPP1CA; PARVA, PRKCB1, MYL7, RAC3, SPPT,
SRC, THBST, VIN
3 Cell communication (hsa01430) NES, COL1A, COLTA2, COL5A2, COL6A2, COL6A3, KRT78, FN1,
GJAT, LAMAT, KRT3, SPP1, THBST, VIN
4 ECM-receptor interaction (hsa04512) COLTAl, COL1A2, COL5A2, COL6AZ, COL6A3, FNT, LAMAT,
HSPG2, SPP1, THBS1, VIN
5 Purine metabolism: (hsa00230) ADCYS, TYMP, NTSE, PDE2A, PDE3B, PDE4A, PDE4B, PRPS2,
GMPS, ENTPD1
Ccp 1 Unclassified 166 genes
2 Focal adhesion (hsa04510) COL4A2, COL6AT, CRK, FYN, ITGAS, LAMB2, LAMCT, PIK3CA,
3 Regulation of actin cytoskeleton WASF2, BAIAPZ, CRK, ITGA6, PIK3CA, TIAM1, MYH14, ARHGEF7
(hsa04810)
4 Oxidative phosphorylation (hsa00190) .- NDUFB6, NDUFBS8, NDUFS5, ATPSI, ATP6VIF
5 Cell communication (hsa01430) COL4AZ, COL6AT, ITGA6, LAMB2, LAMC1

The list of KEGG IDs of MS brain-lesion proteome was uploaded onto the ‘Search Objects in Pathway’ tool of the KEGG database,
Top 2 for AP.and top 4 for CAP and CP of human reference pathways relevant to the proteome data are shown with KEGG pathway

IDs and the list of genes classified.

Abbreviations: AP, acute plaques; CAP, chronic active plaques; and CP, chronic plaques.

pathways, such as oxidative phosphorylation and
regulation of actin cytoskeleton (Table 1). Thus, the
KEGG search suggested that the biological process of
ECM and integrin-mediated cell adhesion and com-
munication plays a role in chronic lesions of MS.
When the Entrez Gene 1Ds of the proteome were
imported into the ‘Gene Expression Data Analysis’
tool of the PANTHER database, the vast majority of
AP, CAP, or CP-specific proteins were not mapped on
any PANTHER canonical pathways in comparison
with a reference set of NCBI human genes (Table 2).

Table 2 The molecular pathway relevant to MS brain-lesion proteome suggested by PANTHER search

However, PANTHER identified a statistically signifi-
cant relationship between a set of CAP proteins and
signaling pathways of chemokines and cytokines,
integrin (Figure 1), muscarinic and nicotinic acetyl-
choline receptors (Table 2). PANTHER suggested an
involvement of integrin signaling in CP, but identi-
fied no pathways relevant to AP (Table 2). Thus, the
PANTHER search indicated that integrin signaling
plays a role in both CAP and CP, whereas inflamma-
tion mediated by chemokine and cytokine signaling
plays a predominant role in CAP.

Stage Rank Functional category Number of genes Human reference P-value
classified genes
AP 1 Unclassified 120 22436 6.89E-02 (NS)
CAP 1 Unclassified 321 22436 1,73E-04
2 inflammation mediated by chemokine and 17 315 2,63E-03
cytokine signaling pathway
3 Integrin signaling pathway 14 227 3,55E-03
4 Muscarinic acetylcholine receptor 1 and 3 7 62 1,17E-02
signaling pathway .
S Nicotinic acetyicholine receptor signaling 8 91 2,03E-02
pathway
CcP 1 Unclassified 182 22436 9,75E-03
2 Integrin signaling pathway 9 227 4,33E-02

The list of Entrez Gene IDs of MS brain-lesion proteome was uploaded onto the ‘Gene Expression Data Analysis’ tool of the PANTHER
classification system by comparing with a reference set of NCBI human genes. The canonical pathways relevant to the proteome
data are shown with the number of genes classified and P-valiie evaluated by multiple comparison with a Bonferroni correction.
Abbreviations: AP, acute plaques; CAP, chronic active plaques; CP, chronic plaques; and NS, not significant.
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