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Einleitung

Dem Nervensystem wird eine Rolle als so genanntes immunprivilegiertes
Organ zugesprochen, da eine Uberwachung durch das Immunsystem physiolo-
gischerweise nicht im selben Male stattfindet wie in den Ubrigen Kérperorganen und
das Nervensystem kein lymphatisches Gewebe hat [1]. Dennoch wird das Zentral-
nervensystem (ZNS) kontinuierlich von Immunzellen durchwandert, die auch im nicht
aktivierten Zustand Uber die Bluthirnschranke transmigrieren kénnen [2;3]. Kommt es
zu einer wie auch immer gearteten Stérung dieser Homdostase, wandelt sich das
ZNS in einen Schauplatz reich an aktiven Immunprozessen, die im Falle einer
Reaktion gegen Selbst auch autoimmuner Natur sein kénnen [4;5]. Einer der Haupt-
angriffspunkte solch einer autoaggressiven Reaktion sind myelinische Bestandteile
[6-8].

Myelin, das im ZNS von Oligodendrozyten gebildet wird, umgibt spiralférmig
als lipidreiche Biomembran Axone, um sie elektrisch zu isolieren und dadurch die
Nervenleitgeschwindigkeit zu erhdéhen [9]. Eine Vielzahl von neurologischen
Erkrankungen kénnen zu einer Demyelinisierung fihren. Eine haufige, typische
Erkrankung ist die Multiple Sklerose (MS). Im derzeit géangigen pathogenetischen
Konzept kommt es zu einer autoimmunologischen lokalen Inflammation, in deren
Folge zu einer anfangs noch reversiblen Demyelinisierung und im weiteren Verlauf
zu einem zumeist irreversiblen Axonschaden [10;11]. Eine derartige Pathologie kann
scheinbar wahl- und regellos in der gesamten Neuroachse des ZNS, also Hirn und
Ruckenmark, vonstatten gehen, was sich in der alternativen Diagnosebeschreibung
Enzephalomyelitis disseminata widerspiegelt. Die MS ist eine chronische
Erkrankung, die zumeist schubartig verlduft und deren Ausléser nicht bekannt ist
[10;12]. Dem gegenilber steht die akute disseminierte Enzephalomyelitis (ADEM),
die post- oder parainfektiés vor allem bei Kindern auftritt, zumeist vollstandig
remittiert und per definitionem ein einmaliges Ereignis ist [13;14]. Experimentell
lassen sich beide Erkrankungen im Tiermodell der experimentellen autoimmunen
Enzephalomyelitis (EAE) untersuchen [15-17]. Aus der EAE ist bekannt, dass
Autoantikdrper (AAK) gegen myelinische Antigene an der Pathogenese beteiligt sind
[18]. Derartige AAK lassen sich auch bei Patienten mit MS oder ADEM finden, wobei

die Datenlage hier nicht eindeutig ist und sich die Hoffnung, durch eine geeignete
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Auswahl der AAK prognostische oder gar diagnostische Biomarker zu finden, bisher
nicht erflllt hat [19-21].

Die vorliegende Arbeit wird zunéchst den gegenwértigen Stand des Wissens
im Hinblick auf AAK gegen myelinische Antigene bei MS, ADEM und EAE
zusammenfassen und diskutieren. Desweiteren werden eigene Arbeiten zu dem
Thema erlautert und in Kontext mit dem gegenwartigen Wissenstand gestellt.
Zusammenfassend wird zum Abschluf® ein Ausblick auf die zukunftige Richtung

dieser Forschung unternommen.
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1.1. Myelin - Physiologie und Biologie

Myelin wird im ZNS von Oligodendrozyten und im peripheren Nervensystem
von den Schwannzellen produziert [22-24]. Als Biomembran dient es der elektrischen
Isolierung der Axone, windet sich spiralférmig und hochorganisiert in mehreren
Lagen um diese (Abb. 1A), periodisch unterbrochen von den Ranvier'schen
Schnurringen. Dies ermdglicht die saltatorische Reizleitung, die die Nervenleit-
geschwindigkeit erheblich erhéht.

Myelin ist lipidreich und besteht nur zu einem Viertel aus Proteinen. Die Lipidkompo-
nente besteht aus 25% Cholesterin, 20% Galactozerebrosid, 5% Galactosulfatid und
aus 50% weiteren Phospholipiden [25]. Der Proteinanteil besteht zu fast gleichen
Teilen aus myelinbasischem Protein (MBP) und Proteolipid-Protein (PLP). Beide
Proteine liegen innerhalb der Membran und haben nur geringe extrazellulare Anteile.
Insbesondere sind sie nicht auf der &ufersten Spiralschicht der Myelinscheide
exprimiert, so dass ihnen eher eine organisierende Funktion zugesprochen wird
(Abb. 1B). Zahlreiche weitere Proteine, zumeist Glykoproteine kommen in nur

geringen Anteilen vor, von denen einige spezifisch fir das ZNS sind (Abb. 1B).

2.3nm
3.0nm

Extracellular

Abbildung 1: (A) Elektronenmikroskopische Aufnahme eines axial getroffenen myelinisierten Axons;
bei 12 Uhr Ansicht des Oligodendrozyten; davon ausgehend spinnt sich zwiebelschalenartig die
Myelinschicht um das Axon. Zur Verfigung gestellt von Dr. Cedric S. Raine, New York, USA. (B)
Schematische Darstellung der Lipiddoppelschicht der Myelinmembran und der darin eingelagerten
transmembrandsen Proteine. MOG ist als einziges derartiges Protein nur an der &aufersten
Membranschicht exprimiert und ragt mit seinem N-terminalen Anteil nach extrazellular (aus [26]). (C)

Schematische Darstellung der strukturellen Interaktion von MOG und GalC (aus [27]).
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1.2. Myelin-Oligodendrozyten Glykoprotein

Eines dieser ZNS-spezifischen Glykoproteine ist das Myelin-Oligodendrozyten

Glykoprotein (MOG), das nur knapp 0,1-0,5 % der Myelinproteine ausmacht. Es wird
ausschlieBlich im ZNS exprimiert [27-31] und zwar an der dullersten Lamelle der
spiralférmigen Myelinscheide (Abb. 1B). MOG hat eine groRe extrazellulare Doméne
mit interner Disulfidbriicke, einer immunglobulinartigen Doméne und einer
Glykosylierungsstelle [30;32;33]. Wie viele andere myelinische Proteine ist es stark
hydrophob. Ursache hierfiir ist wahrscheinlich der hohe Lipidgehalt des Myelin, der
zu einer stark hydrophoben Umgebung fiihrt. Die Funktion von MOG ist bisher nicht
bekannt. Die Expression als membranstdndiges Protein mit einem nach intrazellulér
reichenden C-Terminus lal3t an eine Signaltransduktion denken, wobei bisher kein
entsprechender intrazelluldrer Bindungspartner identifiziert werden konnte.
Wahrscheinlich handelt es sich daher um ein Adhasionsmolekul oder ein Molekul mit
zytoarchitektonischer Funktion, indem es bei Stimulation das Wachstum der
Myelinscheide begrenzt [27]. Allerdings sind MOG-defiziente Mause phéanotypisch
gesund und bilden insbesondere keine oligodendrozytischen Tumoren aus [34]. In
Kontrast dazu haben MBP- oder PLP-defiziente Mause bzw. Mause mit Mutationen
in den MBP- oder PLP-Genen eine Myelinisierungsstérung (Dysmyelinisierung) und
sind zumeist schwer krank oder gar nicht erst lebensfahig [35].
Im Kontext dieser Arbeit ist MOG interessant, weil es trotz seines lGiberaus geringen
Anteils am Myelin ein starkes enzephalitogenes Antigen ist [18]. Dies geht aus tier-
experimentellen Daten hervor, die unten weiter diskutiert werden. Welchen Einfluf}
MOG auf die Pathogenese humaner demyelinisierender Erkrankungen hat, ist nicht
abschlieBend geklart und zum Teil Fragestellung der hier besprochenen eigenen
Arbeiten.

1.3. Galaktozerebrosid

Rund ein Finftel der Lipidkomponente des Myelins werden von
Galaktozerebrosid (GalC) gebildet, das hauptsachlich im Nervensystem vorkommt
und zur Gruppe der Glycosphingolipide gehért. Strukturell besteht GalC aus einem
Ceramid, an das glykosidisch die Monohexose Galaktose gebunden ist [25;36;37].

-5-
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Die Wichtigkeit von GalC auf die Myelinphysiologie und Membranintegritat wird durch
den M. Krabbe verdeutlicht, einer autosomal rezessiv vererbten Speichererkrankung,
bei der es zum einem Funktionsausfall der Galactosylceramidase kommt, so dass
GalC nicht mehr abgebaut werden kann [38;39]. Histopathologisch kommt es zu
Demyelinisierung. Die Rolle von GalC als Zielantigen bei autoimmunen
demyelinisierenden Erkrankungen wird weiter unten besprochen. Von Bedeutung ist
die aus theoretischen Uberlegungen heraus angenommene lokalisatorische Néhe
von MOG und GalC in der Myelinmembran (Abb. 1C) [27].

1.4. Autoimmunitat

Das Immunsystem dient der Abwehr exogener infektiéser Agenzien, im
wesentlichen Bakterien, Viren und andere Mikroorganismen. Daflir stehen das
angeborene und das adaptive Immunsystem zur Verfigung. Durch komplexe
Selektionsmechanismen wéhrend der Heranreifung von Immunzellen des adaptiven
Immunsystems wird verhindert, dass das Immunsystem gegen Selbst reagiert. So
durchlaufen T- und B-Lymphozyten zunéchst eine positive Selektion, bei der nur
funktions- bzw. interaktionsfahige Zellen propagiert werden, und im weiteren eine
negative Selektion, bei der solche Zellen eliminiert werden, die mit zu hoher Affinitat
gegen kdrpereigene Antigene reagieren [40].

Die Pathogenese von Autoimmunerkrankungen wird als multifaktoriell
angesehen. Dabei scheint eine genetische Disposition eine wesentliche Rolle zu
spielen. Eine wichtige genetische Determinante ist der MHC-Komplex (MHC = Major
Histocompatibility Complex), der notwendig fir die Antigenprasentation und
-erkennung im Rahmen der adaptiven Immunitat ist. Bei einem suszeptiblen
Individuum treffen dann wahrscheinlich mehrere exogene (Umwelt-) Faktoren, wie
zum Beispiel virale Infektionen, aufeinander, die zur Entstehung einer autoreaktiven
Immunreaktion fuhren. Mehrere Hypothesen zur mdglichen Auslésung einer
Autoimmunitat sind vorherrschend [41]. Zum einen kann es durch die genannte
Infektion zu einem direkten Zell- oder Gewebeuntergang kommen, wodurch
Autoantigene freigesetzt werden, die im weiteren die Gewebedestruktion unterhalten
[42]. Zum anderen kdénnen sich Epitope des infektisen Pathogens und des

Zielorgans &hneln. Dadurch kann das Immunsystem nicht mehr zwischen Fremd und
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Selbst unterscheiden; es bleibt auch nach erfolgreicher Beendigung der initialen
Infektion aktiviert und reagiert dann gegen Selbst (molekulares Mimikry) [43-46].
Derartige Homologien sind fur zahlreiche infektiése Pathogene und Autoantigene
beschrieben worden [47;48]. Desweiteren kédnnen Viren im Gewebe persistieren und
zu einer chronischen Aktivierung des Immunsystems mit Reaktion gegen Selbst
fuhren [41]. SchlieBlich kénnen auch durch die so genannte bystander activation
inaktive autoreaktive T-Lymphozyten im Rahmen einer infektionsbedingten

Aktivierung des Immunsystems aktiviert werden und gegen Selbst reagieren [49].

1.5. Demyelinisierende Erkrankungen des Zentralnervensystems

Das Spektrum entziindlicher demyelinisierender Erkrankungen des ZNS kann
eingeteilt werden nach dem klinischen Verlauf, dem Schweregrad und der Dauer der
Erkrankung [10;50]. Die Multiple Sklerose (MS) ist die prototypische Erkrankung der
entzindlichen demyelinisierenden Erkrankungen des ZNS. Seltenere Formen, so
genannte MS-Varianten, kénnen eingeteilt werden in fulminante Verlaufsformen,
monophasische Verlaufsformen und auf bestimmte neuroanatomische Strukturen
beschrankte Syndrome [50;51]. Zu den fulminanten Verlaufsformen gehdéren unter
anderem die Marburg-Variante der MS, die konzentrische Sklerose Balé und die
Schildersche Erkrankung (diffuse disseminierte Sklerose). Bei den mono-
symptomatischen Verlaufsformen handelt es sich um die isolierte transverse Myelitis
oder die Optikusneuritis. Bei wiederkehrenden (rekurrenten) transversen Myelitiden
oder Optikusneuritiden oder der Kombination aus beiden, der so genannten
Neuromyelitis optica (NMO, Devic-Syndrom), handelt es sich um neuroanatomisch
begrenzte Syndrome, denen nach derzeitigem Kenntnisstand eine andere Patho-
genese als bei der MS zugrunde liegt [52].

Die akute disseminierte Enzephalomyelitis (ADEM) erféahrt eine gewisse
Sonderstellung in diesem in Abbildung 2 dargestellten Kontinuum von Schweregrad
und Dauer der Erkrankung. Eine ADEM verlauft fast ausschlief3lich monophasisch
und ist zumeist gekennzeichnet durch einen fulminanten Verlauf mit para- oder

postinfektiosem Beginn [13].
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Abbildung 2: Schematische Darstellung von Schweregrad und Dauer der demyelinisierenden ZNS-

Erkrankungen als Kontinuum dieser Variablen (modifziert nach [50;53]).

Diese Erkrankung ist per definitionem selbstlimitierend und die Demyelinisierung zum
groldten bzw. zum wesentlichen Teil reversibel [14]. A priori lassen sich die
Erkrankungen haufig nicht eindeutig voneinander trennen, so dass die Angaben zur
Chronifizierung bzw. zur Prognose uneindeutig sind [54;55]. Surrogatmarker oder

Biomarker von diagnostischem oder prognotischem Wert gibt es bis dato noch nicht.

1.6. Die Multiple Sklerose

Die MS ist die haufigste Erkrankung in diesem Kontinuum der demyeli-
nisierenden Erkrankungen des ZNS (Abb. 2). Es handelt sich um eine chronisch
progrediente Erkrankung autoimmuner Genese. Der franzdsische Neurologe J. M.
Charcot gilt als Erstbeschreiber der MS [56]. Die MS ist die haufigste neurologische
Erkrankung des jungen Erwachsenenalters und ist nach Trauma die zweithaufigste
Ursache bleibender Behinderungen des jungen Menschen. In Deutschland sind
schatzungsweise 100.000 bis 120.000 Personen an der MS erkrankt. Frauen sind
knapp zweimal haufiger betroffen als Manner. Ein Erkrankungsgipfel liegt zwischen
dem 20. und 30. Lebensjahr. Inzidenz und Prévalenz sind in Aquatorndhe und in
sudlichen Breitengraden deutlich geringer als in nérdlichen Breiten [10;11;57]. Auch

-8-
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wenn ein Erkrankungsbeginn selten im Kindes- oder hohen Erwachsenenalter ist,
wird in letzter Zeit vermehrt auch die padiatrische MS untersucht [58;59].

Zur Diagnosestellung werden der Nachweis einer zeitlichen und einer raumlichen
Dissemination der Demyelinisierung gefordert [60]. Dies geschieht entweder klinisch
durch den Nachweis eines demyelinisierenden Ereignisses in Anamnese und
klinisch-neurologischem Befund oder paraklinisch mittels Kernspintomographie
(MRT) des ZNS. Der Nachweis bestimmter, so genannter Barkhof-Kriterien im MRT
erhoht die diagnostische Sensitivitat fur das Vorliegen einer MS, wenn diese auch
nicht spezifisch sind [60-62]. Ebenfalls nicht spezifisch, aber pathognomonisch fir
die MS ist der Nachweis von (persistierenden) oligoklonalen Banden im Liquor, deren
Genese trotz intensiver Bemuhungen weiterhin unklar bleibt [63-66].

Es gibt keine fiur die MS alleinig spezifischen, jedoch einige recht typische
Symptome, vor allem wenn sie in den klinischen Kontext, z.B. Alter oder
Komorbiditdten gesetzt werden. Haufige neurologische Initialsymptome sind ein-
seitige Visusminderung bei Optikus-Neuritis, paretische und/oder ataktische Gang-
stérungen und Stérungen der Sensibilitédt (haufig in Begleitung von Parasthesien).
Bei einem Teil der Patienten finden sich neuropsychologische Auffalligkeiten. Der
Krankheitsverlauf der MS ist héchst variabel und individuell nur schwer vorhersagbar.
Bei den meisten Patienten beginnt die Krankheit schubférmig, bei etwa 10% der
Patienten verlauft sie von Beginn an schleichend, also primar chronisch progredient.
Rund die Halfte der primar schubférmige Erkrankungen gehen im Median nach zehn
Jahren in einen sekundar chronisch-progredienten Verlauf Uber, was dann nach
gegenwartigem Kenntnisstand Ausdruck einer im Vordergrund stehenden Neuro-
degeneration ist [10;11;57].

Die Atiologie der MS ist multifaktoriell zu sehen. Zum einen gibt es eine genetische
Verbindung mit bestimmten HLA-Antigenen, namlich DRB1*1501 und DQB2*0602
[67;68]. Desweiteren sind kirzlich allelische Polymorphismen in den Genen fir den
Interleukin (IL)-2 und den IL-7-Rezeptor mit der MS assoziiert worden [67;69]. Zu den
beeinflussenden Umweltfaktoren zahlen vor allem Infektionen; gegenwartig gibt es
zahlreiche Hinweise auf eine pathogenetische Beteiligung des Epstein-Barr Virus
(EBV) [70-73]. Aber auch der immunmodulierenden Wirkung von Vitamin D, das
durch Sonnenexposition gebildet wird, wird eine Rolle bei der Entstehung der MS

zugesprochen [12;74]. Fur den jeweils partiellen Einflul der genetischen Faktoren,
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von Infektionen und weitere Umweltfaktoren spricht die Erkrankungskonkordanz bei
eineiigen Zwillingen, die nur ca. 30 % betragt [75].

1.7. Die experimentelle autoimmune Enzephalomyelitis

Zahlreiche Aspekte der MS lassen sich im Tiermodell, der experimentellen
autoimmunen Enzephalomyelitis (EAE), untersuchen. 1925 bzw. 1930 wurden erste
derartige Versuche veréffentlicht, bei denen Kaninchen mit menschlichem Riicken-
mark bzw. Rhesusaffen mit ZNS-Homogenaten immunisiert wurden [76;77]. Eine
EAE lasst sich entweder durch aktive Immunisierung mit bestimmten Antigenen oder
durch Ubertragung von aktivierten Autoantigen-spezifischen T-Lymphozyten immuni-
sierter Tiere auf nicht immunisierte Tiere im Sinne einer passiven Immunisierung
auslésen. Die klinischen und histopathologischen Aspekte der EAE &hneln der
humanen Erkrankung MS in wesentlichen, sind aber nicht identisch mit ihr
[16;17;78;79]. Bei den Antigenen handelt es sich um zumeist um ZNS-Myelin-
bestandteile in immunologischen Adjuvanzien, wie z. B. komplettem Freund’'schen
Adjuvans. Diese Antigene kénnen entweder singular als gereinigtes oder rekombi-
nantes Protein, als enzephalitogenes Peptid oder als biologisches Antigengemisch,
wie z.B. als Homogenat von Ruckenmark oder weil3er Substanz (human white matter
homogenate, HWM) verwendet werden. Typische Antigene sind rekombinantes
MOG, das MOG-Peptid der Aminosauren 35-55, MBP oder PLP. Eine EAE kann in
einer Vielzahl von Tieren, zumeist in Nagetieren, aber auch in héheren Wirbeltieren,
wie nicht-menschlichen Primaten ausgel6st werden [18;80]. Klassische Modelle sind
die MOG-Peptid-induzierte EAE in der C57BL/6-Maus [81] sowie die PLP-Peptid-
induzierte EAE in der SJL-Maus [82], wobei das zweite Modell einem schubférmigen
Verlauf entspricht. Bei diesen Tierlinien handelt es sich um Inzuchtstdmme, die
jeweils durch einen bestimmten genetischen Haplotypen das Antigen erkennen
[18;80]. Im Gegensatz dazu steht das auch im Kontext der hier vorgestellten
Forschung verwendete EAE-Modell des nicht-menschlichen Primaten des Neue Welt
Affen Calithrix jacchus (C.jacchus) [83]. Diese verwendeten Tiere sind nicht inztichtig
geziichtet, so dass eine Vielzahl von Haplotypen der HLA-Aquivalente vorhanden
sind [84]. In C.jacchus Affen ist die EAE durch verschiedene Antigene induzierbar

und folgt dann unterschiedlichen klinischen Verlaufsformen [83-85]. Ein passiver
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Transfer von T-Lymphozyten oder anti-Myelin Antikdérpern fuhrt in diesen EAE-Modell
ebenfalls zu einer Demyelinisierung [85].

GalC ist ebenfalls ein demyelinisierendes Enzephalitogen; bei aktiver Immunisierung
in Kombination mit MBP kann es in Meerschweinchen eine demyelinisierende EAE
induzieren, wahrend MBP alleine nur eine Enzephalitis induziert [86;87]. Auch ein
passiver Transfer von anti-GalC Antikérpern fihrt zu einer demyelinisierenden EAE

in Ratten und Mausen [88;89] und zu einer Demyelinisierung in vitro [90-92].

1.8. Das pathogenetische Konzept von MS und EAE

Die Erkrankung der MS beginnt wahrscheinlich lange, bevor sie klinisch im
Sinne eines Schubes apparent wird. Mutmalfilich kommt es auf dem Boden eines
bestimmten HLA-Typus zu einer Aktivierung und Propagierung bis dato inaktiver
potentiell autoreaktiver Immunzellen. Dabei sind quasi alle Kompartimente des
Immunsystems, also sowohl zelluldre als auch molekulare Komponenten des ange-
borenen und des adaptiven Immunsystems involviert. Die erstmalige Aktivierung des
Immunsystems mit méglicher Reaktion gegen ZNS-Antigene erfolgt systemisch, also
nicht wie ursprunglich gedacht ausschlieBlich im ZNS, sondern in Milz und
(regionalen) Lymphknoten [93].

Das auslosende Ereignis der MS ist weiterhin unklar; bei der EAE ist es die
Immunisierung, also Inokulation mit einem oder mehreren immunogenen / enzephali-
togenen ZNS-Antigenen wie oben beschrieben [80]. Bei der MS kommt es am
wahrscheinlichsten durch Infektion mit einem oder mehreren Mikroben, deren
Epitope eine immunologische Homologie zu ZNS- bzw. myelinischen Epitopen
haben, zu einer chronischen Aktivierung des Immunsystems [94;95]. Diese Theorie
der kontinuierlichen Aktivierung durch Homologie wird, wie oben (1.4.) beschrieben,
molekulares Mimikry genannt. Entscheidend ist, dass die Homologie nicht auf die
Aminosaurensequenz oder auf die Struktur des Epitopes beschrankt sein muss,
sondern ggf. auch so degeneriert sein kann, dass es zumindest zu einer Aktivierung
eines autoreaktiven T-Zellrezeptors durch das infektiése und das ZNS-eigene
Antigen kommt [10;96]. Eine weitere Mdoglichkeit ist, dass ein bestimmtes
mikrobielles Agens zu einer milden Enzephalitis fihrt, in deren Verlauf geringe

Mengen von ZNS-Antigenen freigesetzt und in systemische Immunzentren, vor allem
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regionale Lymphknoten sequestriert und dort entsprechend prozessiert werden.
Durch eine konsekutive Infektion mit einem nicht unbedingt artverwandten
infektidsen Agens kommt es zu einer Reaktivierung der initial ausgebildeten
Lymphozytenklone, die dann unmittelbar gegen ZNS-Antigene reagieren kénnen. Fir
diese Hypothese gibt es ein elegantes Tiermodell [97]. Zusé&tzlich lasst sich die
Sequestrierung von ZNS-Antigenen in die lokalen Lymphknoten im EAE-Modell des
C.jacchus verfolgen [98;99]. Die Hypothese des molekularen Mimikrys ist gut durch
den Nachweis humaner kreuzreagierender T-Lymphozytenklone untermauert, die
nicht nur durch EBV, sondern auch MBP zur Proliferation aktiviert werden kénnen
[96]. Beide Hypothesen bedienen sich also einer exogen induzierten, fehlgeleiteten
positiven Selektion potentiell autoreaktiver Lymphozyten. Generell gilt, dass die
Generierung autoreaktiver T- und B-Lymphozyten nicht auf Autoimmunerkrankungen
beschrankt ist, sondern in jedem Individuum erfolgen kann, wobei es unter normalen
Bedingungen durch komplexe Mechanismen negativer Selektion und peripherer
Toleranz nicht zu einem Ausreifen dieser Zellen kommen sollte [100-102]. Dennoch
kénnen im peripheren Blut von gesunden, nicht autoimmun erkrankten Individuen
beispielsweise autoreaktive B-Lymphozyten und Autoantikbrper nachgewiesen
werden, die dann meist polyreaktiv und niedrig-affin sind und als natrlich
vorkommende Autoantikdrper (NAA) physiologische Aufgaben haben [103-105].
Aktivierte T- und B-Lymphozyten kénnen zur immunologischen Uberwachung
Uber die physiologischerweise geschlossene Blut-Hirn-Schranke (BHS) in das ZNS
transmigrieren, so dass das ZNS keinesfalls ein vollstédndig immunpriviligiertes Organ
ist, wie urspunglich angenommen [1;106-108]. Der Vorgang der transendothelialen
Migration Uber die BHS wird von einem komplexen Zusammenspiel aus zelluldren
Adhasionsmolekilen, Chemokinen und Chemokinrezeptoren sowie Matrixmetallo-
proteinasen reguliert [109]. Die BHS wird durch eine induzierte Expression von
Adhasionsmolekilen und Matrixmetalloproteinasen zusétzlich durchlassig flr die
Migration weiterer Immunzellen, so dass auch Zellen des angeborenen Immun-
kompartiments, z.B. Makrophagen und dendritische Zellen, in das ZNS einwandern
kénnen. Durch Aktivierung der Mikroglia entsteht eine weitere Population antigen-
prasentierender Zellen, die ebenfalls zur Unterhaltung dieses Circulus vitiosus
beitragen. Wenn es nun durch die oben beschriebenen Ereignisse zu einer
Aktivierung und klonaler Expansion myelinspezifischer, autoreaktiver T- und B-

Lymphozyten kommt, werden diese nach Einwanderung in das ZNS dort ihr
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Zielantigen erkennen [110]. Sowohl T-Lymphozyten vom CD4-Helferzelltyp als auch
zytotoxische CD8-positive Zellen werden durch Mikrogliazellen reaktiviert und setzen
proinflammatorische (Th)1-Zytokine frei. Dies fuhrt entweder direkt oder durch
Anlockung weiterer Effektorzellen, vor allem Makrophagen, zur Myelinscheiden-
destruktion. Einige dieser Reaktivierungs- und Reifungsprozesse finden unter
Umstanden in pseudofollikularen Strukturen innerhalb des ZNS statt, die fast aus-
schliel3lich bei progredienten Formen der MS in situ nachweisbar waren [111-113].
Die T-Lymphozyten vermittelte reziproke Stimulation von Mikroglia und Makrophagen
fuhrt zu einer gesteigerten Phagozytose und einer vermehrten Produktion von
Zytokinen und freien Radikalen, wie z. B. TNFa, Lymphotoxin und Stickstoffmonoxid,
die ebenfalls zur Demyelinisierung beitragen und einen axonalen Schaden
hervorrufen.

Myelinspezifische Autoantikérper tragen ebenfalls zur Gewebedestruktion bei;
sie kénnen die Komplementkaskade aktivieren, was die Bildung des sogenannten
Membran-Angriffs-Komplexes (C5b-9) zur Folge hat und zur Auflésung der
Zielstruktur fuhrt [114]. Histopathologisch gelang der Nachweis von IgG-
Ablagerungen und aktiviertem Komplement in Gber 50 % der untersuchten MS-
Lasionen [114]. Ultrastrukturell konnten sogar Antikérper, die gegen MOG gerichtet
sind, innerhalb von sich desintegrierendem Myelin nachgewiesen werden [115]. Erst
seit kurzem wird zunehmend die tragende Rolle der B-Lymphozyten im Kontext der
MS-Pathogenese besser verstanden [116-118]; B-Lymphozyten sind namlich nicht
nur Vorlaufer von Antikdrper-prodzierenden Plasmazellen, sondern kdnnen als
potente antigenprasentierende Zellen und durch Sekretion pro-inflammatorischer
und/oder regulatorischer Zytokine (im wesentlichen IL-10) aktiv eine
Entziindungsreaktion orchestrieren und mit den weiteren Immunzellen interagieren.
Neben der inflammatorischen Demyelinisierung kommt es bereits frih im
Krankheitsverlauf zu einer Akkumulation axonalen Schadens, der letztlich die
irreversiblen Behinderungen bei der MS verursacht [119]. Es bleibt allerdings
ungeklart, ob die axonale Destruktion primar eintritt, d. h. eine direkte Folge zellularer
und humoraler Schadigungsmechanismen ist, oder sekundar aufgrund der
vorangegangenen Demyelinisierung entsteht.

Hinzuweisen ist auf die Januskdpfigkeit der lokalen Entziindung im ZNS; wahrend
diese vor allem destruktiv ist, gibt es aber auch Hinweise, dass bestimmte Media-

toren, vor allem in der Frihphase der Erkrankung, regenerative / remyelinisierende
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Funktionen haben kénnen [120-123].

Ferner sind die pathogenetischen Ablaufe von MS und EAE nicht véllig identisch. In
den meisten EAE-Modellen Uberwiegt eine lasiondre Infiltration von CD4+
T-Lymphozyten, wahrend die MS-Lasion reich an oligoklonalen CD8+ zytotoxischen
T-Lymphozyten ist und sich im Liquor, aber auch in den L&sionen zahlreiche
oligoklonale B-Lymphozyten mit antigengereiften B-Zellrezeptoren nachweisen
lassen [124].
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B Zellen Migration 6 .
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© pro-inflammatorischen Zytokinen
1

Antigen- ) Proliferation,
prasentation Th1 und Th17

, Differentierung Adhésion ‘é b

® ox ©S§°

T Zellen Migration
d Lokale oder
Periphere APZ eingewanderte APZ
(z.B. dendritische Zelle) (z.B. Mikroglia)
BHS

Abbildung 3: Immunpathogenetisches Konzept der MS

Schematische Darstellung der drei Kompartmente des systemischen Immunsystems (links), der
Bluthirnschranke (BHS) (mittig) und des ZNS (rechts) als distinkte Orte der MS-Pathogenese
(modifiziert aus [125]). APZ — Antigenprdsentierende Zelle.
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1.9. Autoantikérper gegen myelinische Bestandteile

Schon lange ist aus den EAE-Modellen bekannt, dass die immunisierten Tiere
eine humorale Immunantwort gegen das immunisierende Antigen durchmachen und
Serumantikérper produzieren [18;80;85]. Interessanterweise kénnen diese im Sinne
eines epitope spreading auch gegen Antigene gebildet werden, mit denen nicht
immunisiert worden ist [126;127]. Es kommt also zu einer Ausweitung der
Immunantwort auf distinkte Antigene, die nicht den initial krankheitsinduzierenden
entsprechen, sondern die unter Umstédnden erst im Verlauf der Erkrankung
freigesetzt wurden [128]. FiUr die EAE im C.jacchus Affen ist dies eindricklich gezeigt
worden. Die Tiere wurden mit dem rekombinanten Fusions-protein MP4 immunisiert,
das ein Konstruct aus MBP und PLP ist. Diejenigen Tiere, bei denen histopatho-
logisch demyelinisierende L&sionen nachweisbar waren, entwickelten Antikdrper

gegen MOG, obwohl damit nicht immunisiert worden war [127].

Zusatzlich kénnen auch durch den passiven Transfer von myelinspezifischen
Autoantikdpern, z.B. monoklonale Antiképer gegen MOG oder GalC, in entsprechend
vorbereitete Tiere eine EAE mit demyelinisierende Lasionen induziert werden
[85;89;129;130].
Somit liegt es nahe, dass der Stellenwert von myelinspezifischen Autoantikérpern
auch bei Menschen untersucht wird [20;53]. Fur die Beteiligung von Autoantikdrpern
an der Pathogenese der MS gibt es eine Vielzahl von indirekten Hinweisen:
Die intrathekale Antikérpersynthese und der Nachweis oligoklonaler Banden im
Liquor, wenn auch diese fur die MS nicht spezifisch sind [131;132];
der Nachweis von im ZNS affinitatsgereiften Immunglobulinen [133;134;135];
die histopathologische Beschreibung von IgG-Ablagerungen und Komplement-
aktivierung in Uber der Halfte der aktiv demyelinisierenden MS-Lasionen (Typ Il
Lasionen) [114;136];
der Nachweis von myelinspezifischen Autoantikérpern von Plasmazellen aus MS-
Liquores [64];
die elektronenmikroskopisch nachgewiesene Ablagerung von MOG-reaktiven IgG
Antikérpern genau am Ort der Myelinscheidenzersetzung in MS-L&sionen
[115;137];
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das signifikant bessere Ansprechen auf Plasmaseparation von Patienten mit
histologisch nachgewiesenen Typ Il Lasionen, deren Schiibe sich unter Steroid-

pulstherapie nicht hinreichend zurlickbilden [138].

Neben dem Versténdnis zur Beteiligung von Antikérpern an der Pathogenese der MS
ist es immer schon ein weiteres Forschungsziel gewesen, MS-spezifische Antikérper
zu identifizieren, um diagnostische als auch prognostische Marker sowie Marker zur
Klassifizierung der MS-Subtypen zu etablieren. Die Suche nach dem auslésenden
Antigen bzw. dem zugehdrigen spezifischen Autoantikérper wird allerdings erschwert
durch die Tatsache, dass der erstmalige Nachweis von Autoantikdérpern nicht
zwangslaufig mit dem Beginn der Erkrankung vergesellschaftet ist, sondern auch zu
einem spateren Zeitpunkt im Verlauf der Erkrankung im Sinne des oben genannten
Epitope spreading auftreten kann. Zuséatzlich missen myelinspezfische Autoanti-
képer nicht zwangslaufig pathologisch sein, sondern kénnen sogar eine remyelini-
sierende Wirkung entfalten [139;140].

1.10. Das Dilemma der anti-MOG Antikorper

MOG ist das einzige myelinische Autoantigen, das alle bekannten
pathogenetischen Voraussetzungen einer Demyelinisierung erfillt. Es wird an der
Oberflache der Oligodendrozyten exprimiert und ist damit fir eine Erkennung durch
spezfische Autoantikbrper unmittelbar verfigbar [141]. Zum zweiten ist MOG
spezifisch fur das ZNS, da es im Gegensatz zu anderen enzephalitogenen
myelinischen Antigenen, wie MBP oder PLP, nicht im peripheren Nervensystem
exprimiert wird [28;30]. Zum dritten kénnen monoklonale Antikérper gegen MOG,
z.B. die murinen monoklonalen Antikérper 8.18¢c5 oder Z12 [129;130;142;143], oder
affinitatsgereinigte anti-MOG Antikérper eine Demyelinisierung auslésen, wenn sie
passiv in MBP-immunisierte Tiere transferiert werden [85;144]. Die aktive
Immunisierung mit MBP flhrt zwar zu einer Enzephalomyelitis, jedoch ohne
nennenswerte Demyelinisierung [85;129;144]. Durch den zuséatzlichen passiven
intravendsen Transfer von MOG-spezfischen Antikérpern kommt es zu einer drama-
tischen Zunahme der klinischen Behinderung, deren histopathologisches Korrelat

eine Kombination von Komplement-vermittelter Zelllyse und direkten Antikdrper-
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abhangigen zytotoxischen Effektormechanismen sind [145;146]. Zusatzlich kommt es
zu einer demyelinisierenden EAE in transgenen Mausen, deren B-Lymphozyten den
pathogenen monoklonalen 8.18c5 produzieren [147]. Auch in vitro lassen sich die
demyelinisierenden Effekte von MOG-spezifischen Antikérpern nachweisen [92;148].
Desweiteren korrelieren die Titer der Serumantikérper gegen MOG, nicht aber gegen
MBP in Meerschweinchen mit chronisch schubférmiger EAE mit der Starke der in
vivo demyelinisierenden Serumaktivitat dieser Tiere [149]. Und schlieRlich induziert
die extrazellulare Domé&ne von MOG in der EAE zugleich eine ausgepragte T- und
eine  B-Lymphozytenantwort [146;150]. Bemerkenswerterweise produzieren
C.jacchus Affen hochtitrige anti-MOG Antikérper, wenn sie mit HWM immunisiert
wurden, auch wenn MOG nur in sehr geringen Mengen im Immunisat vorkommt
[83;85].

Somit gibt es eine Vielzahl konsistenter und kongruenter Daten, die die pathogene
Rolle von anti-MOG Antikérpern bei der demyelinisierenden EAE sehr gut belegen
(als Ubersicht besprochen in [18]). Allerdings ist es komplex, die pathogenen anti-
MOG Antikérper zu identifizieren [151-153]. In einem Panel muriner monoklonaler
anti-MOG Antikérper kénnen pathogene und nicht-pathogene Antikérper nicht mittels
ELISA oder Western Blot unterschieden werden [151]. Der nicht pathogene mono-
klonale Antikérper reagiert allerdings nicht mit nativen, auf Fibroblasten-exprimiertem
MOG [151]. Interessanterweise reagieren die pathogenen Antikérper der MOG-
immunisierten M&ause im wesentlichen gegen ein immundominantes, nicht-lineares
Epitop, wie durch Mutationsstudien fur diese monoklonale Antikérper gezeigt werden
konnte [154]. Im Serum von MOG-immunisierten Tieren lassen sich mittels ELISA
auch dann erhéhte anti-MOG Antikérpertiter nachweisen, wenn diese nicht per se
pathogen, also demyelinisierend sind [153]. Dabei zeigte sich, dass nur Méause, die
mit humanem rekombinanten MOG immunisiert wurden, pathogene anti-MOG
Antikérper produzieren; Mause hingegen, die mit rekombinantem Ratten-MOG oder
einer humanen MOG-Variante, die im immundominanten Epitop die Aminosaure-
sequenz der Ratte tragt, immunisiert wurden, produzierten nicht-pathogene anti-
MOG Antikérper [153].

Bei Menschen ist die Datenlage nicht so eindeutig. Seit der Klonierung von

humanem MOG 1995 sind fast 30 Studien durchgefuhrt worden, die die Pravalenzen
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von Serumantikérpern gegen MOG beschreiben [155]. Diese Pravalenzen variieren
erheblich und lagen in einer eigenen, unverdéffentlichten Literaturrecherche zwischen
0 % und 59 %, wahrend die Prévalenzen gesunder Kontrollen zwischen 0 % und
34 % lagen (Abb. 4).
Diese Diskrepanzen erklaren sich durch

- die Verwendung verschiedener MOG-Praparationen,

- die Anwendung unterschiedlicher Antikbrperbestimmungsmethoden

- die individuelle Definition von Grenzwerten eines Antikérpernachweises [20].
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Abbildung 4: Zusammenstellung der Pravalenzen von anti-MOG IgG Antikérpern bei Patienten mit
MS (schwarz) und Kontrollen (grau). Die relevanten Originalarbeiten wurden via PubMed durch die
Suchbegriffe ,myelin oligodendrocyte glycoprotein®, ,antibodies®, ,multiple sclerosis® identifiert und die
jeweiligen Prévalenzen daraus extrahiert. * weisst auf einen signifikanten Unterschied zwischen
Patienten und Kontrollen hin; § zeigt eine fehlende Kontrollgruppe an. # weisst daraufhin, dass die
MS-Patienten pra hoc, also zu einem Zeitpunkt untersucht wurden, als sie klinisch assymptomatisch
waren und die Diagnose noch nicht bestand.

Auf folgende Referenzen bezieht sich die Abbildung (von oben nach unten): [156;158-180];[158;171].
Einige weitere Studien fanden keinen Eingang in die Abbildung, da keine anti-MOG Pravalenzen,

sondern Reaktivitdten oder Titer angegeben wurden: [181-185].
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In frihen Studien wurde MOG biochemisch aufgereinigt [156] und im ELISA
getestet. Im weiteren wurde rekombinant in E.coli produziertes MOG verwendet,
wobei es sich hierbei stets um die extrazellulare Doméne, also den N-terminalen
Anteil bis maximal zur Aminosdure 125 handelt. Die Lange des rekombinanten
Proteins ist von wesentlicher Bedeutung, wie eigene und weiter unten diskutierte
Untersuchungen belegen. Da MOG eine Glykolysierungsstelle tragt, E.coli aber
Proteine nicht glykolysieren kénnen, wurde MOG auch in eukaryoten Systemen
exprimiert [157-159]. Dabei konnte gezeigt werden, dass die Zuckerseitkette keinen
wesentlichen Anteil an der humoralen Immunitat von MOG hat [159].

Eine Vielzahl von verschiedenen Untersuchungsmethoden ist angewandt worden,
wobei direkte Methodenvergleiche erst in neuerer Zeit verdffentlicht wurden [159].
Techniken wie ELISA und Western Blot propagieren den Nachweis niedrig-affiner
Antikérper und liefern dadurch unter Umsténden falsch-positive Ergebnisse. Zusatz-
lich sind die Resultate der Western Blots nur semiquantitativ. Fir beide Methoden
gilt, dass die Zielantigene konformationell alteriert werden; durch das Western Blot-
Verfahren wird MOG zunachst denaturiert und im weiteren wahrscheinlich partiell
renaturiert. Durch das Binden von MOG an die Polystyren-Oberflache der ELISA-
Platten wird es ebenfalls partiell denaturiert, und es werden unter Umstédnden
kryptische Epitope freigelegt [180]. Auch aus diesem Grund ist von mehreren
Gruppen MOG in seiner nativen Form in verschiedenen Zellsystemen durch Trans-
fektion Uberexprimiert worden, um mittels DurchflulRzytometrie (FACS) die
Antikdrperantworten gegen natives MOG zu bestimmen [159;174;179;186]. Auch mit
dieser Methode gelingt es nicht, eine spezifische Antikérperantwort zu definieren und
anti-MOG Antikdrper als diagnostische Biomarker zu implementieren. Generell liegen
die Seropravalenzen hierbei niedriger als bei ELISA und Western Blot; so konnten in
der ersten derartigen Studie nur bei einem von 17 untersuchten MS-Patienten
Antikbrper gegen natives, auf Fibroblasten exprimiertes humanes MOG
nachgewiesen werden [174]. Interessanterweise scheint MOG, das in L&sung
genommen wird, keine fur die MS relevanten Epitope zu prasentieren; denn durch
Léslichphasenmethoden mit monomerem oder tetramerem MOG konnten keine anti-
MOG Antikérper bei Patienten mit MS nachgewiesen werden [158;176;180].

Der Groliteil der genannten Studien beschreibt die Pravalenz von Serumantikérpern
gegen MOG (Ubersicht bei [20]). Es wurden zu einem geringen Teil aber auch anti-

MOG Antikérper im Liquor von Patienten und Kontrollen bestimmt. Dabei finden sich
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niedrigere Antikdrperpravalenzen als im Serum [168]; es gibt Hinweise, dass anti-
MOG Antikdrper intrathekal produziert werden, wenn so genannte anti-MOG Indices
in Analogie zum IgG-Index errechnet werden [168;184]. Bei anti-MOG Antikérpern,
die biochemisch aus MS-Lasionen eluiert wurden, konnten héhere Affinitdten zum
Zielantigen, also zu MOG, gemessen werden als bei anti-MOG Antikérpern in Liquor
oder Serum [158]. Deswegen wurde diskutiert, ob derartige potentiell pathogene anti-
MOG Antikérper nicht in Liquor oder peripherem Blut nachweisbar sind, weil sie
hoch-affin an ihr Zielantigen binden [20;158;187].

Durch Kiristallisationsstudien mit MOG ist das spezifische Epitop des
demyelinisierenden monoklonalen Antikdpers 8.18c5 charakterisiert worden. Es
handelt sich um ein diskontinuierliches Epitop mit einer dreidimensionalen Struktur,
das an der der Flissigphase zugewandten Seite liegt [154;188]. Zudem ist bekannt
und anerkannt, dass anti-MOG Antikérper, die gegen lineare MOG-Epitope gerichtet
sind, kein oder allenfalls ein sehr geringes demyelinisierendes Potential haben
[150;152;187]. Aus diesem Grund ist die klinische Aussagekraft der zahlreichen
Arbeiten, die MOG-Peptide als Zielantigen verwenden, zu hinterfragen [18;20].

1.11. Anti-MOG Antikoérper als Biomarker

Wegen der geringen Spezifitdt haben anti-MOG Antikdrper bisher keinen
Einsatz als diagnostische Biomarker in der klinischen Routine finden k&nnen
[20;187]. In einer rezenten Studie wurden aus der rund 7 Millionen Personen
umfassenden Serumbank der US-Armee 126 MS-Félle und 252 entsprechende
Kontrollen isoliert und Serum, das vor der Diagnosestellung abgenommen worden
war, auf IgG und IgM gegen rhMOG+ys mittels ELISA untersucht [163]. Nach
Korrektur fur diverse Risikofaktoren, einschliellich einer abgelaufenen EBV-Infektion,
waren weder der anti-MOG IgG- noch der anti-MOG IgM-Status prédiktiv fur die
Entwicklung einer MS. Eine weitere Arbeit hat ebenfalls Blutproben von 25 MS-
Patienten, die 7,3 Jahre bis 2 Monate vor Erstmanifestation abgenommen worden
waren, akquirieren kénnen und auf IgG und IgM gegen natives MOG und rhMOG 125
im Western Blot untersucht [183]. Auch in dieser Studie war der anti-MOG

Serostatus nicht pradiktiv fur die Entwicklung einer MS.
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Aus der Vielzahl der in Abb. 4 aufgefiihrten Studien konnte nur eine Studie eine
Assoziation der anti-MOG Titer mit dem Grad der Kklinischen Behinderung
beschreiben [172]; 262 Patienten mit MS waren untersucht worden. Anti-MOG
Pravalenzen waren am hdchsten bei Patienten mit chronischen Verlaufsformen. Bei
diesen korrelierten die anti-MOG Titer bzw. die Reaktivitdt mit dem EDSS bei
Blutabnahme [172]. Eigene, bisher nicht veréffentlichte und noch nicht unabhéngig
validierte Daten zeigen eine Assoziation zwischen ausschlieBlich hoch-titrigen anti-
MOG IgG und dem Grad der Behinderung gemessen als EDSS bei der Blutabnahme
(Abb. 5). Im Unterschied zu der zitierten Studie von Mantegazza et al. war in unserer
Studie diese Assoziation nur bei Patienten mit schubférmigen Verlaufen

nachweisbar.
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Abbildung 5: Assoziation zwischen dem quantitativen anti-MOG Titer und dem EDSS.

Wéhrend eine Assoziation in der gesamten Kohorte von 192 Patienten mit schubférmiger MS nicht
besteht (A), lasst sich diese bei 15 Patienten mit so genannten hoch-titrigen anti-MOG IgG-
Antikérpern im Serum nachweisen (r = 0,574; p = 0,025; Spearman r) (B). Im Gegensatz dazu findet
sich die Korrelation derartiger hoch-titriger anti-MOG IgG Antikérper und dem EDSS bei Patienten mit
chronischen MS-Verlaufsformen (SPMS und PPMS) nicht (C). Antikérper wurden gegen drei MOG-
Isoformen (rhMOG4g, rhMOG,5 und rMOG;,5) im ELISA roboterassistiert im 384-Well ELISA-Format
in drei Verdinnungen gemessen und mit einer Standardkurve verglichen. Die Ergebnisse wurden als
Kombination aus den drei Bestimmungen quantitativ als upg/mL anti-MOG IgG beschrieben. Als hoch-
titrig galten Antikérper, deren Bindungsquotienten auch in der geringsten Verdinnung Uber Grenz-
werten lagen, die durch die Seren mit Reaktivitidten oberhalb des jeweiligen 95. Perzentils definiert
wurden [189].

Im Jahre 2003 wurde durch Thomas Berger et al. die Rolle von anti-MOG
Serumantikérpern als prognostischer Biomarker untersucht [190]. Der Nachweis von
anti-MOG IgM im Serum mittels Western Blot pradisponierte in der untersuchten
Patientenkohorte von 103 Patienten mit einem Kklinisch isolierten Syndrom (KIS) zu

einem signifikant frGheren zweiten, gemaR den Poser-Kriterien MS-definierenden
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Schub. Der zusatzliche Nachweis von anti-MBP IgM verkirzte das Zeitintervall bis
zum zweiten Schub abermals. Allerdings konnte dieser Biomarker in vier weiteren
Studien nicht validiert werden, wie aus Tabelle 1 ersichtlich ist [191-194]. Wesentlich
ist dabei die Studie von J. Kuhle et al. [195]. Zum einen wurde eine im Rahmen einer
klinischen Therapiestudie prospektiv gesammelte und systematisch charakterisierte,
quantitativ umfangreiche Patientenkohorte untersucht. Zum zweiten waren Western
Blot-Protokoll und das verwendete rekombinante humane MOG identisch mit dem in

der Studie von T. Berger et al. verwendeten.

Follow-up 2. Schub Liquor MRT Anti-MOG Anti-MOG
N (Monate, (CDMS, patholo- patholo- IgM (%) IgM
Median) %) gisch (%) gisch (%) g (7 pradiktiv

Berger T, ] 51
2003 [190] 03 (12-96) 63,1 100 100 62,1 +
Lim ET, 12
2005 [191] 47 (3-12) 25,7 na. 72,3 55,3 -
Rauer S, 60
2006[192] | 4° | (21.106) | 622 100 93,3 51,1 (+)
Kuhle J,
2007a[193] | 462 24 32,5 85 100 54,4 -
Pelayo R, 46,7%
2007 [194] | "4 | (1212 55,3 100 100 54,4 -
Kuhle J, 32,9
2007b [195] | 99 (12-77) 58,2 76,6 86,2 78,2 (+)
Tomassini
v, 2007 51 36 51 n.a. 100 54,9 +
[177]
Greeve |,
2007 [196] 39 >6 56,4 100 100 76,9 +
Menge T, 73,75
2007 [197] | S8 | (x276) 39,5 70 54,1 n.a. ;
Tabelle 1: Zusammenschau der Arbeiten Uber anti-MOG IgM Serumantikdrper als pradiktiver

Biomarker fur die zukinftige Diagnose einer gesicherten MS bei Patienten mit KIS. CDMS — Kklinisch
definitive MS mit Diagnosestellung nach dem zweiten Klinischen Ereignis. & _ Mittelwert und

Standardabweichung.

Eine Studie konnte eine Assoziation zwischen dem Nachweis von anti-Myelin
Antikdrpern und einer erhdhten Krankheitsaktivitat im Sinne eines signifikant friilheren
zweiten Schubes bestédtigen, wenn auch hier weniger die anti-MOG Antikdrper,
sondern vielmehr die anti-MBP Antikérper ausschlaggebend waren [177].
Demgegeniber stand eine Studie aus der Schweiz an 39 Patienten mit KIS, die zwar
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das pradiktive Potential von anti-MOG IgM unterstrich, aber keinen zusatzlichen
Effekt durch die Bestimmung von anti-MBP IgM nachweisen konnte [196]. Zwei
weitere Studien bestatigten zwar nicht den Nutzen von anti-Myelin Antikdrper als
prognostische Antikérper, zeigten aber zumindest eine Assoziation zum
Krankheitsverlauf [192;195].

Auch eigene praliminare Daten konnten den prognostischen Ansatz von Berger et al.
nicht bestatigen, wenn Seren von 38 KIS-Patienten im anti-MOG ELISA untersucht
und die IgM-Antwort quantitativ gemessen wurden (Abb. 6).

Neuere Studien zur Relevanz von anti-MOG Antikérpern bei Kindern mit MS und
Patienten mit ADEM werden zusammen mit einer eigenen Arbeit im folgenden
diskutiert [159;198-201].

A
—_— 50- [ ]
o
= 40- c
3 :
S 301 S
7] ()
£ 20- pi
s ] &
£10{ ° r = -0.537 =
n p = 0.0391
c L) L) L) L] c L] L] L] L] L] L]
0 5 10 15 20 0 5 10 15 20 25 30
anti-MOG IgM (ug/mL) anti-MOG IgM (ug/mL)
Abbildung 6: Quantitative anti-MOG IgM Bestimmung bei 38 Patienten mit KIS. Die

Titer korrelieren invers mit dem Zeitinterval bis zum zweiten, krankheitsdefinierenden Schub (A) und
mit der T2-Lasionslast im MRT zum Zeitpunkt des ersten Schubes (B). Die Analyse der IgM-Antwort
gegen MOG erfolgte in Analogie zur Bestimmung der IgG-Antwort (Abb. 5) [189]; lediglich der

Sekundarantikdrper war gegen humanes IgM gerichtet [197]

1.12. Zusammenfassung

In der EAE als etabliertes Tiermodell der MS gibt es vielfach reproduzierte
Daten, dass MOG ein starkes demyelinisierendes Enzephalitogen ist. In Tieren, in
denen eine EAE induziert wurde, lassen sich zumeist hoch-titrige anti-MOG

Antikdrper nachweisen, teilweise auch, wenn die Tiere gar nicht mit MOG
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immunisiert wurden. Definierte Antikérper gegen MOG sind sowohl in vivo in der EAE
als auch in vitro demyelinisierend. Gleiches gilt fir GalC. Allerdings sind nicht alle mit
gangigen Labormethoden nachweisbaren anti-MOG Antikérper pathogen.

In der MS ist die Situation dagegen bisher nicht ausreichend aufgeklart. Anti-MOG
Serumantikérper kbnnen sowohl bei Patienten mit MS als auch bei Kontrollen erhéht
gemessen werden, so dass sie nicht als diagnostische Biomarker genutzt werden
kénnen. Auch als prognostische Biomarker in bereits diagnostizierten Patienten mit
einem ersten demyelinisierenden Ereignis konnten sie bisher nicht etabliert werden.
Die Diskrepanz der publizierten Daten und die erhebliche Varianz der Ergebnisse
sind im wesentlichen technisch-experimenteller Natur, da unterschiedliche MOG-
Isoformen, verschiedene Messmethoden und selbstdefinierte Grenzwerte von den
verschiedenen Arbeitsgruppen verwendet wurden. Dabei ist aus den tierexperi-
mentellen Daten bekannt, dass MOG durch geringefligige Anderungen der
Aminosauresequenz  oder der biophysikalischen = Umgebungseigenschaften
bedeutende strukturelle Alterationen erfahren kann, die die immunologischen
Charakteristika des Antigens grundlegend verandern. Zuséatzlich ist die humorale
Immunantwort gegen Myelinbestandteile bei der MS durch indirekte Beweise gut

belegt und somit sicherlich nicht ein technisches Artefakt.

-24 -



Habilitationsschrift Dr. med. Til Menge

Eigene Arbeiten

Die vorliegenden Originalarbeiten sind im Kontext der anti-Myelin-Antikdrper
bei MS und C.jacchus EAE einzuordnen. Sie beschaftigen sich mit den Fragen nach
der Pathogenitat von anti-Myelin-Antikérpern und deren Etablierung als Biomarker
sowie der immunologischen Relevanz unterschiedlicher Epitope bzw. struktureller
Alterationen im Kontext der humoralen Immunantwort. Die Arbeiten werden in einer
inhaltlichen Abfolge vorgestellt und diskutiert, auch wenn sie unter Umstanden in

einer anderen chronologischen Reihenfolge verdffentlicht wurden.

2.1. Pathogenitiat konformationsabhdngiger anti-MOG Antikérper in der EAE

des C.jacchus Marmoset Affen

von Biidingen HC, Hauser SL, Ouallet JC, Tanuma N, Menge T, Genain CP:
Epitope recognition on the myelin/oligodendrocyte glycoprotein differentially
influences disease phenotype and antibody effector functions in autoimmune
demyelination. Eur. J. Immunol. 2004;34:2072-83 [150].

In dieser Arbeit haben wir uns die Vorteile des EAE-Modells im C.jacchus
Marmoset-Affen zunutze gemacht; wie eingangs dargelegt, sind die verwendeten
Labortiere nicht inztichtig und haben daher keine identische Immunantwort nach
Immunisierung. Zusatzlich ist aus vorausgegangenen Studien der Arbeitsgruppe von
Claude Genain bekannt, dass es anders als in niedrigen Wirbeltieren im C.jacchus
Affen zu einer demyelinisierenden EAE ausschlie3lich durch MOG kommt, wahrend
andere Antigene, z.B. MBP, lediglich zu einer Inflammation filhren [84;85]. Aus
eigener Erfahrung wissen wir, dass die unterschiedlichen Immunisierungsprotokolle
sich nicht im klinischen Phanotypus manifestieren. Unabhangig davon, ob ein Tier
mit MOG in HWM, der extrazelluldren Domane von rekombinantem Ratten-MOG,
Aminosaduren 1-125 (rMOG25) oder linearen 20 Aminosadure langen Peptiden der
MOG-Sequenz immunisiert wurde, bleibt die klinische Ausbildung der EAE
hinsichtlich Erkrankungsbeginn sowie Schwere und Akuitdt der Erkrankung im
wesentlichen gleich (unveréffentlichte Daten; Abb. 7). Die Immunantwort auf T- und
B-Lymphozytenebene gegen MOG ist dabei heterogener und auf mehr Epitope
verteilt als bei der EAE der niederen Wirbeltiere [18].
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Abbildung 7: Einflud von drei
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Ziel der Studie war es, die Immunpathogenitat von anti-MOG Antikdérpern im
Kontext der differentiellen funktionellen Immunantwort nach Immunisierung zu
untersuchen. Daflir wurde anti-MOG Serumantikérper von C.jacchus Affen nach ihrer
Epitopreaktivitat stratifiziert und ihre pathogene Wirkung histopathologisch analysiert.
Zunéchst wurden vier Tiere mit rIMOG125 und neun Tiere mit verschiedenen, 20
Aminosauren langen Peptiden der MOG-Sequenz (pepMOG) aktiv immunisiert. Der
klinische Verlauf der EAE war in beiden Gruppen heterogen und nicht signifikant
unterschiedlich. Im Gegensatz dazu fand sich in der neuropathologischen Analyse
ein deutlicher und signifikanter Unterschied hinsichtlich der so genannten Lasionslast
der weillen Substanz; wahrend sich in der rMOGzs-immunisierten Gruppe im Mittel
163+56,3 Lasionen fanden, waren es in der pepMOG-immunisierten Gruppe nur
9,2+3,1 Lasionen (p=0,0012, unabhangiger T-Test). Zusatzlich waren die Lasionen
der pepMOG-immunisierten Tiere vor allem auf den Hirnstamm und das Rickenmark
beschrankt.

In der weiteren immunhistochemischen Aufarbeitung waren in beiden Gruppen
deutliche Makrophageninfiltrationen in den entzindlichen Lasionen nachweisbar. Im
Gegensatz dazu waren aber der Nachweis von IgG-Ablagerungen im ZNS-
Parenchym, IgG-positive Zellen in den Lasionen (also B-Zellen oder Plasmablasten)
und Komplementaktivierung (Nachweis des Komplementspaltproduktes C9neo) fast
ausschlieBlich bei rMOGq2s-immunisierten Tieren nachweisbar. In der quantitativen
Auswertung war dies jeweils signifikant niedriger in den pepMOG-immunisierten
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Tieren (Abb. 8). In beiden Gruppen waren Antikérper gegen rMOG+5 und lineare
MOG-Peptide mittels ELISA nachweisbar. Die Proliferation von T-Lymphozyten des

peripheren Blutes auf rIMOG 25 war ebenfalls in beiden Gruppen gleich.

p value 0.13 0.003 0.038 0.00001
100
T

[] Group I: IMOG, s

§ 80 T [] Group Il: MOG peptides
[
3 |
® 60
2]
=
S
% 40
-
2 I
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HAMS56 ‘ I9G ‘ IgG ' C9neo
(parenchymal) (B cells)

Abbildung 8: Semiquantitativer Vergleich von Lasionen von C.jacchus Affen, die entweder mit
rMOG 25 (weil3) oder pepMOG (grau) immunisiert wurden. Die Dichte eingewanderter Makrophagen
(HAM56+) war nicht unterschiedlich, wohl aber das Ausmaf von parenchymaler IgG-Ablagerungen,
die B-Lymphozyten-Dichte und im besonderen die Komplementaktivierung (fehlender Nachweis von
C9neo in pepMOG-immunisierten Tieren) [150].

In einem zweiten Versuchsansatz wurden dann aus den Seren der
immunisierten Tiere anti-MOG Antikérperfraktionen hergestellt. Mittels Affinitats-
reinigung Uber selbst hergestellte Chromatographiesaulen, die entweder mit rMOG 25
oder einem Gemisch der genannten linearen MOG-Peptide beschichtet waren,
wurden fraktioniert zunachst diejenigen Antikdrper isoliert, die gegen lineare MOG-
Epitope binden (anti-MOG-P), und dann jene, die ausschliellich gegen die
konformationellen Epitope auf rMOG12s5, also solche mit einer Tertidrstruktur, binden
(anti-MOG-C). In der anti-MOG-P Fraktion der pepMOG-immunisierten Tiere waren
Antikérper gegen rMOG1,5 im ELISA nicht mehr nachweisbar. Diese Tiere haben
also ausschlieBlich eine humorale Immunantwort gegen lineare MOG-Epitope.
Interessanterweise banden aber sowohl anti-MOG-C als auch anti-MOG-P
Antikdrper in vitro an natives MOG im Corpus callosum von nicht-immunisierten
C.jacchus. Somit sind beide Epitopklassen (linear vs. konformationell) in situ
exprimiert und kénnen von beiden Gruppen von anti-MOG Antikérpern (anti-MOG-P

vs. anti-MOG-C) erkannt werden.
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In einem abschlieenden Experiment wurden diese beide Antikoérperfraktionen fur
einen passiven Antikdrpertransfer verwendet; affinitdtsgereinigtes 1gG von naiven
C.jacchus Affen diente als Kontrolle. Je zwei Tiere pro Gruppe wurden mit MBP
immunisiert. Dadurch kam es zu einer Stérung der BHS-Integritat, aber zu keiner
klinischen Manifestation einer EAE. Mittels ELISA gegen MBP wurde die Bildung von
anti-MBP Serumantikérpern in den Tieren Uberwacht und bei deren erstmaligen
Nachweis je 250 pg der fraktionierten anti-MOG Antikdrper intravends transferiert.
Bei der semiquantitativen histologischen Aufarbeitung waren bei den beiden Tieren,
die anti-MOG-C Antikérper erhalten hatten, eine héhere Anzahl von Lasionen, die
alle deutliche demyelinisierend waren, nachweisbar. Die beiden Tiere, die anti-
MOG-P Antikdrper erhalten hatten, hatte zahlenmaliger weniger Lasionen mit nur
geringer Demyelinisierung. Die Tiere, die die Kontrollantikbrper erhalten hatten,
waren keinerlei entzindliche L&sionen nachweisbar.

Diese Studie erbringt den Beweis, dass sowohl Antikérper, die gegen lineare

MOG-Epitope gerichtet sind, als auch solche, die gegen tertidre, konformations-
abhangige Epitope reagieren, potentiell pathogen sind, in dem sie Makrophagen in
die Lé&sionen rekrutieren und aktivieren kénnen. Aber nur die konformations-
abhangigen anti-MOG Antikérper sind in der Lage, zu einer Dissemination der ZNS-
Lasionen, zu einer Komplementaktivierung und schliel3lich zu einer Demyelinisierung
beizutragen. Interessanterweise kommt es in Tieren, die mit pepMOG immunisiert
wurden, nicht zu einem humoralen Epitope spreading mit Ausweitung der
Antikdrperantwort auch auf konformationsabhangige MOG-Epitope. Die Bildung
demyelinisierender anti-MOG Antikdrper ist also ausschliel3lich von der initialen
Immunisierung mit MOG in seiner Tertidrstruktur abhangig. Zuséatzlich von
Bedeutung ist, dass trotz der differentiellen Pathogenese der klinische Phénotyp und
der Nachweis der anti-MOG Antikdrper mittels ELISA in beiden Gruppen nicht zu
unterscheiden war. Ubertragen auf die MS wiirde dies bedeuten, dass trotz einer
unterschiedlichen Pathogenese die MS am klinischen Verlauf und durch Nachweis
von anti-MOG Serumantikérpern nicht zu differenzieren ist.
Mittlerweile ist durch die Arbeitsgruppe von Dr. Christopher Linington auch in der
murinen EAE gezeigt worden, dass pathogene anti-MOG Antikdrper gegen
konformationsabhangige Epitope gerichtet sind und deren Spezifitdt im wesentlichen
auf ein dominantes Epitop beschrankt ist [154].
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2.2. Differentielle Exposition immundominanter Epitope in Abhdngigkeit der
physikochemischen Umgebung von MOG

Menge T, von Biidingen HC, Lalive PH, Genain CP: Relevant antibody subsets
against MOG recognize conformational epitopes exclusively exposed in solid-
phase ELISA. Eur J Immunol. 2007;37:3229-39 [180].

Das Ziel dieser Arbeit war es, die Heterogenitat der konformationsabhangigen
MOG-Epitope, die bei der MS und der C.jacchus EAE immundominant sind, weiter
zu untersuchen. Wie in der zuerst diskutierten Arbeit gezeigt werden konnte, hilft der
ELISA nicht, zwischen pathogenen und nicht pathogenetisch relevanten anti-MOG
Antikdrpern zu unterscheiden [150]. Aus diesem Grunde fragten wir, ob eine
Testmethode, die MOG in Flissigphase verwendet, besser geeignet ist, diese
Antikdrperfraktionen in einem polyklonalen Gemisch, wie zum Beispiel Serum, von
einander zu unterscheiden. Das Rational ist, dass Testmethoden, die Antigene in
Flissigphase einsetzen, wie zum RIA (radioimmuno assay), preferrentiell héher
affine Antikérper detektieren. Die EAE im C.jacchus Affen diente abermals als Modell
bzw. Vergleichsgruppe, da aus der unter 2.1. zitierten vorherigen Arbeit unserer
Arbeitsgruppe die differentielle humorale Immunantwort und insbesondere die
Fraktion der pathogenen anti-MOG Serumantikdrper unter den verschiedenen
Immunisierungsprotokollen bereits ndher charakterisiert war [150].

Zunachst wurde ein Flissigphasentest entwickelt, der zum einen keine Radio-
aktivitdt zum Antikérperbindungsnachweis benétigte und der zum zweiten die
identische MOG-Isoform wie der ELISA als Zielantigen verwendete. Letzteres war
notig, um direkt und unmittelbar die Bindung von Antikérpern im ELISA gegen
gebundenes MOG, also gegen ein Festphasenantigen, mit der Bindung im FlUssig-
phasentest vergleichen zu kénnen. Dadurch kénnen biochemische Einflul¥faktoren
gering gehalten und die Aussagekraft der Ergebnisse erhéht werden. Arbeiten zweier
anderer Arbeitsgruppen hatten nédmlich Antigenpraparationen fur ihre Flissigphasen-
tests verwendet, die nicht im ELISA zu verwenden waren [158;176]. Rekombinantes
humanes (rh) MOG125 wurde zunachst via seinem primaren Amin biotinyliert und so
dann in sehr geringen Dosen (im nanomolaren Bereich) mit anti-MOG Antikdrpern
bzw. Serum in Lésung inkubiert. Antigen-Antikbrper-Komplexe wurden mittels einer

mit Protein G beschichteten ELISA-Platte immobilisiert. Derartig gebundenes
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biotinyliertes rhMOG1,5 konnte mittels Streptavidin-HRP sichtbar gemacht werden.
Die Ho6he des Farbumschlages korreliert mit der Menge an gebundenem
Immunkomplex. Als Positiv- bzw. Methodenkontrolle dient biotinyliertes Tetanus
Toxoid (TT). Die Methode wurde in Analogie zum RIA Liquidphase Enzyme Linked
Immuno-Assay (LIPhELIA) genannt.

Zunachst wurden Seren von 37 Patienten mit MS und von 13 gesunden
Kontrollen sowohl mittels ELISA als auch mittels LIPhELIA auf Antikérper, die gegen
rhMOG125 oder TT reagieren, untersucht. Wahrend unterschiedlich ausgepragte
Reaktionen gegen rhMOG;25 und TT im ELISA nachweisbar waren, reagierte keine
der Proben gegen l6sliches rhMOG+25 im LIPhELIA. Hingegen waren die Antikérper-
antworten gegen TT nicht unterschiedlich zwischen ELISA und LiPhELIA (Abb. 9).

Je funf Seren von C.jacchus Affen, bei denen eine EAE durch aktive Immunisierung
entweder mit HWM, rekombinantem Ratten-MOG1,5 oder linearen MOG-Peptiden
(pepMOG) induziert worden war, wurden ebenfalls im ELISA und im LiPhELIA
untersucht. Im ELISA waren die Antikdrperbindungskurven nach Immunisierungs-
schemata nicht zu unterscheiden. Im LiPhELIA hingegen gaben die Seren pepMOG-
immunisierter Tiere kein Signal; Antikérper gegen I6sliches rhMOG125 wurden in
diesen Tieren also nicht produziert.

Die fehlende Reaktivitat der menschlichen Seren gegen I6sliches rhMOG125 liel3 sich
jedoch nicht ausschlie3lich dadurch erklédren, dass Menschen mutmaflich nur
Antikdrper gegen lineare MOG-Epitope produzieren. Denn aus einem Panel von
monoklonalen Antikdrpern (8.18c5) bzw. Fab-Fragmenten (M26, M3-8, M3-24,
M3-31), von denen bekannt ist, dass sie ausschlielBlich konformationsabhé&ngige
MOG-Epitope erkennen [202], reagierten einige ebenfalls nicht im LiPhELIA. Bei
diesen monoklonalen Antiérpern und Fab-Fragmenten wurden zuséatzlich die
Antikérper-Affinitdten im ELISA gemessen. Es zeigte sich, dass eine fehlende
Reaktivitdt gegen l6sliches rhMOG 25 nicht mit einer niedrigen Affinitat
vergesellschaftet war. Da gemutmalt worden war, dass I6sliches MOG wegen seiner
hydrophoben Eigenschaften Dimere bzw. Multimere bildet, wurde ein nativer
Western Blot entwickelt, in dem zunachst in Lésung di- bzw. trimerisiertes rhMOG125
auf eine Nitrozellulose-Membran gebunden wurde und mit verschiedenen poly- und
monoklonalen anti-MOG Antikérpern inkubiert wurde. Unabhangig von der Reaktivi-
tat gegen l6sliches rhMOG 125 reagierten alle getesteten Antikérper im Western Blot,
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so dass die immundominanten Epitope nicht durch Multimerisierung des Proteins
verdeckt werden.

Entscheidender Bedeutung kam ein abschlieRendes Experiment zu, in dem Seren
von C.jacchus Affen, die mit MP4 immunisiert worden waren, differentiell im ELISA
und im LIPhELIA untersucht wurden. MP4 ist ein rekombinantes Fusionsprotein,
bestehend aus MBP und PLP [127]. Nach aktiver Immunisierung entwickeln einige
der C.jacchus Affen demyelinisierende Lasionen, und es lassen sich im Sinne des
Epitope spreadings Serumantikérper gegen MOG mittels ELISA nachweisen [127].
Drei Seren von Tieren mit histopathologisch nachgewiesener ZNS-Demyelinisierung
wurden untersucht. Wahrend sich Antikérper gegen gebundenes rhMOG125 mittels
ELISA in den Seren aller Tiere nachweisen liellen, konnte eine Reaktion gegen

I6sliches rhMOG+25 im LIiPhELIA nicht gemessen werden.
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Abbildung 9: IgG-Reaktivitdt gegen rhMOG;,5 und TT in 13 gesunden Kontrollen (e,0) und 37
Patienten mit MS (A ,A), gemessen im ELISA (A ,e) und im LiIPhELIA (A,o). Bemerkenswert ist der
vollstandige Verlust der anti-MOG Reaktivitat im LIPhELIA, der kein technisches Artefakt sein kann,
da beide Gruppen gleich gut gegen TT reagieren [180].

Diese Studie belegt, dass in I6slichem MOG immundominante Epitope fur eine
Antikdrperbindung nicht frei verfiigbar bzw. zugénglich sind. Ursachlich hierfur ist am

ehesten die Tatsache, dass MOG als Bestandteil der fettreichen und wasserarmen
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Myelinscheide genuin hydrophob ist und somit in Lésung eine unphysiologische
Tertidrstruktur einnimmt. Im Gegensatz dazu werden hdchstwahrscheinlich bei der
Bindung von MOG an das Polystyren der ELISA-Mikrotiterplatte zusatzlich kryptische
Epitope freigesetzt. Dartiberhinaus propagiert der ELISA die Bindung auch niedrig-
affiner Antikorper, die gegen lineare Epitope reagieren. Die fehlende Bindung
bestimmter anti-MOG Antikérper gegen die |8sliche Isoform I&sst sich hingegen nicht
mit niedriger Affinitat, Epitopblockade durch Multimerisierung oder die ausschlief3-
liche Reaktivitdt gegen lineare MOG-Epitope erkléren. Da eindeutig pathogene anti-
MOG Antikérper (die Fab-Fragmente, Sera von MP4-immunisierten Tieren) keine
Reaktivitat im LiPhELIA haben, andere aber schon (Sera von HWM-immunisierten
Tieren, der monoklonale Antikérper 8.18c5), muss konstatiert werden, dass Test-
methoden, die I6sliches MOG als Zielantigen verwenden, nicht dazu geignet sind,
pathogene bzw. krankheitsrelevante Antikérper gegen MOG verldsslich zu
identifizieren.

Ahnliche Schlussfolgerungen sind in zwei weiteren Arbeiten gezogen worden
[158;176]. Unsere Studie verwendete jedoch als einzige das identische Antigen fur
sowohl den Flussigphasen- als auch den Festphasentest, so dass nur hier ein
direkter Vergleich der Ergebnisse und eine unmittelbare Interpretation der
konformationsabhangigen Immunogenitat von MOG zulassig ist. KC O’Connor et al.
hingegen verwendeten ein in-vitro Translationssystem, in dem sie ein Dimer von
MOG;,1 exprimieren und posttranslational modifizieren lieRen. Das ELISA-Aquivalent
(Delfia) verwendete rhMOG1,1 [158]. Lampasona et al. lieBen das gesamte MOG-
Molekul in einem ex-vivo eukaryoten Translationssystem exprimieren. Als

Festphasentest diente ein Western Blot mit rhMOG 1,4 als Festphasenantigen [176].
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2.3. Distinkte Exposition immunologischer Epitope auf nativem, membran-
gebundenen MOG

Lalive PH, Menge T, Delarasse C, Della Gaspera B, Pham-Dinh D, Villoslada P,
von Biidingen HC, Genain CP: Antibodies to native myelin oligodendrocyte
glycoprotein are serologic markers of early inflammation in multiple sclerosis.
Proc Natl Acad Sci U S A. 2006; 103:2280-5 [179].

Um noch weiter die mégliche pathogene Rolle der anti-MOG Serumantikérper
von Patienten mit MS zu untersuchen, wurden in dieser Studie die anti-MOG
Reaktivitdten gegen natives, glykosyliertes, membrangebundenes MOG und gegen
rhMOG125 untersucht. Abermals dienten das C.jacchus EAE-Modell und die aus
diesem Modell gewonnenen monoklonalen Fab-Fragmente als Kontrollen [202].
Durch den Vergleich der Ergebnisse der menschlichen Sera mit den Seren der
Marmoset-Affen sollen Rickschlisse auf die Immunpathogenitdt von nativem
humanen MOG und die Immunantwort gegen dessen Epitope gezogen werden.

Zunéachst wurden CHO Zellen mit einem Genkonstrukt aus der Gensequenz
des gesamten humanen MOG im Transfektionsvektor pCDNA-III stabil transfiziert.
Mit diesen Zellen wurde ein durchfluBzytometrischer Test (FACS) etabliert zur
Bestimmung von Serumantikérpern gegen natives, zellmembrangebundenes
humanes MOG. Dafur wurden sowohl MOG-transfizierte als auch mit dem Leervektor
transfizierte Zellen mit Serum gefarbt und eine Bindung mit fluoreszenzmarkiertem
Sekundarantikdrper detektiert. Die Ergebnisse wurden als Bindungsquotient (binding
ratio) beschrieben. Dieser wurde gegen eine humane Positivkontrolle normalisiert,
um die inter-experimentelle Variabilitdt zu eliminieren. Als Vergleich diente der
bereits etablierte und in den beiden Arbeiten zuvor verwendete ELISA mit rhMOG12s5
als Zielantigen.

Es wurden Seren von 92 Patienten mit MS, 36 Patienten mit einem klinisch
isolierten Syndrom (KIS) und 37 gesunden Kontrollen untersucht. Die Kohorte der
MS-Patienten bestand aus 35 Patienten mit einer schubférmigen MS (RRMS), 33
Patienten mit einer sekundar-chronisch progredienten MS (SPMS) und 24 Patienten
mit einer primar-progredienten MS (PPMS). Zusatzlich wurden serielle Serumproben

von elf C.jacchus Affen, die mit HWM zur Induktion einer EAE immunisiert worden
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waren, und die in unserer Arbeitsgruppe generierten anti-MOG Fab-Fragmente M26,
M3-24, M3-8, M3-31 untersucht.

Verglichen mit den gesunden Kontrollen wurden Serumantikérper gegen

natives humanes MOG signifikant haufiger bei Patienten mit KIS (p < 0.001) und
Patienten mit RRMS (p < 0.01) detektiert und zu einem geringeren, aber noch
signifikanten Anteil auch bei Patienten mit SPMS (p < 0.05), aber nicht Patienten mit
PPMS. Im Gegensatz dazu fanden sich keine Unterschiede bei den Serumanti-
kérpern gegen rhMOG5, die im ELISA untersucht worden waren. Entsprechend
waren zwischen diesen Antikérperpopulationen keine Korrelationen der Bindungs-
starken nachweisbar. Dieser Hinweis, dass auf rhMOG125 und nativem, membran-
gebundenen MOG unterschiedliche bzw. distinkte immundominante Epitope
vorliegen, konnte durch ein Absorptionsexperiment bestétigt werden. Aus zwei Seren
mit guter Antikoérperreaktivitdt in beiden Testverfahren wurde durch wiederholte
Exposition an das entsprechende Antigen die spezifischen Antikdérper entfernt.
Wahrend erwartungsgemafl® die Reaktivitit gegen das adsorbierte Antigen im
entsprechenden Testverfahren sank, blieb es im Vergleich im jeweils anderen
Testverfahren mit dem jeweils anderen MOG-Antigen unverédndert. Wenn also ein
Serum mehrfach hintereinander auf Mikrotiterplatten inkubiert, an die rhMOG125
gebunden war, war die Antikdrperreaktion gegen rhMOG1,5 hinterher im Vergleich
zum Ausgangswert deutlich erniedrigt, wahrend sich nur ein marginaler Unterschied
im FACS (Bindung an natives MOG) fand. Ein zusétzlicher Hinweis, dass die beiden
MOG-Antigene distinkte immunogene Eigenschaften besitzen, wurde durch die
Analyse der monokonalen Fab-Fragmente erbracht. Wahrend eine Bindung der Fab-
Fragmente im ELISA nachweisbar war, reagierten die Fabs M3-24 und M3-8 nicht
gegen das native, membrangebundene MOG im FACS, so dass die spezifischen
Epitope von M3-24 und M3-8, die auf Polystyren-gebundenem rhMOG1,5 vorhanden
sind, nicht auf nativem MOG exprimiert oder aber verborgen werden.
In einem weiteren Experiment wurden longitudinal gesammelte C.jacchus
Serumproben im FACS analysiert und der erstmalige Nachweis von anti-MOG
Antikdrpern gegen das erstmalige Auftreten von Symptomen der EAE aufgetragen
(Abb. 10). In einer Kaplan-Meier-Analyse liel3 sich belegen, dass Serumantikérper
gegen natives MOG signifikant fruiher nachweisbar waren als der klinische Beginn
der EAE.
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Drei wichtige Schlisse kdénnen aus dieser Studie gezogen werden. Zum
ersten scheinen die Epitope, die auf nativem, glykosylierten, physiologisch in vivo
exprimierten MOG vorhanden sind, frilhe Ziele von pathologischen anti-MOG
Antikdrpern zu sein. Denn anti-MOG Serumantikérper von HWM-immunisierten
C.jacchus Affen sind fast ausschliel3lich gegen konformationelle Epitope gerichtet
und kdénnen im passiven Antikdrpertransfer eine demyelinsierende EAE Ubertragen
[85]. Zum zweiten scheinen diejenigen Antikoérper, die nicht gegen MOG in
Festphase, also Mikrotiterplatten-gebundenes MOG, sondern im FACS gegen
natives MOG reagieren, eine pathogene Rolle in der Frihphase der MS mit
vorherrschender entzindlicher Aktivitat zu spielen. Schliel3lich scheint der
zellbasierte FACS-Test ein praktikables Verfahren zu sein, um frihzeitig
serologische Serummarker zu detektieren, die eine autoimmune demyelinisierende
Erkrankung des ZNS anzeigen und zumindest im EAE-Modell des C.jacchus bereits
vor klinischer Manifestation der EAE nachweisbar sind. In der klinischen Routine
allerdings lalkt sich dies wegen der zu geringen Spezifitdt der Antikérper nicht

umsetzen, wie auch zwei weitere Studien bestatigt haben [159;186].
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24. Anti-MOG Antikérper als spezifische Marker demyelinisierender ZNS-
Erkrankungen des Kindesalters

Lalive PH, Hausler MG, Maurey H, Mikaeloff Y, Tardieu M, Wiendl H, Schroeter
M, Hartung HP, Kieseier BC, Menge T: Highly reactive anti-MOG antibodies
differentiate demyelinating diseases from viral encephalitis in children. Mult
Scler., im Druck [201].

In dieser Studie wurden die zuvor untersuchten Testverfahren zur
Bestimmung von Antikérpern gegen differentielle MOG-Epitope auf eine Kohorte von
padiatrischen Patienten angewendet. Ziel der Studie war es zu untersuchen, ob die
humorale anti-MOG Immunantwort bei Kindern spezifisch fur bestimmte entziindliche
Erkrankungen des ZNS ist und gegen welche Epitope die Immunantwort gerichtet ist.
Dabei wurden Seren junger Patienten mit padiatrischer MS und akuter disseminierter
Enzephalomyelitis (ADEM), also demyelinisierenden Erkrankungen des ZNS,
untersucht und verglichen mit Seren von gesunden Kindern und Kindern mit viraler
Enzephalitis, also einer nicht-demyelinisierenden entzindlichen Erkrankung des
ZNS. Zuséatzlich zur anti-MOG Reaktivitat wurde der EBV-Serostatus erhoben, um zu
untersuchen, ob Kreuzreaktivitdten zwischen EBV und MOG bestehen. Wie in der
Einleitung ausgefuhrt, gibt es zahlreiche Hinweise, dass EBV eine gewisse Rolle in
der Pathogenese der MS spielt, am wahrscheinlichsten durch molekulares Mimikry.

Insgesamt konnten 53 Seren von Kindern fir diese Studie multizentrisch
rekrutiert werden. EIf Kinder hatten die Diagnose einer ADEM, 22 Kinder waren an
MS erkrankt; sieben Kinder waren mit einer viralen Enzephalitis diagnostiziert.
Zusétzlich wurden 13 gesunde padiatrische Kontrollen untersucht. Serumantikérper
gegen rhMOGis wurden im ELISA und LiIPhELIA und gegen natives,
membrangebundenes MOG mittels FACS bestimmt. Zusatzlich wurden Antikérper
gegen MBP mittels ELISA gemessen. Antikdrper gegen die drei EBV-Antigene EA,
EBNA und VCA wurden in einem kommerziellen ELISA bestimmt. Ein positiver anti-
MOG Antikérperstatus wurde durch die gesunden Kontrollen definiert, wobei
Bindungsquotienten, die Uber dem Mittelwert plus zwei Standardabweichungen der
gesunden Kontrollen lagen, als positiv erachtet wurden.

Sowohl im ELISA als auch im FACS hatten signifikant mehr Patienten mit

demyelinisierenden ZNS-Erkrankungen einen positiven Antikérperstatus gegen
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rhMOG 25 bzw. natives MOG verglichen mit den Kontrollen oder Patienten mit viraler
Enzephalitis (rhMOG125: 27.3 % vs. 5.0 %; p=0.045, bzw. natives MOG: 12.1 % vs.
0.0 %; p=0.049; xz-Test; Abb. 11). Wenn beide Testverfahren kombiniert wurden,
lie sich eine anti-MOG Immunantwort in 30,3 % der Patienten mit demyelini-
sierenden ZNS-Erkrankungen, aber nur in 5 % der nicht-deymelinisierenden
Kontrollen nachweisen. Auch dieser Unterschied war signifikant (p=0.0049; xz-Test).
Der Groldteil der Antikdrper positiven Proben wurde als ,hoch reaktiv® bezeichnet,
weil die Bindungsquotienten mindestens fiinffach (Uber der individuellen
Hintergrundbindung lagen. Im Gegensatz dazu war ein anti-MBP Antikérperstatus
nicht mit einer Demyelinisierung assoziiert. Der anti-MOG Antikdrperstatus war nicht
assoziiert mit Alter, Geschlecht, oligoklonalen Banden im Liquor, EDSS oder EBV-
Serostatus. Serumantikérper gegen MOG-Epitope des l6slichen rhMOG15 waren

erneut mittels LIPhELIA nicht nachweisbar.
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Abbildung 11: Streudiagramm der IgG-Reaktivitdten gegen natives MOG (links), rhMOG,5 und MBP
(rechts) von 11 Kindern mit ADEM (m), 22 Kindern mit MS (e), 7 Kindern mit viraler Enzephalitis (A)
und 13 padiatrischen Kontrollen (V). Bemerkenswert sind die teils recht hohen Reaktivitaten (hoher

Bindungsquotient) der Kindern mit demyelinisierenden Erkrankungen [201]

Diese Studie lieferte mehrere wichtige Erkenntnisse. Zum einen ist bei Kindern
die humorale Immunantwort gegen MOG sehr spezifisch und findet sich fast
ausschlieBlich bei Patienten mit einer demyelinisierenden ZNS-Erkrankung. Dies ist

in deutlichem Gegensatz zu den Ergebnissen, die aus erwachsenen Kohorten
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gewonnen werden konnte und in der Einleitung ausgefihrt wurden (Abb. 4).
Beispielsweise wurden in einer neueren Studie bei 32,9 % der gesunden Kontrollen
anti-MOG Serumantikdérper nachgewiesen [20;163]. Allerdings ist die anti-MOG
Immunantwort wie auch bei den Erwachsenen nicht sensitiv fir demyelinisierende
ZNS-Erkrankungen, da anti-MOG Antikérper nur bei 30,3 % der Kinder mit MS oder
ADEM nachweisbar waren.
Zum zweiten ist auffallig, dass die anti-MOG Antikdrper fast vollstédndig hoch reaktiv
sind, was wahrscheinlich einem hohen Titer entspricht. Auch dies steht im
Gegensatz zu unseren Erfahrungen mit erwachsenen MS-Patienten; so lag der
Bindungsquotient des FACS im Mittel fir die positiven Proben rund funffach Uber
dem mittleren Bindungsquotienten der KIS-Patienten der zuvor besprochenen Studie
[179]. Desweiteren sind die Ergebnisse dieser Studie eindricklich kongruent mit den
Ergebnissen anderer Arbeitsgruppen, die ebenfalls die Pravalenzen von anti-MOG
Serumantikérpern bei Kindern mit MS oder ADEM untersucht haben [159;198-200];
bemerkenswerterweise lagen Pravalenzen, Sensitivitdt und Spezifitdten in einem
vergleichbaren Rahmen. Ebenfalls bemerkenswert ist, dass die Testmethoden und
Patientenkohorten zwar ahnlich, aber nicht identisch mit den anderen Studien waren.
Somit erbringt diese Studie Hinweise, dass bei Kindern die humorale
Immunantwort gegen MOG hoch reaktiv und spezifisch fir Demyelinisierung ist,
wahrend sich dieser Effekt mit zunehmendem Alter, d.h. bei Erwachsenen zu
verlieren scheint. Die niedrige Sensitivitat schliel3t eine Beteiligung der anti-MOG
Antikdrper an der Pathogenese demyelinisierender ZNS-Erkrankungen nicht aus,
unterstitzt aber die gangige Hypothese der Heterogenitat dieser Erkrankungen. Vom
klinischen Gesichtspunkt ist die routineméRige Bestimmung der anti-MOG Serum-
antikérper bei Kindern mit einer entzindlichen Erkrankung des ZNS wegen der
niedrigen Sensibilitat nicht sinnvoll. In bestimmten unklaren Fallen kénnte eine der-
artige Bestimmung aber nutzlich sein, wenn der Verdacht einer demyelinisierenden

Erkrankung laborchemisch erhartet werden soll.
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2.5. Die humorale Immunantwort gegen Galaktozerebrosid als verlaufs-
abhangiger Marker von MS und EAE

Menge T, Lalive PH, von Biidingen HC, Cree B, Hauser SL, Genain CP:
Antibody responses against galactocerebroside are potential stage-specific
biomarkers in multiple sclerosis. J Allergy Clin Immunol. 2005;116:453-9 [203].

Wie eingangs beschrieben, gibt es neben MOG noch weitere myelinische
Antigene, die potentiell enzephalitogen sind bzw. ein demyelinisierendes Potential
haben. Eines davon ist das Glykolipid Galaktozerebrosid (GalC), das recht ZNS-
spezifisch und dort integraler Bestandteil der Myelinscheide ist. Anti-GalC Antikérper
wirken in vitro und im passiven Antikérpertransfer der EAE demyelinisierend. Das
Ziel dieser Studie war daher zu untersuchen, ob anti-GalC Serumantikérper
spezifische Antikérper der MS sind und als Biomarker der Erkrankung dienen
kénnen. Komplementar zu der Untersuchung einer Kohorte von MS-Patienten und
Kontrollen wurde das C.jacchus EAE-Modell als Kontrolle verwendet.

Zundchst wurde ein ELISA entwickelt und implementiert, um anti-GalC
Antikérper bestimmen zu kénnen. Da GalC ein Lipid ist, mufdten gangige ELISA-
Protokolle, bei denen Proteine als Zielantigen dienen, modifiziert werden. Zunachst
wurde ein Ldsungsprotokoll fir GalC entwickelt, das kompatibel mit der weiteren
Verwendung des GalC auf Polystyren-Platten ist; es multen die Ublicherweise zur
Lésung von Fetten verwendeten organischen Ldsungsmittel reduziert werden.
Desweiteren wurden verschiedene Polystyren-Platten auf ihre Bindungskapazitat von
GalC untersucht. Dann mufdten jegliche Detergenzien, wie zum Beispiel Tween-20,
aus Puffern und Waschlésungen eliminiert werden, die das gebundene GalC
unmittelbar wieder von der Polystyren-Platte abgewaschen hatten. Dieser ELISA
wurde durch einen kommerziellen, polyklonalen anti-GalC Antikorper validiert, der bis
zu einer Verdinnung von 1:12.800 titriert werden konnte und dessen Reaktivitdt mit
dem gebundenen GalC durch Vorinkubation mit I6slichen GalC reduziert werden
konnte.

Sera von 51 Patienten mit MS (20 RRMS, 15 SPMS, 16 PPMS), 14 Patienten mit
KIS und von 20 gesunden Kontrollen wurden sodann in diesem ELISA untersucht.
Seropositivitdt wurde definiert als ein Bindungquotient (BR), der Uber dem mittleren

BR plus drei Standardabweichungen der gesunden Kontrollen lag. Zudem wurden
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serielle Blutproben von 20 C.jacchus Affen, die mit HWM-immunisiert worden waren,
untersucht. Neun der Tiere hatten einen schubférmigen EAE-Verlauf, zwei Tiere
verschlechterten sich progressiv ohne Besserung; bei sechs Tieren wurde das
Experiment nach dem ersten Schub beendet; bei drei weiteren Tieren wurde das
Experiment vor dem Auftreten klinischer Symptome, aber nach Nachweis einer
Liquorpleozytose vorzeitig beendet.

In 40 % der Patienten mit RRMS lieken sich anti-GalC Serumantikérper
nachweisen; dieser Unterschied war signifikant gegeniber der Préavalenz von 0 %
bei gesunden Kontrollen. Auch die Starke der Antikérperreaktivitat war bei RRMS
signifikant héher als bei den gesunden Kontrollen. In den anderen MS-Subgruppen
und bei den KIS-Patienten fanden sich keine Unterschiede im Vergleich zu den
gesunden Kontrollen. Zum Beweis der Spezifitdt dieser Antikdrper und deren
biologischen Relevanz wurden aus dem Serum einer Patientin mit RRMS, die eine
hohe Antikérperreaktivitdt im ELISA aufwies, mittels einer selbst hergestellten
Chromatographiesaule affinitdtsgereinigt. Die gewonnene Antikorperfraktion farbte
die humane, GalC exprimierende Oligodendrogliom-Zelllinie HOG in einem
vergleichbaren Farbemuster wie der kommerzielle polyklonale anti-GalC Antikérper.
Die alle zwei Wochen ab dem Zeitpunkt der Immunisierung gewonnenen Blutproben
der 20 C.jacchus Affen wurden neben der Reaktivitat gegen GalC auch auf
Antikérper gegen rMOG 125 und MBP untersucht und diese Ergebnisse im Zeitverlauf
zusammen mit der klinischen Erstmanifestation aufgetragen (Abb. 12). Dabei zeigte
sich, dass eine Serokonversion mit Nachweis von anti-GalC Antikérpern signifikant
spater als das Auftreten von anti-MOG oder anti-MBP Antikdrpern eintritt. Somit kann
anti-Galc Antikérpern ein verlaufsspezifisches Auftreten zugesprochen werden.

Diese Studie erbringt mehrere wichtige Erkenntnisse. Zunédchst gelingt der
Nachweis von Serumantikérpern gegen GalC bei Menschen auf einfache Weise in
einem modifizierten Lipid-ELISA. Desweiteren ist die humorale Immunantwort gegen
GalC bei der MS spezifisch, denn es lassen sich keine anti-GalC Antikdrper in der
Kohorte der gesunden Kontrollen nachweisen. Dies steht im Kontrast zur bereits
beschriebenen Immunantwort gegen MOG, die zumindest beim Erwachsenen nicht
spezifisch fur die MS ist (Abb. 4) [20;53]. Allerdings ist die Sensitivitat der anti-GalC
Immunantwort bei der MS nicht hoch, sondern lag in dieser Studie bei 25,5 % fur alle
MS-Patienten. Somit muss die routinemaflige Verwendung von anti-GalC Anti-

kérpern als diagnostischer Biomarker im klinischen Alltag bezweifelt werden.
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Allerdings ist bemerkenswert, dass die anti-GalC Immunantwort sowohl beim
Menschen als auch in der Primaten-EAE im C.jacchus Affen spezifisch fir eine
etablierte Erkrankung ist. Bei der MS findet sich eine signifikante Pravalenz mit
signifikant erhéhter Reaktivitat nur bei Patienten mit RRMS, nicht aber mit KIS. In der
EAE treten Antikdrper gegen GalC erst im Verlauf der Erkrankung auf, lange nach
der klinischen Manifestation. Uber die Griinde kann nur spekuliert werden; denkbar
ist, dass GalC zwar in einer demyelinisierenden L&sion aus der Zellmembran gelést
wird, dann aber als Hapten fungiert, also ohne Bindung an ein Tragermolekll keine
Immunantwort auslésen kann. MOG ware solch ein denkbares Tragerprotein [29].
Darliberhinaus kann GalC nicht in klassischer Weise den spezifischen Rezeptor von

T-Lymphozyten aktivieren sondern tut dies via CD1 [204].
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Abbildung 12: Kaplan-Meier Kurve der klinischen Erstmanifestation im C.jacchus EAE-Modell im
Vergleich zum Nachweis verschiedener anti-Myelin Serumantikérper. Anti-GalC IgG Serumantikérper
treten erst signifikant nach der klinischen Manifestation und nach dem Nachweis von anti-MBP und
anti-MOG Antikorpern auf (Cox-Modell) [203]
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Zusammenfassung und Ausblick

Die MS ist eine chronisch entzindliche, demyelinisierende Erkrankung des

ZNS autoimmuner Genese. Das auslésende Ereignis der MS ist noch nicht genau
verstanden. Im Tiermodell der MS, der EAE, ist dies die aktive Immunisierung mit
einem enzephalitogenen myelinischen Autoantigen oder der passive Transfer von
gegen Myelin gerichteten Autoantikdrpern in suszeptible Tiere. Pathogenetisch
handelt es sich bei der MS um eine heterogene Erkrankung, bei der alle Bestandteile
des angeborenen und des erworbenen Immunssystems beteiligt sein kénnen. Histo-
pathologisch finden sich in tGber der Hélfte von MS-Lasionen Antikérperablagerungen
zusammen mit einer Komplementaktivierung, was auf eine prddominante Rolle von
Antikdrpern bei der MS hinweist. In der EAE kénnen spezifische Antikérper gegen
myelinische Antigene zu einer Demyelinisierung fiihren. Eines der Zielantigene ist
MOG, das zwar nur einen sehr geringen Anteil der Proteinfraktion von Myelin
ausmacht, im Tiermodell aber enzephalitogen ist und demyelinisierend wirkt.
Aus diesem Grunde liegt es nahe, die Rolle von MOG als Zielantigen und von spezi-
fischen Antikérpern gegen MOG bei der MS zu untersuchen. Zahlreiche Studien
haben die Frage nach Pravalenz, Sensitivitdt und Spezifitdt von IgG-Serumanti-
kérpern gegen MOG addressiert und divergente Ergebnisse geliefert. Der Versuch,
Serumantikérper gegen MOG und/oder andere myelinische Antigene als Biomarker
zu etablieren, war auch deswegen bisher noch nicht erfolgreich. Die wichtigsten
Grlnde fir die Divergenz der Studien zur humoralen anti-MOG Immunantwort sind
vor allem die unterschiedlichen MOG-Praparationen und Testverfahren, die
verwendet wurden.

Die funf hier vorgestellten eigenen Originalarbeiten leisten im Kontext von
rezenten Arbeiten anderer Gruppen einen wesentlichen Beitrag, um die Immuno-
genitat von MOG detailierter zu verstehen und die funktionellen Implikationen unter-
schiedlicher MOG-Epitope besser erklaren zu kénnen. Die erste Arbeit entschllsselt
das Dilemma, dass in der klinischen Routine géangige Testverfahren pathogene und
nicht-pathogene anti-MOG Antikérper nicht diagnostisch trennen kénnen. Vielmehr
liefert diese Studie den funktionellen Beweis, dass nur Antikdrper, die gegen konfor-
mationelle Epitope binden, demyelinisierend sind. Interessanterweise spiegelt sich
dieser pathogenetische Unterschied im klinischen Phanotyp der C.jacchus EAE nicht

wider. Dies mag der Grund sein, warum auch bei der MS bisher keine klinischen
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Korrelationen zu anti-MOG Antikdrpern gelungen sind. Allerdings war bei den
meisten Studien die KohortengréRe zu gering, um die notwendige statistische Aus-
sagekraft zu generieren. Im weiteren Verlauf ist dann von der Arbeitsgruppe um C.
Linnington gezeigt worden, dass pathogene murine monoklonale anti-MOG
Antikérper ebenfalls ausschlieldlich gegen konformationelle Epitope reagieren [154].
Somit macht es wenig Sinn, MOG-Epitope auf Peptidebene zu definieren [151].

Mit der zweiten und dritten Studie wird belegt, dass jedes Testverfahren zur
Bestimmung von Antikérpern gegen MOG (ELISA, LIiPhELIA, FACS) preferentiell
unterschiedliche Antikérperfraktionen detektiert und zusatzlich MOG in den unter-
schiedlichen Testverfahren verschiedene immunologische Eigenschaften annimmt,
zum Beispiel kryptische Epitope exponiert (gebundene Phase des ELISA) oder
immundominante Epitope blockiert (I6sliche Phase des LIiPhELIA). Diese Epitope
sind distinkt voneinander, so dass verschiedene Testverfahren unterschiedliche Er-
gebnisse liefern. Es verwundert also nicht, dass in den bisherigen Studien zu anti-
MOG Antikérpern bei Menschen aufgrund der unterschiedlichen technischen Gege-
benheiten nicht vergleichbare Ergebnisse generiert wurden [20]. Unsere Arbeiten
liefern zuséatzlich zum ersten Mal den Nachweis, dass Testverfahren, die I6sliches
MOG verwenden, technisch nicht unzulanglich sind, sondern die fur pathologische
anti-MOG Antikérper relevanten Epitope nicht exponieren. Zusammen mit anderen
Arbeiten kristallisiert sich durch unsere Studie zu nativem MOG [179] heraus, dass
die Bestimmung von Antikérpern gegen natives MOG am ehesten krankheitsrelevant
sind.

Dies |aBt sich auch aus der vierten vorgestellten Studie schluldfolgern, wobei
erstaunt, dass Kinder mit demyelinisierenden ZNS-Erkrankungen deutlich starker
gegen MOG reagieren als Erwachsenen. Ferner bemerkenswert ist die hohe
Spezifitdt der humoralen anti-MOG Immunantwort im Kindesalter verglichen mit
Erwachsenen und die kongruente Datenlage im Vergleich zu &hnlichen Arbeiten
anderer Forschungsgruppen [159;198-200]. Wie auch in anderen Arbeiten kann
keine Assoziation zwischen einer EBV-Infektion und dem Nachweis von anti-MOG
Antikérpern nachgewiesen werden [200].

SchlieBlich fugt sich die funfte Studie mit der Beschreibung von anti-GalC
Antikdrpern als mdégliche Marker einer etablierten Erkrankung ein, da sich derartige
Antikdrper nicht im Serum von Patienten mit einer Erstmanifestation (KIS)

nachweisen lassen. Wie schon in den anderen Studien hat die Zuhilfenahme des
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EAE-Modells im C.jacchus Affen erheblich zum Verstandnis und der Interpretation
der jeweiligen Daten beigetragen. Der Vorteil dieses EAE-Modells gegentber
anderen EAE-Modellen in Nagetieren ist die differentielle Induzierbarkeit einer EAE
durch unterschiedliche, wohldefinierte MOG-Praparationen und die Kenntnis, dass
ausschlieBllich MOG im C.jacchus Affen zu einer demyelinisierenden EAE fuhrt.
Dadurch kénnen pathologische von nicht-demyelinisierenden anti-MOG Antikérpern

getrennt und diese Fraktionen auf die zu testenden Hypothesen angewendet werden.

Zusammenfassend |aRt sich feststellen, dass anti-MOG Antikdrper auch bei
der MS eine relevante Rolle spielen und dass durch die beschriebenen eigenen
Arbeiten eben diese Rolle nadher charakterisiert worden ist. Der unmittelbare Nach-
weis demyelinisierender Eigenschaften von humanen Antikérpern gegen MOG ist
allerdings zum gegenwartigen Zeitpunkt noch nicht erbracht worden. Dies mag an
der Tatsache liegen, dass die genauen pathogenen Epitope noch nicht identifiziert
worden sind. Die hier vorgestellten eigenen Arbeiten haben diese Bestrebung ein
gutes Stiuck vorangebracht. Ein zukinftiges Ziel wird sein, die immundominanten und
fur den Menschen krankheitsrelvanten Epitope weiter zu charakterisieren. Idealer-
weise wird die klinische Relevanz von anti-MOG Antikérpern, die spezifisch flir diese
Epitope sind, an einer grolden Kohorte klinisch und paraklinisch gut charakterisierter
MS-Patienten validiert. Der endguiltige Beweis erfolgt dann durch den passiven
Transfer affinitdtsgereinigter anti-MOG Antikérper aus Patienten in ein EAE-Modell.
Hier bietet sich wegen der guten Homologie der Immunsysteme das C.jacchus Affen-
modell an. Histopathologisch missen sich demyelinisierender Lasionen, idealerweise
mit Ablagerung von humanen Antikdrpern in den Lasionen, nachweisen lassen. Dann
kann versucht werden, genau diese anti-MOG Antikérper als Biomarker zu imple-
mentieren, wobei es sich am ehesten um einen fir die Therapieentscheidung
wegweisenden Marker handeln wirde. Denn die hier beschriebene niedrige Sensi-
tivitat der bisherigen anti-MOG Antikérper wird weiterhin niedrig bleiben. Aber es
kann postuliert werden, dass mit Kenntnis der pathogenen MOG-Epitope sepzifische
Immuntherapien entwickelt werden. Denkbar wére eine Immunabsorption genau
dieser Antikorper, eine Blockade der Epitope zum Beispiel durch spezifische Fab-
Fragmente oder eine Blockade der komplementaren Rezeptoren auf autoreaktiven

B-Lymphozyten mit dem Ziel, diese Zellen in Anergie zu bringen.
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Epitope recognition on the myelin/oligodendrocyte
glycoprotein differentially influences disease
phenotype and antibody effector functions in
autoimmune demyelination
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Naoyuki Tanuma'*, Til Menge' and Claude P. Genain'

' Department of Neurology, University of California, San Francisco, USA

2 Department of Neurology, Universitatsspital Zirich, Zirich, Switzerland

3 Service de Neurologie-Federation des Neurosciences Cliniques, Hopital Pellegrin-Tripode,
Bordeaux, France

“ Department of Pediatrics, Metropolitan Fuchu Medical Center for Severe Motor and Intellectual
Disabilities, Fuchu, Tokyo, Japan

Preliminary observations of humoral immunity against the myelin oligodendrocyte glycopro-
tein (MOG) in experimental allergic encephalomyelitis (EAE) and human multiple sclerosis
(MS) suggest that a subset of anti-MOG autoantibodies directed against conformational epi-
topes is of pathogenic predominance. Here, we provide proof that in marmoset EAE, autoan-
tibodies reactive against conformational epitopes of MOG are not only responsible for
aggravating demyelination, but also an essential factor for disease dissemination in space
within the central nervous system, a hallmark for typical forms of human MS. In terms of
effector mechanisms, IgG deposition and complement activation occur exclusively in asso-
ciation with presence of these conformational antibodies, while microglial/macrophage acti-
vation appears to be a common immunopathological finding regardless of the fine determi-
nant specificity of anti-MOG antibodies. These findings highlight for the first time the com-
plex heterogeneity of function and pathogenicity in the polyclonal anti-MOG antibody reper-
toire of outbred species. Because the linear and conformational antibody determinants of
MOG are shared between marmosets and humans, these results are directly relevant to
understanding effector mechanisms of organ damage in MS.

Eur. J. Immunol. 2004. 34: 2072-2083

See accompanying Commentary http://dx.doi.org/10.1002/€ji.200425291

Key words: Autoantibody / Myelin oligodendrocyte glycoprotein / Epitopes / Complement

1 Introduction

Myelin oligodendrocyte glycoprotein (MOG)-induced
experimental allergic encephalomyelitis (EAE) in the
common marmoset (Callithrix jacchus) is a multifocal dis-
ease of central nervous system (CNS) white matter that
closely approximates human multiple sclerosis (MS) [1,
2]. Myelin-directed T cell reactivity is obligatory for dis-
ease development in marmosets as in all EAE models;

[DOI 10.1002/€ji.200425050]

Abbreviations: MOG: Myelin oligodendrocyte glycopro-
tein CNS: Central nervous system MS: Multiple sclerosis
rMOG,_;,5: Recombinant extracellular domain of MOG pep-
MOG: Mixture of 20mer peptides spanning the extracellular
domain of MOG Anti-MOG-P: Antibodies against peptide
epitopes of MOG Anti-MOG-C: Antibodies against confor-
mational epitopes of MOG aa: Amino acids MPB: Myelin
basic protein
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however, involvement of anti-MOG antibodies is neces-
sary for development of the typical MS-like neuropatho-
logical phenotype [3]. Not unexpectedly, a broader het-
erogeneity of epitopes within MOG antibody responses
is found in primates compared to rodents (reviewed in
[4]). Although limited preliminary observations suggest
that epitope recognition may underlie differences in anti-
body effector functions in humans [5], these relation-
ships remain largely unexplored.

Structurally, antibodies against MOG can be differenti-
ated on the basis of their ability to recognize either linear
or conformational, tertiary structure-dependent epitopes
[6]. Standard ELISA methods cannot separately detect
antibody reactivity against conformational and linear epi-
topes of MOG, thus pathogenic properties and effector
functions of these different antibody populations cannot
be understood unless they are isolated and separately
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studied. Such information is needed in order to properly
interpret anti-MOG antibody reactivity in MS, which has
been reported with varying frequencies depending on
the study, the method of detection and the protein used
[7-14].

Cloning of MOG-reactive antibodies present in the mar-
moset immune repertoire has revealed monoclonal anti-
body specificities that define several distinct conforma-
tional, surface-exposed epitopes of MOG, which are also
present in human antibody repertoires [6]. Here, we have
taken advantage of this model system to characterize
the immunopathogenicity of anti-MOG antibodies
according to their epitope recognition. Using combina-
tions of active immunizations and passive antibody
transfers of affinity-purified antibody fractions in combi-
nation with immunohistochemical analysis, we found
evidence that both linear and conformation-dependent
anti-MOG antibodies are potentially pathogenic by con-
tributing to macrophage recruitment and activation in
EAE lesions. However, conformation-dependent anti-
bodies appear to be required for dissemination of CNS
pathology and complement deposition in lesions. These
results have important implications for interpretation of
anti-MOG antibody reactivity in health and disease.

Pathogenic heterogeneity of anti-MOG antibodies 2073

2 Results

2.1 Clinical and neuropathological
characteristics of EAE induced with MOG
peptides or rMOG,_;,5

Table 1 recapitulates the clinical and neuropathological
phenotypes of EAE induced with either the recombinant
extracellular domain of MOG (rMOG;_;.5; group |) or lin-
ear MOG peptides (group ll). The course of MOG
peptide-induced EAE tended to be progressive, with
more rapid progression in the two animals immunized
with a mixture of 20mer peptides spanning the extracel-
lular domain of MOG (pepMOG; animals 39-95 and
65-92). rMOG_y55-induced EAE was either rapidly pro-
gressive or relapsing-remitting (not shown), as previously
described in animals observed chronically. It is notewor-
thy that overall severity of disease was not associated
with a particular immunization regimen: both animals
J2-97 (rMOG_iz5-immune) and 39-95 (pepMOG-
immune) developed hyperacute EAE symptoms requir-
ing immediate euthanasia.

Neuropathologically, the first remarkable difference
between animals in the two immunization groups was
a tremendously reduced white matter lesion burden
in groupll (groupl: 163+56.3 lesions; group lI:

Table 1. Characteristics of EAE in groups | ({MOG;_;,s-immune, gray shading) and Il (MOG peptide-immune) marmosets®

Animal 1D Immunogen Max. clinical score No. of lesions Inflammation Demyelination
u004-99 rMOG_125 14 326 F++ Tt
U009-99 rMOG_25 8 135 +++ +++
Cj72-88 rMOGi_125 5.5 67 +++ +++
J2-97 rMOGi_125 29 124 +++ +++
199-94 aa 21-40 8 4 +++ +
368-94 aa 21-40 10 4 ++ +
39-95 pepMOG 19 4 +++ +
65-92 pepMOG 9 33 ++ +2
252-93 aa 1-40 5 6 ++ +
TX245-90 aa 1-40 10 8 +++ +
14-91 aa 21-40, 51-90 12 8 + +
TX75-92 aa 51-90 10 13 + +
Tx256-93 aa 81-120 9 3 + +

4 pepMOG denotes a mixture of 11 20mer peptides overlapping by ten aa and spanning the sequence of MOG aa 1-120.

b)

were demyelinated.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Demyelination was found with the grade indicated in all lesions except in animal 65-92, in which only 18 of 33 (55%) lesions
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Fig. 1. Average CNS lesion load in rMOG;_;;s- and MOG
peptide-immunized marmosets; means + SEM.

9.2+3.1 lesions; mean + SEM, p=0.0012; Table 1, Fig. 1).
Second, in contrast with the multifocal disease that we
and others have consistently observed in many
rMOG;_i;s-immune marmosets (typically involving optic
nerves, spinal cord, brain hemispheres, and brainstem
with perivascular intraparenchymal distribution [1]), the
distribution of lesions in MOG peptide-immune animals
was mainly restricted to brainstem and spinal cord with a
pattern of subpial space infiltration reminiscent of MOG
peptide-induced EAE in mice [15, 16] (Fig.2). Ani-
mal 39-95 developed a large hemorrhagic lesion in the left
optic tract and nerve. Only one of the pepMOG-
immunized animals developed inflammatory lesions
within the cerebral white matter (animal 65-92), none of
which showed evidence of demyelination (not shown).
The third difference was that the extent of demyelinated
areas was reduced in lesions of MOG peptide-induced
EAE compared with those of rMOG,_;,5-induced EAE, in
the presence of roughly similar degrees of inflammation
(Table 1). The demyelination in MOG peptide-induced
EAE did not extend beyond the margin of inflammatory
infiltrates, in contrast to the protracted and expanding
lesions of rIMOG;_,s-induced EAE (Fig. 2). The most abun-
dant pattern of demyelination in lesions of MOG peptide-
induced EAE was myelin vacuolation (Fig. 2A), a feature
that is present at the periphery of expanding lesions in
rMOG;_;»5-induced marmoset EAE [17] (Fig. 2B).

2.2 Epitope specificities of antibody responses

All monkeys developed serum antibodies that reacted to
both rMOG_1,5 and linear peptides as shown by stan-
dard ELISA of unfractionated serum (Fig. 3, left panels).
To separately characterize conformational and linear
specificities, the following selected sera were depleted
from pepMOG-reactive antibodies: group | (rMOG_15-
immune): J2-97, 72-88, U004-99, U009-99; group II:

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 2. Neuropathology of rMOG_5- and MOG peptide-
induced EAE. High-power views (x200) of cervical spinal
cord sections stained with LFB. (A) Typical inflammatory
infiltrate in a marmoset immunized with MOG aa 21-40
(368-94). Note contiguity with the subpial space (upper right
corner) and the limited amount of demyelination. (B) Perivas-
cular, inflammatory infiltrate in deep periventricular white
matter (V = blood vessel) with pronounced concentric demy-
elination, characteristic of rMOG;_i;s-immunized animals
(J2-97). Such lesions were never found in MOG peptide-
immune C. jacchus. Note myelin vacuolation (arrows) in both
MOG peptide-induced EAE (A) and at the lesion edges in
rMOG;_s-induced EAE (B).

pepMOG-immune: 39-95, 65-92; MOG amino acids (aa)
21-40-immune: 199-94, 368-94; a pool of equal
amounts of sera from animals 14-91, 75-92, 252-93,
245-90, 256-93. The results from representative animals
and the pooled sera from group Il are shown in the right
panels of Fig. 3.

Complete depletion of sera from the MOG peptide-
reactive antibody fraction (anti-MOG-P) was achieved
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Fig. 3. Fine specificities of unfractionated sera and anti-
MOG-P-depleted sera from representative animals of
groups | and Il. The left panels show reactivity of whole sera
at a dilution of 1:200. The right panels show residual reactiv-
ity after removal of anti-MOG-P antibodies by affinity chro-
matography. (A, B) Antibody specificities in rMOG;_;z5-
immunized monkeys (n=4, means + SEM), demonstrating
that strong reactivity against rMOG_y,5s is retained after
removal of all MOG peptide-specific antibodies. (C-F) Rep-
resentative experiments for individual animals immunized
with individual or all MOG-derived peptides (aa 21-40,
199-94; pepMOG, 39-95). (G, H) Reactivity of a pool of
MOG peptide-immune sera (animals 252-93, Tx245-90,
14-91, Tx75-92, Tx256-93). The MOG-reactivity is
completely removed in all animals immunized with MOG-
derived peptides by passage on pepMOG columns, indicat-
ing that this immunization regimen does not induce
conformation-dependent antibodies. Compare to (A, B),
rMOG;_;5-immune animals.

after three to five passes over the pepMOG columns, as
shown by the lack of binding to individual peptides
(Fig. 3, right panels). Depletion from anti-MOG-P
resulted in complete loss of reactivity to rMOG_;5 in
each of the animals immunized with MOG peptides
(Fig. 3D, F, H), regardless of the sequence of the immu-
nizing peptides. By contrast, sera from rMOG_.s-
immune animals always retained reactivity against whole

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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rMOG_;,5 after being depleted from anti-MOG-P anti-
bodies (Fig. 3B).

Anti-MOG-P and/or the fraction of antibodies reactive
against conformation-dependent epitopes of MOG (anti-
MOG-C) from animals of both groups were eluted from
the respective affinity columns. Only anti-MOG-P dis-
played binding to MOG peptides, as did the respective
sera from which they were purified. These antibody frac-
tions were also capable of binding to rMOG_;,5 in vitro in
the ELISA system (not shown). Incubation of normal mar-
moset CNS sections with anti-MOG-P antibodies
showed that these antibodies strongly stained white
matter, as did anti-MOG-C antibodies. This was
observed regardless of the immunization regimen used
to produce anti-MOG-P antibodies (e.g. rMOG;_1,5 or
MOG peptides) (Fig. 4). No significant reactivity to either
recombinant glutathione S-transferase (GST) expressed
in Escherichia coli or the (His)s C-terminal peptide was
detected in any of the antibody fractions (not shown).
Together, these findings demonstrated that (1) both line-
arly defined (anti-MOG-P) and conformational (anti-
MOG-C) antibodies are capable of binding to MOG in
situ, thus epitope recognition per se does not appear to
be the determining factor for antibody binding to MOG
embedded in intact myelin sheaths; (2) anti-MOG-C anti-
bodies that were isolated after depletion of pepMOG-
specific antibodies were not directed against the C-
terminal peptide of rMOG;,_,,5 or against bacterial con-
taminants in the rMOG_»5 preparation used to synthe-
size the chromatography columns.

2.3 MOG-specific T cell proliferative responses

Circulating T cell proliferative responses to rMOG;_1,5
were observed in peripheral blood mononuclear cells
(PBMC) of all animals at euthanasia. The magnitude of
these responses was similar in MOG peptide-immune
animals and rMOG;_i;s-immune animals (10+3.1 vs.
12.7+£5.8; not significant; Fig.5). T cell proliferative
responses mapped to 20mer peptides corresponding
either to the immunodominant T cell epitopes in
rMOG;_z5s-immune marmosets [4] or to the immunizing
peptide(s) in MOG peptide-immune animals (not shown).

2.4 Immunohistochemical characterization of
lesions

Results of immunostaining are summarized in Fig. 6, 7.
Macrophage infiltration was a consistent feature of
inflammatory infiltrates in all animals, as indicated by
staining for HAM56 (Fig. 6A, B). Pronounced IgG deposi-
tion was found in rIMOG,_i,5-immune animals, either in
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Fig. 4. Reactivity of affinity-purified anti-MOG antibody fractions with native MOG. Immunohistochemical staining of normal cor-
pus callosum (cc) from an unimmunized C. jacchus. (A, B) Anti-MOG-C and anti-MOG-P from an rMOG;_,s-immune serum pool;
(C) anti-MOG-P from a MOG peptide-immune serum pool; (D) naive C. jacchus serum; gm, gray matter.

the immediate perivascular vicinity or deeper within the
white matter parenchyma (Fig. 6C). In sharp contrast,
lesions that showed IgG deposition were observed in
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Fig. 5. T cell proliferation against rMOG_155 in rMOG_15-
and MOG peptide-immune animals; means + SEM.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

only two animals immunized with MOG peptides (39-95
and one in 252-93). This involved a single hemorrhagic
lesion in both cases (not shown), which raises the possi-
bility that this was the result of exudation of blood into
the lesion. In addition to parenchymal deposition, IgG
could also be detected in cells present in close vicinity of
blood vessels in rIMOG;_;s-immune animals (B cells or
plasmocytes; Fig. 6C). Some of the lesions found in
MOG peptide-immune animals also showed IgG-
positive cells, though much less frequently (not shown).
Quantitatively, the differences in IgG deposition and IgG-
positive cells between rMOG;_i;5- and MOG peptide-
immune animals were significant (p=0.003 and p=0.038,
respectively; Fig. 7). Highly significant differences were
also observed for C9neo deposition, which was pro-
minently observed in rMOG_i;s-immune animals
(56% positive of 204 lesions analyzed), but was uni-
formly absent from any of the 83 lesions analyzed in
MOG peptide-immune animals (0%; p<0.0001; Fig. 6E,
F; 7).
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MOG aa2l-40-immune

Fig. 6. Immunohistochemical characterization of CNS lesions. Representative lesions from an rMOG;_;;s-immunized animal
(J2-97, left) and an animal immunized with MOG aa 21-40 (199-94, right). From top to bottom: staining for macrophages
(HAM56; A, B); IgG (C, D); C9neo (E, F). Activation of complement (C9neo) was a characteristic of rIMOG,_y,s-induced EAE and

was not found in MOG peptide-immune animals. Original magnification 600x.
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Fig. 7. Quantitative analysis of HAM56, IgG and C9neo in
CNS lesions. Values on y axis represent the percentages of
positive lesions for each marker (rMOG;_j2s-immune ani-
mals: 204 lesions, open bars; MOG peptide-immune ani-
mals: all visible lesions (n=83), closed bars; means + SEM).
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2.5 Anti-MOG antibody transfer experiments in
myelin basic protein-immunized animals

All animals developed an immune response against mye-
lin basic protein (MBP) as assayed by ELISA (not shown);
however, none of the animals showed obvious signs of
clinical EAE during the observation period. Neuropatho-
logically, the three groups markedly differed: animals that
received anti-MOG-P/C (U015-99 and 437-99) devel-
oped 135 and 35 inflammatory lesions, respectively
(Fig. 8A, B; Table 2), mostly located in the cerebral white
matter, with pronounced demyelination, highly similar to
lesions found in rIMOG;_;,5-immune animals; animals that
received anti-MOG-P (U026-00 and U029-00) devel-
oped 35 and 1 inflammatory lesions, respectively. All
lesions in the latter animals showed significantly less
demyelination and were characterized mostly by peri-
vascular cuffing with mononuclear cells (Fig. 8C, D;
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Table 2. Passive antibody transfer of fractionated anti-MOG
antibodies in MBP-immunized marmosets

Animal ID Antibody transferred  No. of  Demyeli-
CNS nation
lesions

437-99 Anti-MOG-P/C 135 +++
U015-99 Anti-MOG-P/C 35 ++
u026-00 Anti-MOG-P 35 +
U029-00 Anti-MOG-P 1 +
118-99 Naive Igs 0 -
335-97 Naive Igk 0 -

Table 2). Most of the lesions in animal U026-00 were
located in the cerebral hemispheres and were reminis-
cent of the lesions found in the pepMOG-immunized ani-
mal 65-92 (not shown), whereas the 1 lesion found in
animal U029-00 was located in the brain stem and thus
shared an important characteristic with most of the MOG
peptide-immunized animals; no lesion was detectable in
the CNS of either animal that received naive C. jacchus
Igk (not shown).

Eur. J. Immunol. 2004. 34: 2072-2083

3 Discussion

Studies of the murine anti-MOG antibody repertoire
[18-22] and recent crystallization studies of MOG/anti-
MOG antibody complexes [23, 24] indirectly suggest that
recognition of conformational determinants of MOG may
be an important requirement for pathogenicity. However,
according to some [25] but not all [26] investigations,
Lewis rats immunized with MOG aa 35-55 can develop
multifocal demyelinating disease despite the demonstra-
tion that these animals do not develop conformation-
dependent anti-MOG antibodies. This implies that MOG
peptide-specific antibodies may be pathogenic in the
rat, as seems to be the case in several mouse strains
[27].

A role for humoral mechanisms of demyelination in
human MS is even less clear than in EAE, although sug-
gested by the presence of intrathecal Ig synthesis, clonal
expansion of Bcells, and complement activation
(reviewed in [28]). Despite one in vitro study that provides
clues to the nature of exposed determinants of MOG in
humans [5], to what extent the recognition of conforma-
tional determinants of MOG by B cells and/or antibodies
influences the expression of MS phenotypes in humans

Fig. 8. Neuropathology of MBP-immunized animals after passive transfer of anti-MOG antibodies. Representative CNS lesions
in animals that received anti-MOG antibodies reactive against both conformational and linear epitopes [anti-MOG-P/C; (A)
437-99, (B) U015-99], and in animals receiving MOG peptide-specific anti-MOG antibodies [anti-MOG-P; (C) U026-00, (D)
U029-00]. All antibody fractions were derived from rMOG;_;,5-immune serum. LFB stains, magnification 200x.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eji.de



Eur. J. Immunol. 2004. 34: 2072-2083

remains largely unknown. The concomitant presence in
MS serum of pathogenic and non-pathogenic antibodies
that cannot easily be distinguished one from another
may be responsible for the lack of clear correlation
between antibody presence and disease phenotype that
has so far been reported. The current studies systemati-
cally investigated functional properties of anti-MOG anti-
bodies according to epitope recognition in outbred mar-
mosets, an EAE model where the diversity of humoral
responses parallels that encountered in MS, and include
determinants of MOG commonly found in humans [4, 6].
We show that marmosets develop radically different
forms of EAE after immunization with either MOG pep-
tides or rMOG;_»5, and that the EAE phenotype corre-
lates with the presence or absence of a conformation
dependent anti-MOG antibody response.

It is important to note that the differences between
rMOG_1,5s- and MOG peptide-induced EAE predomi-
nantly involved patterns of disease dissemination and
demyelination, and not severity of EAE. Some animals in
both groups developed either severe, rapidly progressive
disease or mild to moderate forms, as can be expected
in this outbred species. However, MOG peptide-
immunized animals showed reduced, albeit significant
demyelination compared to rMOG_;z5-immune animals.
Demyelinating lesions in the former animals were mostly
observed in spinal cord and brain stem, and not in cere-
bral hemispheres where they typically occur after
rMOG;_izs-immunization [1]. This pattern of pathology
was consistent in all MOG peptide-induced EAE cases
regardless of the choice of immunizing peptide within the
sequence of the extracellular domain of MOG, likely indi-
cating that the observed differences were not a conse-
quence of T cell epitope immunodominance. Rather, we
propose that the recognition of conformational determi-
nants of MOG was the basis for certain pathogenic prop-
erties of antibodies and/or B cells, which together with
T cell responses resulted in MS-like multifocal disease
and prominent demyelination.

A major finding of the current study is the clear demon-
stration of a link between antibody determinant recogni-
tion and density and distribution of CNS lesions. The
presence of anti-MOG-C appears strictly associated
with disease in a typical MS-like distribution (brain hemi-
spheres, optic nerve and spinal cord), whereas linear-
dependent antibodies are clearly associated with focal
disease mostly restricted to brain stem and spinal cord in
most animals. The subpial localization of demyelinating
infiltrates in MOG peptide-immunized marmosets is also
strikingly similar to CNS pathology observed in C57BL/6
mice immunized with MOG aa 35-55 [16, 29]. Possible
biological explanations for these differences include dif-
ferential binding affinity or, as discussed below, different

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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effector mechanisms activated by anti-MOG-P and anti-
MOG-C antibodies. It is also possible that the density of
expression of MOG molecules and/or presentation of its
accessible epitopes on myelin sheaths differ within the
different parts of the CNS, thus influencing lesion dis-
semination and location.

Our findings in actively induced EAE were fully corrobo-
rated by passive antibody transfer experiments in MBP-
immunized marmosets, which  develop non-
demyelinating antibody responses [3]. MBP-immune ani-
mals that received only anti-MOG-P did not develop
widespread demyelinating disease unlike those that
received preparations containing the antibodies reactive
against conformational MOG epitopes. We conclude that
the latter fraction is responsible for the typical MS-like
phenotype induced by immunization with rMOG_zs, in
partial agreement with studies of mice lacking B cells
which fail to develop severe EAE after immunization with
rMOG_50, but do so after passive transfer of whole
serum from rMOG_;z-immune wild-type mice [30].

However, the marmoset experiments demonstrate that
anti-MOG-P antibodies may also be pathogenic,
because MBP-immune animals that received these anti-
bodies showed significantly more pathology than ani-
mals that received naive marmoset Igk. Indeed, certain
similarities were observed between MOG peptide- and
rMOG_y;5-induced EAE. The lesion pattern observed in
the former includes evidence of myelin vacuolation,
which is also present at the edge of lesions in rIMOG_,5-
induced EAE [2, 17]. This phenomenon has previously
been shown to result, for example, from exposure of the
intact myelin sheath to a variety of toxic soluble sub-
stances such as TNF-a [31], and could also be an effect
of MOG-specific antibodies. Antibodies specific for
MOG aa 21-40 have been detected in close association
with disintegrating myelin membranes in lesions of
rMOG_y,5-induced marmoset EAE, and in those of
human MS [2]. Thus, it is possible that anti-MOG-P anti-
bodies play a pathogenic role in sustaining myelin
destruction by binding to epitopes newly exposed during
active demyelination, as could be the case when natu-
rally occurring MOG dimers are being disrupted [24].

The recognition of structural epitopes of MOG could not
only influence antibody binding in vivo but also result in
different effector mechanisms for antibody pathogenic-
ity. While it was noteworthy that macrophage infiltration
and activation was present to a similar extent in both
MOG peptide- and rMOG,_;zs-induced EAE, consistent
deposition of IgG and the C9 component of the comple-
ment lytic complex was only detected in rMOG;_z5-
immunized animals, and was absent from lesions of
MOG peptide-induced EAE. This suggests that anti-
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bodies against conformation-dependent MOG epitopes,
and not those against the linear epitopes are capable of
activating lytic complement pathways, thus potentially
augmenting the destructive potential of these anti-
bodies. Studies of EAE [18, 32] and MS [33-36] support
a role for complement in lesion pathogenesis; however,
there is no practical marker to detect this type of pathol-
ogy. The knowledge of what antibodies within the MOG
repertoire have specific pathogenic properties in pri-
mates is thus of essential importance.

In summary, we present here a comprehensive analysis
of functional heterogeneity of the MOG-specific antibody
repertoire in an outbred species that shares complexity
and similar structural epitopes with humans. We formally
demonstrate for the first time that antibody responses
against a single target antigen of myelin can be sharply
dichotomized in terms of pathogenic and functional
properties, and that antibody epitope recognition is a
critical factor for phenotypic expression of CNS autoim-
munity. Our observations bear important implications for
the interpretation of anti-MOG antibody serotypes in
humans and will be essential to guide the choice of
future therapies antagonizing pathogenic antibody
responses in MS.

4 Materials and methods

4.1 Antigens

A recombinant protein corresponding to the sequence of the
extracellular domain of rat MOG (rMOG;_;,5) was expressed
and purified to homogeneity as fusion protein with a Hise-
Tag in E. coli following published procedures 7. Eleven syn-
thetic overlapping linear 20mer peptides corresponding to
the sequence of rat MOG aa 1-120, and the C-terminal pep-
tide of rMOG1-125 (WINPGRSRSHHHHHH) were synthe-
sized using standard solid phase chemistry (Research
Genetics, Huntsville, AL) and purified >95% by HPLC.
Purity was confirmed by mass spectrometry. Human MBP
was purified from brain as previously described 8,

4.2 Animals, immunization and characterization of EAE

C. jacchus marmosets used in this study were cared for in
accordance with all guidelines of the Institutional Animal
Care and Usage Committee. Marmosets were actively
immunized with either 50 ug of rMOG;_;,5 (group 1) or 100 ug
of MOG-derived 20mer peptides (group Il, individual pep-
tides or combinations, please also refer to Table 1) dissolved
in phosphate-buffered saline (PBS) and emulsified with
complete Freund’s adjuvant (CFA) as previously described
Bl The peptides or combinations of peptides were selected
according to previous mapping studies that have character-
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ized the immunodominant T cell and antibody epitopes of
rMOG;_125 in marmosets 39,

EAE was assessed by daily clinical examination and animals
were observed for a total of 12-140 days (marmoset
expanded scale, score 0 to 45 %), At the end of the observa-
tion period, euthanasia was performed under deep pento-
barbital anesthesia by intracardial perfusion with 4% para-
formaldehyde, and the entire neuraxis obtained and exam-
ined in serial consecutive sections (2 mm each). Five-
micrometer, paraffin-embedded sections were stained with
luxol fast blue /periodic acid-Schiff (LFB/PAS) or used for
immunohistochemical analysis. Pathological findings were
graded according to separate inflammation and demyelin-
ation scores. Inflammation score: 0, no inflammation pre-
sent; +, rare (1-3) inflammatory infiltrates/average whole
section; ++, moderate numbers (3-10) of inflammatory infil-
trates/section; +++, widespread parenchymal infiltration by
inflammatory cells, with numerous large confluent lesions.
Demyelination score: 0, no demyelination; +, rare (1-3
lesions/section) foci of demyelination; ++, moderate (3-10
lesions/section) demyelination; +++, extensive demyelin-
ation with large confluent lesions.

4.3 Fractionation and purification of antibodies from
immune C. jacchus sera

Sera were collected from each animal at euthanasia, and
stored at —20°C until use. The respective fractions of serum
antibodies with binding specificities for linear peptide or
conformational epitopes were separated by affinity chroma-
tography. Sera or pools of sera from animals in groups | and
Il were repeatedly passed over columns containing a mixture
of the 11 20mer overlapping peptides spanning MOG
aa 1-120 (pepMOG) covalently linked to Sepharose. Bound
material containing the MOG peptide-reactive fraction (anti-
MOG-P) was eluted with glycine buffer pH 2.5, immediately
brought to neutral pH with 1 M Tris buffer (pH 8.0) and
extensively dialyzed against PBS. Thus, in these experi-
ments antibody reactivity found in follow-through fractions
(if present) could not represent any epitope of MOG directed
against a linear feature, and was considered to represent
anti-MOG-C.

The binding characteristics of all eluted and follow-through
fractions were analyzed by ELISA. Anti-MOG-C, if present,
were further affinity-purified by passing pepMOG column
follow-through fractions over Sepharose columns contain-
ing covalently linked rMOG,_,,5 followed by elution, neutrali-
zation and dialysis as described above. In addition to char-
acterization of fine specificity by ELISA, the ability of purified
anti-MOG-P and anti-MOG-C to bind to native marmoset
MOG in situ was determined by immunohistochemistry as
described below using antibody fractions biotinylated with a
sulfo-NHS biotinylation reagent following the manufacturer’s
instruction (Pierce). Unreacted sulfo-NHS biotin was
removed by extensive dialysis against PBS.
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4.4 Epitope specificity

Epitope specificities of whole unfractionated sera, fraction-
ated sera or affinity-purified antibodies were determined by
ELISA. Plastic wells (maleic anhydride plates; Pierce) were
coated with rMOG;_;,s or MOG-derived 20mer peptides.
Control wells contained no antigen, the recombinant GST
from E. coli, and the (His)s C-terminal peptide of rMOG;_;2s.
Wells were blocked with PBS containing 0.05% Tween-20
(PBS-T) and 3% bovine serum albumin, and the following
samples were added in blocking buffer and incubated for 1 h
at 37°C: (1) whole immune serum, 1:200; (2) 3 pg/ml of
affinity-purified  anti-MOG-P  antibodies; (3) group |
(rMOG_j25-), or groupll (MOG peptide-immune) sera
depleted of anti-MOG-P antibodies, 1:200. Next, a horse-
radish peroxidase-labeled anti-monkey IgG (A0170; Sigma,
St. Louis, MO) was added, and after incubation for 1 h, wells
were developed with tetramethylbenzidine (Pierce) and read
at 450 nm.

4.5 Immunohistochemistry

Sections of C. jacchus brain were deparaffinized, hydrated
and treated with a citrate-based antigen-unmasking solution
(Vector Labs, Burlingame, CA) at high temperature for
20 min. Endogenous peroxidase activity was blocked by
incubation of sections in 0.3% H,O, in methanol for 30 min.
Sections were blocked with 5% normal goat serum (Sigma)
in PBS-T for 1 h at 37°C, washed with PBS-T, and incubated
with the following primary antibodies in blocking buffer: (1)
mouse anti-human C9neo (IgG1, Novocastra; 1:25) for stain-
ing of the terminal membrane attack complex; (2) mouse
anti-human HAM56 (IgM, Accurate Chemicals; 1:20), pan-
macrophage/microglia marker; (3) mouse anti-human IgG
(IgM, DAKO; 1:25). After incubation for 1 h at 37°C and
washes with PBS-T, the appropriate biotinylated secondary
antibodies were applied and incubated for another hour at
37°C [rabbit anti-mouse IgG1 (Zymed); goat anti-mouse IgM
(Vector)]. Slides were rinsed again, incubated with the Vec-
tastain Elite ABC Kit (Vector) and stained with 3,3’-
diaminobenzidine (Vector). All slides were counterstained
with hematoxylin and permanently mounted. Biotinylated
anti-MOG-P (from rMOG;_;5s- and MOG peptide-immune
animals, 7 ug/ml and 20 ug/ml, respectively) and anti-MOG-
C (10 ug/ml) were used to measure their ability to bind to
native, full-length MOG expressed in situ by oligodendro-
cytes in marmoset CNS.

4.6 T cell proliferative responses

Antigen-specific T cell proliferative responses were mea-
sured in PBMC obtained at euthanasia by centrifugation,
using a standard 3-day [*H]thymidine incorporation assay
with 10 ug/ml of rMOG;_;,5 or MOG-derived peptides. Stim-
ulation indices were calculated as the ratio of counts in stim-
ulated/control (no antigen) wells.
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4.7 Passive antibody transfers

A total of six animals were immunized with 2 mg MBP emul-
sified in CFA as described previously ¥, and after the devel-
opment of MBP-specific antibody responses (37-43 days
post-immunization, determined by ELISA) received by i.v.
injection the following antibody preparations: (1) the whole
rMOG-reactive antibody fraction from rMOG-immune
C. jacchus sera obtained by immuno-affinity chromatogra-
phy over rMOG columns as described above (anti-rMOG-P/
C, 250 ug/animal, n=2); (2) the peptide-reactive fraction from
rMOG-immune sera obtained by affinity purification over
MOG peptide columns (anti-MOG-P, 125 pg/animal, n=2);
(3) Igx from naive marmoset sera obtained by affinity purifi-
cation over protein L columns (protein L binds to x light
chains of all antibody isotypes) (naive antibodies,
153-180 ug/animal, n=2). All animals were euthanized
2-7 days after the passive antibody transfer and their tissue
processed for histology as described above. Persistence of
anti-MOG antibodies in peripheral blood was confirmed by
ELISA (data not shown).

4.8 Statistics

The following parameters were analyzed for each animal of
groups | (n=4) and Il (n=9): (1) total lesion load, by counting
the number of lesions in 20-24 sections covering the entire
neuraxis; (2) immunohistochemical patterns of staining, by
examining 2—4 sections of brain and spinal cord from group |
(n=4, 24-82 lesions per animal) and all the sections contain-
ing lesions from animals in group Il. We compared the per-
centages of lesions positive for each marker, with positivity
defined as follows: HAM56, > ten stained cells/lesion; IgG
(cellular distribution, B cells), > two stained cells/lesion in
the immediate perivascular vicinity; IgG (parenchymal distri-
bution), clearly positive staining above background along
fibers within lesions and not associated with cells; C9neo,
clearly positive staining above background. Comparisons
between the two groups were performed using a two-tailed,
unpaired Student’s t-test.
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A pathogenic role for circulating anti-myelin antibodies is difficult to establish in
multiple sclerosis (MS). Here, we unravel a broad heterogeneity within the anti-myelin
oligodendrocyte glycoprotein (MOG) antibodies in humans and non-human primates,
and demonstrate that detection of important epitopes of MOG within the pathogenic
repertoire is exclusively dependent on presentation on a solid-phase MOG conformer.
Results of ELISA and those of a liquid-phase assay were compared using a MOG protein
with identical sequence but different conformations. We tested sera from 50 human
subjects, plasma of Callithrix jacchus marmosets known to contain antibodies reactive to
either conformational or linearized MOG, and monoclonal, conformation-dependent
anti-MOG antibodies. We have found no antibody reactivity against the soluble MOG
conformer in human serum, and show that this lack of detection is not due to technical
artifacts. Rather, dominant epitopes of MOG are not displayed in soluble phase, as
shown by a complete lack of binding of conformation-dependent mAb. In MP4-immune
marmosets that exhibit demyelinating pathology due to spreading of antibody
determinants to myelin-embedded MOG, only ELISA can detect pathogenic circulating
anti-MOG antibodies. Thus, the accurate detection of important subsets of pathogenic
anti-MOG antibodies requires methods in which MOG is displayed similarly to its
natural conformation in myelin.
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Anti-myelin antibodies play an important role in the
pathogenesis of demyelinating diseases, in particular
those directed against myelin oligodendrocyte glyco-
protein (MOG), which is an exposed antigen mostly
expressed in CNS myelin [1]. In experimental allergic
encephalomyelitis (EAE), passive transfer of anti-MOG
antibody produces demyelination, a hallmark of the
multiple sclerosis (MS) plaque [2-4]. A causal involve-
ment of circulating anti-MOG antibodies in MS has been
difficult to assess because anti-MOG responses have
been detected at similar levels and incidence in sera of
MS patients, healthy subjects, and other diseases
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(reviewed in [5], see also [6-8]). Recent advances in the
field suggest that several subsets of anti-MOG anti-
bodies, separated on the basis of the tertiary structure of
MOG (conformationally folded vs. linearized) may occur
in both EAE and MS. These distinct subsets of anti-MOG
antibodies have radically different pathogenic proper-
ties, i.e., they influence disease phenotype in terms of
CNS plaque dissemination, and magnitude of demyeli-
nation [9-12]. The controversy surrounding the patho-
genic role of anti-MOG (and other anti-myelin) anti-
bodies in humans is due to many factors. To name a few,
commonly used assays do not discriminate subsets of
antibodies that bind to the different epitopes of MOG,
regardless of whether the protein is conformationally
folded or linearized; additionally, published studies
have used different forms and preparations of MOG that
are variable in length and post-translational modifica-
tions, as well as different assay systems, i.e., ELISA,
Western blots, or cell-based assays [5-8, 10, 13, 14].
Clearly, there is a need to better define anti-MOG
antibody reactivity at the molecular, single epitope level,
to understand the nature of the information provided by
each technique and the potential value of these
paraclinical measurements.

Here, we further explore the basis for heterogeneity
of structural epitopes of anti-MOG antibodies. We
provide rational and conformation-based explanations
for the apparent differential reactivity of serum anti-
MOG antibodies, IgG antibody preparations, and
monoclonal IgG and Fab fragments. This study makes
use of a single antigen with identical sequence
corresponding to the extracellular domain of recombi-
nant human MOG (termed rhMOG;,5) that adopts
different conformations (conformers) in either solid or
liquid phase. We have compared antibody reactivities by
ELISA (solid phase) with a liquid phase-based enzyme-
linked immune assay (LiPhELIA) that requires only
antigen biotinylation. We have confirmed the lack of
specific anti-MOG binding by MS sera in LiPhELIA, as
previously reported. Using a marmoset MS model
(where pathogenic and non-pathogenic antibodies can
be separated according to conformation and epitope
binding), and monoclonal IgG and Fab directed against
epitopes displayed only by the solid-phase conformer
(ELISA), we can demonstrate that important, dominant
epitopes that are targeted in vivo by the pathogenic
responses are not accessible on the solubilized MOG
conformer (LiPhELIA). These results show that some of
the disease-relevant anti-MOG antibodies can only be
detected by solid-phase (or cell-based) assays, where
intact MOG adopts a conformation, which simulates its
presentation to the immune system in the lipid-rich,
membrane-bound environment of CNS myelin.
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Results

Differences between LiPhELIA and ELISA for anti-
rhMOG, 5 reactivity in human samples

Human serum samples (n=50) were chosen randomly
from a larger cohort to sample the full range of anti-
rhMOG,5 reactivity as defined by binding ratios of
sample/background from low (binding ratio <2) to high
(binding ratio >15) (Fig. 1). Anti-tetanus toxoid (TT)
binding ratios exhibited a similar distribution in this
cohort, with no difference between ELISA and LiPhELIA
(p=0.1), and a highly significant between-assays
correlation (ELISA vs. LiPhELIA, r=0.7, p<0.001). Thus,
there was no apparent bias for the purpose of this study
in this sample cohort. By contrast, in LiPhELIA none of
the human serum samples bound to solution-phase
rhMOG 55 (Fig. 1; p<0.0001 compared to ELISA). The
LiPhELIA was 27 times more sensitive than the ELISA for
anti-TT detection: OD at 50% maximal binding (ODs)
required dilutions of 1:600 for ELISA vs. 1:16 200 for
LiPhELIA, and serum dilutions for the threshold of
detection were 1:5400 and 1:145 800, respectively (data
not shown).

Several technical factors potentially accounting for
the lack of anti-rhMOG,5 reactivity in LiPhELIA could
be eliminated, such as degradation of antigen by
protease-activity in human sera (addition of protease
inhibitors), and additional nonspecific serum factors
(protein G-purified human IgG bound to rhMOG55 in
ELISA, but not in LiPhELIA). Faulty readings due to low
antibody titers were ruled out by diluting sera with high
titers of anti-TT IgG in anti-TT-negative serum or in 1%
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Figure 1. IgG reactivity against rhMOG,s and TT in HC (@, O)
and MS patients (A, A), as assessed by solid-phase ELISA (solid
symbols; A, @) and LiPhELIA (open symbols; O, A). Results
expressed as binding ratios. Statistical analysis by unpaired,
two-tailed t-test.
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BSA-PBS-T; TT reactivity in LiPhELIA was reduced, but
still remained detectable in the diluted sera; reactivity
was not affected at all in ELISA (data not shown).

Differences between ELISA and LiPhELIA for
anti-rhMOG;,5 reactivity in marmoset plasma
in relation to antibody subsets

Previous studies have established that marmoset
monkeys immunized with whole human white matter
(HWM, containing native, membrane-embedded MOG),
or recombinant rat and human MOG 5 develop an anti-
MOG humoral response that includes demyelinating
antibodies [4, 9, 15]. Antibodies generated by immu-
nization with one or more 20-mer linear peptides of
MOG (together and subsequently designated as pep-
MOG) in this species are by contrast restricted to linear
determinants and are associated with limited demyeli-
nation and limited dissemination of plaques within the
CNS [9]. Immuno-affinity purification of IgG from
MOG,5-immunized animals confirmed that only the
fraction containing anti-MOG antibodies directed
against conformational determinants was associated
with extensive demyelination [9].
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Figure 2. Antibody reactivity in plasma of C. jacchus marmosets
immunized with HWM (- @ -, -¢-) or pepMOG (-@-, -O-) in ELISA
and LiPhELIA. (A) ELISA reactivity, solid symbols (¢, @). (B)
LiPhELIA reactivity, open symbols (¢, O); 1:4 serial serum
dilutions, starting at 1:1000. Results are expressed as binding
ratios. Mean + SD, five animals per group. Reactivity of
pepMOG-immune plasma is significantly less in LiPhELIA
compared to HWM-immune plasma, while this difference was
not observed for ELISA (p<0.05 and p=n.s., respectively;
unpaired, two-tailed t-test).
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Fig. 2 shows the binding ratios for serial dilutions of
plasma from HWM-immunized, and pepMOG-immu-
nized animals. The ELISA measured similar anti-
rhMOG,5 reactivity regardless of the immunizing
antigen, i.e., HWM vs. pepMOG (p=ns, Fig. 2A). In
contrast, while LiPhELIA detected anti-MOG antibodies
in the HWM-immunized monkeys, there was no
reactivity at any plasma dilution in pepMOG-immunized
animals (p<0.05, ELISA vs. LiPhELIA; unpaired two-
tailed t-test for all dilutions, Fig. 2B). Pre-immune naive
plasma did not react in either assay system, when
assessed at 1:100 dilutions (data not shown).

Differences between ELISA and LiPhELIA for
affinity-purified anti-MOG IgG

It could be argued that the lack of reactivity of the
human samples in LiPhELIA might be due to the
presence of antibodies exclusively specific for linear
MOG epitopes, as demonstrated for pepMOG-immu-
nized marmoset plasma (Fig. 2B). To address this
question, two sets of experiments were designed. First,
IgG from pepMOG-immunized marmoset plasma were
purified on pepMOG affinity columns [9]. These
purified I1gG bound only minimally in LiPhELIA: at
saturating IgG concentrations binding was 11.7 times
less than by ELISA (Fig. 3A). Second, anti-MOG IgG from
human MS patients were purified on an rhMOG;,s
column, and, to segregate antibodies specific for
conformational thMOG1,5 epitopes, the pepMOG-spe-
cific antibody subsets were removed by immuno-affinity.
These human conformational antibodies also reacted
poorly in LiPhELIA (binding ratio of 1.4 at 50 pg/mL,
approximately 12.6 times less than ELISA, Fig. 3B).
These experiments confirm that the anti-MOG reactivity
measured by ELISA in humans is directed against
epitopes other than those exposed on the soluble MOG
conformer, and cannot simply be accounted for by an
exclusive specificity for linear epitopes. Epitope con-
siderations set aside, our results also indicate that none
of the human antibodies in serum binds to the soluble
conformer of MOG.

Definition of fine epitope specificity on rhMOG,5
with mAb

ELISA and LiPhELIA reactivities and affinity constants
were determined for the murine mAb 8.18¢5 [16] that is
known to recognize rhMOG,5 and ratMOG (aa 1-125),
and three marmoset-derived Fab that had been selected
for their reactivity against recombinant ratMOG_1os.
None of these monoclonal reagents binds to linear MOG
epitopes [10, 17, 18]. Each of the marmoset Fab define a
different conformational epitope on the exposed surface
of ratMOG1_;55 in solid-phase (ELISA conformer) [10,
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Figure 3. Reactivities of immuno-affinity purified anti-MOG
marmoset IgG directed against linear MOG epitopes from a pool
of pepMOG (-@®-, -O-) -immune plasma, and human IgG
directed against rhMOGizs (-A-, -A-). (A) Reactivity of
marmoset IgG; these IgG fractions are strictly depleted of
any antibody reacting to conformational MOG [9]. (B) Reactivity
of human IgG from a pool of four MS patients with high anti-
rhMOG,s reactivity in ELISA. Solid symbols (-A-, -@-)
represent ELISA reactivity; open symbols (-A-, -O-) represent
LiPhELIA reactivity. Twofold serial dilutions starting at 50 ng/
well. Results expressed as binding ratios.

11, 18]. In contrast to 8.18c5 that bound equally well to
liquid-phase and solid-phase thMOG;,s (Fig. 4A), none
of the marmoset Fab showed significant binding to
liquid-phase thMOGjs, exhibiting only low reactivity at
saturated concentrations (Fig. 4B). The Fab designated
M3-24, despite its lack of reactivity in liquid phase, has
an affinity constant similar to that of 8.18c5
(Kp=11 x10®M and 1.0 x 10® M, respectively;
Fig. 4). These findings suggest that immunodominant
and disease-relevant epitopes of rhMOG;,5 are not
exposed in an aqueous environment. Very importantly, a
MOG epitope defined in marmosets by the monoclonal
Fab M3-24 is shared by the circulating anti-MOG
antibody repertoire of human MS [18]. This implies
that at least, certain disease-relevant and/or pathogenic
antibodies present in humans may be missed in liquid-
phase assays.

Differences between ELISA and LiPhELIA for anti-
rhMOG; »5 reactivity in MP4-immunized
marmosets

From the observations in marmosets, it appears that
immunization with the correctly folded MOG conformer

(contained in white matter and lipid soluble) is a pre-
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requisite for detecting reactivity in LiPhELIA (Fig. 2).
This is the case in humans for immunization with TT, an
antigen that is more water soluble than rhMOG1,s.

To consolidate this interpretation of the current data,
we measured the reactivities of plasma of marmosets
immunized with MP4, a recombinant protein construct
that encompasses solely myelin basic protein (MBP) and
proteolipid protein (PLP) amino acid sequences [19].
Three of these animals had developed antibody
responses that included inter-molecular epitope spread-
ing with antibodies against MOG as well as MBP and
PLP, even though they had not encountered MOG
through peripheral immunization [19]. Reactivity
against thMOG,5 was readily detected by ELISA in
these three animals, whereas no binding to liquid-phase
rhMOG ;55 was measurable in LiPhELIA (binding ratio
~1) (Fig. 5). Demyelination with IgG deposition was
present in the marmosets that were anti-MOG positive,
and not in the anti-MOG negative ones (all by ELISA)
[19]. These observations bolster our contention that the
absence of liquid-phase reactivity in plasma does not
exclude presence of disease-relevant and pathogenic
antibodies against MOG. Additionally, they indicate that
antibody responses against MOG generated during the
course of disease by inter-molecular spreading (e.g.,
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Figure 4. Anti-rhMOG;,s reactivity of 8.18c5 and C. jacchus-
derived Fab in ELISA (solid symbols) and LiPhELIA (open
symbols). (A) 8.18¢5 (-#-, -0-), Kp = 0.1 + 0.1 x 107 M.

(B) M3-24 (-@-, -O-), Kp = 0.11 + 0.006 x 107 M;

M26 (-W-, -[1-), Kp = 0.81 + 0.37 x 107 M;

M3-31 (-A-, -A-), Kp = 1.63 + 1.56 x 107 M.

Serial dilutions starting at 200 ng/well (Fab) and 50 ng/well
(8.18c5). Results expressed as binding ratios. Affinity constants
Kp (+ SD) measured as described [46, 47].
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directed against native, myelin-embedded MOG) are not
detected by liquid-phase assays.

Reactivity of multimerized rhMOG,,s in
native PAGE

It has been reported that recombinant mouse MOG (aa
1-117) forms dimers in solution that may block a major
T cell epitope, thus preventing an immune response and
formation of specific autoantibodies [20]. Although in
the current studies we used a different protein (human,
extended by 8 aa), we investigated whether multi-
merization of MOG could be a factor explaining the lack
of reactivity in the soluble-phase system. Under mild
SDS-PAGE denaturing conditions by addition of SDS to
the running buffer only, rhMOG,5 appears mainly as a
monomer at 15 kDa, and in a minor fraction as a dimer
atabout 30 kDa in (Fig. 6A). Horse myoglobin (HM) and
human carbonic anhydrase (hCA) were used as markers
for monomeric (HM, lane 1) and dimerized rhMOG 55
(hCA, lane 2) due to their biological properties similar
to MOG, i.e., molecular size and isoelectric point (pI)
(Fig. 6A). When rhMOG+,5 was analyzed in native PAGE,
only multimers (dimer and trimer) and no monomer
forms existed (Fig. 6B); the majority of the protein was
shown to migrate well above the 29.5-kDa marker (hCA,
lane 2) compatible with MOG trimers and a smaller
portion just below it (comprising MOG dimer), but none
at, or in close vicinity of the monomer marker (HM,
lane 1). Polymerization did not adversely affect anti-
body binding to MOG epitopes; LiPhELIA-negative
antibodies, such as the marmoset Fab, the IgG contained
in pepMOG-immune marmoset sera and those contained
human sera, exhibited binding to rhMOG 1,5 trimers and
dimers (Fig. 6C). Thus, it is not the formation of MOG
polymers that is responsible for lack of binding in
LiPhELIA.

5 * *
4
34
24
J Ha Ha W0
D-
100 200 400

1idilution

Binding ratio

Figure 5. Antibody reactivity in plasma of C. jacchus marmosets
after induction of demyelinating EAE with MP4 [19] in ELISA
and LiPhELIA. Serial plasma dilutions, starting at 1:100. Results
are expressed as binding ratios. Mean =+ SD (n=3). Black bars
represent ELISA reactivity; gray bars represent LiPhELIA
reactivity. Stars (*) indicate significant differences of binding
ratios (p<0.05, unpaired, two-tailed t-test).
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Figure 6. Assessment of dimer/multimer formation of soluble
rhMOGi,s and the resulting antigenicity in immunoblot. (A)
Denaturing SDS-PAGE (10-20% gradient gel). Lane 1, HM;
lane 2, hCA; lane 3, thMOG,s. Biosafe Coomassie protein
stain, 2 pg protein/lane. (B) Native continuous PAGE (6% gel).
Lane 1, HM; lane 2, hCA; lane 3, rhMOG;,s. Biosafe Coomassie
protein stain, 2 pg protein/lane. (C) Native Western blot of
rhMOG ;s after native PAGE. Blot strips were probed as follows:
lane a, total protein stain with GelCode (Pierce) after transfer;
lane b, M26, 5 ng; lane c, M3-24, 5 pg; lane d, 8.18c5, 0.25 pg;
lane e, pepMOG-immune serum pool, 1:1000. Substrate Opti-
4CN.

Discussion

Liquid-phase assays have proven to be more sensitive
and of greater clinical value than ELISA in diabetes
mellitus [21]. We investigated whether this concept
could be applied to circulating anti-MOG antibodies
found in MS. The assay presented here uses soluble,
biotinylated antigen and is technically able to detect
antibodies in human serum with high sensitivity, as
demonstrated for anti-TT IgG (Fig. 1). It failed however,
to detect antibodies against soluble rhMOG 5 in any of
50 samples studied [MS patients or healthy controls
(HC)], while some of these samples were highly positive
in solid-phase ELISA (Fig. 1) and were also positive in a
cell-based assay using native, membrane-embedded
MOG [22]. The liquid-phase assay findings are con-
sistent with results reported that used a the full-length
human MOG protein (aa 1-218) [23], glycosylated and
dimerized rhMOG (aa 1-121) [24], or tetrameric MOG
in solution [25]. The current study differs from the
previous ones in that it is the only one to have employed
the same recombinant MOG protein in a comparative
study of liquid- vs. solid-phase systems, and makes use of
recombinant antibodies that have well-defined binding
characteristics at the single conformational epitope
level. Our results further unravel the complex hetero-
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geneity of structure-function relationships for circulat-
ing anti-MOG antibodies.

The lack of detection in human samples by the non-
radioactive LiPhELIA is not attributable to technical
shortfalls of the assay. First, antibodies against the
soluble rhMOG,5 conformer are readily detectable in
marmoset EAE induced with native, HWM-embedded
MOG:; the efficiency of a comparable assay has recently
been reported [26]. Second, in LiPhELIA soluble MOG is
capable of binding to the murine mAb 8.18c5, an
exclusively conformational antibody [10]. Thirdly, the
lack of soluble MOG reactivity in humans is not due to
formation of dimers or multimers after aqueous
solubilization of rhMOG,5 (Fig. 6). Fourthly, we have
ruled out the possibility that low antibody affinity is a
limiting factor for binding to the rhMOG55 conformer
(Fig. 4). Fifth, we are confident that biotinylation does
not alter the conformation of rhMOG;,5; (i) when
biotinylated rhMOG,5 was coated in ELISA wells,
reactivity to 8.18c5 and the Fab can be elicited; (ii)
terminating the biotinylation reaction prematurely and
thus attaching less than 1 mol biotin/mol rhMOG1,s did
not result in reactivity to human sera, while binding to
8.18c5 was retained; (iii) reactivity to TT was not
affected by biotinylation; and (iv) solution-phase assays
using biotinlylated antigens have been used extensively
in the past without adverse affects to antibody binding
due to conformational changes [26, 27].

In general, it is a known phenomenon that proteins
may undergo conformational changes dependent on the
physico-chemical properties of the assay used, thus
limiting immunodominant epitope exposure [28-30].
The restriction in epitope presentation on the soluble
MOG conformers probably reflects the fact that an
aqueous environment is not physiological for MOG, a
membrane-bound protein expressed in lipid-rich CNS
myelin; alternatively, the increased reactivity in ELISA
may be due to partial unfolding/denaturation of the
protein, which exposes cryptic epitopes upon coating to
polystyrene [28, 31]. However, polystyrene binding is
not sufficient to cause complete denaturation creating
linear polypeptides [28] as confirmed here by the strong
binding of the marmoset Fab to rhMOG,5 in ELISA.

The monoclonal Fab are high affinity (similar to
8.18¢5), and yet do not bind to biotinylated soluble
rhMOG s, making it highly unlikely that differences in
affinity account for the lack of reactivity for other anti-
MOG antibodies in liquid phase. Achenbach et al. [32]
have reported that low-affinity and low-titer antibodies
directed against insulin are capable of binding their
target proteins in radioimmunoassays (RIA) (107 M,
almost 100-fold lower than M3-31); Kennel et al. [33]
reported similar results for anti-fibrinogen mAb
(4.7 x 10°® M, 10-fold less than M3-31). ELISA may
promote the binding of low-affinity antibodies, whereas
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solution-phase assays detect antibodies of higher affinity
in an antibody concentration-dependent fashion [34];
however, there is evidence that human serum contains
anti-MOG antibodies of high affinity, such as the ones
cross-reacting with the M3-24 Fab. In this study, sera
with high binding ratios can be diluted beyond dilutions
of 1:8000 retaining ELISA reactivity, an observation
corroborated by previous reports [6, 7, 13].

We formally demonstrate here that linear epitopes
are not exposed on soluble rhMOG1,5. Hence, LiPhELIA
is not appropriate for detection of antibodies directed
against linear epitopes of MOG (Fig. 2 and 3). In
contrast, using ELISA, antibodies against linear and/or
conformational epitopes are detected together and
indiscriminately [9]. The human antibody response
comprises antibodies against linear and conformational
epitopes, or a combination of both (T. Menge, H. C. von
Biidingen and C. P. Genain; unpublished observation).
However, even immuno-affinity-purified human anti-
MOG antibodies or concentrated marmoset IgG directed
against linear peptides of MOG (pepMOG) fail to react in
LiPhELIA (Fig. 3). These observations underscore the
fact that only a limited number of epitopes are exposed
on water-soluble rhMOG 5.

To summarize, the exposure of the major determi-
nants of rhMOG;,5 on either the water-soluble or
polystyrene-coated conformers, and how it correlates
with antibody detection by ELISA or LiPhELIA, differ. We
conclude that only one subset of the various anti-MOG
antibodies studied, namely the ones induced in
marmosets on immunization with HWM, are detectable
by LiPhELIA. LiPhELIA also detects the epitope defined
by 8.18¢5, a murine antibody directed against native rat
cerebellar MOG, but does not detect any of the mAb
binding to conformationally folded MOG that are
present in the circulation of immune marmosets, or
some of those in humans. Finally, LiPhELIA fails to
detect antibodies reactive to linearized MOG epitopes.
These observations underscore the fact that an exceed-
ingly restricted number of relevant epitopes are
displayed on the water-soluble MOG conformer. By
contrast, ELISA captures most of the antibody reactivity,
including the subsets of antibodies directed against
conformational and linear epitopes. When put in
perspective to our recently published results on the
immunological differences of solid-phase vs. membrane-
embedded MOG [22], MOG epitopes are exposed
differently in these three assays, and certain antibodies
do not cross-react between assays. Only a minor fraction
of antibodies are specific for epitopes exposed in all
three assays, e.g., 8.18c5 and IgG from HWM-immune
marmosets, while the Fab are either reactive to solid-
phase and membrane-bound MOG (M26, M3-31) or
exclusively to an epitope exposed on solid-phase
rhMOG55 (M3-24) [22]. Importantly, all Fab bind to
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Table 1. Summary of anti-MOG responses in marmosets immunized with different encephalitogenic antigens

Immunizing Epitope class Demyelination Anti-rhMOG;s Anti-rhMOG; 55 Reference
antigen/antibody® specificity® reactivity in ELISA  reactivity in LiPHELIA

pepMOG L - + - 9

HWM C + + + 45

MP4 n.d. +9 +9 - 19

8.18c5 C +9 + + 16

Fab fragments C +9 + - 18

a)

PLP [19].
b)

determined.

pepMOG: linear 20-mer MOG peptides; HWM: human white matter homogenate; MP4: recombinant fusion protein of MBP and

L: linear, reactivity to linear 20-mer MOG peptides only; C: conformational, reactivity to conformational MOG only; n.d.: not

9 Only those animals were included that were positive for anti-ratMOG;,s antibodies by ELISA [19].

from demyelinating marmoset EAE [18].

MOG in situ, as demonstrated by immunohistochemistry
[18].

The most significant findings of this study were the
relationships between epitope recognition, detection in
LiPhELIA vs. ELISA, and functional (e.g., pathogenic)
properties amongst antibodies that all and individually,
recognize MOG. The detailed studies using marmosets
immunized with antigenic preparations that contained
MOG sequences in different conformations, and the
correlations to neuropathology provided a framework to
understand these relationships (Table 1). It can be seen
that: (i) antibody reactivity to soluble MOG has no
relationship to the occurrence of pathogenic demyeli-
nating antibodies; (ii) certain pathogenic immunodo-
minant epitopes of MOG relevant to disease are not
exposed on the soluble conformer; and (iii) the anti-
MOG antibodies present in MP4-immunized animals
[19], or those generated from MS-like demyelinating
marmoset EAE (Fab) [9], were reactive only to solid-
phase rhMOG,5 (ELISA), but did not react against the
soluble conformer (LiPhELIA) (Fig. 4 and 5). These
antibodies are of critical importance, because they
represent a signature of the spreading of antibody
responses, implying that the subject's own native MOG
protein has been exposed, degraded, or both. As such
they may be pathogenic, and/or serve as disease
markers. It is reasonable to state that LiPhELIA or
similar assays employing soluble conformers of MOG do
not detect antibodies against certain conformational
epitopes of this protein that are relevant to pathogenesis
of demyelination in EAE. Further, such antibodies can be
found in human MS serum [18], and likely could be
missed by liquid-phase assays.

Our data suggest that for MOG (and perhaps all
myelin autoantigens), the conformational antigen con-
taining properly folded binding sites has to be
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Demyelinating properties demonstrated in passive transfer experiments [2, 3].
Direct demyelinating properties not accessible due to lack of complement binding Fc-fragment; however, the Fab were derived

encountered by the peripheral immune system. This is
apparent from a strong LiPhELIA antibody detection in
marmosets immunized with HWM as opposed to those
animals immunized with linear MOG peptides or MP4
(Fig. 2 and 5). Possible analogies to human situations
include patients that were involuntarily immunized with
MBP during rabies vaccination (Semple strain) who not
only developed acute demyelinating encephalomyelitis
(ADEM) and antibodies against solid-phase MBP [35],
but also an anti-MBP response in RIA [36]. We recognize
that spreading to restricted epitopes may occur locally in
the target organs as demonstrated by O'Connor et al.
[24] for an anti-MOG response. The MBP example,
which to date has no MOG counterpart, suggests that
circumstantial exposure to the target brain autoantigen
must happen under relatively "physiological" conditions,
which for proteins like MOG and other transmembra-
nous myelin proteins exclude an aqueous environment,
and hence liquid-phase based assays are inappropriate
[36, 37]. In contrast, the usefulness of such assays is
proven for antibodies against water-soluble proteins that
are physiologically present in an aqueous environment,
such as insulin or IFN- [21, 38].

The preparation of MOG used in the current study
was expressed in E. coli and does not display post-
translational modifications of the protein, e.g., glycosy-
lation. This, however, does not invalidate our results.
The sugar moieties attached to MOG are readily
available for antibody binding, as suggested in the
crystallization studies of ratMOG,5 [17]; and glycosy-
lated MOGg3s_s5 peptide yields higher antibody titers in
MS than its non-glycoslylated counterpart [39]. How-
ever, it has also been demonstrated that increased
binding is due to a sugar epitope not specific for MOG,
but for a conformationally imbedded glycosylated
asparagine [40]; glycosylation does not alter the
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secondary structure of MOG peptide or ratMOG55 [24,
41-43]. Neither the pathogenic mAb 8.18c5 (against
glycosylated rat cerebellum) nor sera of patients with
ADEM require glycosylation of a soluble MOG tetramer
for antibody detection [25]. From our own experience,
marmoset IgG generated after immunization with
glycosylated HWM bind equally to glycosylated human
MOG [22] and to non-glycosylated rhMOG,5 (Fig. 2).
While we cannot rule out the possibility that MOG in vivo
may be altered post-translationally within an inflam-
matory environment, this question remains speculative
and would require further studies that are beyond the
scope of this work. It would also be ideal to compare
structurally different MOG preparations, soluble, coated
and membrane-embedded MOG. While soluble recom-
binant ratMOG,5 has been assessed by crystallography
and circular dichroism [17, 43], to date there are no
methods available for a side-by-side analysis. Further
studies in our laboratory are underway to further
understand the differential exposure of disease-relevant
MOG epitopes.

In conclusion, this study is the first to make in-depth
attempts to dissect heterogeneity within the MOG
antibody repertoires with practical assays in higher
mammals. Although the precise molecular structure of
conformational epitopes of human MOG is awaiting to
be discovered, we have demonstrated that the lack of
reactivity in LiPhELIA (soluble MOG conformer) is due
to restricted exposure of epitopes on rhMOG;,5 that
prevents serum antibody detection, and not to technical
flaws, a view shared by others [5]. Liquid-phase assays
do not appear to be the proper systems to conduct anti-
MOG serology studies in humans. Solid phase-based
methods (insoluble MOG conformer), are superior in
measuring anti-MOG antibodies; however, they lack the
discriminative power to isolate the disease-relevant
antibodies from epiphenomenal ones. Novel methodol-
ogies, such as cell-based assays that measure reactivity
against native membrane-embedded MOG, detect a
different subset of antibodies that appear to be stage
specific and disease relevant [14, 22].

Material and methods

Antigens and antibodies

Water-soluble rhMOG was expressed to create an MOG antigen
with identical amino acid sequence that could adopt separate
conformations in ELISA and LiPhELIA. The cDNA encoding for
the extracellular domain of rhMOG spanning aa 1-125
(termed rhMOG25) was amplified using pfu-Polymerase
(Promega, Madison, WI) from a custom-made human brain
cDNA library using the following primers to create a Nco I
restriction site at the 5’ end and a Bgl II site at the 3'-end,
respectively:
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5'-CGGGGACCATGGGGCAGTTCAGAGTGATAGGACCAAGAC-
ATAGGACCAAGACA-3' and 5'-atccatgagatctaggatcttctacttte-
aattccattgetgee-3'. After digestion with NcoI and Bgl II
(New England Biolabs, Ipswich, MA) the target gene was
ligated into the pQE60 plasmid (Qiagen, Valencia, CA), the
construct sequenced at the UCSF Genomics Core Facility and
correct and in-frame insertion of the rhMOG;,5 target gene
ascertained. M15 cells (Qiagen) conditioned for chemical
transformation according to the manufacturer's protocol were
transformed for protein expression, expanded in LB medium
supplemented with carbenicillin and kanamycin and induced
by IPTG according to the manufacturer's protocol.

rhMOG;,5 was extracted from the cytoplasmic fraction of
the E. coli by cell lysis under gentle native conditions using the
B-PER in PBS reagent (Pierce Biotechnology, Rockford, IL).
Purification was carried out under nondenaturing conditions
in 20 mM sodium phosphate, 500 mM NaCl, 10% glycerol and
0.05% sodium deoxycholate, pH 8.0 (MOG buffer) using a Ni-
NTA FPLC (HiTrap, Amersham, Piscataway, NJ), through the
PQE60’s c-terminal His-tag. Protein was eluted by linear
gradient of 250 mM imidazole, 20 mM sodium phosphate, 1 M
NacCl, 25% glycerol, 0.05% sodium deoxycholate, pH 8.0. The
eluted protein was dialyzed into MOG buffer, containing 15%
glycerol, purity confirmed to be >95% by SDS-PAGE on
10-20% gels. Bacterial endotoxin contaminations were below
detection limits of 0.06 EU/mL as determined by the Pyrogent
Plus kit (Cambrex, East Rutherford, NJ).

The 20-mer linear MOG-peptides with 10-amino acid
overlaps were purified as described previously [9]. TT was
obtained from Wyeth-Ayerst and dialyzed against PBS.

The murine mAb anti-rat MOG IgG 8.18C5 against native
form in cerebellar glycoproteins was a gift of Dr. Chris
Linington [16]. The marmoset Fab designated M26, M3-24,
and M3-31 were derived from a ratMOG-immunized animal
that had developed a mature demyelinating antibody response
and were generated in our laboratory as described previously
[18]. These Fab define distinct epitopes on the ratMOG on a
solid support, do not recognize linear MOG epitopes (as
verified by 20mer, and 15mer peptides with overlap of 1), and
do not overlap with the 8.18C5-defined epitope as shown by
competition experiments (von Biidingen, unpublished obser-
vation) [18].

Human subjects

Thirteen HC sera and 37 sera of MS patients seen in our MS
center that had not been treated with corticosteroids within
3 months or on immunosuppressive therapy within 6 months
of phlebotomy, were included in this study. All patients met
criteria for clinically definite MS [44]: 17 patients had a
relapsing-remitting and 10 patients a secondary-progressive
disease course; 10 patients had primary-progressive MS (25
patients were female). The median age of the patients was
45 years, and that of the HC 55 (age ranges 25-67 for MS and
33-73 for HC, respectively); gender and age distributions
between MS and HC were not significantly different (3 test
and two-tailed t-test, respectively). The median extended
disability status scale (EDSS) was 3.0 (range 1.0-8.5) and the
median disease duration 117 months (range 4-348). Blood
was drawn by venipuncture and clotted serum stored at —40°C.
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Informed consent was obtained from all subjects, and the study
was conducted in accordance with Institutional Review Board
approval.

Animals

Callithrix jacchus marmosets were cared for in accordance with
the guidelines of the Institutional Animal Care and Usage
Committee.

Three protocols were used for EAE induction in marmosets.
Animals were immunized with the following respective
antigens emulsified in complete Freund's adjuvant supple-
mented with 3 mg/mL H37/Ra, and receive killed B. pertussis
on the day of immunization and 48 h later [45]: immunized
with: (i) 100 mg HWM containing conformational, glycosy-
lated, native MOG (n=5) [45]; (ii) 100 ug synthetic 20-mer
linearized MOG peptides purified to >95% purity (together
designated as pepMOG; aa 1-40, 21-40, 51-70), or combina-
tion of 20-mer peptides spanning the extracellular portion of
MOG resulting in non-demyelinating EAE (n=5); see [9]; (iii)
0.8-1.0 mg MP4, a recombinant fusion protein of MBP and
PLP, lacking any MOG sequence (n=3) [19]. These three
animals were part of a larger study of MP4-induced EAE, and
were the only ones that developed prominent demyelination in
conjunction with an antibody response against ratMOG in
ELISA [21]. Plasma samples drawn 4-9 weeks after immuni-
zation were stored at —20°C until use.

Solid-phase ELISA

rhMOG s, diluted to 5 pg/mL in PBS, and TT were coated in
duplicates at 100 uL/well in 96-well microtiter plates (Max-
isorb, Nunc, Rochester, NY). After incubation at 4°C overnight
plates were washed in PBS and ddH,O followed by 2 h
blocking at room temperature with 1% BSA (A7030, Sigma, St.
Louis, MO) in PBS, supplemented with 0.05% Tween-20 (PBS-
T) (ELISA buffer). After washing with PBS-T and ddH,O,
100 pL/well serum or purified antibodies diluted in ELISA
buffer were added and plates incubated for 90 min at room
temperature. Human sera were diluted 1:200 for rhMOG1,5
and 1:600 for TT; for marmoset sera and monoclonal agents,
see Results. Duplicate wells without antigens were used as
individual background controls. After washing as above,
bound human serum antibodies were detected by alkaline
phosphatase-labeled anti-human IgG, marmoset serum anti-
bodies by HRP-conjugated anti-monkey Ig, 8.18c5 by HRP-
conjugated anti-mouse IgG (all Sigma), and Fab by HRP-
conjugated Protein L (Pierce), all diluted in ELISA buffer. After
incubation for 1 h at room temperature plates were washed as
above. For human sera, binding was detected by reading
absorbance (A) at 405 nm in a microplate reader (SpectraMax,
Molecular Devices, Sunnyvale, CA) after incubation with p-
nitrophenyl phosphate (Moss, Pasadena, MD) for 30 min in
the dark at room temperature. The marmoset sera, Fab and
8.18¢c5 were developed with 3,3',5,5'-tetramethylbenzidine
(Pierce) for 15 min at room temperature and the A read at
450 nm. A signal-to-background binding ratio was calculated
as the ratio of A (signal) over A (background). Positive
controls, i.e., human sample with strong binding signal, and
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negative controls, i.e., ELISA buffer only omitting serum, were
included on each plate.

Affinity binding constants

Competition assays were performed to determine antibody
affinity, according to the protocol of Friguet et al. [46] with
modifications. After determining their antibody concentra-
tions yielding an ODsg, 8.18c5 and Fab were incubated in
solution with rhMOG;,5 in concentrations ranging from
1.0 nM to 1000 nM overnight at 4°C. K, were calculated as
described [46] and corrected for monovalent binding where
applicable [47].

LiPhELIA

TT and rhMOG,5 were biotinylated at their primary amines
via N-hydroxysuccinimide (NHS-PEO, biotin, Pierce) accord-
ing to the manufacturer's protocol in a 20:1 ratio for 30 min at
room temperature. Unreacted biotin was eliminated by
extensive dialysis against PBS (TT) or MOG-buffer
(thMOG1,5), respectively. A specific activity >10 biotin/mol
was confirmed by the 2-hydroxyazobenzen-4’'-carboxylic acid/
avidin method (HABA/Avidin, Pierce). 12.5 ng/well biotiny-
lated proteins were diluted in 0.1% BSA-PBS-T and mixed with
sera, Fab or 8.18c5 in dilutions as used in ELISA in inert
polypropylene 96-well plates. In the case of sera, the diluent
was supplemented with a protease inhibitor cocktail (Roche,
Indianapolis, IN) and 1 mM PMSF (Sigma). After overnight
incubation at 4°C on a rocker, 50 pL/well of the antigen-
antibody mixtures were transferred to 96-well microtiter plates
(Maxisorb, Nunc), that were previously coated with 1 pg/well
protein G' (Sigma) or 2 pg/well protein L (Pierce) for Fab
binding, respectively, overnight at 4°C, washed with PBS and
ddH,0 and blocked with Superblock (Pierce) according to the
manufacturer's recommendations. After incubation for 1 h at
4°C on a rocker, plates were washed with PBS-T and ddH,O
and bound immunocomplexed biotinylated protein detected
by addition of 50 uL/well HRP-conjugated streptavidin
(50 ng/mlL, Pierce), diluted in 1% BSA-PBS-T. Plates were
incubated for 1 h at 4°C and washed as above. Substrate
reactions and result expression were similar to ELISA.

Immuno-affinity antibody purification

For human anti-MOG antibody purification, 25 mL serum
were pooled from four MS patients with high anti-MOG
reactivity in ELISA. Total IgG was purified over a protein G
column (HP, Amersham) according to the manufacturer's
protocol, diafiltrated into MOG buffer and loaded onto a NHS-
activated Sepharose (Amersham) to which thMOG;55 was
covalently coupled according to the manufacturer's protocol.
Specifically bound 1gG was eluted with 0.1 M glycine, 25%
glycerol, 125 mM NaCl, pH 2.7 and dialyzed into PBS.

Marmoset IgG reactive to linear MOG epitopes were
purified as described before [9].
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Continuous native PAGE and immunoblot

Proteins were separated by continuous PAGE in custom-made
6% gels at pH 9.4 in 60 mM Tris/40 mM CAPS (T/C buffer)
omitting any denaturing agents as described before [48]. For
comparison, standard SDS-PAGE was run in parallel on
10-20% precast gels (ReadyGel, Bio-Rad, Hercules, CA) in
25 mM Tris, 192 mM glycine running buffer with 0.1% SDS at
pH 8.3. After electrophoresis at 200 V for 1 h, the gels were
either stained with Biosafe Coomassie (Bio-Rad) or subjected
to immunoblotting. Since pre-formulated molecular weight
markers are not available for T/C buffer-based continuous
PAGE, the following proteins were used to match the molecular
mass and pI of rhMOG15s (15 kDa and 7.2-7.5, respectively):
HM (M-0630, Sigma), 17.6 kDa, pI ~7.3; hCA (C-6165,
Sigma), 29.5 kDa, pI ~ 7.4.

For immunoblotting the proteins were transferred onto
nitrocellulose in a Mini Trans-Blot cell (Bio-Rad) using T/C
buffer supplemented with 20% methanol for 1 h at 350 mA on
ice. After washing in PBS-T, membranes were blocked for 1 h
in 3% BSA-PBS-T and incubated with primary antibody in 1%
BSA-PBS-T overnight at 4°C (see Results for dilutions). After
washing, membranes were incubated with the respective HRP-
labeled secondary antibody diluted in 1% BSA-PBS-T for 1 h at
room temperature; for human sera: goat-anti-human IgG
(A0170, Sigma); for marmoset sera, 8.18c5 and Fab see ELISA
protocol. After washing, blots were developed with the Opti-
4CN system (Bio-Rad) for 15 min at room temperature.

Statistical analysis

Statistics were performed using GraphPad Prism 4.0 software.
Binding ratios were shown to be normally distributed for both
ELISA and LiPhELIA. Groups were compared by unpaired two-
tailed t-test, multiple comparisons were analyzed with one-
way ANOVA followed by Student-Newman-Keuls t-test.
Correlations between ELISA and LiPhELIA were assessed by
Pearson's correlation. Sample demographics were analyzed by
unpaired two-tailed t-test and y>-test where appropriate.
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Myelin oligodendrocyte glycoprotein (MOG) is an integral mem-
brane protein expressed in CNS oligodendrocytes and outermost
myelin lamellae. Anti-MOG Abs cause myelin destruction (demy-
elination) in animal models of multiple sclerosis (MS); however,
such pathogenic Abs have not yet been characterized in humans.
Here, a method that specifically detects IgG binding to human MOG
in its native, membrane-embedded conformation on MOG-trans-
fected mammalian cells was used to evaluate the significance of
these auto Abs. Compared with healthy controls, native MOG-
specific IgGs were most frequently found in serum of clinically
isolated syndromes (P < 0.001) and relapsing-remitting MS (P <
0.01), only marginally in secondary progressive MS (P < 0.05), and
not atall in primary progressive MS. We demonstrate that epitopes
exposed in this cell-based assay are different from those exposed
on the refolded, extracellular domain of human recombinant MOG
tested by solid-phase ELISA. In marmoset monkeys induced to
develop MS-like CNS inflammatory demyelination, IgG reactivity
against the native membrane-bound MOG is always detected
before clinical onset of disease (P < 0.0001), unlike that against
other myelin constituents. We conclude that (i) epitopes displayed
on native, glycosylated MOG expressed in vivo are early targets for
pathogenic Abs; (i) these Abs, which are not detected in solid-
phase assays, might be the ones to play a pathogenic role in early
MS with predominant inflammatory activity; and (iii) the cell-based
assay provides a practical serologic marker for early detection of
CNS autoimmune demyelination including its preclinical stage at
least in the primate MS model.

allergic encephalomyelitis | autoimmunity | clinically isolated syndrome |
demyelination

ultiple sclerosis (MS) is an immune-mediated, chronic

demyelinating disorder of CNS white matter mediated by
CD4" myelin-reactive T helper 1 cells (1). Humoral immunity
may play a role in MS pathogenesis, as suggested by intrathecal
Ab synthesis and oligoclonal B cell expansion, observations of
Ab deposition associated with myelin vacuolization in MS
plaques (2), and involvement of IgG and complement deposition
(3). Myelin oligodendrocyte glycoprotein (MOG) is a target
myelin antigen for both humoral and cellular CNS-directed
immune responses. The full-length protein contains 218 aa and
two predicted transmembrane domains, is posttranscriptionally
processed as suggested by apparent electrophoretic mobility, and
is a potential site for glycosylation, phosphorylation, isopreny-
lation, and myristoylation (4). The encephalitogenic properties
of MOG are believed to result from the extracellular location of
its IgV-like domain on the outermost myelin lamellae, which
makes it an exposed target accessible to initial autoimmune
attack on compact myelinated axons (5). In both rodent and
primate MS models of experimental allergic encephalomyelitis
(EAE), Abs against MOG directly induce demyelination (6, 7).
Moreover, certain Abs against MOG have been proposed as
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predictors of early conversion to clinically definite MS in the
context of a first demyelinating event (8).

A common problem encountered in human studies of humoral
immunity against MOG is that accurate detection of Ab depends
highly on the conformation of the antigens used for detection.
Previous studies, either in MS or EAE, have not fully charac-
terized the structural features of the proteins used as Ab targets
in vitro and have reported conflicting findings, in part because of
the different folded forms of this poorly water-soluble antigen.
The existing assays detecting anti-MOG Abs use various MOG
preparations, recombinant, native-purified, or in vitro-translated
proteins of variable length including short peptides (4, 8—11).
None of these methods takes into account the specific tertiary
structure of the folded MOG as it is presented to the immune
system in vivo, e.g., in association with a hydrophobic, lipid-rich
bilayer membrane environment. Therefore, these techniques
may fail to detect reactivity against epitopes displayed by native
MOG expressed in situ on myelin sheaths, as it would be upon
an initial immune response.

Here, we describe a cell-based assay that specifically measures
Abs directed against conformationally folded, cell membrane-
expressed human MOG (designated hMOGm.), and evaluate
the relative incidence of these antinative MOG Abs in serum of
humans and Callithrix jacchus marmosets with MS-like EAE. We
find that hMOGg¢e Abs predominate during clinically isolated
syndrome (CIS) and relapsing-remitting MS (RRMS) and can be
detected during the preclinical stage of EAE. These findings
underscore the potential value of antinative MOG Abs as a
practical candidate biomarker for detecting MS at its early,
inflammatory stage.

Results

Chinese Hamster Ovary (CHO)-MOG Assay (MOGcme) Validation. Fig. 1
shows high levels of MOGcme expression, as demonstrated by
staining of MOG-transfected CHO cells with the monoclonal
anti-MOG Ab 8-18C5. Detection of hMOGe-specific Abs with
this cell-based assay was sensitive because a concentration of <1
ng/ml of 8-18C5 produced a binding ratio (BR) >1.5 (data not
shown). Staining with a positive control serum (patient 1158) is
shown in Fig. 1C. This control was used in each assay to
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Fig. 1. Cell-based (hMOGcme) assay. (A and B) Staining of MOG-transfected
CHO cells with anti-MOG Ab 8-18C5 (0.5 ng/ml) and detection by FACS (A) and
immunofluorescence (B). (B Inset) Negative control omitting primary Ab. (C)
Positive control patient serum (RRMS 1158, 1:10) displaying a clear shift for
MOG-transfected CHO cells (filled trace) when compared with ntCHO cells
(open trace). (D) Mean BR (BR = SEM) calculated as the Gmean from nine
independent assays.

normalize for interassay variability and minimize experimental
errors such as variation in surface expression of MOG. The
mean (= SEM) BR to hMOGgy. of this control from nine
independent experiments was 1.96 = 0.145 (Fig. 1D), and the
interassay coefficient of variation was 22%. The intraassay
coefficient of variation (quadruplicate) was 3.2%. In each assay
analyzing human serum, the binding against nontransfected
CHO (ntCHO) cells was used as background control.

Characterization of Exposed Epitopes of A(MOGcme. We analyzed the
binding properties of monoclonal, recombinant marmoset Fab
Ab fragments produced against the nonglycosylated extracellu-
lar domain of recombinant rat MOGa,a1-125 (tMOGj25). Four
Fabs, designated M3-8, M26, M3-24, and M3-31, were selected
by their ability to recognize rtMOG1,s in ELISA, and because
they recognize distinct conformationally defined epitopes (12).
The M3-31 and M26 Fabs strongly stained the MOG-transfected
CHO cells identical to 8-18CS5 (0.5 ug/ml) (Fig. 24 and B). On
the contrary, no binding was observed for the two other Fabs,
M3-24 and M3-8 (Fig. 2 C and D). These results indicate that
very specific epitopes of MOG are expressed on the MOG-
transfected CHO cells and do not overlap with the other epitopes
displayed by rMOGj2s on solid ELISA support. The observa-
tion that only three of five monoclonal reagents tested bind to
the transfected cells also renders a nonspecific binding effect
unlikely.

IgG Reactivity in Human Serum. Compared with age-matched
healthy controls (HCs), the titers of IgG directed against mem-
brane-bound hMOG¢,. were most significantly increased in CIS
(P < 0.001). Increased titers were also present in RRMS and
secondary progressive MS (SPMS) subtypes, compared with HC
(P < 0.01 and P < 0.05, respectively) (Fig. 3). The differences
were also significant when comparing primary progressive MS
(PPMS) with all other subtypes [P < 0.001 (CIS), P < 0.01
(RRMS), and P < 0.05 (SPMS)]. No statistical difference was
found between PPMS and HC (P not significant) or between the
CIS, RRMS, or SPMS subtypes when paired comparisons were
made. No treatment-related difference was found.

IgG Reactivity in Marmoset EAE. Eleven C. jacchus marmosets
immunized with human white matter were tested for plasma
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Fig. 2. Binding characteristics of MOG-specific marmoset recombinant Fab
fragments. Binding of monoclonal Fabs specific for rMOG12s5 (0.5 ng/ml) by
FACS against hMOGme. Background is represented by the binding to the
ntCHO cells (open traces) and compared with the binding to MOG-transfected
CHO cells (filled traces). Both Fabs M26 (A) and M3-31 (B) strongly recognize
an epitope displayed on hMOGme, in contrast to Fabs M3-24 (C) and M3-8 (D).

reactivity against hMOGme on MOG-transfected CHO cells.
For these serial studies, the first time point of Ab detection (i.e.,
serum conversion) was compared with the appearance of the
first clinical signs of EAE. Three animals (U30-00, UO61-02, and
UO53-01) were killed before onset of neurological deficits
(preclinical disease), but exhibited CNS inflammation and
blood-brain-barrier breakdown as demonstrated by cerebrospi-
nal fluid pleocytosis (mean cerebro-spinal fluid mononuclear
cells = 173 per ul; range 80-340 per wl). Serum reactivity against
hMOG.nme was consistently detected in the earliest blood sample
obtained after immunization (mean = SD = 14 = 2 days;
range = 13-18 days) (Table 1) and was clearly present in each
animal before the appearance of any clinical sign (mean * SD =
21 = 9 days; range = 16-43 days). The difference between time
of appearance of serum IgG reactivity to hMOGne and appear-
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Fig. 3.  Analysis of human serum IgG reactivity against hAMOG¢me. BR nor-
malized (BRN) is the Gmean value of 1gG binding to MOG-transfected CHO
cells divided by that of IgG binding to ntCHO cells, normalized to the value of
the positive control tested in each plate. Horizontal bars = median. See text
for details.
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Table 1. Time course of C. jacchus marmoset EAE and serum IgG
binding against h(MOGme

Clinical onset Death  Maximal clinical a-hMOGme
Animal no. dpi dpi score (dpi) Ab dpi
U062-02 43 97 3 (84) 18
UO50-01 21 86 2 (57) 14
UO050-00 21 78 3(38) 14
UO052-01 21 52 3 (40) 18
U025-00 21 61 2 (57) 14
UO57-02 32 82 1.5 (73) 18
U021-99 18 23 1.5 (23) 13
U023-00 16 31 2 (28) 15
U030-00 Preclinical 23 0 13
U061-02 Preclinical 31 0 14
UO53-01 Preclinical 38 0 16
Median =+ SD 21+9 52 +28 2+1(49 = 22) 14 =2

dpi, day postimmunization.

ance of clinical signs was highly significant (P < 0.0001) (Fig. 4).
Reactivity was not detected in preimmune plasma.

Comparison of Human IgG Binding on hMOG1,s and hMOGme. The
serum binding characteristics of the CIS cohort (n = 36) were
tested by ELISA using recombinant human MOGaai-125
(hMOG25) and compared with hMOG ., reactivity by FACS on
the MOG-transfected CHO cells. Although some CIS patients
displayed high reactivity against hMOG;s, unlike for AMOGme
reactivity, there was no statistical significant difference between
CIS and HCs (data not shown). By linear regression and
comparison test, results from these two assays showed no
correlation (P not significant), indeed suggesting that different
epitopes are detected by both assays (Fig. 54).

Specificity of MOG and Differential MOG-Epitope Binding in Human
Serum. To discriminate the epitopes displayed by hMOG s from
those displayed on hMOG¢me on MOG-transfected CHO cells,
we performed a series of preabsorption experiments with two
sera, both representative of early and inflammatory forms of
MS: the positive control used in our cell-based assay (RRMS
1158) and a CIS patient displaying a high reactivity to both

P<0.0001
1004 "
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Fig. 4. Time course of serum IgG directed against hMOGcme in marmoset
EAE. Results are from 11 EAE C. jacchus marmosets immunized with human
white matter, 3 of which were killed before onset of clinical disease. First
occurrence of serum IgG directed against hMOGme is compared with time of
clinical onset of EAE in a Kaplan-Meier survival plot. Please see text and Table
1 for details.
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Fig.5. Selective epitope presentation on hMOGme. (A) Binding to hMOG1 25 by
ELISA compared with binding to hMOGme by FACS in the CIS cohort (n = 36). By
linear regression analysis, there is no correlation between the results of these two
methods (P not significant, r2 = 0.00023, Spearman r; straight line is the linear
regression curve; dotted line indicates 95% confidence interval) even when clear
serum reactivity is present in both assays. BRN, BR normalized. (B and C) Preab-
sorption of serum on either hMOGme (Left) or hMOG1 5 (Right), followed by
testing by FACS (B, hMOGn) or ELISA (C, hMOG5). Preabsorption on hMOG1 5
or hMOGme only altered the reactivity in the corresponding system of detection.
See Materials and Methods for additional details.

hMOG¢me and hMOGj,s (CIS 008). Preabsorption against
ntCHO cells served as control in the hMOGm. assay (FACS of
MOG-transfected CHO cells), and preabsorption against 1%
BSA served as a control for the hMOG,s ELISA assay. Com-
pared with these controls, preabsorption of either sample on
hMOG,s5 did not affect hMOGgp. reactivity. Preabsorption on
hMOG¢p. resulted in a decrease in BR (31% for CIS 008 and
24% for RRMS 1158), when tested with hMOG¢p. expressed on
the MOG-transfected cells (Fig. 5B). Similarly, when tested on
hMOG,s, no change in reactivity occurred when samples were
preabsorbed on the MOG-transfected cells (hMOGgme). On the
contrary, the samples preabsorbed on hMOG,5 displayed a
decrease in BR, by 21% and 57%, respectively, when tested on
hMOG:,s (Fig. 5C). These experiments unequivocally demon-
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strate that hMOG¢me. and hMOG 25 display separate epitopes of
the MOG protein.

Discussion

Methods to study Ab reactivity to MOG (ELISA, Western blot,
liquid-phase assay) commonly use linear peptides, polypeptide,
or partially refolded glycosylated MOG. The exact conformation
of MOG displayed in these assay systems is difficult to assess and
control and may result in the display of some, or partially,
aberrant MOG epitopes that are not exposed under physiolog-
ical conditions in vivo. The disease relevance of these Abs is
therefore uncertain, as apparent from somewhat conflicting
results in previous reports (2, 8-11, 13-16). We show here that
Abs against native glycosylated MOG expressed on mammalian
cells are commonly detected in MS serum with high sensitivity
(<1 ng). Specificity is established by the selective binding of
three of five monoclonal anti-MOG Abs tested in this system
(murine 8-18C5 and marmoset Fabs M3-31 and M26). Thus, as
is the case for these mAbs (9, 12, 13) the hMOG¢y. assay
measures Abs that bind to conformational epitopes of MOG.
Our results show that there is no correlation in the CIS cohort
between serum reactivity against hMOG 5 (solid-phase ELISA)
and hMOGm. (MOG-transfected CHO cells), and preabsorp-
tion demonstrates that there is no cross-reactivity between
epitopes of MOG displayed in these two different assays (Fig. 5).
This finding also argues, along with the significant signal quench-
ing in the cell-based assay achieved only by preabsorption on
hMOGcme (MOG-transfected cells), and not by preabsorption
on either hMOG,5 or ntCHO cells, against a nonspecific
“sticky” effect of MS serum. The hMOG¢n assay is unique
because it allows the testing of IgG reactivity directed against
epitopes presented by the native glycosylated and conforma-
tional structure of MOG as it is expressed on intact myelin
sheath or oligodendrocytes and subject to membrane lipid—
protein interactions, which have been shown to be critical for
maintenance of myelin structure and epitope exposure (17).
Analysis of reactivity against hMOG¢ye on the MOG-
transfected CHO cells in the different MS clinical subtypes
showed a very prominent response in CIS, RRMS, and to a lesser
degree SPMS, compared with HC and PPMS. There is therefore
a humoral immune response specifically directed against intact
MOG expressed on myelin oligodendrocytes in those groups of
patients. The predominance of hMOGne-specific Abs in CIS
suggests that these Abs represent early stages of the immune
response against intact (as opposed to degraded) myelin, and
thus may represent a marker of inflammatory phases of disease
related to blood-brain-barrier opening and/or molecular mim-
icry. Our results are in partial agreement with a recent report
showing an increase of Ig response directed against ex vivo
glycosylated-native-MOG in first demyelinating events (14).
RRMS is the most common MS subtype that includes ~85% of
the patients at initial presentation. The secondary progressive
pattern is known to follow RRMS in ~50% of the cases after 10
years of disease activity (18, 19). Thus, these two subtypes might
be considered as a continuous process starting with a common
pathophysiological origin. Although we did not include a group
of other neurological disorders in the current study, we have
compared MS clinical subtypes among themselves and clearly
demonstrated that the hMOGnye-specific Ab response is re-
stricted to early forms. It is of importance to note that the PPMS
cohort does not show elevated serum IgG against hAMOGp, and
that significant differences in antibody status also exist between
SPMS and PPMS, which implies that the serum level of these Abs
or lack thereof is not solely related to a progressive course of
disease. The HC subjects were age-matched with the CIS group,
indicative that the heightened response in CIS is disease-specific
and not related to a younger age in this cohort. The lack of
heightened Ab responses against hMOGgye in PPMS is in
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contrast with the increased IgG reactivity against recombinant
rMOG s and against neurons in this disease subtype (unpub-
lished data and ref. 20). Abs against galactocerebroside, the
major myelin glycolipid, are not found in PPMS but are associ-
ated mostly with established relapsing-remitting and secondary-
progressive forms (21). It is thus becoming increasingly apparent
that Ab responses against myelin antigens may follow patterns
that reflect a combination of underlying cause, antigen exposure,
and secondary immune responses. These patterns of humoral
reactivity, rather than a classification based on clinical criteria
(RRMS, SPMS, or PPMS) can be exploited to refine our
understanding of disease stage, cause, and prognosis.

The high prevalence of hMOGpe-reactive Abs in CIS, i.e.,
contemporary of the first clinically apparent event for MS, is in
sharp contrast to other antimyelin Abs, such as those directed
against glycolipids that predominate in established MS (21). This
observation has two important implications: first, it suggests that
hMOGne-reactive Abs may be implicated in the early patho-
genesis of disease. Engagement of membrane-embedded MOG
by the mAb 8-18CS5, which as shown in the current study binds
hMOGgne With a high affinity, has been shown to induce MOG
phosphorylation in oligodendrocytes, leading to pronounced
morphological changes with potentially demyelinating effects
(22). Second, and/or alternatively, our findings also suggest that
hMOG_ne-reactive Abs may be useful to help diagnose MS at its
earliest stages. To consolidate this contention, the hMOG¢me
assay was used to study the time course of the Ab response
against hMOG¢p,. in marmoset EAE induced by immunization
with human white matter. In these animals, serum reactivity
against hMOGn. was always detected before clinical onset,
contrary to anti-myelin basic protein and antigalactocerebroside
Abs that occur at later stages (21). Because the immunizing
antigen contained native MOG similar in conformation to
hMOGne, these findings imply that the hMOGpe-reactive Abs
are the ones that initiate and/or first result from active demy-
elination. Regardless of whether they are causative or not,
hMOG_ne-reactive Abs clearly represent a valuable biomarker
for disease activity and, at least in the MS model, subclinical
disease.

It is of great interest to note that the marmoset Fabs M3-31
and M26, which were obtained from an animal with overt clinical
signs of EAE immunized with rMOGj,5 and had an established
anti-MOG Ab response, are the only ones among those tested
that recognize hMOGgp. In our previous studies of human MS,
using a highly specific competition assay between human serum
IgG and marmoset Fabs we found that Fabs M3-24 and M3-8 can
compete with serum IgG from patients with established MS, but
we have so far not been able to demonstrate any competition
between human IgGs and either M3-31 or M26 (12). Although
further studies are needed to examine whether IgG purified from
patients with a CIS does compete with Fabs M3-31 and M26,
these data suggest that the epitopes defined by these two Fabs
are the ones targeted by early humoral responses in MS, whereas
the ones defined by M3-8 and M3-24 may be part of the Ab
response at a later stage.

Taken together, our results strongly suggest that analogous to
certain serologic markers that are predictive of type I diabetes
(23) anti-hMOGme Abs could be used in humans as a biomarker
to diagnose MS or MS risk. Further studies are needed to
validate this biomarker and understand the benefits and infor-
mation that in combination with other Ab profiling techniques
(8, 21) it could provide to scientists, treating neurologists, and
individuals with suspected or established MS.

Materials and Methods

Patients. Ninety-two patients with clinically definite MS (Poser
criteria) (24), 36 patients with CIS, and 37 HCs were recruited
from the University of California, San Francisco MS Center, and
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Table 2. Clinical characteristics of patients and HCs

No.of  Female/male Median age, yr ~ Median disease duration, yr ~ Median EDSS
Patients cases ratio (range) (range) (range)
cls 36 24/12 32 (18-49) 0.3 (0.1-3) 2 (0-4)
RRMS 35 21/14 41 (19-61) 2.4 (0.6-22.2) 2.5 (0-6.5)
SPMS 33 19/14 46 (36-60) 11 (2-32) 6 (2.5-8.5)
PPMS 24 16/08 54 (40-65) 6.3 (0.8-18.8) 4.5 (2.5-8)
HC 37 24/13 35 (21-63) — —

EDSS, expanded disability status scale (25).

the MS Center of Pamplona, Spain (CIS). All investigations were
conducted according to the Declaration of Helsinki. Blood was
obtained by venipuncture after informed consent in full com-
pliance with the Institutional Review Board, and clotted serum
was stored at —40°C until use. Patients were classified as RRMS
(n = 35), SPMS (n = 33), and PPMS (n = 24) MS by clinical
history (24). A CIS was defined by a first clinical event indicative
of demyelination with no history of previous neurological symp-
tom. Age, gender, disease duration, and disability state [Ex-
panded Disability Status Score (EDSS) (25)] were recorded at
time of sampling. HCs were chosen to match sex and age of the
CIS group. The median age, disease duration, and EDSS were
higher for the SPMS group than for the RRMS and CIS groups
(Table 2). All RRMS and 19/33 SPMS patients were treated
with IFN-B. Two of the PPMS patients were treated with
mitoxantrone and monthly pulsed steroids.

Animals. C. jacchus marmosets were cared for in accordance with
the guidelines of the Institutional Animal Care and Usage
Committee. EAE was induced by immunization with 100 mg of
human white matter, which contains native, membrane-
embedded MOG homogenized in complete Freund’s adjuvant as
described (26). Plasma was obtained from EDTA-anticoagu-
lated blood at baseline and 2- to 4-week intervals and stored at
—40°C. The animals were scored every other day for the
development of clinical signs by using a published scale (27).

Preparation of MOG-Transfected Cells. CHO cells were transfected
with a full-length construct corresponding to the major -1 form
of human MOG as described (28). CHO cells were cultured in
T-225 flasks (Costar), in RPMI medium 1640 supplemented with
10% FCS, 1X Glutamax, 1 mM sodium pyruvate, and 50 pg/ml
gentamycine. G418 (500 pg/ml, GIBCO) was added to the
medium of transfected cells. Stable surface expression of MOG
was verified by immunofluorescence and FACS on transfected
cells after multiple passes and washes; cells were used for flow
cytometry (FACS) assay when a confluence of 80-90% was
reached. To check for surface expression of hMOGye, 3 X 104
MOG-transfected CHO cells were deposited on a slide and fixed
with 100% methanol for 5 min at —20°C. After blocking with
PBS containing 2% BSA and 2% FCS for 30 min, cells were
incubated 1 h at 37°C with the mouse monoclonal anti-MOG Ab
8-18C5 (5 wg/ml, gift of C. Linington, University of Aberdeen,
Aberdeen, Scotland). Fluorescence was revealed after 1-h incu-
bation at 37°C by a goat anti-mouse IgG FITC Ab (Sigma) and
examined under a fluorescence microscope (Nikon Eclipse
E600). Negative controls were done with secondary Ab alone.

Serum IgG Reactivity. Cells were trypsinized, diluted in FACS
buffer (PBS, 0.1% Na azide, and 2% FCS), and plated in a
96-well plate (Costar) at a density of 200,000 per well. After
blocking in FACS buffer containing 10% FCS for 15 min at 4°C,
cells were washed and human serum (1:10) was added for 1-h
incubation at 4°C. After washing, cells were incubated with a
goat anti-human IgG FITC (Caltag, South San Francisco, CA)
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at the recommended concentration for 30 min at 4°C. After a
final wash, cells were resuspended in FACS buffer containing
propidium iodide (Molecular Probes) at 2 pg/ml and gently
shaken. Samples were kept on ice and analyzed by gating the
selected live cell population (10* cells) within 1 h of harvesting
by trypsinization. Each FACS experiment included an internal
positive control consisting of the monoclonal anti-MOG 8-18C5
Ab (0.5 pg/ml) and rabbit anti-mouse FITC (DAKO) as sec-
ondary Ab. For each sample, the geometric mean intensity
(Gmean) of FITC (WINMDI 2.8 software) was measured for
MOG-transfected CHO cells and compared with that of ntCHO
cells. The BR was calculated as the Gmean for MOG-transfected
CHO cells divided by the Gmean for ntCHO. To compare
different assays, for each sample the BR was normalized to that
of a human positive control (RRMS 1158) included in each
experiment.

For studies in marmosets, MOG-transfected CHO cells were
incubated for 1 h at 4°C with marmoset serum diluted 1:100.
FITC-conjugated Ab against whole monkey IgG (Sigma) diluted
at 1:100 was used as secondary Ab and incubated 30 min at 4°C.
FACS analysis was performed as described above. IgG binding
against hMOG ., was considered positive when the BR (Gmean
preimmunization/Gmean time point tested) was >1.5.

Differential Reactivity of Monoclonal Fab Fragments. Recombinant
Fabs were derived from a C. jacchus marmoset immunized with
rMOG;_125 produced in Escherichia coli (tMOGy2s) (12). Fabs
were diluted in FACS buffer at 0.5 pg/ml and added to ntCHO
or MOG-transfected CHO cells. FITC-conjugated Ab against
whole monkey IgG (Sigma) diluted at 1:100 was used as sec-
ondary Ab for 30 min at 4°C. FACS was performed as described
above.

ELISA Assay. hMOG s expressed in E. coli was coated overnight
on polystyrene microtiter plates at 0.5 ug per well (Maxisorb,
Nunc). After washing and blocking with 1% BSA in PBS +
0.05% Tween (BSA-PBS-T) for 2 h at room temperature, sera
(1:200) were diluted in BSA-PBS-T and added to the plate. Ab
binding was detected by an alkaline phosphatase AP-labeled
goat-anti-human IgG (Sigma) for 1 h at room temperature.
Plates were developed with para-nitrophenyl phosphate (Moss,
Pasadena, MD) for 30 min in the dark at room temperature and
read at 405 nm in a microplate reader (SpectraMax, Molecular
Devices). Results were expressed as BR, i.e., signal over BSA
background.

Preabsorption of Sera on hMOGme and hMOG 25, To further validate
the cell-based assay and eliminate the possibility of nonspecific
binding effects from either MS serum or transfection proce-
dures, we conducted binding experiments after preincubation of
serum with the respective antigens. For hMOGn. preabsorp-
tion, 5 X 10° MOG-transfected CHO cells and ntCHO cells were
separately incubated with serum diluted 1:10 for 1 h at room
temperature with gentle agitation. After centrifugation at 900 X
g for 2 min, supernatant were collected and preabsorption was
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repeated three times in total with fresh cells. After the final
preabsorption, supernatants were centrifuged at 3,600 X g for 5
min and collected for subsequent experiments.

For hMOG;»s preabsorption, ELISA plates were coated with
either 1 ug BSA or 0.5 ug hMOG s overnight and blocked in 1%
BSA in PBS plus 0.05% Tween for 2 h, then sera were incubated
1 h. Supernatants were collected and preabsorption was re-
peated eight times in total with fresh hMOGj,s. After the final
preabsorption step, supernatants were collected as above.

Data Analysis. Statistical analyses were performed by using
Kruskal-Wallis with Dunn’s post hoc test for multiple compar-
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Highly reactive anti-myelin
oligodendrocyte glycoprotein antibodies
differentiate demyelinating diseases from
viral encephalitis in children
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Abstract

Background: Myelin oligodendrocyte glycoprotein (MOG) may be implicated in the immunopathogenesis of multiple
sclerosis (MS) inducing demyelination in the animal model of MS. In adults reported anti-MOG antibody frequencies have
been variable across a number of studies and can also be detected in controls.

Objective: To measure antibodies against MOG in paediatric patients with demyelinating disorders of the central
nervous system and in controls.

Methods: Serum antibodies against MOG and myelin basic protein were measured by ELISA, flow cytometry (FACS)
and in the liquid phase in || children with acute disseminated encephalomyelitis (ADEM), 22 children with MS, seven
children with acute viral encephalitis and |3 healthy controls. The serostatus of Epstein—Barr virus (EBV) infections were
assessed.

Results: Anti-MOG antibodies, measured either by ELISA or FACS were exclusively detected in children with
demyelination. In ADEM these antibodies were highly reactive. Anti-MBP reactivity was detectable equally in all
groups. The presence of either autoantibodies did not associate with EBV serostatus, age, gender or disease course.
Conclusions: This study independently corroborates recently published results of seroprevalence and specificity of the
assay. Due to their low sensitivity anti-MOG antibodies will not serve as disease-specific biomarkers, but could help to
support the diagnosis of ADEM in difficult cases.

Keywords
acute disseminated encephalomyelitis, antibody assays, autoantibodies, Epstein—Barr virus, myelin/oligodendrocyte gly-
coprotein, paediatric multiple sclerosis
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Formation of autoantibodies directed against myelin
antigens may be induced when the immune system
encounters infectious pathogens by virtue of molecular
mimicry.' Specifically, autoantibodies reactive against
myelin oligodendrocyte glycoprotein (MOG) have been
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implicated in multiple sclerosis (MS) and acute dissem-
inated encephalomyelitis (ADEM), because they exhi-
bit demyelinating properties in experimental settings.’
Anti-MOG antibodies can be detected in both adult
patients with MS and controls with varying frequencies
and low specificity.” Recently, reactivity against native
MOG epitopes was assessed in children affected with
MS and ADEM.*”’

Several lines of evidence render the Epstein—Barr virus
(EBV) a candidate environmental factor contributing
to the pathogenesis of MS; anti-EBV antibodies are
significantly more prevalent in patients with MS, and
appear to be associated with paraclinical disease activity
as measured by magnetic resonance imaging (MRI).>"
Additionally, cross-reactivity between EBV-specific
T cells and myelin antigens, namely myelin basic protein
(MBP) has been reported.'®!!

We aimed to compare the anti-MOG IgG status of
paediatric patients with different inflammatory central
nervous system (CNS) diseases, including MS, ADEM
and viral encephalitis, with a control cohort of healthy
children. Paediatric patients provide an invaluable
opportunity to study antibody responses against auto-
antigens and viral antigens very early in the disease
course when only limited myelin damage has occurred.
Technical issues, such as MOG preparations and detec-
tion assays used, have been suspected to be at least par-
tially the reason for conflicting inter-laboratory results.’
We therefore employed an ELISA and a liquid-phase
immunoassay using recombinant human MOG.,'? a
cell-based cytometric assay for the detection of anti-
body reactivities against native, membrane-embedded
MOG" as well as an ELISA against purified MBP.
These antibody frequencies were correlated to the EBV
serostatus given the association of EBV with MS and the
cross-reactivity between EBV and MBP.%1%!!

Methods
Patients

The patient sera were derived from different sources.
They were either sent for routine anti-MOG diagnostics
in the course of acute inflammatory CNS diseases and
were included retrospectively to perform extended anti-
MOG testing. The majority of sera had been obtained
in the course of prospective studies on inflammatory
CNS disease in childhood after written parental consent
had been obtained, in accordance with the local ethics
committees’ regulations. Eleven paediatric patients
with ADEM, recruited in France, in the course of the
KIDSEP study of the French Neuropediatric Society,
and by the Department of Pediatrics of RWTH Aachen
University Hospital, Germany, and 22 children with
clinically definite MS (i.e. documented dissemination
in time and space) were included. Diagnosis of
ADEM was made as previously described.'* Serum
was stored at —20°C until assayed. Seven children
with serologically proven acute viral encephalitis and
13 healthy children (HC) served as controls. HC sera
had been collected in the course of a prospective study
approved by the Ethics Committee of RWTH Aachen
University Hospital focusing on inflammatory CNS
diseases in infants and children. The patients’ demo-
graphics are compiled in Table 1.

Immunoassays against myelin oligodendrocyte
glycoprotein and myelin basic protein

Serum IgG antibodies against human recombinant
MOG spanning its extracellular domain (rhMOGj»s)
were detected by established assay methodology
using an ELISA and a liquid-phase assay (LiPhELIA)

Table I. Demographics and sero-status to Epstein—Barr virus antigens

Parameter ADEM MS Encephalitis Controls
Number of patients I 22 7 13

Age (years; mean &= SD) 7.1 £4.1 14.9 £2.5% 7.1+£62 I.1+3.4
Sex® (% female) 28 82 100 15

EDSS® (median; IQR) 3.5 (2.0-5.0) 2.0 (1.0-3.0) NA NA

OCB (positive/negative) 1/5 22/0 NA NA
Follow-up (months; median; IQR) 59 (15-85) NA NA NA
EA-IgG (% positive) 0.0 9.1 0.0 15.4
EBNA-IgG (% positive) 27.3 100 85.7 76.9
VCA-IgG (% positive) 27.3 100 85.7 69.2

?Older than ADEM and encephalitis (p < 0.05; ANOVA).
PSex matching was not deliberately performed.

“EDSS of ADEM and pediatric MS not statistically different (p > 0.05; Mann—Whitney test).
ADEM: acute disseminated encephalomyelitis; EA: early antigen; EBNA: Epstein—Barr nuclear antigen; EDSS: Expanded Disability Status Scale; IgG:
immunoglobulin G; IQR: interquartile range; MS: multiple sclerosis; OCB: oligoclonal bands; NA: not applicable; VCA: virus capsid antigen.
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as described.'*'? Sera of marmosets immunized with
MOG served as positive controls.'> ELISA plates
were also coated with purified human MBP (AbD
Serotec, Oxford, UK) at 0.5ug/well. Results were
expressed as binding ratio (BR) (i.e. optical density
against thMOG,5/MBP divided by optical density
against background).'?

Antibodies against native, membrane-embedded
MOG were detected by flow cytometry using MOG-
transfected Chinese hamster ovary (CHO) cells as pre-
viously described, termed the CHO-MOG assay.13 The
BR was defined as the mean fluorescence intensity
(MFTI) obtained from the MOG-transfected CHO cells
divided by the MFI of non-transfected cells.

Anti-Epstein—Barr virus humoral responses

IgG reactivity against the EBV antigens early
antigen (EA), virus capsid antigen (VCA) and
Epstein—Barr nuclear antigen (EBNA) was determined
using commercial ELISA kits, following the manufac-
turer’s instructions (Institut Virion\Serion, Wiirzburg,
Germany). Results were expressed quantitatively
(U/ml). Seropositivity was defined by the lot specific
cut-off values provided by the manufacturer.

Data analysis and statistics

Samples were deemed positive if the individual BR was
greater than a cut-off BR defined from the HC samples;
that is, the mean OD + 2 standard deviations. Positive
samples were considered highly reactive if the sample’s
BR was (1) above the mean BR of HC plus 5 x SD, and
also (2) 5-fold above its individual background (i.e.
BR > 5). Data were analysed using GraphPad Prism 4.0
for Windows (La Jolla, CA, USA) by the Kruskal-
Wallis test and Dunn’s post hoc test for multiple com-
parison given the small samples sizes. Categorical
datasets were compared by the chi-square test.

Results

Of the 53 children recruited for this study, 33 were
affected by demyelinating CNS disorders, ADEM or
MS. Patients with MS were significantly older than
patients with ADEM and encephalitis (Table 1).
In addition, owing to the inherent difficulties of recruit-
ing healthy paediatric controls, the cohorts were not
sex-matched (Table 1).

Children with demyelinating disorders, ADEM or
MS, were significantly more frequently antibody posi-
tive against rhMOG,s as measured by ELISA than
controls or patients with encephalitis (27.3% vs.
5.0%; p=0.045, x* Figure 1). The majority of these
samples (77.8%) were highly reactive; that is, they had

strong antibody reactivities as defined. Antibodies
against native MOG in the CHO-MOG assay were
also significantly more frequent in the demyelinating
disorders cohort (12.1% vs. 0.0%:; p=0.049; x°
Figure 1), and were considered highly reactive in all
ADEM samples (mean ratio 10.4). In contrast, anti-
MBP reactivity was not exclusively associated with
demyelination (18.2% seropositivity in ADEM/MS
vs. 10% in encephalitis/controls; p=0.42; x?). Overall,
anti-MOG reactivity could be detected in 30.3% of
demyelinating samples with either assay compared to
5% in the non-demyelinating samples (p =0.0049; x2).
Reactivity against native MOG (CHO-MOG assay)
associated with anti-rhMOGj,5 reactivity as measured
by ELISA in 75% of cases with demyelination.

Autoantibody status was not associated with age,
gender, presence of oligoclonal bands or clinical dis-
ability as measured by the Expanded Disability Status
Scale (EDSS) in any of the groups (data not shown).

Importantly, reactivity against soluble rhMOGj,5 as
measured by LIPhELIA could not be detected in any of
the patients or controls (data not shown).

Samples were also analysed for the presence of IgG
antibodies against EBNA and VCA indicative of an
EBYV infection in the past, and against EA to identify
recently infected patients. While all patients with MS,
85.7% of patients with encephalitis, and 76.9% of con-
trols were EBNA-/VCA-IgG positive, only 27.3% of
the ADEM were EBNA-/VCA-IgG positive, a signifi-
cant difference (p <0.001; x* Table 1). It has to be
noted, however, that, overall EBNA-IgG negative
patients were significantly younger than those positive
for EBNA-IgG (mean age 7.5+£4.2 years vs. 12.5+4.6
years; p=0.0015, unpaired 7-test). Titres of EBNA-
IgG were not different between groups (data not
shown). Neither the serostatus nor the titre of EBNA-
IgG were associated with the presence of autoantibo-
dies against MOG or MBP (data not shown).

Discussion

The major finding of this study was that the anti-
MOG humoral immune response is exclusively con-
fined to paediatric demyelinating CNS disorders,
whereas CNS inflammation alone, as apparent in
seven patients with viral encephalitis, did not induce
such a response. Secondly, anti-MOG reactivity could
not be detected in paediatric controls and is thus spe-
cific for CNS demyelination. This is in contrast to anti-
MOG IgG reactivity in adults; for example, anti-MOG
IgG positivity in 32.9% of healthy adults in a recent
study.®!” These findings are corroborated by the obser-
vation that reactivity against MBP is equally detectable
in patients with MS/ADEM and in patients with
encephalitis. Notably, while MOG is known to induce
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Figure . IgG reactivity against cell-expressed native MOG (CHO-MOG), rhMOG s, and MBP in paediatric patients with ADEM
(black squares), MS (black circles), viral encephalitis (grey triangles) and healthy controls (grey reverse triangles). Results were
expressed as binding ratios (BRs). Horizontal bars represent medians and interquartile ranges. ELISA: enzyme-linked immunosorbent
assay; ADEM: acute disseminated encephalomyelitis; MBP: myelin basic protein; MOG: myelin oligodendrocyte glycoprotein; MS:

multiple sclerosis.

Table 2. Summary of studies testing for anti-MOG IgG antibodies in pediatric cohorts

Study Assay CNS demyelinating disease (n) % positive Control group (n) % positive
This study FACS ADEM (I1)/pMS (22) 27.3/14.5 Healthy controls (13) 0
ELISA 54.5/13.6 0
LiPhELIA 0/0 0
O’Connor et al.* RIA (tetramer) ADEM (56)/pMS (19) 18/5
FACS 9/5
McLaughlin et al® FACS Paediatric MS (131) 21.3 OND (34) 6
NND (37) 0
Juvenile diabetes (28) 0
Brilot et al.” FACS ADEM/CIS (47) 47 Healthy controls (30) 0
OND (29) 7

ADEM: acute disseminated encephalomyelitis; ELISA: enzyme-linked immunosorbent assay; FACS: fluorescence activated cell sorting; LiPhELIA: liquid
phase enzyme-linked immunoassay;'? MS: multiple sclerosis; OND: other neurological diseases; NND: non-neurological diseases; pMS: paediatric MS;

RIA: radioimmunoassay.

demyelination experimentally, MBP causes inflamma-
tion but no demyelination in animal models of MS.>
Despite the restriction of anti-MOG reactivity to
patients with ADEM/MS, this was not very sensitive,
being present in 30.3% of the patients only. This is
in line with several recently published studies on pae-
diatric patients with demyelinating CNS disorders
(Table 2), reporting anti-MOG reactivity in 18-47%

of the patients. The reasons for these discrepant anti-
MOG prevalences are most likely the different assays
systems used, different cell lines and transfection tech-
niques, different detection methods applied and cut-off
margins for seropositivity individually defined by each
study.*>7 The specificity of anti-MOG antibodies for
ADEM/MS in contrast, appears to be high and was
calculated at 95% in our study, which is consistent
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with the previous studies.*>’ In line with these studies
our data confirm that antibodies against native MOG
are highly reactive;*>’ the mean CHO-MOG ratio was
at least five-fold higher than the highest samples of our
previously published adult MS cohort (10.4 vs. 1.72,
CIS sample).”? It is intriguing to speculate about the
pathogenetic mechanism behind this phenomenon;
however larger numbers of ADEM patients are
needed to robustly detect possible associations, for
instance the amount of myelin damage as measured
by MRI. Thus, our study confirms that anti-MOG anti-
bodies do not serve as diagnostic biomarkers due to
lack of sensitivity. Yet, it may be helpful to measure
MOG reactivity in uncertain cases; the presence of
highly reactive anti-MOG IgG would be indicative of
ADEM. It is, however, important to note that one case
of ADEM tested positive for anti-MOG, was later re-
diagnosed as MS; this was due to a second relapse that
occurred 7 months after the initial presentation leading
to the diagnosis of ADEM. The median follow-up of
the ADEM cases was 59 months (Table 1), and it is
thus quite unlikely that further cases of ADEM will
have relapses and will have to be reclassified as MS
given that most relapses occur with in first 12 months
after ADEM diagnosis.'®

Comparable with the data by Selter et al., anti-MOG
IgG serostatus in our study did not allow to distinguish
ADEM from relapsing cases and were not associated
with EBNA-IgG.¢ However, in our ADEM cohort the
proportion of EBV-infected children was considerably
lower (27.3% vs. 42.1%), but the EBNA-IgG preva-
lences of controls higher (91% vs. 50%) due to the
younger age of the patients with ADEM (Table 1).°

Interestingly, despite highly reactive samples in both
the ELISA and the CHO-MOG assay none of the sam-
ples was reactive to soluble MOG corroborating our
previous conclusion that soluble MOG does not
expose epitopes relevant to demyelination.'? It is
intriguing to speculate about the discrepant specificities
of anti-MOG observed paediatric cohorts (this study,
Table 2) versus adult cohorts.®'> While it was shown
that molecular mimicry to EBV infection may not be
the only infectious agent triggering demyelinating CNS
disease, other infectious pathogens or non-infectious
proteins are possible candidates for cross-reactivity
with CNS antigens, that children may not have yet
encountered at blood sampling.'”'® It is worth noting
that the missing association between anti-MOG anti-
bodies and EBV clearly does not rule out the possible
involvement of EBV in the pathogenesis of MS.

In summary, this report provides evidence that the
humoral immune response against MOG in children is
specific for demyelinating inflammatory CNS disorders.
Our results confirm independently, by different assay
methodologies and patient cohorts, previous reports

of low sensitivity of anti-MOG antibodies in children
with MS and ADEM. This is particular noteworthy as
in adults large numbers of studies yielded widely diver-
gent results. Thus in children suspected to be affected
by ADEM, the measurement of highly reactive anti-
MOG IgG may supplement the diagnostic tools and
may help to differentiate from acute encephalitis.
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Antibody responses against galactocerebroside
are potential stage-specific biomarkers in

multiple sclerosis

Til Menge, MD,? Patrice H. Lalive, MD,? Hans-Christian von Biidingen, MD,*?
Bruce Cree, MD, PhD,? Stephen L. Hauser, MD,? and Claude P. Genain, MD?
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Background: Galactocerebroside, the major glycolipid of
central nervous system myelin, is a known target for
pathogenic demyelinating antibody responses in experimental
allergic encephalomyelitis (EAE), the animal model of multiple
sclerosis (MS).

Objective: To address the importance of anti-galactocerebroside
(a-GalC) antibodies in MS and to evaluate them as biomarkers
of disease.

Methods: a-GalC IgGs were quantified from sera of patients
with MS and in marmoset EAE by a new immunosorbent assay.
Results: We report a significant difference in serum a-GalC
IgG titers between patients with relapsing-remitting (RR)-MS
and healthy controls (HCs; P <.001). The frequencies of
a-GalC antibody-positive subjects (a-GalC titers = mean

HC titers + 3 SD) are also significantly elevated in RR-MS
compared with HC (40% vs 0%; P = .0033). Immunoaffinity
purified a-GalC IgGs from human serum bind to cultured
human oligodendrocytes, indicating that the ELISA detects

a biologically relevant epitope. Corroborating these findings,
a-GalC antibody responses in marmoset EAE were similarly
found to be specifically associated with the RR forms and not
the peracute or progressive forms, in contrast with other
anti-myelin antibodies (P = .0256).

Conclusion: (1) a-GalC antibodies appear MS-specific and
are not found in healthy subjects, unlike antibodies against
myelin proteins; (2) when present, a-GalC antibodies identify
mostly RR-MS and may be an indicator of ongoing disease
activity. This novel assay is a suitable and valuable method to
increase accuracy of diagnosis and disease staging in MS.

(J Allergy Clin Immunol 2005;116:453-9.)
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Multiple sclerosis (MS) is a chronic immune-mediated
inflammatory demyelinating disease of the central nervous
system (CNS) characterized by heterogeneity in clinical
presentation and underlying pathological mechanisms."
There is currently no easy paraclinical marker to diagnose
MS subtypes and predict disease course accurately with-
out lengthy periods of clinical follow-up.

Several myelin autoantigens may serve as targets for
the autoaggressive attack in MS—for example, myelin
protein myelin/oligodendrocyte glycoprotein (MOG), ex-
pressed on the outermost lamellae of the myelin sheath
and thus readily accessible to the immune machinery;
and a major CNS myelin glycolipid, galactocerebroside
(GalC), which accounts for 32% of the myelin lipid
content. Both MOG and galactocerebroside are highly
encephalogenic in various models of experimental auto-
immune encephalomyelitis (EAE), the prototypic animal
model for MS.>™ Furthermore, passive antibody transfers
in myelin basic protein (MBP)—primed animals®” and
in vitro models have demonstrated the demyelinating
properties of anti-galactocerebroside (o-GalC) and
a-MOG antibodies.'*"? Antibody responses against these
myelin targets are thus factors that potentially regulate
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Abbreviations used
AM: Acute monophasic
CIS: Clinically isolated syndrome
CNS: Central nervous system
EAE: Experimental allergic encephalomyelitis
GalC: Galactocerebroside
a-GalC: Anti-galactocerebroside
HC: Healthy control
HR: Hazard ratio
MBP: Myelin basic protein
MOG: Myelin/oligodendrocyte glycoprotein
MRI: Magnetic resonance imaging
MS: Multiple sclerosis
PP: Primary-progressive
rMOG: Recombinant rat myelin/oligodendrocyte
glycoprotein (extracellular domain)
RR: Relapsing-remitting
RT: Room temperature
SP: Secondary-progressive

disease phenotype expression in the context of established
CNS inflammation.

The pathogenic involvement of anti-myelin antibodies
in human MS is less well established, because antibody
titers against the myelin proteins do not unequivocally
differ between control populations and patients with
MS.'*' However, regardless of pathogenicity, anti-
myelin antibodies have recently been proposed as pre-
dictive disease markers.””

Here, we examined whether a-GalC antibodies could
serve as disease markers in MS. We demonstrate for the
first time that significantly elevated titers of «-GalC
antibodies are specifically found in relapsing-remitting
(RR)-MS, and not in early or progressive forms of the
disease. In strong support of our clinical observations,
longitudinal assessment of galactocerebroside reactivity
during the course of relapsing EAE in marmosets indicates
that appearance of antibodies against galactocerebroside is
delayed with respect to disease onset.

METHODS
Patients and controls

Sixty-five consecutive patients seen in our MS center, 51 meeting
the diagnostic criteria for clinically definite MS,?' were recruited for
this study: 20 with RR-MS, 15 secondary-progressive (SP)-MS, and
16 primary-progressive (PP)-MS (Table I). In addition, 14 patients
had a clinically isolated syndrome (CIS), ie, a single clinical attack
suggestive of CNS demyelination. Twenty volunteers served as
healthy controls (HCs). Both untreated patients and patients treated
with IFN-B and glatiramer acetate were included in this study, but
those treated with glucocorticoids within 3 months or on immuno-
suppressive therapy within 6 months of phlebotomy were excluded.
Blood was drawn by venipuncture and clotted serum stored at
—40°C. Informed consent was obtained from the patients and HCs,
and the study was conducted in accordance with Institutional Review
Board approval.

J ALLERGY CLIN IMMUNOL
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Animals

Callithrix jacchus marmosets were cared for in accordance with
the guidelines of the Institutional Animal Care and Usage Committee.
EAE was induced by immunization with 100 mg human white matter
homogenate as described.””> Plasma samples were obtained from
EDTA-anticoagulated blood at baseline and at intervals of 2 to 4
weeks and stored at —40°C. The animals were scored every other day
for the development of clinical signs and disability using a previously
published scale.”>

a-GalC ELISA

Bovine brain—derived galactocerebroside (Matreya, Pleasant Gap,
Pa) was dissolved in chloroform-methanol (2:1). For coating,
galactocerebroside was air-dried, stepwise resuspended in 65°C
hot ethanol (50% vol/vol) at a final concentration of 50 ug/mL,
with 100 uL added to wells of Polysorb 96-well microtiter plates
(Nunc, Rochester, NY), and incubated uncovered overnight at room
temperature (RT) for solvent evaporation. Plates were washed with
double-distilled H,O and blocked with 1% BSA (A7030; Sigma, St
Louis, Mo) in PBS (ELISA buffer) for 2 hours at RT. After washing
with PBS and ddH,0, 100 uL of either human serum samples, diluted
1:40 in ELISA buffer, or C jacchus samples, diluted 1:100, were
incubated in triplicate overnight at 4°C. Background binding of each
sample was controlled for on blocked wells without coated antigen.
After washing, specific antibody binding was detected by an alkaline
phosphate—labeled goat-anti-human IgG (A9544; Sigma) or by a
horseradish peroxidase—conjugated rabbit-anti-monkey IgG (A2054;
Sigma), diluted in ELISA buffer and incubated for 1 hour at RT. For
human sera, binding was detected by reading the OD at 405 nm in a
microplate reader (SpectraMax; Molecular Devices, Sunnyvale,
Calif) after incubation with paranitrophenyl phosphate (Moss,
Pasadena, Md) for 30 minutes in the dark at RT. The marmoset
assay was developed with 3,3",5,5"-tetramethylbenzidine (Pierce,
Rockford, Ill) for 15 minutes at RT and the OD read at 450 nm
wavelength.

For specificity and sensitivity controls, a polyclonal rabbit-
anti-bovine galactocerebroside antiserum (G9152; Sigma) was used
and antibody binding detected by a horseradish peroxidase—labeled
goat-anti-rabbit IgG (A0545; Sigma). Quenching experiments were
performed by overnight pre-incubation with solubilized galactocer-
ebroside; galactocerebroside was air-dried and resuspended in 65°C
hot ethanol at 200 ug/mL and further diluted in ELISA buffer to a final
concentration of 2 ug/mL.

Anti-myelin protein antibody ELISA

C jacchus antibodies against human MBP and recombinant rat
(HMOG, amino acids 1-125%° were coated to microtiter plates
(Maxisorb; Nunc) overnight with 1 ug antigen per well. After washing
and blocking with 3% BSA in PBS plus .05% Tween for 1 hour at
37°C, marmoset samples were incubated for 1 hour at 37°C and
diluted 1:100 in 3% BSA in PBS plus .05% Tween. Antibody binding
was detected by a peroxidase-labeled rabbit-anti-monkey IgG for
1 hour at 37°C.

Statistical analysis

To express the results of the galactocerebroside assay, a signal-
to-background binding ratio was calculated as the ratio of OD
(signal) over OD (background). Positive controls, ie, a human sample
with strong binding signal, and negative controls, ie, ELISA buffer
only, omitting serum, were included on each plate. For human
samples, samples above the mean binding ratio + 3 SD for the HC
group were considered positive. In the marmoset assay, samples were
considered positive for a binding ratio above 3 with ODggc >0.1 and
greater than 3-fold the baseline (unimmunized) sample. Statistical
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TABLE I. Characteristics of patients with MS and HCs

Variable HC CIs RR-MS SP-MS PP-MS
N 20 14 20 15 16
Sex

Female 10 9 15 9 10

Male 10 5 5 6 6
Age (y)

Median 51.0 36.0* 43.0 45.0 51.0

Range 28-71 23-50 25-61 37-60  40-65
Disease duration

(mo)

Median NA NA 120 120 48

Range NA NA 9-266  24-384  9-216

Expanded Disability
Status Scale
Median NA 1.5F 2.0% 5.5 4.5
SD NA 0.9 1.5 1.5 1.2

NA, Not applicable.

#P < .05 if compared with HC and P < .01 if compared with PP-MS
(ANOVA with Bonferroni correction for multiple comparisons).

P < .001 and P < .01 if compared with SP-MS or PP-MS, respectively
(Kruskal-Wallis test with Dunn post hoc test for multiple comparisons).

analysis was conducted by using STATA 7.0 (StataCorp LP, College
Station, Tex) and GraphPad Prism 3.0 (GraphPad Software, San
Diego, Calif). Categorical variables were compared by using the x*
test, continuous variables by using ANOVA, and ordinal variables by
using the Kruskal-Wallis test. The Bonferroni method and the Dunn
test were used to determine differences in between groups. Survival
analysis was used to assess time-dependent variables. Because the
binding ratios are not normally distributed, the binding ratio was
transformed by using an inverse ratio to generate a normal distribu-
tion for parametric analysis.

Antibody affinity purification

Human serum was diluted in 10 mmol/L sodium phosphate buffer,
pH 7.0 (SP buffer), and IgG was purified over a protein G column
(HiTrap HP; Amersham, Piscataway, NJ). Bound IgG was eluted
with 100 mmol/L glycine-HCI, pH 2.7, and dialyzed against the
sodium phosphate buffer. For immunoaffinity purification of a-GalC
antibodies, galactocerebroside was dissolved at 5.0 mg/mL in 65°C
hot methanol and hydrophobically bound to a FF-octyl column
(HiTrap; Amersham) as previously described.?* The IgG fraction was
applied to this column and bound IgG eluted and dialyzed into PBS as
described.

Immunohistochemistry

The human oligodendrocytoma cell line HOG (kind gift of
Dr Glyn Dawson), known to express ‘galactocerebroside,25 was
grown in monolayers. Cells were trypsinized and plated at a density
of 20,000 cells/well onto chamber glass slides (Nunc); fixed in ice-
cold methanol; blocked with 2% BSA and 2% FBS in PBS; and
stained with human serum (1:50), rabbit antiserum (1:50), or 1006-
GalC (30 ug/mL), respectively, diluted in 1% BSA-PBS for 1 hour at
RT and developed with fluorescein isothiocyanate—labeled anti-IgG
secondary antibodies (F3512 for human, F9887 for rabbit; Sigma).
Control slides omitting the first antibodies were included.

RESULTS

Validation of the a-GalC assay

The assay was validated by a rabbit antiserum reactive
to bovine galactocerebroside, with reactivity detectable to
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FIG 1. Binding ratios and frequencies of a-GalC IgG responses in
human MS and HCs. A, a-GalC IgG binding ratios for each disease
subgroup. Solid lines (—) denote mean binding ratios; dashed line
(--)denotes threshold of detection (mean binding ratio of HC + 3 SD
(see B). B, Frequencies of a-GalC IgG seropositivity in human sera.

a titer of 1:12,800. Preincubation of the rabbit antiserum
with galactocerebroside solubilized in ELISA buffer
(maximal solubility concentration, 2 ug/mL in aqueous
buffer) led to an 85% reduction in signal, proving spec-
ificity of the assay. A mAbD reactive against MOG (8.18-
C5) did not react with the coated galactocerebroside,
confirming the purity of the antigen. In serial dilutions of
total IgG purified on protein G from either the human
positive control or pooled immune C jacchus sera, the
threshold of detection was 6.25 ug IgG per well. The
interplate and intraplate coefficients of variation were 15%
and 4%, respectively.

Detection of «-GalC IgG in patients with MS

Quantitatively, significant differences in «a-GalC
antibody titers were found between HC and RR-MS
(P < .001) as well as between patients with CIS and
RR-MS (P < .05; ANOVA with Bonferroni correction for
multiple comparisons; Fig 1, A). There was a trend
suggesting a difference for the antibody titers between
SP-MS and HC (P =.092). In contrast, there were no
significant differences for o-GalC reactivity among the
HC, CIS, and PP-MS subgroups. Even if the 2 patients
with the highest binding ratios in the RR-MS group were
excluded from the calculations, the difference in the
reciprocal binding ratio compared with the HC group
remained highly significant (P < .01).

The threshold for positivity was 3.23 and is indicated in
Fig 1, A (dashed line; see Methods). The frequencies of
patients with RR-MS identified as a-GalC antibody—
positive by this analysis were significantly higher com-
pared with HC (40% vs 0%; P = .0033; Fisher exact test
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FIG 2. Immunostaining of HOG cells with affinity-purified human «-GalC IgG. A, Affinity purified a-GalC IgG
(1006-GalC) at 30 ug/mL. B, Positive control (rabbit a-GalC antiserum) at 1:50 dilution. C, Staining with serum
of 1006-GalC at dilution 1:50. D and E, Negative controls: fluorescein isothiocyanate-labeled anti-human and
anti-rabbit 1gG.

with Bonferroni correction for multiple independent
comparisons). Again, there was a trend observed for
a-GalC antibody positivity in SP-MS compared with HC
(26.7% vs 0%; P =.026; not significant after correction
for multiple independent comparisons). Other pairwise
comparisons were not significant (Fig 1, B).

Immunoaffinity purification of «-GalC IgG
and immunohistochemistry

To assess the specificity and biological relevance of the
ELISA assay, serum of 1 patient demonstrating a high
a-GalC response (#1006) was subjected to immunoaffin-
ity purification of a-GalC IgG. From 50 mL serum, 190 ug
a-GalC IgG (1006-GalC) was extracted by a custom-
made galactocerebroside column. 1006-GalC reacted in
the ELISA with a detection limit 62.5 ng specific IgG per
well (0.625 ug/mL), and the signal could be quenched by
soluble galactocerebroside (45% signal reduction). These
galactocerebroside-purified IgGs showed staining of the
human oligodendrocytoma cell line HOG identical to the
control rabbit a-GalC specific antiserum (Fig 2, A and B).
These results unequivocally show that galactocerebroside
specific antibodies purified from human serum are cell-
surface binding on oligodendrocytes, and indicate that the
newly implemented ELISA assay system likely detects
biologically relevant antibodies.

Detection of «-GalC IgG responses in
marmoset EAE

Sequential sera of 20 animals immunized with human
white matter homogenate were studied. Because of the
outbred nature of the animals, the clinical course of EAE is
not uniform: 9 animals displayed a RR-EAE disease
course, and 2 animals did not remit during attacks but
progressively worsened over time (similar to a PP course).
Six animals were euthanized at onset of the first attack,
termed acute monophasic (AM), and 2 of these had a
peracute disease course rapidly progressing to a score of 4.
An additional 3 animals were euthanized before the onset
of clinical disease, at the time when pleocytosis was
present in the cerebrospinal fluid, demonstrating presence
of CNS inflammation. Clinical information is summarized
in Table II.

Antibodies against IMOG and MBP were detected in all
but 1 of the animals regardless of their disease course,

including the preclinical animals (Table II). In contrast,
a-GalC antibodies were detected only in animals with
RR-EAE, and not during the first attack of AM-EAE, even
in the severely affected animals or in animals displaying a
progressive course (Table II). However, this could have
resulted from the overall shorter observation period for
these animals (median, 28 and 60 days postimmunization
vs 70 days postimmunization for RR-EAE; Table II).

The a-GalC antibody response appeared significantly
later compared with antibody responses against the myelin
protein rMOG and MBP in RR-EAE: median time lapse
between immunization and appearance, 70 days for
a-GalC vs 45 days for a-rMOG and 27 days for «-MBP
(P =.0256; log rank test for equivalence of survival
functions). A Cox proportional hazard model showed
that the hazard ratios (HRs) for a-rMOG and «-MBP
antibody responses were significantly different from the
HR for a-GalC (HR «-rMOG =5.56, P=.013; HR
o-MBP = 12.76, P = .001; Fig 3), indicating that a-GalC
antibodies occurred most distant from immunizations and
thus onset of EAE in these animals.

DISCUSSION

We present here a reproducible solid-phase assay for
detection of galactocerebroside-specific IgG in human
sera. These specific IgG were purified by means of a
galactocerebroside immunoaffinity chromatography col-
umn and were shown to retain the ability to bind to a
galactocerebroside epitope expressed on human oligoden-
drocytes and in vitro by ELISA. The assays previously
described to measure such antibodies in MS'®'??° iden-
tified differences between controls and MS for cerebro-
spinal fluid, but not serum, even with undiluted serum in a
solid-phase radioimmunoassay.18 The most likely expla-
nation for the differences we find between HC and MS
is the stratification for MS subgroups, which was not
examined in previous studies.'™'? Indeed, comparing all
our 65 patients with MS as 1 group with HC showed no
significant difference in the frequency of antibody-posi-
tive patients.

The current a-GalC IgG assay is performed in serum at
dilutions of 1:40 and above, which is considerably easier
to access than cerebrospinal fluid and can be repeated
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TABLE Il. Characteristics of C jacchus marmoset EAE and antibody status

Disease Clinical onset Sacrifice Maximal clinical a-GalC First day «-rMOG Firstday «-MBP  First day

Animal course (day PI) (day PI)t score (day Pl)t IgG detected (Pl)i IgG detected (Pl)i IgG detected (Pl)i
326-91 RR 14 120 4 (120) + 23 + 63 + 23
106-90 RR 16 112 3 (96) + 80 + 53 + 25
191-92 RR 16 112 2 (20) + 81* + 53* + 27*
378-85 RR 16 112 2 (40) + 26%* + 26* + 56*
U062-02 RR 43 97 3 (84) + 96 + 36 + 36
185-99 RR 7 86 2 (56) + 70 + 15 + 28
U050-01 RR 21 86 2 (57) + 70 + 45 + 15
U057-02 RR 32 82 1.5 (73) + 62 + 62 + 18
U050-00 RR 21 78 3 (38) + 78 + 29 + 29
Median = SD RR 21 = 11 98 £ 16 2.0+ 0.8 70 £ 25 42 + 17 29 £ 12
97 = 16)
127-93 CP 16 68 4 (56) - - + 54 + 26%*
U052-01 CP 21 52 3 (40) - - + 36 + 18
U025-00 AM 21 61 2 (57) - - + 42 + 28
U023-00 AM 16 31 2 (28) - — + 28 + 28
273-93 AM 12 28 3.5 (24) - - + 28* + 28%*
274-93 AM 16 28 2 (20) - - + 30* + 30%*
U021-99 AM 18 23 1.5 (23) - - + 20 + 20
346-92 AM 17 22 3(22) - — + 23 + 23
Median = SD AM 16 =3 28 = 15 20 £ 0.8 28 £ 8 28 = 4
23 = 14)
U053-01 Preclinical NA 38 0 - - + 35 + 35
U061-02 Preclinical NA 31 0 - - - - + 31
U030-00 Preclinical NA 23 0 - - + 13 + 20

NA, Not applicable; P/, postimmunization.
*Monthly blood draw only.

+P < .001 for timing of euthanasia and maximal clinical scores between RR-EAE vs AM, respectively (2-tailed ¢ test); maximal clinical score or
time of clinical onset were not significantly different (P =.69 and .39, respectively; 2-tailed ¢ test)

IStatistical analysis provided in Fig 3.

multiple times. Most significant, serum a-GalC are spe-
cific for MS, because they are not encountered in any of
the controls, and practically never if at all in CIS. Although
other neurological diseases were not examined, this
finding at least indicates that, unlike for myelin proteins
like MOG, serum positivity helps to distinguish patients
with MS from healthy individuals. The intergroup differ-
ences are very significant, despite the relatively small
number of subjects studied. The 65 patients were chosen
randomly in consecutive order of presentation, and
a-GalC measurements were performed in a blind fashion.
In addition, we could rule out any confounding variable
for age, sex, or disease duration.

These observations imply that a-GalC antibodies can
help stratify different MS subgroups, namely RR-MS, a
novel finding with high clinical relevance. Patients with
CIS by definition have had 1 apparent clinical attack,
whereas patients with RR-MS are characterized by disease
dissemination in time and space. A high proportion of CIS
who present with brain magnetic resonance imaging
(MRI) abnormalities will proceed to develop RR-
MS,27’28 and indeed, for many of those patients, subclin-
ical MS or minor attacks may have been present for a
considerable period. Thus it can be envisioned that
detection of a-GalC antibodies may permit staging of
MS forms according to time from the first demyelinating
event. Because these antibodies appear to be characteristic
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FIG 3. Time course of a-GalC and a-myelin protein IgG responses in
immunized C jacchus. Serum dilutions, 1:100. (...) denotes onset of
clinical signs; (- ¥ -) denotes «-MBP positivity; (-*-) denotes «-rMOG
positivity; (#-) denotes a-GalC positivity. Significant levels for
median onset postimmunization (pi) of antibody positivity were
determined by a Cox proportional hazard model.

of established MS, their detection in patients with early
MS and CIS could potentially help correct and achieve an
earlier diagnosis of definite MS than with conventional
criteria. The anti-myelin protein antibodies, on the other
hand, have recently been described as potential predictors
of early conversion in patients with CIS.*

Critical for interpretation of our clinical findings in the
absence of longitudinal measurements in human MS was
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the study of chronic relapsing marmoset EAE, which best
approximates MS complex pathophysiology. Specifically,
we found that the a-GalC responses occurred distinctly
after disease onset only in animals with RR forms of EAE
(Table II; Fig 3). This was in contrast to the a-rMOG and
a-MBP responses that occurred in all animals tested, in
some cases even before clinical onset. These findings are
in line with results from 2 other EAE models,?”*° in which
a-GalC antibodies were also present in the early chronic
stage of guinea pig EAE?’ and occurred after the clinical
onset and after the development of a-MBP antibodies.™
Reactivity against ’MOG was not tested in either of these
studies.

Although the pathophysiological explanation for the
delayed antibody response to galactocerebroside in MS
and EAE is not known, several mechanisms may be
postulated. First, glycolipids are not classic, MHC-
restricted T-cell antigens but may elicit a T;1 response via
CDI presentation.”’** CD1 expression has been demon-
strated on astrocytes within MS lesions.”” Glycolipid
antigens may be presented to T cells only once detached
from the membrane bilayer, yet the degradation of myelin
glycolipids by macrophages takes considerably longer
than the breakdown of myelin proteins.34 Second, lipids as
such may be haptens and have to be attached to carrier
proteins to elicit an immune response.* It has been pro-
posed that MOG may serve as a carrier protein interacting
with galactocerebroside within the cell membrane.”
These possibilities all may also explain the low titers of
a-GalC antibodies, which are considerably lower in
human beings compared with titers of antibodies against
myelin proteins (Dr Menge, personal observation, ref 15),
as in EAE models.”’

Antibodies reactive against galactocerebroside may
have demyelinating properties, at least experimentally
invitro"*'*'* and in vivo.®**® Although our study did not
aim at proving any functional disability associated with
the presence of a-GalC antibodies in human beings, it is
interesting to note that 40% of RR-MS cases studied have
detectable a-GalC reactivity, which could potentially be
indicative of a particular RR-MS group in terms of disease
course and severity. In addition, a lesser proportion of
patients with SP-MS than with RR-MS appear to be
a-GalC antibody—positive. This could mean that o-GalC
autoantibodies predominate during a yet to be defined
window of time that overlaps between RR-MS and
SP-MS, with a tendency to decrease during the neurode-
generative stage of SP-MS. Future studies with larger
numbers of subjects and longitudinal measurements are
needed to address whether these antibody responses are
associated with clinical (Expanded Disability Status Scale,
progression rate, treatment response) or paraclinical
(magnetic resonance imaging burden of lesion) parame-
ters, and to establish their prognostic significance.

In conclusion, we have demonstrated that «-GalC
antibodies are a predominant phenomenon of RR-MS,
and that in a primate disease model, the a-GalC response
occurs significantly later than a-myelin protein responses.
This galactocerebroside assay is available as a paraclinical
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investigation, in combination with MRI. In line with other
recent reports on humoral immunity in MS and EAE, >’
these novel findings continue to underscore the value of
a-myelin antibody assessment—both protein and glyco-
lipid—as biomarkers that will be used in the near future for
MS diagnostics, staging, and prognosis.

We thank Salomon Martinez for expert animal work; Jerry
Hernandez, Drew Dover, and Kevin Morgan for help analyzing the
samples, and the clinical coordinators and neurologists at the
University of California San Francisco MS Center for sample
collection.
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