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Abkiirzungen

Abkiirzungen

Die physikalischen und chemischen Einheiten sind im SI-Standard angegeben. Die
Bezeichnung einzelner Aminosauren erfolgt im Ein-Buchstaben-Code. Es werden Standard-
Abkiirzungen fiir Chemikalien und ihre Verbindungen benutzt.

AMD
ARPE-19
aHUS

BM

C4BP

CD

CFHR
CHO

CNV
COMP_CFH15-20
CR

CRP

DAF
DEAP-HUS

ELISA
FHL1
GA
GAG
HUVEC
kDa
MCP
mCRP
MPGN-II
MBL
pCRP
RCA
RGD
RPE
SCR
SNP
TCC
TNF-a
VEGF
V62l
Y402H
ACFHR1/CFHR3

altersabhangige Makuladegeneration

humane Zelllinie des retinalen Pigmentepithliums
atypisch hamolytisch urdmisches Syndrom
Bruch’s Membran

C4b-binding protein

cluster of differentiation

complement factor H-related protein

chinese hamster ovary cells

choroidale Neovaskularisation

Chimar aus Inhibitor Compstatin und den SCRs15-20
complement receptor

C-reaktives Protein

decay accelerating factor

deficiency of cfhr plasma proteins and factor H-autoantibody
positive HUS

enzyme linked immunosorbent assay

factor H-like protein 1

geografische Atrophie

Glykosaminoglykan

human umbilical vein endothelial cells

Kilodalton

membrane cofactor protein

monomeres C-reaktives Protein
membranoproliferative Glomerulonephritis Typ-II
mannose binding lectin

pentameres C-reaktives Protein

regulators of complement activation
Zelladhdsionsmotiv aus Arginin-Glycin-Aspartat
retinales Pigmentepithel

short consensus repeat

single nucleotide polymorphism

terminal complement complex
Tumornekrosefaktor-a

vascular endothelial growth factor

Valin- zu-Isoleucin-Austausch von Aminosaure 62
Tyrosin- zu-Histidin-Austausch von Aminosaure 402
Defizienz der CFHR1- und CFHR3-Gene

I



Zusammenfassung

Zusammenfassung

Die altersabhédngige Makuladegeneration (AMD) ist die haufigste Ursache fiir Erblindung in
der westlichen Welt und betrifft etwa 50 Millionen Menschen. Die Erkrankung tritt ab dem
50. Lebensjahr auf, und ist charakterisiert durch die sukzessive Degeneration von
Fotorezeptoren der Makula. Der Funktionsverlust der Makula —dem Ort des scharfsten
Sehens— ist verbunden mit dem Verlust des zentralen Sehvermodgens sowie einem
reduzierten Kontrast- und Farbempfinden. Aufgrund der demografischen Entwicklung der
ndchsten Jahrzehnte, und den damit verbundenen steigenden Neuerkrankungen, stellt die
AMD nicht nur eine medizinische, sondern auch soziookonomische Herausforderung dar.
Neben individuellen Risikofaktoren ist die AMD im Wesentlichen einer genetischen
Pradisposition unterworfen. Im Jahr 2005 identifizierten genomweite Assoziationsstudien
erstmals konkrete Risikogene. Eine zentrale Rolle in der AMD-Entstehung spielt dabei das
Komplementsystem, in welchem Polymorphismen der Gene fiir Faktor H, Faktor B, C2 und C3
sowie die Defizienz der CFHRI-/CFHR3-Gene das individuelle Risiko beeinflussen. Das
Komplementsystem des Menschen ist Teil der angeborenen Immunabwehr. Unter
physiologischen Bedingungen spielen die von ihm ausgelosten Effektorfunktionen eine
entscheidende Rolle in der Aufrechterhaltung der Gewebshomdostase sowie in der
Eliminierung von Mikroorgansimen. Doch ein partieller oder vollstandiger Funktionsverlust
von Komplementregulatoren durch Polymorphismen, Mutationen oder Defizienzen ist
Ursache zahlreicher Erkrankungen.

In der vorliegenden Promotionsarbeit wurden erstmals AMD-assoziierte Polymorphismen
sowie Defizienzen des Faktor H-Genclusters dahingehend untersucht, inwieweit sie die
Effektivitit der Komplementregulation beeinflussen und dadurch das AMD-Risiko
modifizieren. Die AMD-assoziierten Aminosduresubstitutionen V621 und Y402H des
Faktor H-/FHL1-Proteins wurden systematisch in Bezug auf Ligandenbindung und
komplementregulative Funktionen verglichen. Die erhaltenen Ergebnisse zeigen, dass die
Y402 — H402-Substitution, nicht aber die V62—I62-Variation, die Effektivitit der beiden
Regulatoren Faktor H sowie FHL1 beeintrachtigt. Die Variation von Y402 — H402 reduziert
die Komplementregulation auf korpereigenen Oberflichen um 25 % und kann primar
Zellschaden verursachen, d. h. AMD initiieren. Weiterhin konnte erstmals gezeigt werden,
dass die Y402 — H402-Variation zusétzlich fiir die intraokularen Entziindungsereignisse in
Gegenwart nekrotischer retinaler Zellen verantwortlich ist. Die AMD-assoziierten Faktor H-
Risikovarianten beeintrachtigen die Opsonisierung nekrotischer Zellen und verhindern
dadurch die anti-inflammatorische Eliminierung zelluldren Debris durch Makrophagen. Die
Arbeit gibt weiterhin Aufschluss dariiber, warum die Defizienz der Komplementproteine
CFHRI1 und CFHRS3 sich positiv auf den Krankheitsverlauf auswirkt. Beide Mitglieder der
Faktor H-Familie wurden innerhalb dieser Arbeit erstmalig als Komplementregulatoren
identifiziert. Zudem zeigt diese Promotionsarbeit, dass durch die hohe Sequenzidentitit
zwischen CFHR1, CFHR3 und Faktor H, der Regulator Faktor H von seinen Liganden
verdrangt werden kann. Die Ergebnisse veranschaulichen, dass sich CFHR1, CFHR3 und
Faktor H in einem empfindlichen Gleichgewicht befinden und die An- bzw. Abwesenheit der
CFHR1-/CFHR3-Proteine die lokale, Faktor H-bedingte, Komplementregulation beeinflusst.
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Zudem wurde im Rahmen dieser Arbeit ein neues komplementbasiertes Therapeutikum
entwickelt, welches die oberflachenerkennenden Domé&nen SCR15-20 von Faktor H mit dem
potenten, etablierten Komplementinhibitor Compstatin kombiniert. Der neue Inhibitor
COMP_CFH15-20 blockiert spezifisch die Amplifikationsprozesse des Komplementsystems
auf zelluldren Oberfldachen, und ist dadurch in der Lage, die, durch Polymorphismen oder
Defizienzen, beeintrachtigte intraokulare Komplementregulation zu verbessern.

In ihrer Gesamtheit liefert die vorliegende Promotionsarbeit Erklarungen inwiefern
Polymorphismen sowie Defizienzen des Faktor H-Genclusters die lokale, intraokulare
Komplementregulation beeintrachtigen. Die Ergebnisse zeigen erstmals, welche
komplementregulatorischen Prozesse in AMD-Patienten gestort sind. Damit liefert diese
Promotionsarbeit einen wichtigen Beitrag zum Verstandnis des Krankheitsmechanismus und
definiert AMD eindeutig als Erkrankung, die durch unzureichende Kontrolle des
Komplementsystems verursacht wird.



Summary

Summary

Age-related macular degeneration (AMD) is the most common form of blindness in western
societies and affects approx. 50 million people worldwide. The disease affects older
individuals (>50 years) and is characterized by a gradual degeneration of photoreceptors
within the macula. This leads to a functional loss of the macula, which is the retinal spot
responsible for high resolution vision. The loss of central vision is accompanied by impaired
color and contrast sensitivity. Due to the demographic development in the next decades, and
the associated increasing number of affected individuals, AMD is not only a medical but also
a socioeconomic challenge. Besides several individual risk factors, there exists strong
evidence that genetics has also a substantial contribution to the disease. In 2005, genome-
wide linkage studies identified for the first time concrete risk genes for AMD.
Polymorphisms within the Factor H, Factor B, C2, C3 genes as well as deletion of the
complement factor H-related genes CFHR1 and CFHR3 modify the individual disease risk.
Thus, the complement system plays a central role in AMD development. The human
complement system is part of the innate immunity. Under physiological conditions the
induced effector functions are crucial in maintaining tissue homeostasis as well as in
eliminating microorganisms. However, partial or complete loss of human complement
regulators due to polymorphisms, mutations or deficiencies causes several diseases.

In the present thesis, AMD-associated polymorphisms as well as deficiencies of the Factor H-
gene cluster were investigated. How they affect the efficiency of complement regulation and
how they modify the AMD-risk. The AMD-associated amino acid substitutions V62I as well
as Y402H of Factor H and FHL1 were systematically compared in terms of ligand binding
and complement regulatory functions. The obtained results showed that only the
Y402 — H402 variation, but not the V62—I162 variation affects the activity of Factor H and
FHL1. The Y402 — H402 variation decreased the complement regulatory activity on cellular
surfaces by 25 % and was able to primarily induce cell damage i.e. trigger AMD. In addition,
the Y402 — H402 variation is also responsible for intraocular inflammation processes that
occur in the presence of necrotic retinal cells. The risk variants of Factor H impair the
opsonisation of necrotic cells and therefore inhibit an anti-inflammatory removal of cellular
debris by macrophages. The thesis further reveals why the deficiency of the complement
factor H-related proteins CFHR1 and CFHR3 has a protective effect on disease progression.
Both, CFHR1 and CFHR3 were identified as novel human complement regulators. Due to the
high sequence identity of the three regulators, CFHR1 and CFHR3 compete with Factor H for
binding to several ligands. These findings allude to a critical balance between the
complement regulators CFHR1, CFHR3 and Factor H in which the presence or absence of
CFHR1/CFHR3 modulates the local Factor H-mediated complement activity.

The scope of this PhD work also comprises the development of a novel complement-based
therapeutic, which consists of a combination of the surface recognition region of Factor H
and the potent complement inhibitor compstatin. The novel inhibitor COMP_CFH15-20
specifically blocks the amplification steps of complement on cellular surfaces. The medical
relevance of COMP_CFH15-20 would be the improvement of the intraocular complement
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regulation which is, in most AMD patients, negatively affected by polymorphisms or
deficiencies.

The present thesis explains how polymorphisms and deficiencies of the human Factor H-gene
cluster modify the local, intraocular complement regulation. These findings show, for the
first time, which complement regulatory processes are dysfunctional in AMD-patients. This
thesis therefore provides a substantial contribution for a better understanding of the
pathogenesis of AMD and clearly defines the disease as a disorder that is caused by an
insufficiently controlled complement system.
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Einleitung

1 Charakteristika altersbedingter chronischer Erkrankungen

Die Atiologie von altersbedingten chronischen Erkrankungen ist komplex. Haufig fallt es
schwer, konkrete Risikofaktoren zu definieren, da die jahrzehntelange Exposition gegeniiber
verschiedenen Umweltfaktoren oftmals nicht abschdtzbare individuelle Auswirkungen
zwischen einzelnen Individuen hat. Selten trigt ein einziger Umweltfaktor in relevantem
Ausmafi zu dem komplexen Krankheitsgeschehen bei. Neben dem natiirlichen
Alterungsprozess und den damit verbundenen epigenetischen Verdnderungen, haben sich
dennoch individuelle Einfliisse wie das Rauchen, Ubergewicht sowie die Art der Erndhrung
als Risikofaktoren fiir eine Vielzahl von altersbedingten Erkrankungen etabliert!?2.

Zudem wird jeder Alterungsprozess von dem Zustand einer leichten, aber systemisch,
stattfindenden Entziindung begleitet — ein immunologisches Phanomen, welches als
»Entziindungsaltern” (englisch: inflamm-aging) bezeichnet wird®. Eine Vielzahl von internen
und externen Stimuli resultiert dabei in einer chronischen Immunantwort insbesondere
durch die angeborene Immunabwehr, was zu einer erhdhten Ausschiittung von pro-
inflammatorischen Zytokinen fiihrt*. Wéahrend dieser systemisch stattfindenden pro-
inflammatorischen = Prozesse kommt es anfangs zu noch asymptomatischen
Gewebeschadigungen, deren Intensitdt aber stetig zunimmt. Das Phanomen des inflamm-
aging steht dabei in direktem Zusammenhang mit altersbedingten Erkrankungen wie der
altersabhingigen Makuladegeneration, Alzheimer, Arteriosklerose, Osteoporose oder
Diabetes mellitus vom Typ 25¢. Das Altern, oder vielmehr die damit assoziierten chronischen
Erkrankungen, sind vermutlich die spdte Konsequenz dafiir, dass das menschliche
Immunsystem nicht fiir das Erreichen eines hohen Lebensalters ausgelegt ist, d.h. aus
evolutiondrer Sicht keine Selektion gegen inflamm-aging stattfand’. Das Auftreten dieser
Krankheiten héangt hédufig vom Genotyp des Einzelnen ab. Demzufolge fiihren pro-
inflammatorische Genotypen (die in der frithen Phase des Lebens von Vorteil waren, um
Infektionen zu widerstehen) im Alter zu chronischen Entziindungsprozessen®”.

Aufgrund der spaten Symptomatik sowie den zahlreichen individuellen Risikofaktoren, war
es lange Zeit schwierig, konkrete Risikogene der einzelnen altersbedingten Erkrankungen zu
identifizieren. Doch mit den Daten des Human Genome Projects anderten sich die
Voraussetzungen fiir genetische Untersuchungen komplexer Erkrankungen!?. Die
wachsenden Datenbanken von Einzelnukleotidpolymorphismen (SNPs: ,single nucleotide
polymorphisms”) des menschlichen Genoms ermoglichten die parallele Analyse von iiber 100
SNPs und fiihrten zur Entdeckung zahlreicher Gene, die signifikant mit altersbedingten
Erkrankungen assoziiert sind. So wurden Varianten in Genen des Komplementsystems mit
der altersabhangigen Makuladegeneration!'#, das Gen fiir Apolipoprotein E mit Alzheimer?®
sowie bis zu zehn unterschiedliche Gene fiir Diabetes mellitus vom Typ 2 als definitive
Risikogene der entsprechenden Krankheit identifiziert'.

Die vorliegende Arbeit befasst sich mit der altersabhingigen Makuladegeneration sowie dem
Einfluss des Komplementsystems auf deren Pathogenese, so dass auf diese Punkte in den
nachsten Kapiteln ndher eingegangen wird.
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2 Altersabhingige Makuladegeneration

Die altersabhidngige Makuladegeneration (AMD) ist die haufigste Ursache fiir Erblindung
des Menschen?. Vor allem in den Industrieldndern Europas, Nordamerikas sowie Australien
verursacht sie bis zu 32 % aller Neuerblindungen'*2. Die Erkrankung tritt ab dem 50.
Lebensjahr auf, und ist charakterisiert durch das allmahliche Absterben von Fotorezeptoren
der Makula. Die Makula ist jener Bereich der zentralen Netzhaut, mit der grofiten
Fotorezeptordichte, deren sukzessive Degeneration zu einem schweren zentralen Sehverlust
fihrt.

Zu Beginn verlduft der Krankheitsprozess der AMD langsam und asymptomatisch.
Charakteristisch fiir das Anfangsstadium ist das Auftreten von Drusen, Ablagerungen von
extrazellularem Material unterhalb der Makula, die teilweise normale Erscheinungen eines
natiirlichen Alterungsprozesses sind?. Erhoht sich die Zahl und die Grofie der Drusen,
erfolgt der Ubergang in ein fortgeschrittenes Krankheitsstadium, bei dem zwei Formen
unterschieden werden: die geografische Atrophie und die neovaskuldre Form?. Die Zahl der
Betroffenen wird in Deutschland auf etwa 4 Millionen, weltweit auf bis zu 50 Millionen,
geschatzt®?. Im Zuge der demografischen Entwicklung, einer besseren medizinischen
Versorgung, einem stetig wachsenden Gesundheitsbewusstsein und der damit verbundenen
hohen Lebenserwartung, ist mit einer deutlichen Zunahme der Betroffenen in den nachsten
Dekaden zu rechnen. In den kommenden 20 Jahren wird demnach mit einer Verdopplung
der Krankheitsfdlle gerechnet, so dass dann 35 % der Bevdlkerungen tiber 75 Jahre
Anzeichen von AMD aufweisen werden?.

Die genaue Ursache, welche zur Schadigung der Makula und der umgebenden retinalen
Gewebe fiihrt, ist bis heute noch nicht explizit definiert. Dennoch existieren zahlreiche
Theorien, die den Pathomechanismus beschreiben. Eine chronische Immunantwort der
angeborenen Immunabwehr, vor allem durch die unkontrollierte Aktivierung des
Komplementsystems?, lokale Entziindungsprozesse?” sowie jahrelanger photooxydativer
Stress? sollen entscheidend zum Krankheitsprozess beitragen.

21 Anatomie und Immunologie des Auges

Die Hiille des menschlichen Auges besteht aus drei konzentrischen Schichten?. Der dufseren,
gefalarmen Sklera, dem Gefdfsnetzwerk der Choroidea und der fotorezeptiven Retina
(Abbildung 1). Die Retina besteht aus insgesamt 11 Schichten, die zusammen ein
hochspezialisiertes Nervengewebe bilden. Den lichtempfindlichen Fotorezeptoren kommt
dabei eine besondere Bedeutung zu, da sie den einfallenden Lichtreiz in einen Nervenimpuls
umwandeln und tiber Nervenfasern zum Gehirn weiterleiten. Die hochste Dichte von
Fotorezeptoren weist die Makula auf. Sie liegt exakt auf der optischen Achse in der zentralen
Retina, und ist mit ihrem Zentrum der Fovea centralis verantwortlich fiir feinste
Ortsauflosung und raumlich differenzierte Wahrnehmung®. Nur mit der Makula wird die
grofite Sehscharfe erreicht, die etwa beim Lesen benoétigt wird. Eine Schadigung der Makula
fuhrt demnach nicht nur zum Verlust der zentralen Sehscharfe, sondern auch zu einer
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verminderten Kontrastwahrnehmung, einem eingeschrankten Farbsehen und der
Unfahigkeit, sich an verdnderte Lichtverhaltnisse anzupassen3!2.

Abbildung 1: Der Aufbau des Auges. Das menschliche Auge wird —von aufien nach innen— von der Sklera, der
Choroidea und der Retina umhiillt. Uber die Pupille trifft das Licht auf die Linse, wird gebiindelt und fallt durch
den Glaskorper auf die Makula, dem Bereich der Retina, mit den meisten Fotorezeptoren. In der Retina werden
die optischen Signale umgewandelt und iiber den Sehnerv an das Gehirn geleitet. Die Fotorezeptoren sind apikal
von Zellen des retinalen Pigmentepithels umschlossen, um Nahrstoffe sowie Abbauprodukte iiber die Bruch’s
Membran von bzw. zu den Gefaflen der Choriocapillaris zu transportieren (Bildausschnitt rechts).

Das menschliche Auge, insbesondere die Bereiche der Hornhaut, des Glaskorpers sowie der
Retina, zeichnen sich durch eine immunologische Sonderstellung aus. Das heifdt, es existieren
anatomische und zelluldre Besonderheiten, die eine physiologische Immunantwort im Auge
reduzieren bzw. eliminieren®. Dieses sog. ,Immunprivileg” des Auges hat zwei
Hauptursachen. Zum einen fiihrt jede Entziindung und die damit verbundene
Einwanderung von Immunzellen zu einem Anschwellen des betroffenen Areals, und damit
entweder zu einer Verschiebung der optischen Achse oder zu einer Triibung der Hornhaut.
Zum anderen sind die neuronalen Elemente der gesamten Retina nicht regenerationsfahig
und eine kollaterale Zerstorung wahrend einer intraokularen Entziindung wére fatal®. Beide
Szenarien resultieren entweder in einer Verschlechterung oder in einem Verlust des
Sehvermogens. Um sich vor den Konsequenzen einer lokalen Entziindungsreaktion zu
schiitzen, ist ein Hauptmerkmal des immunprivilegierten Auges die fehlende
Lymphdrainage®. Antigene verlassen das Auge hauptsdchlich durch das Trabekelwerk,
gelangen dadurch direkt in den vendsen Blutkreislauf und erreichen als erstes Lymphorgan
die Milz%. Zusétzlich existieren im Auge nur wenige antigenprésentierende Zellen, die Blut-
Retina-Schranke verhindert den Eintritt von Immuneffektorzellen, Kammerwasser hemmt
die Proliferation bzw. Aktivierung von Makrophagen und die hohe Expression des FAS-
(CD59-)Liganden fiihrt zur Apoptose von FAS-exprimierenden Lymphozyten-4.

Um dennoch entstehenden zelluldren und azelluldren Debris effizient zu beseitigen, und vor
mikrobiellen Infektionen geschiitzt zu sein, existiert im Auge ein sensibles Gleichgewicht
zwischen der natiirlichen Immunsuppression und einer geregelten Immunabwehr. Dafiir
besitzt das Auge ein aktives Komplementsystem*. Das Komplementsystem ist Teil der
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angeborenen Immunabwehr wund ist in der Lage, degenerierte Zellen fiir anti-
inflammatorische Phagozytoseprozesse zu markieren sowie endogene Mikroorganismen zu
eliminieren*>4,

2.2 Pathophysiologie der AMD

Um dauerhaft die Umwandlung von Licht- in Nervenimpulse zu gewahrleisten, werden
Fotorezeptoren fortwdhrend mit Nahrstoffen und Sauerstoff versorgt. Zu diesem Zweck sind
die Aufiensegmente der Fotorezeptoren von den mikrovilliren Fortsdtzen des retinalen
Pigmentepithels (RPE) umschlossen (Abbildung 1). Tight junctions gewahrleisten, dass die
benotigten Substrate nur durch aktiven Transport iiber das RPE von bzw. zu den
Fotorezeptoren transportiert werden (= Blut-Retina-Schranke). Die weiteren Aufgaben des
RPEs sind die kontinuierliche Phagozytose abgeschniirter Fotorezeptorsegmente sowie die
Regeneration des Aldehyds all-trans-Retinal in das fotoaktivierte Isomer 11-cis-Retinal*. Die
Basalmembran der RPE-Zellen bildet gleichzeitig die innerste Schicht der Bruch’s Membran
(BM). Die BM ist ein extrazelluldarer Matrixkomplex aus kollagenhaltigen, elastischen Fasern,
deren Hauptaufgabe in der Vermittlung des Stofftransports zwischen RPE und der
Choriocapillaris besteht. Die Choriocapillaris ist Teil der Choroidea jenem Gefafsnetzwerk,
welches der Versorgung der inneren Netzhautschichten und damit der Fotorezeptoren dient.

Altersbedingte Verdnderungen in der RPE-BM-Choriocapillaris-Struktur bilden primar die
Grundlage fiir die Entstehung der AMD. Die kontinuierlichen Phagozytoseprozesse des
RPEs werden ineffizienter und unverdaute Stoffwechselendprodukte der phagozytierten
Fotorezeptorsegmente werden in Form von Lipofuszin abgelagert®. Lipofuszin ist ein nicht
weiter verwertbares Abfallprodukt, welches unter Einwirkung von Licht freie Radikale
erzeugt, Zellen schddigt und den natiirlichen Alterungsprozess weiter beschleunigti.
Neben der Akkumulation von Lipofuszin im Zytoplasma der RPE-Zellen, wird unverdautes
Material auch in der BM abgelagert. Dadurch entstehen zum einen Drusen, und zum
anderen kommt es zur Verdickung der BM durch Phospholipideinlagerungen und
infolgedessen zu einer Diffusionsbarrieres. Uber Jahre hinweg beeintrichtigen diese
Verdnderungen die zentrale Sehfunktion nicht. Ob und wann ein Ubergang in die AMD
stattfindet, ist vermutlich abhéngig vom Genotyp des Einzelnen. Es wird aber davon
ausgegangen, dass die Entstehung der AMD mit einem Ilokalen ggf. chronischen
intraokularen Entziindungsprozess verbunden ist?4.

Das Auftreten kleiner Drusen wird zundchst als pigmentepitheliale Dysfunktion und nicht
als Manifestation der AMD betrachtet. Zunahme der Drusen in Grofse, Zahl und Konfluenz
ist jedoch ein wichtiger Risikofaktor fiir die Entwicklung eines fortgeschrittenen
Krankheitsstadiums?!. Dieser Drusentyp ist das friiheste, klinisch erkennbare Merkmal der
AMD, und beeintrachtigt den reguldren Stoffaustausch zwischen dem RPE und dem
Choroid (Abbildung 2). Ein Drusendurchmesser von >100 um kann das Abldsen des
Pigmentepithels von der BM verursachen. Die Zusammensetzung von Drusen ist vielfaltig,
und umfasst Lipide, Kohlenhydrate, Proteine und komplette Fragmente von degenerierten
RPE-Zellen*5!. Proteomanalysen und immunhistochemische Studien belegen, dass Drusen
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immunreaktiv fiir Proteine des Komplementsystems sind, und zwar aus allen Stufen der
Komplementkaskade?®2. Es wurden die zentrale Komplementkomponente C3 einschliefdlich
ihrer =~ Aktivierungs- (C3a, C3b) und Degradierungsprodukte (iC3b, (C3d),
Komplementregulatoren der Fliissig- und Festphase sowie terminale Komplementproteine
in Drusen nachgewiesen. Weiterhin ist das C-reaktive Protein (CRP: , C-reactive protein”) ein
unspezifischer Entziindungsparameter, sowie Amyloid P in Drusen detektierbar?. Das
Vorkommen all dieser Komponenten fithrte zu der Annahme, dass Drusen sekundare
Manifestationen eines primdren RPE-Schadens sind, der vermutlich durch lokale
Komplementaktivierung verursacht wird.

2.2.1 GEOGRAFISCHE ATROPHIE

Die beschriebenen Altersveranderungen in RPE-Zellen sowie das vermehrte Auftreten von
grofien, konfluenten Drusen resultieren in dem Krankheitsbild der geografischen Atrophie
(GA)*. Diese Spatform der AMD ist charakterisiert durch ein flachiges Absterben von
retinalen Pigmentepithelzellen und dem Entstehen von atrophen Arealen. Fotorezeptoren,
welche iiber diesen Arealen liegen, degenerieren ebenfalls, da sie metabolisch von den RPE-
Zellen abhidngig sind und nicht mehr ausreichend mit Sauerstoff und anderen Substraten
versorgt werden konnen. Dadurch kommt es zu einem langsamen, aber stetigem Verlust des
zentralen Sehvermogens. Die GA macht etwa 90 % aller AMD-Fille aus, resultiert aber nur
bei 5-10 % der Betroffenen in einer Erblindung'. Die derzeitigen Therapiemoglichkeiten
einer GA sind begrenzt und stellen nur praventive bzw. stabilisierende Ansétze dar. Jedoch
sollen die selbststindige Kontrolle individueller Risikofaktoren wie das Einstellen des
Rauchens, Diat oder die vermehrte Aufnahme von Antioxidantien (3-Carotin, Zink,
Vitamin E) das Risiko um die Hélfte reduzieren.

2.2.2  CHOROIDALE NEOVASKULARISATION

Die zweite —weitaus schwerwiegendere- Spatform der AMD ist die choroidale
Neovaskularisation (CNV). Sie ist gekennzeichnet durch das Einsprossen neu gebildeter
choroidaler Kapillaren, iiber Schwachstellen der BM unter das RPE. Die neu gebildeten
Gefdfle sind pords, so dass Blut und Gewebsfliissigkeit austritt, was zu Schwellung und
Fliissigkeitsansammlungen unterhalb der Makula fiihrt”. Hierbei kommt es erstmals zu
einer Verzerrung des wahrgenommenen Bildes. Uber Wochen und Monate kénnen die
Blutgefédfie im subpigmentepithelialen Raum proliferieren, bevor die RPE-Schicht reifst und
sich die angesammelte Fliissigkeit im subretinalen Raum verteilt. Hierbei kommt es zu
einem raschen Verlust des Sehvermdgens, da wéahrend dieses Vorgangs RPE-Zellen und
Fotorezeptoren irreversibel geschadigt werden. Obwohl die CNV bei nur etwa 10 % der
Betroffenen auftritt, ist sie dennoch fiir mehr als 90 % der schweren Sehbeeintrachtigungen
verantwortlich®. Zur therapeutischen Behandlung der CNV wird eine Kombination aus
fotodynamischer Laserbehandlung und der intravitrealen Gabe von entziindungs- und
gefafiwachstumshemmenden Praparaten angewandt®-!. Die Laserbehandlung resultiert in
einem Verdden der neugebildeten Gefafse und die Verabreichung von anti-VEGFs blockiert
hochspezifisch die Gefafineubildung durch den ,vascular endothelial growth factor” (VEGEF).
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Trotz vielversprechender Erfolge und einer signifikanten Steigerung der zentralen
Sehscharfe kann das Fortschreiten der Krankheit bisher nur verlangsamt, jedoch nicht
verhindert werden®.

Abbildung 2: Spitformen der
AMD. A) Die GA ist charakterisiert
durch das vermehrte Auftreten von
Drusen. Dadurch ist der
Nahrstofftransport zwischen der
Choriocapillaris und dem RPE
beeintrachtigt. Dies fithrt zum
langsamen Absterben der RPE-
Zellen und den dariiber liegenden
Fotorezeptoren. B) Die Spatform
der CNV ist gekennzeichnet durch
das Einwachsen von Kapillaren in
den subpigmentepithelialen Raum.
Aus undichten, pordsen Gefaflen
tritt Blut sowie Gewebsfliissigkeit
aus, und resultiert in einer rapiden
Zerstorung der Retina

2.3 Risikofaktoren

Mit zunehmendem Alter lassen sich in nahezu jedem Auge degenerative Veranderungen der
Retina feststellen. Doch nur bei einem Teil der Betroffenen fiihren diese zu den
pathologischen Manifestationen der AMD. Demzufolge existieren genetische und
individuelle Faktoren, die das Risiko der AMD-Entstehung erhoéhen und eine wichtige Rolle
im Krankheitsprozess spielen (Tabelle 1).

Das Alter ist der wichtigste Risikofaktor. In allen bisherigen epidemiologischen Studien
konnte nachgewiesen werden, dass die Prdavalenz der AMD exponentiell mit dem Alter
steigt. Liegt die Haufigkeit an einer der beiden Spatformen zu erkranken zwischen 55 - 64
Jahren noch bei 0.2 %, steigt sie in der Altersgruppe der >85-Jahrigen auf 13 % an. Weiterhin
ist das Auftreten von AMD abhingig von der ethnischen Herkunft?. Wahrend mit 5.4 % die
Pravalenz bei weififen Europdern, Amerikanern und Australiern relativ hoch ist, besitzen
Personen afrikanischer Herkunft mit 2.4 % ein vergleichsweise geringes Risiko, leiden
demzufolge weniger hdufig unter AMD®. Ein weiterer hervorzuhebender Risikofaktor ist
das Rauchen®. Bei starken Rauchern wurde ein 3-fach hoheres Risiko fiir die Entwicklung
des neovaskuldren Spatstadiums festgestellt als bei Nichtrauchern. Dabei ist nicht primar das
Nikotin der schadigende Faktor, sondern freiwerdende Sauerstoffradikale, welche auf Dauer
die Retina schddigen. Weitere etablierte Faktoren der AMD-Entstehung schlieffen u. a.

Bluthochdruck, Ubergewicht sowie eine zu geringe Aufnahme von Antioxidantien oder Zink
ein18,66,67_

Der Nachweis der Erblichkeit einer AMD war lange Zeit schwierig, da aufgrund der spéten
Symptomatik und den zahlreichen individuellen Risikofaktoren, die Erstellung von
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Familienstammbaumen erschwert war. Epidemiologische Studien sowie Untersuchungen
von eineiigen Zwillingspaaren wiesen aber iibereinstimmend darauf hin, dass die AMD im
Wesentlichen einer genetischen Pradisposition unterworfen ist®®%. Mit der Verwendung von
SNP-Datenbanken (SNP = ,single nucleotide polymorphism”, welcher sich im Genpool einer
Population durchgesetzt hat und haufig mit dem Auftreten bestimmter Krankheiten
korreliert) ergaben sich neue Moglichkeiten, spezifische Risikogene fiir die AMD in
grofiangelegten Fall-Kontroll-Studien zu identifizieren. Dadurch ist es im Jahr 2005 erstmalig
gelungen, fiir die AMD ein konkretes Risikogen zu identifizieren'”°. Ein SNP in Faktor H,
dem wichtigsten Regulator des alternativen Komplementweges, spielt demnach eine
entscheidende Rolle. Der im Faktor H-Protein zum Aminosaureaustausch fithrende SNP
erhoht das relative Risiko fiir die Entwicklung einer AMD 2 bis 4-fach fiir heterozygote
Trager und 3 bis 7-fach fiir homozygote Trager”. Folglich tragt der Faktor H-
Polymorphismus etwa 20-50 % zum AMD-Gesamtrisiko bei und erkldrt somit einen
wesentlichen Teil der genetischen Pradisposition. Durch genetische Studien, deren Focus
nun speziell auf Gene von Komplementproteinen gerichtet war, wurden in weniger als zwei
Jahren weitere Polymorphismen innerhalb des Faktor H-Genclusters'?’> sowie der
Komplementkomponenten Faktor B*®, C2® und C3% signifikant mit AMD assoziiert. Ein
zweiter wichtiger AMD-assoziierter Genlocus wurde auf Chromosom 10 identifiziert. Er
beinhaltet die beiden Risikogene, , age-related maculopathy susectibility gene 2“(ARMS2) und
,high-temperature required factor A1” (HTRAI), die entweder zusammen oder einzeln das
AMD-Risiko beeinflussen”7,

Tabelle 1: genetische und individuelle Risikofaktoren der AMD

TYP
genetisch Faktor H, CFHRs, Faktor B, C2, C3,
ARMS2, HTRA?2,
individuell Alter, Rauchen, ethnische Herkunft,

Ubergewicht, Bluthochdruck,

Art der Erndhrung

ARMS2:,,age-related maculopathy susectibility gene 2“, CFHRs: , complement factor H-related proteins®
HTRAT1: , high-temperature required factor A1”

Da die Kombination der jeweiligen Risikovariationen aller Komplementproteine bis zu 75 %
zum AMD-Gesamtrisiko beitragen, ist davon auszugehen, dass das Komplementsystem und
durch die Proteine FaktorH, FaktorB und C3 -insbesondere der alternative
Aktivierungsweg- eine Hauptrolle in der AMD-Entstehung spielt’>7¢. Im folgenden Kapitel
soll deshalb das humane Komplementsystem genauer vorgestellt werden.
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3 Das Komplementsystem

Das Komplementsystem des Menschen ist Teil der angeborenen Immunabwehr. Unter
physiologischen Bedingungen werden durch das Komplementsystem tote Zellen (nekrotisch,
apoptotisch) und Mikroorganismen (Bakterien, Pilze) markiert, durch professionelle
Phagozyten erkannt und entfernt. Das Komplementsystem spielt also eine entscheidende
Rolle in der Aufrechterhaltung der Gewebshomdoostase sowie in der Eliminierung von
Mikroorgansimen#*#. Dariiber hinaus verbindet das Komplementsystem die angeborene mit
der adaptiven Immunabwehr, indem es die Antikdrperantwort von B-Lymphozyten und das
immunologische Gedadchtnis verstarkt”. Ende des 19.]Jahrhunderts wurde das
Komplementsystem als hitzeempfindlicher Bestandteil des Blutplasmas durch den
belgischen Biologen Jules Bordet beschrieben sowie der Ausdruck ,Komplement” von Paul
Ehrlich eingefiihrt’s. Heute, mehr als 110 Jahre nach den ersten Entdeckungen, ist die
zentrale Rolle des Komplementsystems innerhalb der angeborenen Immunabwehr besser
bekannt, und komplizierte Zusammenhénge zwischen der adaptiven Immunabwehr sind
detaillierter —aber nicht vollstandig— verstanden. Ziel der kommenden Jahre wird sein, die
genauen Mechanismen zu identifizieren mit denen das Komplementsystem die adaptive
Immunitét beeinflusst, um Autoimmunerkrankungen zu verstehen und ggf. behandelbar zu
machen.

Das Komplementsystem umfasst eine Gruppe von mehr als 5016slichen sowie
membrangebundenen Proteinen. Diese reagieren kaskadenartig miteinander, um entweder
modifizierte, korpereigene Zellen zu markieren und entziindungsfrei zu entfernen oder aber
um Entziindungsprozesse auszulosen, damit Mikroorganismen effizient eliminiert werden.
Hauptbildungsort der 16slichen Komplementproteine sind die Hepatozyten der Leber. Dabei
wird eine inaktive Vorstufe des Proteins ins Plasma ausgeschiittet, bei Bedarf durch
enzymatische Spaltung lokal aktiviert, so dass in der Regel zwei funktionell aktive
Spaltprodukte entstehen. Das kleinere der beiden Fragmente, ein Anaphylatoxin, wird mit
dem Buchstaben ,a”, das grofiere Fragment, meist eine Serinprotease, mit dem Buchstaben
,b” gekennzeichnet. Im Verlauf der Komplementaktivierung entstehen durch die
proteolytische Spaltung der l1oslichen Komplementkomponenten C3, C4, C5 die
Anaphylatoxine C3a, C4a und Cba, die Opsonine C3b und C4b sowie C5b”. Die
Anaphylatoxine bewirken bei Makrophagen und Monozyten die Freisetzung der
proinflammatorischen Zytokine Tumornekrosefaktor-a (TNF-a), Interleukin1 oder
Interleukin 6%. Dadurch wird lokales Gewebsendothel aktiviert und Leukozyten koénnen,
u. a. durch die Expression von P-Selektin, an Endothelzellen adhérieren®!. Des Weiteren
aktiviert C5a neutrophile Zellen und bewirkt bei Mastzellen die Freisetzung von Histamin,
welches die Permeabilitat der Blutgefafle am Ort der Komplementaktivierung erhoht. Bereits
adhérierte Leukozyten migrieren nun, durch den Prozess der Diapedese, aus dem Blutstrom
in das umgebende Gewebe, um dort Infektionen zu bekampfen. Die zielgerichtete Migration
der Leukozyten zum Ursprungsort der Komplementaktivierung erfolgt durch die
chemotaktische Wirkung der Anaphylatoxine C3a, C4a und C5a®.
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Wahrend die Anaphylatoxine an der Reaktionsstelle freigesetzt werden, um eine lokale
Entziindungsreaktion auszuldsen, verbleiben die Fragmente C3b, C4b und C5b auf der
Zelloberflache, opsonisieren diese und bilden die Bestandteile der C3- und der C5-
Konvertasen. Opsonisierte, korpereigene tote Zellen sowie Immunkomplexe werden von den
Komplementrezeptoren CR1, CR3 und CR4 (CR: , complement receptor”) auf Makrophagen
erkannt, gebunden, aufgenommen und anschlieffend in die Leber transportiert, wo sie
letztendlich eliminiert werden®. Der Prozess der komplementvermittelten Entfernung von
korpereigenem Zellmaterial lauft entziindungsfrei ab und verhindert die chronische
Ablagerung  von  zelluldiren  Bestandteilen = sowie  die  Ausprdagung  von
Autoimmunerkrankungen®. Auf der Oberfliche von Mikroorganismen miindet die
Komplementaktivierung in den terminalen Komplementweg. An dessen Ende steht die
Bildung eines lipophilen Membranangriffskomplexes, welcher in der osmotischen Lyse von
Mikroorganismen resultiert®.

Das Komplementsystem beeinflusst auch die adaptive Immunabwehr. Opsonisierte Zellen
sowie Immunkomplexe werden, wie beschrieben, effizient von Makrophagen sowie
dendritischen Zellen tiber CR1, CR3 und CR4 erkannt und aufgenommen. Dabei handelt es
sich bei diesen Zelltypen um professionell antigenprédsentierende Zellen, denen eine
Schliisselrolle bei der Initiierung der adaptiven Immunabwehr zukommt. Die Aktivitat der
B-Zellen, die dritte professionelle antigenprasentierende Zelle, wird ebenfalls durch Proteine
des Komplementsystems direkt beeinflusst. Durch Komplementaktivierung wird die
Anforderung fiir die Aktivierung einer B-Zelle herabgesetzt, was eine verstirkte B-Zell-
Antwort zur Folge hat”7%. Weiterhin induziert das Komplementsystem, durch die
Anaphylatoxine C3a und Cb5a sowie C3-Aktivierungsprodukte, eine T-Zellantwort und tragt
zu einer effizienten CD4* sowie CD8*Immunantwort bei®”.

3.1 Die Kaskadenstruktur des Komplementsystems

Die Aktivierung des Komplementsystems erfolgt iiber drei Wege: den Alternativen-, den
klassischen- und den Lektinweg (Abbildung3). Die Grundstruktur aller drei
Komplementwege ist identisch und folgt dem Schema der Aktivierung, gefolgt von der
Formation einer C3-Konvertase, Spaltung von C3, Bildung einer C5-Konvertase, Spaltung
von C5 und letztendlich die Bildung des terminalen Komplementkomplexes. Dabei ist die
Aktivierung des zentralen Molekiils C3 entscheidend, um eine effiziente Beladung
degenerierter Zellen oder eines Krankheitserregers mit C3b zu gewdahrleisten. In allen drei
Wegen kommt es deshalb zur Amplifikation dieses zentralen Schrittes.

3.1.1 DER ALTERNATIVE WEG

Der alternative Weg ist der evolutiondr alteste Weg der Komplementaktivierung. Die
Aktivierung erfolgt kontinuierlich auf niedrigem, kontrolliertem Niveau und ist unabhangig
von speziellen Initiatoren®®. Ursache der kontinuierlichen Aktivierung ist die spontane
Hydrolyse der zentralen Komplementkomponente C3. Dabei wird im C3-Molekiil eine
interne Thioesterbindung durch H:O angegriffen, was zu einer Konformationsanderung und
damit zur Bildung von C3(H20) fiihrt®. C3(H20) ermoglicht die Anlagerung des Zymogens
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Faktor B. Die Serinprotease Faktor D spaltet Faktor B in die beiden Fragmente Ba und Bb,
wobei das Bb-Fragment nun selbst eine aktive Serinprotease darstellt, und an C3(H:0)
gebunden bleibt®. Der neu entstandene C3(H20)Bb Enzymkomplex, ist eine C3-Konvertase
und spaltet C3 in das Opsonin C3b und das Anaphylatoxin C3a. Die Abspaltung von C3a
exponiert die hochreaktive Thioesterbindung in C3b, die in weniger als 100 us kovalent an
Amino- bzw. Hydroxygruppen von benachbarten Zelloberflachen bindet’!. Das, an zelluldre
Oberflachen fixierte C3b, interagiert erneut mit Faktor B, welches wiederum durch Faktor D
gespalten und aktiviert wird. So entsteht die oberflichengebundene C3-Konvertase des
alternativen Weges, C3bBb. C3bBb spaltet C3, reaktives C3b lagert sich auf zelluldren
Oberflachen ab und der Prozess der Faktor B-Bindung und Aktivierung beginnt von vorn.
Dieser sogenannte ,Amplification Loop” bewirkt eine fortwdhrende Aktivierung des
alternativen Weges und resultiert in einer effektiven Opsonisierung von Oberfldchen mit
C3b-Proteinen.

3.1.2 DERKLASSISCHE WEG UND DER LEKTINWEG

Die Initilerung des klassischen- und des Lektinweges ist, im Gegensatz zum alternativen
Komplementweg, abhangig von spezifischen Aktivatoren. Der klassische Weg wird durch
die Clg-Bindung an Antigen-Antikorper-Komplexe oder aber antikérperunabhiangig durch
direkte Bindung von Clq an modifizierte korpereigene Zellen, iiber das CRP, Polyanionen
oder DNA aktiviert”2. Das Initiatorprotein Clq ist mit den inaktiven Serinproteasen Cls
sowie Clr assoziiert. Interagiert C1q mit einem spezifischen Liganden auf der Zieloberfldache
kommt es zu einer Konformationsanderung innerhalb des Proteinkomplexes und zu einer
kaskadenartigen Aktivierung der beiden assoziierten Serinproteasen. Die aktiven
Serinproteasen spalten die Komplementkomponente C4 in die Fragmente C4a und C4b. Die
Abspaltung des Anaphylatoxins C4a bewirkt die Exposition einer Thioesterbindung in C4b,
wodurch C4b kovalent mit Amino- bzw. Hydroxygruppen der Zieloberfldche interagiert®®.
An C4b lagert sich C2, welches ebenfalls gespalten und aktiviert wird. Das grofiere C2a-
Fragment bleibt an C4b gebunden, und es entsteht die C3-Konvertase des klassischen Weges:
C4bC2a.

Der Lektinweg ahnelt dem klassischen Komplementweg, ist jedoch unabhangig von Clq und
Antigen-Antikorper-Komplexen. Die Aktivierung des Lektinweges erfolgt durch
Mannosestrukturen auf mikrobiellen Oberflachen®. Dabei erkennt Mannose-bindendes
Lektin (MBL: ,mannose binding lectin”) Pathogen-assoziierte molekulare Muster (PAMPs:
,pathogen associated molecular patterns”), die sich im Laufe der Evolution zwischen
Mikroorganismen erhalten haben, aber nicht auf autologen Zellen vorkommen. Die Bindung
von MBL an PAMPs, aktiviert MBL-assoziierte Serinproteasen und resultiert in der Spaltung
und Aktivierung der Komplementkompontenen C4 sowie C2%. Mit C4bC2a entsteht im
Lektinweg die gleiche C3-Konvertase, wie auch im klassischen Weg. Ablagerung von C3b
durch den klassischen und/oder den Lektinweg erleichtert die Erkennung modifizierter
korpereigener Zellen bzw. eines Krankheitserregers durch Makrophagen, ist aber auch die
Grundlage fiir die parallele Initiierung des alternativen Weges durch den , Amplification
Loop”.

10



Einleitung
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Abbildung 3: Die Komplementkaskade. Die drei Wege der Komplementaktivierung unterscheiden sich
hinsichtlich ihrer Aktivierung, konvergieren aber auf Ebene der C3-Konvertase. Durch Anlagerung eines
zusétzlichen C3b-Molekiils an die entsprechende C3-Konvertase, entstehen die C5-Konvertasen des alternativen
bzw. des klassischen und des Lektinweges. Die Spaltung von C5 leitet die terminalen Komplementprozesse ein,
fithrt zur Zusammenlagerung des membranangreifenden Komplexes (TCC) und damit zur Lyse der Zielzelle
(Zelllyse). Durch die Anaphylatoxine C3a, C4a und Cba werden Leukozyten chemotaktisch zum Ursprungsort
der Komplementaktivierung gelockt und eine lokale Entziindungsreaktion entsteht (Inflammation). Die
Opsonine C3b, C4b binden an die Oberfldche von modifizierten Zellen oder Mikroorgansimen, und markieren
diese fiir die Phagozytose (Opsonisierung).

3.1.3 TERMINALE KOMPLEMENTPROZESSE

Alle drei Komplementaktivierungswege fiihren zur Bildung einer C3-Konvertase und damit
zur Opsonisierung von zelluldren Oberfldchen mit C3b. Bindet C3b an den entsprechenden
C3bBb- oder C4bC2a-Enzymkomplex, entsteht mit C3bBbC3b die C5-Konvertase des
alternativen Weges, oder mit C4bC2aC3b die des klassischen und des Lektinweges. C5
bindet {iber C3b an diese Enzymkomplexe und wird daraufhin in C5b und den potenten
Entziindungsmediator C5a gespalten. Aktiviertes C5b lagert sich jedoch nicht, wie C3b oder
C4b iiber Thioesterbindungen an die Zelloberflaiche an, sondern verbleibt an der C5-
Konvertase und 1ost eine nichtenzymatische Zusammenlagerung der
Komplementkomponenten C6, C7, C8 und C9 aus. Es entsteht der terminale
Komplementkomplex (TCC: ,terminal complement complex”)”. Konformationsdnderungen
innerhalb einzelner Komponenten resultieren in den amphiphatischen Eigenschaften des
TCC der sich in die Phospholipidmembran inseriert, deren Integritit zerstdrt und zur
osmotischen Lyse der Zielzelle fiihrt®.
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3.2 Die Regulation der Komplementkaskade

Die Komplementkaskade ist ein effektives System der menschlichen Immunabwehr, welches
durch sein enormes Amplifikationspotenzial eindringende Mikroorganismen innerhalb von
Sekunden eliminiert, noch bevor die adaptive Inmunabwehr initiiert wird. Die Aktivierung
ist jedoch zeitlich, raumlich sowie in ihrer Intensitdt begrenzt, um gesunde, korpereigene
Zellen vor den Auswirkungen eines aktivierten Komplementsystems zu schiitzen”.
Weiterhin bedarf es einer geregelten Komplementaktivierung auf nekrotischen sowie
apoptotischen Zellen®*. Auf diesen modifizierten korpereigenen Zellen, ist eine Aktivierung
des Komplementsystems nur bis zur Ebene von C3 erwiinscht, um C3b-Ablagerung sowie
iC3b-Formation zu generieren. Die Interaktion von oberflaichengebundenem C3b/iC3b mit
CR1-, CR3-, sowie CR4-exprimierenden Makrophagen ermoglicht eine effiziente anti-
inflammatorische Phagozytose und damit die Aufrechterhaltung der Gewebshomdostase!®.
Obwohl die Regulation des Komplementsystems alle Ebenen, beginnend von der Initiierung,
tiber die C3- und C5-Konvertasen, bis zu den terminalen Komplementprozessen umfasst, hat
vor allem die Reglementierung der C3-Konvertasen zentrale Bedeutung. Denn die Steuerung
der C3-Konvertasen schiitzt zum einen intakte korpereigene Zellen vor der Amplifikation
einer ungewollten Komplementaktvierung, und ermoglicht zum anderen eine effiziente
Phagozytose degenerierter, korpereigner Zellen.

3.2.1 KOMPLEMENTREGULATION AUF EBENE VON C3

Die C3-Konvertasen aller drei Aktivierungswege resultieren in C3b-Generierung, und
dadurch zu einer fortwahrenden Aktivierung des alternativen Weges durch den
~Amplification Loop”. Die reaktive Thioestergruppe des C3b-Molekiils interagiert willkiirlich
mit allen Zelloberflaichen und diskriminiert nicht zwischen Aktivatoroberflichen (z. B.
Mikroorgansimen) und Nichtaktivatoroberflichen (z. B. korpereigene, gesunde Zellen)''.
Ebendiese Unterscheidung in ,Selbst” und ,Fremd” ist jedoch essenziell, um intakte,
korpereigene Zellen vor den Konsequenzen einer Komplementaktivierung zu schiitzen'®.
Daher wird die Aktivitit der C3-Konvertasen auf drei verschiedene Arten modifiziert®s.
Erstens kann die Bindung von Faktor B an C3b oder C2 an C4b kompetitiv durch die
Fliissigphaseregulatoren Faktor H sowie dem C4b-bindenden Protein (C4BP: ,C4b-binding
protein”) gehemmt werden. Das Vorhandensein von Sialinsdureresten speziell auf
korpereigenen Zellen verstarkt die Bindung ebendieser Regulatoren an jedes C3b- bzw. C4b-
Molekiil, so dass Faktor B bzw. C2 kompetitiv verdrangt werden und die Formation der
entsprechenden C3-Konvertase erschwert wird. Hat sich mit C3bBb bzw. C4bC2a bereits eine
C3-Konvertase gebildet, beschleunigen die Regulatoren CD55 (DAF: ,decay accelerating
factor”) CR1, Faktor H, das Faktor H-dhnliche Protein (FHL1: , factor H-like protein 1”) sowie
C4BP deren Zerfall. Die Fahigkeit bestimmter Regulatoren, die C3-Konvertase zu
dissoziieren, wird als ,decay-accelerating activity” bezeichnet. Drittens katalysiert die
Serinprotease FaktorI, in Gegenwart von verschiedenen Kofaktoren die enzymatische
Spaltung der a-Kette von C3b sowie C4b, und generiert die Inaktivierungsprodukte iC3b
und iC4b. Als Kofaktoren agieren die membranstandigen Proteine CR1 sowie CD46 (MCP:
,membrane cofactor protein”) und die im Plasma gelosten Regulatoren Faktor H, FHL1 und
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C4BP. Die Kofaktoraktivitat der Fliissigphaseregulatoren kann weiterhin in Gegenwart von
Zink'®, monomerem CRP (mCRP)'®? oder dem Faktor H-verwandten Protein 3!% verstarkt
werden und resultiert in einer erhohten iC3b-Ablagerung. Durch Interaktion mit den
Rezeptoren CR1 — CR4 auf Makrophagen vermittelt iC3b seine Funktion, und initiiert die
Phagozytose von nekrotischen und apoptotischen Zellen sowie deren Elimination aus dem
System®. Die Existenz l6slicher Regulatoren wie Faktor H oder auch C4BP ist insbesondere
auf korpereigenen Strukturen essenziell, auf denen membranstidndige Regulatoren wie CR1,
MCP und DAF nicht exprimiert werden. Ein Fehlen oder ein Funktionsverlust v.a. von
Faktor H, dem Regulator des alternativen Komplementweges, resultiert in der Auspragung
systemischer Erkrankungen, die durch unkontrollierte Komplementaktivierung ausgeltst
werden!0510,

3.2.2 KOMPLEMENTREGULATION IM AUGE

Obwohl, oder gerade weil, das Auge einen immunologischen Sonderstatus besitzt, welcher
das Ausmafs physiologischer Immunantworten reduziert, weist das Auge ein
funktionsfahiges Komplementsystem auf. Die Aktivierung der Komplementkaskade findet
durch den alternativen sowie klassischen Weg, jedoch nicht durch den Lektinweg, statt*'. Vor
allem die kontinuierlich stattfindende Aktivierung des alternativen Komplementweges
erlaubt im Falle einer Infektion eine sofortige Bekdmpfung des eingedrungenen
Mikroorganismus sowie die Entfernung von zelluldiren Debris. Doch muss die
Komplementkaskade im Auge feinreguliert werden, um eine komplementvermittelte
intraokulare Entziindung zu verhindern'”. Dafiir exprimiert der RPE-Choroid-Komplex
sowohl membranstandige (MCP, DAF, CD59)'% als auch geloste Regulatorproteine
(Faktor H, FHL1)!®11° Auf degenerierten, drusennahen RPE-Zellen ist die Expression der
membranstindigen Regulatoren MCP sowie DAF stark reduziert, so dass die
Fliisssigphaseregulatoren Faktor H und FHL1 deren Fehlen kompensieren miissen. Da
weiterhin das C4BP-Protein nicht intraokular synthetisiert wird, liegt es an Faktor H und
FHL1 eine komplementvermittelte Entziindungsreaktion zu verhindern?.

3.3 Die Faktor H-Proteinfamilie

Faktor H, der essenzielle Regulator des alternativen Komplementweges, ist Namensgeber
einer Proteinfamilie, die aus sieben, strukturell verwandten Mitgliedern besteht
(Abbildung 4)'". Die Mitglieder der Faktor H-Familie sind auf Chromosom 1, Bereich 1q32,
innerhalb des RCA-Genclusters kodiert (RCA: ,regulators of complement activation”). Das
Faktor H-Gen, mit einer Grofle von 94 kb und 23 Exons, ist eng gekoppelt an die fiinf
eigenstindigen Gene der Faktor H-verwandten Proteine 1-5 (CFHRSs: , complement factor H-
related proteins”)'2. Das FHL1-Protein wird vom selben Gen wie Faktor H kodiert, entsteht
jedoch wahrend eines alternativen Spleifsvorgangs!®. Alle Proteine der Faktor H-Familie
werden hauptsachlich von den Hepatozyten der Leber gebildet und von dort in den
Blutkreislauf sezerniert. Aber auch andere Zelltypen wie Lymphozyten, Fibroblasten,
Neuronen oder retinale Pigmentepithelzellen konnen Faktor H und FHL1 synthetisieren, um
so deren lokale Konzentration bei Bedarf zu erhéhen. Die gesamte Proteinfamilie ist aus
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globuldren Proteindomédnen den sog. ,short consensus repeats” (SCRs) aufgebaut. Jedes
SCR besteht aus etwa 60 Aminosduren, die in fiinf antiparallelen 3-Faltbldttern angeordnet
sind. Zusammen mit vier hochkonservierten Cysteinresten, welche untereinander zwei
Disulfidbriicken ausbilden, ergibt sich die typische globuldre Tertidrstruktur der SCRs'4. Die
Anzahl dieser Proteindoméanen variiert stark zwischen den Mitgliedern der Faktor H-
Familie, doch durch zahlreiche Duplikationen innerhalb des RCA-Genclusters weisen die
SCRs einiger Familienmitglieder untereinander eine Sequenzidentitat von 30 - 100 % auf!®.

Abbildung 4: Die Mitglieder der Faktor H-Familie. A) Die sechs Gene des Faktor H-Genclusters sind auf dem
langen Arm des Chromosoms 1 kodiert und aufeinanderfolgend angeordnet. Faktor H sowie die fiinf CFHRs
werden durch eigenstandige Gene (Pfeile) kodiert, wohingegen FHL1 aus einem alternativen Spleiffivorgang des
Faktor H-Gens entsteht. B) Die sekretierten Plasmaproteine bestehen alle aus globuldren SCR-Domaénen, die sich
in ihrer Anzahl unterscheiden. Durch evolutiondre Duplikationsvorgange weisen einzelne SCRs eine hohe
Sequenzidentitdt zueinander auf. Die Sequenzen von Faktor H und der CFHRs zeigen vor allem konservierte
Regionen in den SCRs 6-7 sowie 19-20 von Faktor H. Die SCRs der Proteine sind basierend auf der maximalen
Homologie vertikal angeordnet und die prozentuale Sequenzidentitdt zu Faktor H als Zahlenwert angegeben.

3.3.1 FAKTORH

Das 150 kDa-Glykoprotein Faktor H wurde 1965 erstmalig isoliert®. Das sezernierte Protein
besteht aus einer einzigen, langgestreckten Polypeptidkette von 20 aufeinanderfolgenden
SCRs. Die einzelnen SCRs sind tiber flexible Linkerregionen, von drei bis acht Aminosduren
miteinander verbunden, so dass Faktor H eine Vielzahl von Konformationen annehmen
kann'”. Die Konzentration von Faktor H im Plasma variiert, je nach Alter und
Gesundheitszustand, zwischen 400 -800 pg/ml. Das Rauchen, einer der wichtigsten
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individuellen Risikofaktoren der AMD, reduziert die physiologische Faktor H-
Konzentration's. Die lokale Expression von Faktor H in RPE-Zellen wird hauptsachlich
durch Interferon-y iiber den STAT1-Signalweg induziert. Oxydativer Stress, verursacht
durch Rauchen oder altersbedingte Lipofuszinablagerungen des RPEs, supprimiert die
Interferon-y-vermittelte Faktor H-Expression, so dass weniger lokales Faktor H zur
Verfligung steht'°.

Faktor H ist der wichtigste Regulator des alternativen Weges in der Fliissigphase. Es besitzt
drei Hauptfunktionen: 1. Es ist Kofaktor fiir die Faktor I vermittelte Inaktivierung von C3b,
2. Es konkurriert mit Faktor B um die Bindung an C3b und inhibiert auf diese Weise die
Bildung der C3-Konvertase C3bBb und 3. Es beschleunigt den Zerfall eines bereits
generierten C3bBb-Komplexes, so dass die C3-Konvertase ihre Aktivitat verliert. Alle drei
Mechanismen setzen eine Interaktion mit C3b voraus. Zu diesem Zweck besitzt Faktor H
distinkte Bereiche, die mit verschiedenen Aktivierungsformen von C3b interagieren'. Die
erste Bindestelle wurde im N-Terminus des Proteins lokalisiert und befindet sich in den
SCRs 1-4. Sie ist die regulatorische Doméne des Proteins und verantwortlich fiir
Kofaktoraktivitit und die beschleunigte Dissoziation der C3-Konvertase. Uber die SCRs 12-
14 bindet Faktor H an C3c. Der C-Terminus bindet C3d. Neben der Regulation des
alternativen Komplementweges im Plasma ist Faktor H zusitzlich in der Lage, dessen
spontane Aktivierung auf korpereigenen Zellen zu regulieren. Dazu interagiert Faktor H mit
negativ  geladenen  Strukturen der Zelloberfliche wie Sialinsdureresten oder
Glykosaminoglykanen, und erhcht damit die Affinitdt fiir bereits gebundenes C3b'20121,
Innerhalb des Faktor H-Molekiils sind die SCRs 16-20 fiir die Bindung an Sialinsdure
verantwortlich. Mit Glykosaminoglykanen (GAG) intergiert Faktor H tiber SCR7, SCR 13
und SCR 20. Die Bindung von Faktor H an Zellmembranen oder die extrazellulare Matrix ist
essenziel, um bei der Komplementaktivierung zwischen  Aktivator- und
Nichtaktivatoroberflachen zu unterscheiden'®. Die Interaktionen von Faktor H sind jedoch
nicht nur auf Zelloberflichen und C3b beschrankt (Abbildung5). Gebunden an mCRP
besitzt Faktor H zusatzlich anti-inflammatorische Funktion und ist involviert in die
Erkennung, Markierung und Aufnahme von nekrotischen und apoptotischen Korperzellen
durch Makrophagen. Uber die Doménen SCR 7, SCR 8-11 und SCR 19-20 bilden sich stabile
Faktor H - mCRP-Komplexe, welche die Freisetzung von TNF-a oder Interleukin-8 durch
Makrophagen, und damit eine Entziindungsreaktion inhibieren!®. Dariiber hinaus bindet
Faktor H tiber CR3 an neutrophile Granulozyten oder {iber L-Selektin an Leukozyten'?.

Die Eigenschaft von Faktor H die Komplementaktivierung zu regulieren, haben sich
zahlreiche humanpathogene Mikroorganismen zu eigen gemacht. Diese Pathogene
akquirieren Faktor H {iiber spezielle Oberflichenproteine an ihre Membran, verhindern
dadurch die Opsonisierung ihrer Oberfliche mit C3b und folglich ihre Lyse und
Phagozytose!’’. Diese Strategie der Immunevasion wird speziesiibergreifend von
humanpathogenen Pilzen (z.B. Candida albicans)?®, grampositiven (z.B. Streptococcus
pneumoniae)'?* sowie gramnegativen Bakterien (z. B. Haemophilus influenzae)'?, Parasiten (z. B.
Echinococcus granulosus) und Viren (z. B. Westnilvirus) ausgetibt.
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3.3.2 FAKTOR H-AHNLICHES PROTEIN 1

Das 42 kDa grofie FHL1-Protein entsteht aus einer SpleifSvariante des Faktor H-Transkripts
und erreicht eine Plasmakonzentration von bis zu 50 ug/ml. FHL1 besteht aus 431
Aminosauren!3. Die ersten 427 bilden sieben Proteindomé&nen, welche identisch mit den
sieben N-terminalen SCRs von Faktor H sind (Abbildung5). Die restlichen vier
Aminosduren: Serin, Phenylalanin, Threonin und Leucin (SFTL) befinden sich am C-
Terminus und sind spezifisch fiir FHL1. Durch die Anwesenheit der SCRs 1-4 besitzt FHL1
die gleichen komplementregulatorischen Funktionen wie Faktor H, d. h. es bindet C3b und
verfligt dadurch tiber Kofaktoraktivitat fiir Faktor I sowie die Fahigkeit, die Dissoziation der
C3-Konvertase zu beschleunigen!?. Uber SCR 7 interagiert FHL1 mit Zelloberflichen und
mCRP. Weiterhin vermittelt ein RGD-Motiv in SCR 4 die Bindung von FHL1 an die Integrine
adharenter Zellen'”. Obwohl Faktor H ebenfalls iiber die RGD-Domane verfiigt, ist diese
Eigenschaft fiir FHL1 einzigartig. Damit kann FHL1 sowohl die komplementregulatorischen
Funktionen von Faktor H ausfiihren und verstarken, aber auch unabhéngig von Faktor H an
Prozessen des Immunsystems teilnehmen.

Abbildung 5: Lage der funktionellen Proteindomidnen von Faktor H und FHL1. Faktor H ist aus 20
SCRs aufgebaut, von denen die sieben N-terminalen Doménen identisch mit denen des FHL1-Proteins sind. Die
vier charakteristischen C-terminalen Aminosduren SFTL von FHL1 sind durch einen vertikalen schwarzen Balken
am Ende des Proteins dargestellt. Die Bindedoménen der Liganden sind mit horizontalen Balken gekennzeichnet.
C3b bzw. dessen Inaktivierungsprodukte C3c und C3d werden iiber die SCRs 1-4, 12-13 sowie 19-20 gebunden,
negativ geladene Oberfldchenstrukturen, wie z.B. Heparin iiber die SCRs7, 13 sowie 19-20, und mCRP
interagiert mit den SCRs 7, 8-11 und 19-20. Das RGD-Motiv in SCR 4 ist nur in FHL1 (fettgedruckt), nicht aber in
Faktor H, aktiv.

3.3.3 FAKTOR H-VERWANDTE PROTEINE

Es existieren insgesamt flinf CFHR-Proteine, deren Plasmakonzentration sich {iber einen
Bereich von 5-100 pg/ml erstreckt. Die CFHRs sind aus vier, fiinf bzw. neun SCR-
Proteindoménen aufgebaut, und weisen insbesondere mit den SCRs 6-7 sowie SCRs 19-20
von Faktor H eine hohe Sequenzidentitdt auf. Demzufolge besitzen sie mit C3b, Heparin,
CRP oder diversen pathogenen Oberflichenproteinen die gleichen Liganden wie Faktor H'2,

CFHRI1 wurde erstmalig 1991 beschrieben und besteht aus fiinf SCRs'?. Die Konzentration
im Plasma wird auf etwa 100 pg/ml geschatzt. Ein Grofsteil der CFHR1-Proteine ist jedoch
mit Lipoproteinpartikeln assoziiert, so dass das tatsdachlich verfiigbare CFHR1 im Plasma
vermutlich mehr als die geschitzten 100 ug/ml betrdgt. Es existieren zwei
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Glykosylierungsformen von CFHR1: das einfach glykosylierte 37 kDa Protein CFHR1-a und
das zweifach glykosylierte CFHR1- mit einer Mobilitdt von 43 kDa. Die drei C-Terminalen
SCRs 3-5 weisen eine nahezu identische Sequenz zu den C-terminalen SCRs 18-20 von
Faktor H auf (100 %, 100 %, 98 %)'?. Dies, und die Interaktion von CFHR1 mit C3b sowie
Heparin, lasst eine Kompetition der beiden Komplementproteine um die Binding dieser
Liganden vermuten. Obwohl dem CFHRI-Protein sowohl die Kofaktoraktivitat fiir die
Serinprotease Faktor I sowie zerfallsbeschleunigende Aktivitat fiir die C3-Konvertase fehlt,
wurde es kiirzlich als ein neuer Regulator der Komplementkaskade identifiziert.

CFHR3 besteht ebenfalls aus fiinf aufeinanderfolgenden SCRs und zeigt im N-Terminus eine
hohe Homologie zu Faktor H. Im Plasma existieren bis zu vier glykosylierte Isoformen, so
dass die Plasmakonzentration von CFHR3 zwischen 50 — 80 ug/ml liegt. Dem CFHR3-Protein
fehlt, wie dem CFHR1-Protein, sowohl die Funktion der Kofaktoraktivitat als auch die
Fahigkeit, den C3bBb-Komplex zu dissoziieren. Dennoch wurde in Gegenwart von CFHR3
eine verstirkende Kofaktoraktivitit von Faktor H beschrieben!®. Die spezifische Funktion
von CFHR3 ist jedoch bisher unbekannt.

CFHR2, CFHR4 und CFHR5 sind ebenfalls Plasmaproteine und Bestandteile von
Lipoproteinpartikeln. Die Funktion von CFHR?2 ist bisher noch unbekannt. CFHR4 spielt
eine Rolle bei der Opsonisierung nekrotischer Zellen'*®* und CFHRS5 besitzt Kofaktoraktivitat,
d. h. es beeintrachtigt die Aktivitat der C3-Konvertase, indem es die C3a-Bildung inhibiert!3!.

3.4 Faktor H-assoziierte Erkrankungen

Die stark vernetzte Struktur des Komplementsystems und dessen enormes
Amplifikationspotenzial sind ideal, um zelluldre Debris oder Mikroorganismen in kiirzester
Zeit zu eliminieren. Doch kleinste Verdnderungen in der Konzentration von
Komplementkomponenten, deren partieller oder vollstindiger Funktionsverlust durch
Polymorphismen, Mutationen sowie Defizienzen, sind die Ursache zahlreicher
komplementassoziierter Erkrankungen”. Der Funktionsverlust v.a. von Proteinen der
Faktor H-Familie  resultiert in einer gestorten Regulation des alternativen
Komplementweges'?. Dessen Natur der Aktivierung erfordert eine fortwahrende
Regulation, um die spontane Komplementaktivierung im Plasma und auf korpereigenen
Zellen zu reduzieren. Die Fahigkeit von Faktor H bereits in der Fliissigphase des Serums C3b
bzw. die C3-Konvertase C3(H:0)Bb zu binden, und dadurch die Amplifikation der
Komplementkaskade zu verringern, macht es zu einem der wichtigsten Regulatoren des
Komplementsystems. Faktor H ist insbesondere in jenen Geweben essenziell, denen
membranstandige Regulatoren wie CR1, MCP und DAF fehlen. Ein Beispiel dafiir ist die
Basalmembran der Nierenglomeruli, die Bruch’s Membran der Retina oder die exponierte
extrazellulire Matrix. Auf diesen Oberflachen fiihrt ein Funktionsverlust von Faktor H zu
massiven Schiaden aufgrund einer verminderten Komplementregulation. In Verbindung mit
Defekten im Faktor H Protein sind bisher drei Krankheitsbilder beschrieben worden: die
AMD”, das atypisch hdmolytisch uramische Syndrom!'® (aHUS) wund die
membranoproliferative Glomerulonephritis TypII'* (MPGN-II).
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Das aHUS und die MPGN-II sind Erkrankungen der Niere. Trotz vermeintlich gleicher
Ursache, dem Funktionsverlust von Faktor H durch Mutationen, kommt es bei aHUS und
MPGN-II zur Auspragung unterschiedlicher Krankheitsbilder, die im Folgenden kurz
beschrieben werden.

3.4.1 ATYPISCH HAMOLYTISCH URAMISCHES SYNDROM

Das aHUS ist eine chronische Erkrankung, welche durch die vermehrte Lyse von
Erythrozyten (hamolytische Andmie), die Schadigung von Gefafien (Mikroangiopathie) und
einer reduzierten Thrombozytenzahl (Thrombozytopenie) gekennzeichnet ist. In schweren
Fallen resultieren diese Symptome in einem akuten Nierenversagen. Bis heute sind tiber 100
verschiedene Mutationen im Faktor H-Gen beschrieben, die signifikant mit aHUS assoziiert
sind. Ein Grofteil, d. h. ca. 60 % aller bisher beschriebenen Faktor H-Mutationen, betrifft die
SCRs 19-20%%1%, Die Mutationen vermindern die Bindung von Faktor H an Zelloberflachen
und/oder C3b, und infolgedessen dessen komplementregulatorischen Funktionen'¥.

DEAP-HUS (deficiency of cfhr plasma proteins and factor H-autoantibody positive HUS) ist
eine Sonderform des aHUS und charakterisiert durch das Fehlen der Plasmaproteine CFHR1
und CFHR3 sowie dem gleichzeitigem Auftreten von Faktor H-Autoantikdrpern’®. Die
Autoantikorper blockieren die C-terminale Region von Faktor H, resultieren in einer
reduzierten Faktor H-Zellbindung und einem damit einhergehendem Endothelschaden!3140.

3.4.2 DIE MEMBRANOPROLIFERATIVE GLOMERULONEPHRITIS TYP-II

Die MPGN-II ist eine Erkrankung, die durch komplementhaltige Ablagerung (dense deposits)
innerhalb der glomeruldren Basalmembran charakterisiert ist und vorwiegend bei Kindern
diagnostiziert wird. Die sukzessive Verdickung der glomeruldren Basalmembran resultiert in
einer massiven Schadigung der Nierenglomeruli. Die charakteristischen dense deposits
enthalten C3-Aktivierungsprodukte und sind in ihrer Struktur dhnlich den Drusen der
AMD™1#2, Haufig entwickeln MPGN-II-Patienten auch retinale Drusen, die im Spatstadium
ernsthafte Auswirkungen auf das zentrale Sehvermdgen haben'#. Die, der MPGN-II,
zugrunde liegende unzureichende Kontrolle des alternativen Komplementweges wird
entweder durch die vollkommene Abwesenheit von Faktor H oder aber durch Mutationen
innerhalb des Faktor H-Proteins verursacht!*. Weiterhin existiert bei einer Vielzahl der
Patienten ein Autoantikorper, welcher gegen die C3-Konvertase C3bBb gerichtet ist, diese
stabilisiert und in der Folge die beschleunigte Dissoziation durch Faktor H verhindert!*.

Aufgrund der zahlreichen anatomischen Gemeinsamkeiten der glomeruldren Basalmembran
mit der RPE-BM-Choriocapillaris-Struktur, dem Vorhandensein von Drusen sowie den neu
entdeckten AMD-assoziierten Faktor H-Polymorphismen liegt die Vermutung nahe, dass
AMD wie MPGN (oder aHUS) eine Krankheit ist, die durch unzureichende Kontrolle des
alternativen Komplementweges verursacht wird.

18



Einleitung

4 Das Komplementsystem und AMD

Bereits 15 Jahre vor der Identifikation von Faktor H als AMD-Risikogen, hauften sich
Hinweise, dass lokale Entziindungsreaktionen in Verbindung mit Komplementaktivierung
eine entscheidende Rolle in der AMD-Pathogenese spielen*?. Komplementkomponenten
aus allen Ebenen der Kaskade sowie das Akute-Phase-Protein CRP, wurden nahe bzw. in
Drusen lokalisiert®!¢. Drusen galten daher als sekundédre Manifestationen eines primaren
RPE-Schadens, dessen Ursache unbekannt war®.

Komplementaktivierung hat die Generation der Anaphylatoxine C3a und Cba zur Folge.
Neben dem Nachweis dieser bioaktiven Fragmente in Drusen, wirken beide Anaphylatoxine
aktiv auf das lokale Netzhautgewebe. C3a sowie Cba induzieren die VEGF-Expression von
RPE-Zellen und rekrutieren durch ihre chemotaktische Wirkung Makrophagen zum RPE-
Choroid-Komplex'¥. Intraokulare Komplementaktivierung hat demnach Einfluss auf die
CNV, eine AMD-Spitform, sowie die damit verbundene, charakteristische Angiogenese der
Kapillaren des Choroids. Die Produkte einer Komplementaktivierung sowie das Akute-
Phase-Protein CRP konnen zudem in erhhtem MafSe auch im Plasma von AMD-Patienten
detektiert werden'$1%. Die Anwesenheit dieser Komponenten im Blutkreislauf induziert,
dass der Entziindungsprozess der AMD nicht nur auf die Retina limitiert ist, sondern
systemisch. In welchem Ausmaf eine lokale Reaktion im Auge Einfluss auf systemische
Komplementaktivierung hat, ist jedoch bisher noch unklar.

Die Annahme, dass das Komplementsystem eine potenziell primdre Ursache fiir die
Symptome der AMD ist, etablierte sich nachdem in grofiangelegten Fall-Kontroll-Studien,
Polymorphismen zunéachst in Faktor H, kurz darauf auch in den Komponenten Faktor B, C2
sowie C3 mit AMD assoziiert wurden. Die bis dato identifizierten Auswirkungen der
einzelnen Polymorphismen, auf Protein- und ggf. funktioneller Ebene, werden im nachsten
Abschnitt genauer erldutert.

4.1 Polymorphismen in Komplementproteinen und deren Einfluss auf die AMD

Das Faktor H-Gen war das erste konkrete Risikogen, welches mit AMD assoziiert wurde!7071,
Die beschriebene Variation ist lokalisiert im Exon9 des Faktor H-Gens und fiihrt an
Nukleotidposition 1277 zu einem Austausch eines Thymins durch ein Cytosin. Dies erzeugt
sowohl im Faktor H-, aber auch im FHL1-Protein, einen Austausch der Aminosadure Tyrosin
(Y) durch Histidin (H) an Position 402 in SCR 7 (= Y402H-Polymorphismus, Abbildung 6).
Uber Proteindoméne 7 interagiert Faktor H mit GAGs humaner Zelloberfldchen, mit mCRP
sowie diversen Oberflachenproteinen humanpathogener Mikroorganismen!’. Unter
Verwendung aufgereinigter oder rekombinanter Faktor H-Varianten band die H402-
Risikovariante mit geringerer Intensitdt an Oberflachen der RPE-Zellen, der BM oder der
Choriokapillaris'®®511%2,  Ob und wie stark dabei die lokale Komplementregulation
beeintrachtigt wird, war unklar. Ebenfalls interagiert die H402-Risikovariante vermindert mit
mCRP'53154, Die funktionellen Konsequenzen dieser reduzierten mCRP-Interaktion waren bis
dato unbekannt und sind, wie auch die Auswirkungen der reduzierten Zellbindung,
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Gegenstand der vorliegenden Promotionsarbeit. Die Assoziation mit CRP ist vor allem
dahingehend interessant, da CRP einer der wichtigsten Biomarker einer lokalen sowie
systemischen Entziindungsreaktion ist und erhchte Werte sowohl in Drusen als auch im
Plasma von AMD-Patienten nachweisbar sind. Weiterhin zeigen homozygote Trager der
HH402-Variation 2.5-fach erhohte CRP-Werte im RPE-Choroid-Komplex als homozygote
Trager der Nichtrisikovariation YY402'%. Genetische Veranderungen von CRP sind selbst
nicht mit AMD assoziiert'®. Neben dem Y402H-Polymorphismus wurden in Faktor H bis zu
50 weitere SNPs identifiziert, die das AMD-Risiko sowohl signifikant erhohen, aber auch
reduzieren’?. Grofdtenteils sind diese SNPs in Introns, d.h. den nicht kodierenden
Abschnitten der DNA, lokalisiert, so dass ein funktioneller Einfluss auf das Faktor H-Protein,
zwar nicht ausgeschlossen, aber schwer nachweisbar ist. Es existiert eine weitere Faktor H-
Variation, die das Risiko der AMD modifiziert. Dabei wird im Exon 2 des Faktor H-Gens an
Nukleotidposition 257 ein Guanin durch Adenin ausgetauscht'#. Auf Proteinebene fiihrt dies
zu einer Valin (V) zu Isoleucin (I)-Substitution an Position 62 von SCR1, wobei Isoleucin
einen schiitzenden Effekt auf die AMD-Entstehung ausiibt (= V62I-Polymorphismus,
Abbildung 6). SCR1 ist Teil der C3b-Binderegion von Faktor H und essenziell fiir die
Austlibung der Kofaktor- sowie der zerfallsbeschleunigten Aktivitat fiir die C3-Konvertase
C3bBb. Bisher existiert nur eine Studie, welche eine erhohte C3b-Interaktion fur die
protektive 162-Faktor H-Variante beschreibt!®. Inwieweit der Y402H- und der Ve62I-
Polymporphismus die komplementregulatorische Funktion von Faktor H und FHLI1
beeinflussen, und ob sich beide Polymorphismen evtl. gegenseitig beeinflussen ist eine
weitere Fragestellung mit der sich diese Promotionsarbeit auseinandersetzt.

Abbildung 6: Die beiden zentralen AMD-assoziierten Aminosduresubstitutionen in Faktor H und FHL1. Die
AMD-relevanten Aminosdurevariationen in SCR1 und SCR7 betreffen sowohl Faktor H als auch dessen
alternatives Spleifsprodukt FHL1. Der Valin (V) — Isoleucin (I)-Austausch findet im SCR 1 an Aminosédureposition
62 statt. Die Gegenwart von 162 (griin) ist mit einem reduzierten AMD-Risiko verbunden. SCR 1 ist Teil der C3b-
Binderegion sowie der regulatorischen Domédne SCR 1-4 und beteiligt an der Kofaktoraktivitat sowie der decay
accelerating activity von Faktor H/FHL1. Der Tyrosin (Y) — Histidin (H)-Austausch findet im SCR7 an
Aminosédureposition 402 statt. In SCR7 befinden sich die Binderegionen fiir die Liganden Heparin und mCRP.
Das homozygote Vorkommen von H402 (rot) ist mit einem 7-fach erhhten AMD-Risiko assoziiert.
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Ein dritter, hochgradig mit AMD-assoziierter, Polymorphismus innerhalb des Faktor H-
Genclusters betrifft die CFHR-Region (Abbildung 7). Die vollstandige Deletion der CFHR1I-
und CFHR3-Gene, und die damit verbundene Abwesenheit der entsprechenden Proteine im
Plasma ist mit einem reduzierten AMD-Risiko verbunden'?. CFHR1 und CFHR3 sind
Mitglieder der Faktor H-Familie und konnen tiiber ihre SCRs mit C3b, Heparin sowie mit
GAGs interagieren'®. Durch zahlreiche evolutiondre Duplikationsprozesse innerhalb des
Faktor H-Genclusters weisen sie eine hohe Sequenzidentitat mit Faktor H auf, so dass eine
komplementregulative Funktion vermutet wird. Wie jedoch das Fehlen der Plasmaproteine
das Risiko der AMD-Entstehung reduzieren soll, wenn es gleichzeitig ein signifikanter
Risikofaktor fiir die DEAP-HUS Sonderform ist, war fraglich. Die hohe Sequenzidentitdt von
CFHR1, CFHR3 und Faktor H ermdglicht theoretisch eine Verdrangung von Faktor H durch
die beiden CFHR-Proteine, und wurde in dieser Arbeit als Hypothese fiir den protektiven
Einfluss der CFHR1-/CFHR3-Deletion bearbeitet.

Abbildung 7: Deletion von CFHR1 und CFHR1 im Faktor H-Gencluster. Das Fehlen eines 84 kbp grofien
genomischen Fragmentes auf Chromosom 1 downstream des Faktor H-Gens, resultiert in dem Verlust der Gene fiir
CFHR1 und CFHR3 (schraffierte Pfeile). Die daraus folgende vollstindige Abwesenheit der CFHR1- und CFHR3-
Proteine im Plasma hat einen schiitzenden Effekt auf AMD-Entstehung. Das Gen fiir Faktor H sowie die Gene von
CFHR2, CFHR4 und CFHR5 sind durch die Deletion nicht betroffen.

Zusatzlich zu den Proteinen des Faktor H-Genclusters sind auch Polymorphismen der
klassischen Komplementkomponente C2 (E318D) sowie des alternativen Proteins Faktor B
(R32Q, R32W, L9H) mit AMD assoziiert'® (Tabelle 2). Alle vier Varianten haben einen
schiitzenden Effekt auf die AMD-Entwicklung. Da sich die einzelnen Polymorphismen
jedoch in einem nahezu vollstandigem ,linkage disequilibrium” befinden, ist das Auffinden
der kausalen Variante erschwert'®. Genetische und funktionelle Studien zeigen jedoch, dass
der protektive Effekt hauptsachlich durch die Faktor B-Variationen zustande kommt. Dabei
interagiert die R32-Variante starker mit C3b als die W32- oder Q32-Variante, und bildet eine
stabilere C3-Konvertase des alternativen Komplementweges'®®. Die L9H-Variation von
Faktor B beeintrdachtigt vermutlich die Sekretion des Faktor B-Proteins. Der schiitzende
Effekt resultiert dabei in einer reduzierten Ausbildung der C3-Konvertase und einer damit
verbundenen herabgesetzten Komplementaktivierung. Ein seit langem bekannter
Aminosdureaustausch in der zentralen Komplementkomponente C3 (R80G) ist ebenfalls mit
einem erhohten AMD-Risiko assoziiert's. Der Austausch eines positiv geladenen Arginis mit
einem neutralen Glycin im C3b-Teil des C3-Molekiils verandert die Ladung des Proteins'.
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Dies, sowie die unmittelbare Nédhe der Substitution zu der reaktiven Thioestergruppe,
beeintrachtigt vermutlich die Interaktion von C3b mit Oberfldchen oder Liganden.

Tabelle 2: Ubersicht iiber etabliete AMD-Risikovarianten von verschiedenen
Komplementkomponenten

Gen Polymorphismus Protein Auswirkungen
Faktor H rs1061170 Y402 — H402 reduzierte Zell- und CRP-Bindung
Faktor H rs800292 V62 — 162 erhohte C3b-Interaktion
cfhrl / cfhr3 Deletion abwesend unbekannt
Faktor B rsb547154 R32 — Q32 /W32 instabilere C3-Konvertase: C3bBb
Faktor B rs4151667 L9 — H9 modifizierte Sekretion von Faktor B
2 rs9332739 E318 — D318 unbekannt
c3 rs2230199 R80 — G80 Ladungsanderung des C3-Proteins

rs:, reference SNP”

Polymorphismen in den nicht kodierenden DNA-Abschnitten des Faktor I-Gens sind sowohl
mit einem erhohten als auch reduzierten Risiko der AMD-Entstehung verbunden!®2. Studien,
die ggf. funktionelle Konsequenzen dieser Variationen auf die Aktivitat der Serinprotease
beschreiben, existieren noch nicht. Weiterhin sollen Varianten in den Genen der
Komplementkompontenen C5, C7 sowie CFHR5 das AMD-Risiko beeinflussen'®*!¢4, Diese
Studien sind noch nicht wiederholend bestatigt worden, so dass diese genetischen Varianten
—bis jetzt— noch keine etablierten Risikofaktoren der AMD sind. Nichtsdestotrotz bestatigen
sie zusatzlich, dass das humane Komplementsystem zentral am Krankheitsprozess der AMD
beteiligt ist. Ob die lokalen Entziindungsreaktionen im RPE-Choroid-Komplex durch ein
unzureichend kontrolliertes Komplementsystem verursacht werden, bei der die genannten
Polymorphismen unabhidngig oder gemeinsam agieren, muss weiter gepriift werden.

4.2 Neue komplementassoziierte Behandlungsmoglichkeiten

Bisher existieren noch keine zugelassenen Praparate fiir die Behandlung der AMD, die direkt
das Komplementsystem beeinflussen. Wie bereits erwdhnt, wird die GA vorbeugend
therapiert, und die Behandlung der CNV basiert auf Laserbestrahlung sowie der Gabe von
monoklonalen Antikoérpern gegen VEGF. Das Fortscheiten der Krankheit kann daher nur
verlangsamt, jedoch nicht aufgehalten werden. Die sukzessive Aufdeckung des
Komplementsystems als vermeintliche Ursache der degenerativen Veranderungen im
subretinalen Raum macht es nun zu einem potenziell therapeutischen Angriffspunkt.
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Das bisher vielversprechendste, in der Entwicklung befindliche, Therapeutikum ist das
1.5kDa grofie, zyklische Peptid Compstatin'®. Compstatin bindet natives C3, inhibiert
dessen Spaltung in C3a und C3b wund blockiert die Amplifikation aller drei
Komplementwege. Der Inhibitor zeichnet sich durch seine geringe Toxizitat und die hohe
Spezifitat fiir humanes C3 aus, Eigenschaften die in zahlreichen in-vitro- sowie in-vivo-
Studien bestatigt wurden!¢. Momentan sind erste klinische Studien der Phase 1 erfolgreich
abgeschlossen, in denen die Vertraglichkeit und Sicherheit weiter iiberpriift wurden!’.
Compstatin wird dabei intravitreal verabreicht, lagert sich in Form eines Gelpolsters ab und
wird langsam iiber viele Monate in geringen Dosen abgegeben. Ein Riickgang der
Drusenformation sowie ein Fall mit kompletter Auflosung eines Makulabdems wurden
beschrieben.

Andere Moglichkeiten die Komplementaktivierung im Auge zu kontrollieren, umfassen den
Einsatz von humanisierten Antikorpern gegen C5 (Eculizumab) oder Faktor D (TNX-234)!8,
Hybridproteine, die die Eigenschaften von zwei Komplementregulatoren kombinieren (CR2-
Faktor H)!® sowie die Gabe biologisch aktiver rekombinanter Regulatoren (Cl-Inhibitor,
Faktor H)'”0. Zentrale Aufgabe zukiinftiger, komplementbasierter Therapeutika wird dabei
die Regulierung der C3-Aktivierung sein, um die nachfolgende Generation von
Anaphylatoxinen, Opsoninen sowie TCC-Formation zu verhindern. Gleichzeitig muss aber
eine systemische Inhibierung vermieden werden, um die urspriinglichen Aufgaben des
Komplements (Opsonierung degenerierter Zellen, Abwehr von Mikroorganismen), weiterhin
im immunprivilegiertem Auge zu ermoglichen.
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5 Fragestellung

Zahlreiche genetisch basierte Studien lieferten die Grundlage zu der Annahme, dass die
altersabhédngige Makuladegeneration eine Erkrankung ist, welche durch unzureichende
Kontrolle des alternativen Komplementweges verursacht wird. Die genauen Auswirkungen
der kiirzlich identifizierten Polymorphismen in den Proteinen Faktor H, FHL1, Faktor B, C2
und C3 bzw. deren Einfluss auf die Krankheitsentstehung sind nahezu unbekannt. Ebenfalls
ist die Tatsache, warum das vollstandige Fehlen der Plasmaproteine CFHR1 und CFHRS3,
schiitzend auf die AMD-Entstehung wirkt, ungeklart.

Ziel dieser Arbeit war es daher, die funktionellen Auswirkungen der Y402H- und der V62I-
Variation von Faktor H bzw. FHL1 zu charakterisieren. Dafiir sollten die entsprechenden
Faktor H-Varianten aus genotypisierten AMD-Patienten isoliert sowie rekombinante FHL1-
Varianten hergestellt werden. Der darauffolgende systematische Vergleich aller
Proteinvarianten in Bezug auf Ligandenbindung und deren komplementregulative Funktion
in Fliissigphase sowie auf Oberfldchen sollte zeigen, inwiefern die Funktionen von Faktor H
und FHL1 durch die Aminosaurevariationen beeintrachtigt sind. Vor allem sollte tiberpriift
werden, ob die Y402H-Variation Einfluss auf anti-inflammatorische Funktion von Faktor H
hat, und in der Folge die Markierung sowie Aufnahme von nekrotischen, retinalen Debris
beeintrachtigt ist. Dartiiber hinaus sollten die bis dato unbekannten Proteinfunktionen von
CFHR1 und CFHR3 analysiert werden. Die hohe Sequenzidentitit beider Proteine zu
Faktor H, legte die These nahe, dass sowohl CFHRI1 als auch CFHR3 mit Faktor H um die
Bindung an gemeinsame Liganden konkurriert. Daher sollten Verdrangungsassays zeigen,
ob die Anwesenheit von CFHR1 und CFHR3 die komplementregulative Funktion von
Faktor H beeinflusst. Die Ergebnisse sollten dann eine konkrete Aussage ermoglichen,
inwiefern das Fehlen von zwei Mitgliedern der Faktor H-Familie einen positiven Effekt auf
die AMD-Entwicklung ausiiben kann. Damit soll diese Arbeit insgesamt ein besseres
Verstandnis dafiir liefern, ob und inwieweit AMD-assoziierte Polymorphismen und
Defizienzen innerhalb der Faktor H-Familie den Krankheitsverlauf der AMD beeinflussen.

Zudem sollte, im Rahmen dieser Arbeit, ein neues komplementbasiertes Therapeutikum
entwickelt werden. Der oberflachenbindende C-Terminus von Faktor H sollte mit dem
etablierten Komplementinhibitor Compstatin vereint werden. Ziel war es, einen Inhibitor zu
kreieren, welcher die komplementinhibitorischen Eigenschaften von Compstatin gezielt an
Oberfldachen rekrutiert und dabei —wie Faktor H- Aktivator von Nichtaktivatoroberflachen
unterscheidet. Die kombinierten Eigenschaften des Chimaérs sollten anschliefend in
Gegenwart von komplementaktivem Plasma auf Oberflachen studiert und mit nativem
Compstatin verglichen werden. Die neuen Erkenntnisse sowie Moglichkeiten des Chimars
sollen als Grundlage fiir die Entwicklung eines neuen therapeutischen Wirkstoffes dienen,
der bei Faktor H-assoziierten Krankheiten, wie der AMD, zum Einsatz kommen kann.
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Ubersicht zu den Manuskripten

Die vorliegende Dissertation basiert auf sechs Manuskripten. Die Auflistung der
Manuskripte erfolgt nach inhaltlichen Gesichtspunkten und nicht nach dem Zeitpunkt der
Verotfentlichung.

The role of complement in age-related macular degeneration.

Peter Zipfel, Nadine Lauer, Christine Skerka

Advances in Experimental Medicine and Biology Inflammation and Retinal Disease:
Complement Biology and Pathology. 2010;703:9-24. Review

Inhalt der Publikation

Der Review beschreibt die Rolle des Komplementsystems bei der Entstehung der
altersabhingigen Makuladegeneration. Er greift dabei das derzeit allgemeinakzeptierte
Konzept auf, bei welchem eine unzureichend regulierte Komplementaktivierung zu lokalen,
intraokularen Entziindungsreaktionen fithrt und infolgedessen pathophysiologische
Veranderungen im subretinalen Raum entstehen. Dabei werden sowohl die bisher
bekannten, AMD-assoziierten Polymorphismen der Komplementproteine Faktor H, FHL1,
C2, Faktor B, C3, als auch das Fehlen der Komplementregulatoren CFHR1 und CFHRS3,
erlautert und in Beziehung zueinander gesetzt. Der Review betrachtet damit in der
Gesamtheit, wie eine potenzielle Uberaktivierung des Komplementsystems zu einer lokalen,
chronischen Entziindung fiihrt und dies direkt zur Entwicklung und/oder dem Fortschreiten
der AMD beitragt.

Umfang und Inhalt des Eigenanteils sowie Beitrige der Koautoren

Nadine Lauer war an der Planung des Reviews beteiligt und hat die Abschnitte zwei sowie
drei geschrieben. Des Weiteren hat Nadine Lauer die Abbildungen konzipiert und erstellt.

Peter F. Zipfel und Christine Skerka haben den Review geplant und die Abschnitte eins
sowie vier verfasst.
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The AMD-associated variation at position 62 does not, but the
exchange at position 402 does affect surface regulation of the
complement inhibitor FHL1.

Nadine Lauer, Julia Bohme, Hans-Martin Dahse, Christine Skerka, Peter F. Zipfel

Manuskript in Uberarbeitung fiir das , Journal of Biological Chemistry”
Eingangsbestatigung: 28.03.2011

Inhalt des Manuskriptes

Der Komplementfaktor H besitzt zahlreiche hochsignifikante Risikoallele, die eine
entscheidende Rolle bei der Disposition zur AMD spielen. Das Manuskript vergleicht die
funktionellen Auswirkungen der Polymorphismen V62l und Y402H, welche sowohl in
Faktor H als auch FHL1 vorkommen. Mittels in-vitro-Mutagenese wurden dabei vier FHL1
Varianten generiert: FHL1 VeYsn, FHL1 IeYso, FHL1 _VeHiw, und FHL1_Ie2Hue.
Vergleichende Analysen zeigen, dass die Variation an Aminosaureposition 62 keine
Auswirkung auf die komplementregulatorische Aktivitit von FHL1 hat. Dementgegen
verandert die Substitution an Position 402 das Bindeverhalten von FHL1 an zellularen
Oberflachen und verhindert infolgedessen eine addquate Inhibierung des alternativen
Komplementweges.

Umfang und Inhalt des Eigenanteils sowie Beitrige der Koautoren

Nadine Lauer hat die folgenden Experimente geplant, durchgefiihrt, ausgewertet und
interpretiert: Expression und Aufreinigung der rekombinanten FHL1-Proteine, Kultivierung
der Sf9-, CHO- und ARPE-19-Zelllinien, Generierung von FHL1/Faktor H-defizienten
humanen Serum, Protein-Protein-Interaktion mittels ELISA, vergleichende FHL1-Bindung an
ARPE-19-Zellen  mittels = Durchflusszytometrie, =~ Kofaktorassays in  Fliissigphase,
Hamolyseversuche auf Schaferythrozyten sowie die Bestimmung der Vitalitit von CHO-
Zellen. Ebenfalls war Nadine Lauer am Schreiben der Publikation beteiligt.

Julia Bohme hat die in-vitro-Mutagenese durchgefiihrt.
Hans-Martin Dahse war an der Auswertung des Vitabilitatsassays auf CHO-Zellen beteiligt.
Christine Skerka und Peter F. Zipfel waren mafigeblich an der Konzeption der Studie sowie

am Schreiben der Publikation beteiligt. Des Weiteren waren sie verantwortlich fiir die
Betreuung und Finanzierung des Forschungsprojektes.
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Complement regulation at necrotic cell lesions is impaired by the
AMD associated Factor H - H402 risk variant.

Nadine Lauer, Michael Mihlan, Andrea Hartmann, Ursula Schl6tzer-Schrehardt,
Claudia N. Keilhauer, Hendrik PN. Scholl, Peter Charbel-Issa, Frank Holz, Bernhard
H. F. Weber, Christine Skerka, Peter F. Zipfel

Manuskript in Uberarbeitung fiir das ,,Journal of Immunology”
Eingangsbestatigung: 02.02.2011

Inhalt des Manuskriptes

Dieses Manuskript charakterisiert die funktionellen Auswirkungen des hochsignifikanten
Faktor H-Risikoalleles Y402H auf die Faktor H - mCRP-Komplexbildung. Es wird gezeigt,
dass die protektive Faktor H-Y402-Variante starke Komplexe mit mCRP eingeht, und
dadurch vermehrt an nekrotische retinale Pigmentepithelzellen rekrutiert wird. Die
komplementregulierenden sowie anti-entziindlichen Funktionen von Faktor H werden dabei
signifikant durch mCRP verstarkt. Konfokale Laserscanmikroskopie zeigt weiterhin, dass
mCRP vorzugsweise an stark geschadigten Membranbestandteilen generiert wird und
Faktor H spezifisch an jene Stellen rekrutiert. Fiir die Faktor H-H402-Risikovariante ist die
Komplexbildung mit mCRP, und die damit einhergehende erhchte Faktor H-Aktivitat an
nekrotischen Membranldsionen, signifikant reduziert. Damit stellt das Manuskript erstmals
eine Hypothese fiir die Ablagerung von degeneriertem, nekrotischem RPE-Zellmaterial im
subretinalen Raum auf, erldutert die moglicherweise daraus resultierenden intraokularen
Entziindungsreaktionen und pathophysiologischen Verdnderungen.

Umfang und Inhalt des Eigenanteils sowie Beitrige der Koautoren

Nadine Lauer hat folgende Experimente geplant, durchgefiihrt, ausgewertet und
interpretiert: Expression und Aufreinigung der rekombinanten FHLI-Proteinvarianten,
Kultivierung der Sf9-Insektenzelllinie sowie einer primaren und einer immortalisierten RPE-
Zelllinie, Generierung von mCRP, Protein-Protein-Interaktion mittels ELISA, vergleichende
Bindestudien von Faktor H - mCRP-Komplexen an nekrotische Zellen mittels
Durchflusszytometrie sowie konfokaler Laserscanmikroskopie, Kofaktorassays in Fliissig-
und Festphase sowie die Peptidspot-Analyse. Ebenfalls war Nadine Lauer am Schreiben der
Publikation beteiligt.

Michael Mihlan war an der Konzeption der Studie beteiligt und hat den Zytokinassay
durchgefiihrt, ausgewertet und interpretiert.

Andrea Hartmann hat humanen Faktor H aus AMD-Patienten isoliert und aufgereinigt.
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Ursula Schlotzer-Schrehardt hat Gewebeschnitte vom subretinalen Raum aus AMD-
Patienten sowie gesunden Kontrollpatienten immunhistochemisch auf das Vorhandensein
von mCRP und pCRP iiberpriift.

Claudia N. Keilhauer hat AMD-Patienten aus Wiirzburg betreut, behandelt und Blutproben
genommen.

Hendrik PN. Scholl, Peter Charbel-Issa und Frank Holz haben AMD-Patienten aus Bonn
betreut, behandelt und Blutproben genommen.

Bernhard H. F. Weber hat genomische DNA der AMD-Patienten aus Wiirzburg sowie Bonn
extrahiert, sequenziert und genotypisiert.

Christine Skerka und Peter F. Zipfel waren mafsgeblich an der Konzeption der Studie, an

der Interpretation der Ergebnisse sowie am Schreiben der Publikation beteiligt. Des Weiteren
waren sie verantwortlich fiir die Betreuung und Finanzierung des Forschungsprojektes.
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Factor H-related protein 1 (CFHR-1) inhibits complement C5-
convertase activity and terminal complex formation.

Stefan Heinen, Andrea Hartmann, Nadine Lauer, Ulrike Wiehl, Hans-Martin Dahse,
Sylvia Schirmer, Katharina Gropp, Tina Enghardt, Reinhard Wallich, Steffi Halbich,
Michael Mihlan, Ursula Schlotzer-Schrehardt, Peter F. Zipfel, Christine Skerka

Blood. 2009 Sep 17;114(12):2439-47.

Inhalt der Publikation

Die Publikation identifiziert das Komplementprotein CFHR1 erstmals als einen Inhibitor der
C5-Konvertase des alternativen sowie des terminalen Komplementweges. CFHR1 bindet C5
sowie C5b6 iiber den N-Terminus und verhindert dadurch die C5b-Ablagerung auf
humanen Zelloberflachen, blockiert die Formation der C5-Konvertase sowie den
darauffolgenden Aufbau des TCC. Die Funktion von CFHRI1 ist demnach verschieden von
Faktor H, welches ausschliefilich auf C3-Ebene fungiert. Aufgrund der hohen C-terminalen
Sequenzidentitat binden sowohl CFHRI1 als auch Faktor H an zelluldre Oberflachen, wobei
CFHRT1 in der Lage ist, Faktor H von diesen kompetitiv zu verdrangen.

Umfang und Inhalt des Eigenanteils sowie Beitrige der Koautoren

Nadine Lauer hat folgende Experimente geplant, durchgefithrt und interpretiert:
Kofaktoraktivitat von CFHR1, Verdrangung von Faktor H durch CFHR1 auf Heparin sowie
die Generierung von Faktor H-defizienten humanen Serum.

Stefan Heinen erzeugte CFHR1/Faktor H-depletiertes humanes Serum und hat folgende
Experimente geplant, durchgefiihrt, ausgewertet sowie interpretiert: Hamolyseversuche und
Analyse des TCC-Zerfalls in Gegenwart von CFHR1.

Andrea Hartmann hat rekombinantes CFHR1-Protein exprimiert und aufgereinigt sowie
CFHR1 aus humanem Serum isoliert. Des Weiteren hat sie Hamolyseversuche,
Durchflusszytometrie, Mikroskopie, ELISA-Experimente und Immunprazipitation geplant,

durchgefiihrt und interpretiert.

Ulrike Wiehl hat die Hamolyseversuche auf Schaferythrozyten sowie den Zerfall der C3-
und C5-Konvertase mit aufgereinigten Proteinen geplant, durchgefiihrt und interpretiert.

Hans-Martin Dahse hat den Vitabilitdtsassay mit humanen Zellen durchgefiihrt.
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Sylvia Schirmer klonierte sowie exprimierte die CFHRI1-Deletionskonstrukte und hat
ELISA-Experimente mit den rekombinanten Proteinen geplant, durchgefithrt und
interpretiert.

Katharina Gropp hat die Experimente zur Konvertasestabilitit und Protein-Protein-
Interaktionsstudien geplant, durchgefiihrt und interpretiert.

Tina Enghardt hat die Bindung von CFHR1 an humane Zellen mittels Durchflusszytometrie
geplant und durchgefiihrt.

Reinhard Wallich generierte den monoklonalen CFHR1-Antikorper JThD10.

Steffi Hailbich hat die Experimente zur Oberflaichenplasmonenresonanzspektroskopie
geplant, durchgefiihrt und interpretiert.

Michael Mihlan stellte komplementaktives CFHR1/CFHR3-defizientes humanes Plasma zur
Verfiigung und war bei der Erstellung des Manuskriptes beteiligt.

Ursula Schlétzer-Schrehardt hat Gewebe aus Nieren und Augen immunhistochemisch auf
CFHR1-Expression iiberpriift.

Peter F. Zipfel und Christine Skerka waren mafigeblich an der Konzeption der Studie sowie
an der Interpretation der Ergebnisse beteiligt. Des Weiteren waren sie verantwortlich fiir die
Betreuung und Finanzierung des Forschungsprojektes und haben die Publikation
geschrieben.
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An imbalance of human complement regulatory proteins CFHR1,
CFHR3 and factor H influences risk for age-related macular
degeneration (AMD).

Lars G. Fritsche*, Nadine Lauer*, Andrea Hartmann, Selina Stippa, Claudia N.
Keilhauer, Martin Oppermann, Manoj K. Pandey, Jorg Kohl, Peter F. Zipfel, Bernhard
H. F. Weber, Christine Skerka

Human Molecular Genetics. 2010 Dec 1;19(23):4694-704.
* Gleichberechtige Erstautorschaft

Inhalt der Publikation

Die Publikation beschiftigt sich mit der Frage, wie das Fehlen der Komplementproteine
CFHR1 und CFHRS3 einen schiitzenden Effekt auf die AMD-Entstehung induzieren kann.
Dabei wurde in einer Fall-Kontroll-Studie von 530 AMD-Patienten gezeigt, dass die CFHRI1-
/-CFHR3-Defizienz (ACFHR1 / CFHR3) unabhdngig von zahlreichen signifikanten Faktor H-
Risikoallelen (u.a. Y402H) auftritt, und demnach die Funktionen der beiden
Komplementproteine eine Rolle in der AMD-Pathogenese spielen. Das CFHR3-Protein
wurde erstmals als ein neuer Komplementregulator identifiziert, welcher Faktor I-
Kofaktoraktivitat besitzt, Cba-Generierung blockiert und damit die Cba-vermittelte
Chemotaxis neutrophiler Granulozyten reduziert. Sowohl CFHR1 als auch CFHR3
verdrangen Faktor H von C3b und modifizieren infolgedessen die Regulation auf C3-Ebene.
Die Abwesenheit von CFHR1 und CFHR3 erhoht demnach die lokale Regulation durch
Faktor H, was einen positiven Effekt in der intraokularen Komplementregulation zur Folge
hat.

Umfang und Inhalt des Eigenanteils sowie Beitrige der Koautoren

Nadine Lauer hat folgende Experimente geplant, durchgefithrt und interpretiert:
Generierung von Faktor H-defizienten humanen Serum, Verdrangung von Faktor H durch
CFHR1 bzw. CFHR3 von C3b, C3-Konvertasestabilitit in Gegenwart von CFHR1 und
CFHR3, Hamolyseversuche mit Hiihnererythrozyten, Bestimmung der Serumkonzentration
von CFHR3.

Lars G. Fritsche hat genomische DNA der AMD-Patienten sowie der Kontrollgruppe
extrahiert, sequenziert und genotypisiert. Des Weiteren hat er den MLPA-Assay (MLPA:
,multiplex  ligation-dependent — probe amplification”) durchgefiithrt, ausgewertet und
interpretiert.
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Andrea Hartmann hat die rekombinanten Proteine CFHR1 und CFHR3 exprimiert und
aufgereinigt. Des Weiteren hat sie Hamolyseversuche, ELISA-Experimente und
Kofaktorassays geplant, durchgefiihrt und interpretiert.

Selina Stippa hat die C3-Konvertaseaktivitat in CFHR1 / CFHR3-defizientem Serum nach
Zugabe von CFHR1, CFHR3 und Faktor H bestimmt.

Claudia N. Keilhauer hat AMD-Patienten aus Wiirzburg betreut, behandelt und Blutproben
genommen.

Martin Oppermann generierte den monoklonalen CFHR3-Antikorper 4HO.

Manoj K. Pandey und Jorg Kohl haben Versuche zur Chemotaxis neutrophiler
Granulozyten geplant, durchgefiihrt und interpretiert.

Peter F. Zipfel war am Schreiben der Publikation beteiligt.
Bernhard H. F. Weber und Christine Skerka waren mafigeblich an der Konzeption der
Studie sowie an der Interpretation der Ergebnisse beteiligt. Des Weiteren waren sie

verantwortlich fiir die Betreuung und Finanzierung des Forschungsprojektes und haben die
Publikation geschrieben.
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The C-terminal surface attachment region of Factor H targets the
complement inhibitor compstatin to self surfaces and to sites of
immunstress.

Nadine Lauer, Daniel Ricklin, Stefan Heinen, Apostolia Tzekou, John D. Lambris,
Peter F. Zipfel

Manuskript in Vorbereitung fiir das ,, Journal of Immunology”

Inhalt des Manuskriptes

In diesem Manuskript wird ein neuartig entwickelter Komplementregulator vorgestellt,
welcher die hohe C3-/C3b-Affinitdt des systemisch wirkenden Komplementinhibitors
Compstatin mit den Zellbindeeigenschaften von Faktor H kombiniert. Dabei wurde die
DNA-Sequenz von Compstatin mit der DNA-Sequenz des C-terminalen Faktor H-
Fragmentes SCR15-20 gekoppelt und das Hybridprotein COMP_CFH15-20 generiert.
COMP_CFH15-20 inhibiert die Komplementaktivierung sowohl auf Aktivator- als auch auf
Nichtaktivatoroberflachen, wobei seine inhibitorische Funktion insbesondere lokal auf
Zelloberflachen gerichtet ist. Gebunden an lebende sowie nekrotische CHO- und HUVEC-
Zellen ist die Aktivitdt von COMP_CFH15-20 signifikant stirker als die des Inhibitors
Compstatin allein. Demnach erlaubt der neuartig generierte Regulator eine kontrollierte
Komplementregulation speziell an Stellen von erhéhtem Immunstress bzw. Zell- und
Gewebeschdden, und verhindert demzufolge einige Nebenwirkungen von systemisch
wirkenden Komplementregulatoren.

Umfang und Inhalt des Eigenanteils sowie Beitrige der Koautoren

Nadine Lauer hat folgende Experimente geplant, durchgefiihrt, ausgewertet und
interpretiert: Expression und Aufreinigung des COMP_CFH15-20-Hybridproteins,
Kultivierung der Sf9-, CHO- und HUVEC-Zelllinien, Generierung von Faktor H-defizienten
humanem Serum, Protein-Protein-Interaktion mittels ELISA, Bindestudien des
Hybridproteins an lebende sowie nekrotische Zellen mittels Durchflusszytometrie und
konfokaler Laserscanmikroskopie, Hamolyseassays auf Kaninchen- und Schaferythrozyten
und darauffolgende Cb5a-Bestimmung bzw. C5b-Ablagerung sowie die Bestimmung der
Vitalitit von CHO Zellen. Ebenfalls war Nadine Lauer am Schreiben der Publikation
beteiligt.

Daniel Ricklin hat die Experimente zur Oberflichenplasmonenresonanzspektroskopie
geplant, durchgefiihrt und interpretiert.
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Stefan Heinen klonierte sowie exprimierte das COMP_CFH15-20 Hybridprotein und hat
Hamolyseversuche geplant, durchgefiihrt und interpretiert.

Apostolia Tzekou hat Experimente zur Oberflichenplasmonenresonanzspektroskopie
durchgefiihrt.

John D. Lambris hat aktives sowie inaktives Compstatin als Kontrollpeptide zur Verfiigung
gestellt.

Peter F. Zipfel war mafigeblich an der Konzeption der Studie sowie an der Interpretation der

Ergebnisse beteiligt. Des Weiteren war er verantwortlich fiir die Betreuung und Finanzierung
des Forschungsprojektes und hat die Publikation geschrieben.
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The role of complement in age-related macular degeneration.

Advances in Experimental Medicine and Biology Inflammation and Retinal Disease:
Complement Biology and Pathology. 2010;703:9-24. Review

Chapter 2
The Role of Complement in AMD

Peter F. Zipfel, Nadine Lauer, and Christine Skerka

Abstract Age related macular degeneration (AMD) is a common form of blind-
ness in the western world and genetic variations of several complement genes, includ-
ing the complement regulator Factor H, the central complement component C3,
Factor B, C2, and also Factor I confer a risk for the disease. However deletion of
a chromosomal segment in the Factor H gene cluster on human chromosome 1,
which results in the deficiency of the terminal pathway regulator CFHR1, and of
the putative complement regulator CFHR3 has a protective effect for development
of AMD. The Factor H gene encodes two proteins Factor H and FHL1 which are
derived from alternatively processed transcripts. In particular a sequence variation
at position 402 of both Factor H and FHLI1 is associated with a risk for AMD. A
tyrosine residue at position 402 represents the protective and a histidine residue
the risk variant. AMD is considered a chronic inflammatory disease, which can
be caused by defective and inappropriate regulation of the continuously activated
alternative complement pathway. This activation generates complement effector
products and inflammatory mediators that stimulate further inflammatory reactions.
Defective regulation can lead to formation of immune deposits, drusen and ultimately
translate into damage of retinal pigment epithelial cells, rupture of the interface
between these epithelial cells and the Bruch’s membrane and vision loss. Here we
describe the role of complement in the retina and summarize the current concept
how defective or inappropriate local complement control contributes to inflammation
and the pathophysiology of AMD.
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1 Age-Related Macular Degeneration

1.1 The Disease

Age related macular degeneration (AMD) is the leading cause of blindness in the
elderly population, especially in the Western World. Today, more than 20 Mio
individuals over 50 years of age show early signs of this sight-threatening disease
(Congdon et al. 2004; Pascolini et al. 2004). The actual demographic development
predicts an increase in the number of elderly people and thus a higher number of
people at risk by about 50 % (Friedman et al. 2004).

In the early stage of the disease immune deposits, which are termed drusen,
develop between the Bruch’s membrane (BM) and adjacent retinal pigment epithe-
lial cell (RPE) layer (Bird et al. 1995). Ongoing progression of the inflammatory
reactions and the disease enhances size and the number of drusen and result in two
severe forms: geographic atrophy (GA) leads to death of macula surrounding photo-
receptors that overly degenerated RPE cells. Choroidal neovascularisation (CNV) is
characterized by the growth of blood vessels into the retinal layer which leak fluid
or bleed. Both forms result in a complete loss of central vision (de Jong 2006).

AMD is a multifactorial disease which is caused by several genetic factors, by
environmental factors and disease susceptibility is also influenced by age and ethnic
background (Vingerling et al. 1995; Klein et al. 2004).

1.2 AMD: A Chronic Inflammatory Disease

The pathogenesis of AMD is subject of intensive research and recent reports
showed that early as well as advanced stages of AMD are caused by defective
complement activation and local inflammation (Johnson et al. 2001). At present
additional concepts for AMD pathophysiology are discussed, which however are
not exclusive to the initial complement and inflammation hypothesis. These expla-
nations are based on inefficient or defective transport/diffusion of nutrients from the
choroids via the Bruch’s membrane to the photoreceptors, or inappropriate reverse
transport of waste products from photoreceptors to the choroids (Zarbin 1998).
Consequently debris may accumulate along the interface of the RPE cells and the
Bruch’s membrane, providing an activator surface that allows complement activation.
Also in this concept defective or inefficient complement regulation may cause
further amplification of the complement cascade and inflammation. Both concepts
may explain how inappropriate control and inhibition of spontaneous or triggered
complement activation causes progression and amplification of the complement
cascade and consequently the generation of inflammatory activation compounds in
form of C3a and in particular of the potent inflammatory marker C5a (Scholl et al.
2008). If low level complement activation persists over weeks, months and even
years, already a minor change in the composition of one regulatory component may
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cause deregulation and damage. This continuous imbalance can then progress into
pathophysiology, in manifestation of drusen and degeneration of the RPE cell layer
and of the overlying photoreceptors.

AMD is associated with complement activation or deregulation of the spontaneously
initiated alternative complement pathway leading to local release of inflammatory
activation products and to local inflammation, which relate to the pathogenesis of
the disease (Donoso et al. 2006). This concept is further confirmed by immunohis-
tochemical analyses and proteome assays, which identified proteins and compo-
nents associated with complement activation and inflammation in drusen. Multiple
complement components, regulators, complement activation products and inflam-
matory proteins are identified in drusen, including C3, C3d, the terminal components
C5, C6, C7, C8 and C9, terminal complement regulators vitronectin and clusterin,
apolipoproteins apoAl, apoA4 and apoE as well as thrombospondin, serum
amyloid A (SAP-A) and SAP-P (Anderson et al. 2002; Crabb et al. 2002; Li et al.
2006a). This composition demonstrates the association of complement and
complement regulators in the process of drusen formation and likely also in the
associated inflammatory reactions. The activated complement systems triggers
further events and which ultimate cause formation of drusen, cell damage of the
RPE cells and visual loss (Hageman et al. 2001).

Most or all of these proteins that are identified by immunohistochemistry and
proteome analyses are expressed locally, e.g. by RPE cells and are present in the
choroids. Thus explaining or confirming a local role of complement and inflammation
in the pathogenesis of AMD. Immunohistochemical analyses also identified the
inflammatory marker C-reactive protein (CRP) in drusen and in deposits formed
along the Bruch’s membrane (Anderson et al. 2002; Laine et al. 2007; Skerka et al.
2007). Based on immunoblot assays the local level of C-reactive protein (CRP) in
the choroidal stroma was about 2.5-fold higher in individuals with the Factor H risk
variant (Johnson et al. 2006). These increased CRP levels in the choroids of indi-
viduals at risk are indicative for a chronic inflammation. Upon inflammation, infection
or tissue damage CRP plasma levels increase substantially, from minimal, undetect-
able levels to plasma concentrations of more than 500 mg/l (Pepys and Hirschfield
2003). CRP, is a member of the pentraxin protein family and this 125 kDa is
composed of five identical subunits, which are stabilized by calcium ions (Volanakis
2001; Casas et al. 2008). In addition a monomeric 25 kDa form of CRP exists
(Potempa et al. 1987; Ji et al. 2007; Mihlan et al. 2009). The exact biological func-
tions of pCRP and mCRP are currently unclear.

2 Age-Related Macular Degeneration: A Genetic Disorder

Population based analyses, twin studies (Hammond et al. 2002; Seddon et al. 2005)
and familial aggregation analyses (Seddon et al. 1997) suggested that AMD is a
heritable disease and that the majority of late AMD cases has a specific genetic
background. Over the last years evidence accumulated that AMD is caused by
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genetic factors. Initiated by the Human Genome Project in 2005, four independent
genome-wide linkage studies identified two major chromosomal loci that confer
major risk for this retinal disease and that account for approximately 50% of cases
(Edwards et al. 2005; Haines et al. 2005; Klein et al. 2005; Rivera et al. 2005). One
chromosomal region is located in human chromosome 1q31, which includes the
Factor H gene cluster, and the second region is located on human chromosome
10926 which covers the two closely located genes ARMS?2 (age-related maculopathy
susectibility 2) and HTRA1 (high-temperature required factor Al) (Dewan et al.
20006; Yang et al. 2006).

The region on human chromosome 1g31 includes the gene representing the
complement regulator Factor H and the five CFHRs (Complement Factor H
Related genes) CFHR1 to CFHRS (Rodriguez de Cordoba et al. 2004). Within the
Factor H gene numerous relevant single nucleotide polymorphisms (SNPs) were
identified by SNP genotyping, including regions within the promoter-, the coding-
and also within the non coding intronic regions (Li et al. 2006b). The major risk
variant SNP rs1061170 is located in exon 9, and translates on the protein level at
position 402 of both Factor H and FHL1 in the exchange of the amino acid tyrosine
(Y) to the risk variant histidine (H). The H402 variant increases the risk for AMD
about twofold to fourfold for heterozygotes cases and about threefold to sevenfold
for homozygote individuals. Subsequent genetic studies confirmed the high asso-
ciation of the Y402H polymorphism in population and different ethnic groups
worldwide (Souied et al. 2005; Okamoto et al. 2006; Seitsonen et al. 2006;
Simonelli et al. 2006), and revealed that the H402 risk variant confers a similar risk
for development of drusen, and the two severe forms of GA and CNV (Magnusson
et al. 2006). Additional SNPs associated with exudative age related macular degen-
eration were identified in the promoter region of Factor H (position -257; SNP
rs3753394); in exon 2, resulting in the exchange at residue 62 of isoleucine (I) to
valine (V) (I62V; SNP rs800292), in exon 7 changing the codon but maintaining the
alanine (A) residue (A307A; SNP rs1061147) and two which are located within the
intervening sequence between exon 15 and exon 16 (SNPs rs380390 and rs1329428)
(Chen et al. 2000).

A Chromosomal deletion of a 84-kbp fragment directly downstream of the Factor
H gene, that includes the genes coding for CFHR1 and CFHR3 has a protective effect
in AMD (Hughes et al. 2006; Spencer et al. 2008a; Schmid-Kubista et al. 2009). Case
control studies revealed the complete absence of both genes comprise 0.8-1.1% of
cases and 2.6-5.7% of the age-matched controls (Hageman et al. 2006).

Additional complement genes associated and linked to AMD include the classical
pathway component C2, as well as the alternative pathway protein Factor B which
are both located in close arrangement on human chromosome 6p21 (Gold et al.
2006). The L9H and R32Q variant in Factor B are in nearly complete linkage dis-
equilibrium with the E318D or rs547154 SNP9 in intron 10, respectively of C2. All
four polymorphisms are highly protective for AMD. In addition a common polymor-
phism, i.e. rs2230199 in the C3 gene, which is encoded on chromosome 19p13 is
strongly associated with AMD (Yates et al. 2007; Spencer et al. 2008b). This varia-
tion of C3 that results on the protein level in an arginine (R) to glycine (G) exchange
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3 Effect of the Reported SNPs for Protein Function

3.1 Factor H and Other Complement Proteins

The genetic associations summarized above demonstrate that Factor H, FHLI,
CFHRI1, CFHR3, C2, Factor B and C3 are involved with AMD development and
they show that complement plays a key role in the disease. Obviously sequence
exchanges in complement genes and in the encoded complement proteins and regu-
lators disturb the delicate balance of complement activation vs. inhibition and result
in activation and inflammation (Zipfel and Skerka 2009).

3.1.1 Factor H and FHL1

The human Factor H gene encodes two proteins, Factor H, which is composed of
20 SCR domains, and the Factor H-like protein (FHL1) (Zipfel and Skerka 1999;
Jozsi and Zipfel 2008). FHL1 is derived from an alternatively spliced transcript and
the secreted protein is composed of the first seven N-terminal domains of Factor H
including codon 402 in SCR 7 and exhibits a unique C-terminal extension of four
amino acids (Misasi et al. 1989). Both Factor H and FHL1 are complement regula-
tors that act on the level of C3 convertase and control formation and fate of C3 and
C3 convertase C3bBb (Pangburn et al. 1977; Kuhn and Zipfel 1996). Both regulators
have multiple binding sites for C3b, Heparin, C-reactive protein (CRP) and binding
sites for cellular and biological surfaces. In this context SCR 7 mediates binding to
heparin, cell surfaces and CRP (Jarva et al. 1999; Giannakis et al. 2003).

The AMD-associated tyrosine to histidine exchange at position 402 of both
Factor H and FHL1 affect the binding intensity to heparin and CRP (Clark et al.
2006; Laine et al. 2007; Sjoberg et al. 2007; Skerka et al. 2007; Yu et al. 2007,
Ormsby et al. 2008). The protective variants of both Factor H and FHL1, carrying
Y402, bind stronger and the risk variants with H402 bind with lower affinity to their
ligands. This differences in binding are explained by the alteration of the distribu-
tion of positively charged amino acids by the H402 which are essential for a proper
heparin binding over SCR 7 (Prosser et al. 2007; Ormsby et al. 2008). However,
differences in heparin affinity of the two allotypes were not reported consistently,
what is explained to be glycosaminoglycan specific (Herbert et al. 2007).

The reduced heparin binding of the risk variant translates into lower binding to
cellular surfaces, e.g. of RPE cells and results in an inefficient complement regulation
at the cell surface (Skerka et al. 2007).

The exchange at amino acid position 402 also affects interaction with the inflam-
matory marker CRP. Using either intact Factor H, recombinant FHLL1 or recombinant
fragment SCRs 6-8 the protective variants always showed stronger binding, and the
risk variants showed consistently reduced binding to CRP. Individuals who are
homozygous for the risk form H402 show 2.5-fold elevated CRP immunoreactivity
throughout the choroid and extracellular deposits along the Bruch’s membrane as
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demonstrated by immunohistochemistry (Johnson et al. 2006). Conversely, AMD
patients that carry the protective Y402 phenotype show lower CRP immunoreactivity
in the choroidal stroma, drusen as well as basal deposits. Deposition of CRP in
drusen or subRPE deposits is a biomarker for chronic inflammation in RPE/chroid
complex (Ross et al. 2007). This suggests that the Y402H polymorphism affects
Factor H-mediated CRP function and plays a role in local ocular inflammation and
cellular injury of RPE cells provoked by complement activation.

One major function of the activated complement system is to identify and tag
modified self-cells such as apoptotic particles and necrotic cells, to allow non-
inflammatory clearance (Zipfel and Skerka 2009). CRP marks damaged cells and
tissues by binding to constituents such as DNA or phosphocholine that are exposed
on injured cells. CRP binds the inhibitor Factor H (Ji et al. 2006a, b). Binding of
this central soluble complement regulator is relevant on the surface of apoptotic and
necrotic cells. CRP activates the classical complement pathway resulting in formation
of the C3 convertase which generates C3b and causes C3b surface deposition and
opsonization. However, by binding the inhibitor Factor H further progression of the
cascade, amplification, C5 convertase formation and terminal pathway activation is
inhibited (Gershov et al. 2000; Mihlan et al. 2009). Recently we showed that the
monomeric form of CRP, mCRP binds Factor H and increases Factor H inhibitory
action on the surface of apoptotic self cells (Mihlan et al. 2009). Factor H has three
binding sites for mCRP and one binding site is located in the AMD-associated SCR
7 of both Factor H and FHL1 (Mihlan et al. 2009). Consequently uptake and
removal of apoptotic particles was enhanced and bound Factor H showed a potent
anti-inflammatory effect.

Recently also a functional difference was reported for the N-terminal located iso-
leucin (I) to valine (V) exchange at amino acid position 62 of Factor H and FHLI1.
The 162 variant is associated with the protective form for AMD and most likely has
a higher thermal stability (Hocking et al. 2008). In addition Tortajada et al. showed
that the protective 162 variant exhibits an increased affinity for C3b and enhanced
cofactor activity in the Factor [-mediated cleavage of fluid phase and surface bound
C3b (Tortajada et al. 2009). However in the structural model of the co crystal gener-
ated with the N-terminal region of Factor H and C3b, residue 62 in SCR 1 of Factor
H is positioned outside the interaction interface of the two proteins (Wu et al. 2009).

3.1.2 Complement Factor H Related Proteins

Deletion of an 84-kbp fragment in the human Factor H gene cluster, which is posi-
tioned directly downstream of the Factor H gene has a protective effect for AMD
development. The homozygous deletion of the chromosomal fragment results in the
complete absence of the two plasma proteins CFHR1 and CFHR3 (Zipfel et al.
2007). CFHR1 is a regulator of both the C5 convertase and of the terminal pathway
and thus controls reactions downstream of the C3 convertase, which is controlled
by Factor H (Heinen et al. 2009). A CFHRI related function is proposed for the
CFHR3 protein (Hellwage et al. 1999).
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activation. C2 as well as Factor B are expressed in the neural retina, RPE and choroid.
Factor B is also identified in ocular drusen. Genetic and functional data suggest that
the protective effect is most likely mediated by mutations in the Factor B gene than
mutations in the C2 gene. While the AMD associated C2 variants are either conser-
vative change or an intronic SNP, the Q32 variant of Factor B has reduced hemo-
lytic activity (Lokki and Koskimies 1991). Furthermore is the L9H exchange
located within the signal peptide and may affect secretion and processing of Factor
B. The AMD associated Factor B variants modulate activation of the alternative
complement pathway and therefore may lead to an overall complement deregulation.

The AMD-associated polymorphism in C3 results in exchange of arginine (R)
to glycine (G) at amino acid position 102 (Yates et al. 2007). This exchange affects
the mobility of the protein and results in a “fast” C3F (fast) and a *slow variant”
C3s (slow) (Botto et al. 1990). C3F, the risk variant for AMD, is also associated
with renal disease including IgA nephropathy, as well as MPGN-II (Wyatt et al.
1987; Abrera-Abeleda et al. 2006) and has been reported to influence long-term
success of renal transplants (Brown et al. 2006). R102 forms together with neigh-
bored or adjacent amino acid residues a positively charged spot on the surface of
the C3 molecule, which in C3b is in close proximity with negatively charged amino
acids close to the thioester-containing domain (Janssen et al. 2006; Yates et al.
2007). Substitution of positively charged R102 to neutral G102 likely weakens the
interaction between charged surfaces and potentially influences thioester activity.
Therefore the AMD associated risk variant G102 may affect C3b-Factor H complex
formation resulting in less efficient C3b inactivation on (retinal) surfaces.
Consequently C3 convertase action is increased and more activations products in
form of C3b, iC3b, C3d are deposited onto ocular cell surfaces and generate more
anaphylatoxin C3a (Johnson et al. 2001; Nozaki et al. 2006).

3.2 Gene Products of the Chromosome 10g26:
ARMS-2 and HRTA1

Chromosome 10q26 encodes two genes that are not related to complement and that
are strongly associated with risk for AMD development. The AMD-associated
polymorphisms of ARMS2 (rs10490924; A69S) and HTRAT1 (rs11200638, pro-
moter polymorphism) are in strong linkage disequilibrium that their possible effects
are indistinguishable in statistical analysis (Jakobsdottir et al. 2005). Apparently
the SNP in the ARMS2 genes shows stronger association with AMD than the
HTRAI1 gene. This may explain the high association of chromosome 10g26 with
AMD (Kanda et al. 2007).

The ARMS gene has an open reading frame which encodes an evolutionary new
protein of 12 kDa with so far unknown biological function. A deletion—insertion
polymorphism resulting in loss of the polyadenylation signal in ARMS2 RNA is
strongly associated with AMD and directly affects transcript formation. Consequently
in homozygous individuals no ARMS mRNA is detected. In individuals with the
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protective A69 variant the protein is expressed in the retina, placenta and weakly
also in the kidney, lung and heart. The exact localization of AMRS2 is still not
defined. Different studies report either a cytosolic or mitochondrial localization
within retinal cells (Kanda et al. 2007; Fritsche et al. 2008; Wang et al. 2009). The
ARMS?2 protein seems associated with microtubules of the cytoskeletion and with
mitochondrial outer membranes. However independent of the exact cellular location
of ARMS2, the S69 variant seems not expressed and the absence of this protein
leads to progression of AMD. Thus, identification of the functional biological role
of ARMS2 will provide new insights in AMD development.

The HTRAI gene on chromosome 10g26 encodes a serine protease that is
expressed in murine and human RPE cells (Oka et al. 2004). HTRA1 likely regu-
lates degradation of extracellular matrix proteoglycans. This activity can facilitate
access of other degradative matrix enzymes, such as collagenases and matrix metal-
loproteinases, to their substrates (Grau et al. 2006). The SNP rs11200638 within the
promoter region of the HTRAI gene is strongly associated with development of
CNV. Apparently the risk variation affects expression levels of the protein and in
eyes of donors, homozygous for the risk variant RPE show increased expression by
factor of 1.7, as compared to the protective variant (Dewan et al. 2006; Yang et al.
2006). Such higher HTRA1 protein levels may alter the integrity of Bruch’s mem-
brane, favoring invasion of choroid capillaries across the extracellular matrix, as
described for the wet form of AMD. Together, these findings suggest a potential
new mechanism for AMD pathogenesis, independent of the complement-mediated
AMD progression.

4 Lessons Learned from Rare Disorders (HUS, MPGN)

Defective and inappropriate complement regulation can cause AMD. In addition to
this frequent retinal disease AMD, two rare kidney disorders, in from of atypical
Hemolytic Uremic Syndrome (aHUS) and Membrano Proliferative Glomerulo-
Nephritis (MPGN 11, also termed dense deposit disease) are also associated with
Factor H gene mutations, CFHR1/CFHR3 deficiency as well as mutations/poly-
morphisms in genes coding for complement regulators C3, Factor B and Factor I
(Thurman and Holers 2006; Zipfel et al. 2006). Thus related genetic defects suggest
similar or highly related pathophysiological mechanisms. Thus defective local
complement activation results in related local damaged, which however manifest in
different organs (Zipfel 2009).

Gene mutations have been reported for the rare renal disorders aHUS (Perez-
Caballero et al. 2001) and MPGN 11 (Appel et al. 2005). Very related mechanisms
can affect the endothelial lining of the glomerulus (aHUS) or the glomerular basement
membrane, as well as the retinal cell and surface layer the Bruch’s membrane. This
similarity suggests that the fine tuned, coordinated action of multiple complement
components is essential to maintain the delicate balance of the complement system
and to prevent inflammation and cell damage. An exchange of one single residue
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in the DNA, RNA or amino acid sequence can already affect protein expression and
protein function. Such an exchange can affect the coordinated action and the pro-
gression of the cascade and the delicate balance between activation and inhibition
of the complement cascade (Skerka and Zipfel 2008).

The knowledge how gene defects in complement components are translated into
local defective complement regulation allowed defining appropriate therapy for these
rare disorders aHUS and MPGN II. The related pathomechanisms of AMD, atypical
HUS and MPGN Il is relevant to design and use complement and other anti-inflammatory
agents to locally control complement activation in these different organs.

5 Outlook

Based on genetic, functional, and immunohistological data evidence has accumulated
that AMD is caused by deregulated local complement activation which develops into
chronic inflammation. As related mechanisms of defective complement control results
in damage of renal tissues a common link between diseases is emerging which were
initially considered unrelated disorders. This allows prediction of additional disease
associated genes and allows defining novel targets for complement inhibition.
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The AMD-associated variation at position 62 does not, but the
exchange at position 402 does affect surface regulation of the
complement inhibitor FHL1.
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Sequence variations in the human Factor H
gene, that codes for the two alternative
pathway regulators FHL1 and Factor H, are
associated with age related macular
degeneration. Genetic studies identify for two
nonsynonymous SNPs (rs800292/162V and
rs1061170/Y402H), in the coding region of
FHLI1, a strong association with the disease.
The FHL1 protein, which is expressed by
retinal pigment epithelial cells, controls
complement activation at the level of the C3
convertase. Here analyzed if the two SNPs,
individually or in cooperation, affect FHLI1-
mediated surface attachment or complement
control. The four FHL1 variants with either I
vs. V at position 62, or Y vs. H at position 402
were recombinantly expressed, purified to
homogeneity and assayed for C3b-, heparin-
and cell binding, as well as for complement
regulation on non-activator surfaces. The
amino acid exchange at position 62 did not
affect FHL.1 binding to C3b, to heparin nor to
cell surfaces. In contrast the exchange at
position 402 affected heparin and cell surface
binding. Consequently, the two FHL1
variants with the protective Y402 residue (i.e.
FHL1_1Y and FHL1_VY) protected sheep
erythrocytes and nucleated CHO more
efficiently from complement-mediated
damage. Thus the variation in SCR7, but not
that in SCR1, affects the regulatory activity of
FHL1 at cellular surfaces.

The complement system is a central part of
innate immunity and plays an essential role in
the elimination of microbes, tissue homeostasis,
clearance of modified self cells and in enhancing
the adaptive immunity (1-3). Proper complement

53

activity depends on the sensitive balance
between activation and regulation. This allows
targeting of foreign or modified surfaces with
activation products such as C3b or TCC, and at
the same time, allows protection of intact self
surfaces and membranes.

Especially  the  spontaneously  and
continuously activated alternative pathway (AP)
of complement, directs activation products to the
surface of foreign cells or microbes. The initial
steps of the AP occur by default, however
cascade progression and C3b deposition is
controlled by specific regulators, These
regulators discriminate between self and foreign
surfaces and allow almost exclusive complement
activation on foreign or modified self surfaces.
Inappropriate AP regulation results in C3b
deposition and consequently in attack of
bystander cells, which induces inflammation and
damage of host tissues (4,5). A large panel of
regulators and inhibitors control activation and
amplification of complement, particularly of the
AP. Such regulators represent either integral
membrane proteins or soluble proteins that are
distributed in plasma or body fluids and are able
to bind surfaces. The soluble AP regulators
include the plasma proteins FHL1 (Factor H-like
protein 1), Factor H, CFHR3 (complement
Factor H-related protein 3) as well as the
terminal pathway regulators CFHRI1
(complement  Factor H-related  protein 1),
clusterin and vitronectin (6-8).

The human Factor H gene on chromosome
1 codes for two proteins: Factor H and FHLI,
which is derived from an alternatively spliced
transcript (9). FHL1 and Factor H, as major
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inhibitors of the AP, are abundant plasma
proteins, regulate the AP in fluid phase and can
attach to the surface of host cells. Both proteins
are composed of consecutive, individually folded
protein domains, termed short consensus repeats
(SCRs). The seven SCRs of FHL1 are identical
to the first seven SCRs of Factor H, which itself
is composed of 20 SCRs. The regulatory region
of both proteins is located within the four N-
terminal domains SCRsl-4. This region
accelerates the decay of the central C3
convertase of the AP and acts as a cofactor for
Factor I-mediated C3b cleavage (10,11). The C-
termini of the two proteins, i.e. SCR7 of FHLI1
and SCRsl18-20 of Factor H, represent heparin
and surface attachment regions. SCR7 and
SCRs18-20 have similar binding characteristics
but show low level of sequence identity. Both
surface attachment regions bind heparin, the
monomeric form of the inflammatory marker
CRP (C-reactive protein) and contact host
surfaces via surface components such as
glycosaminoglycans (12,13). In addition a RGD
motive in SCR4 is shared by FHL1 and by
Factor H. This tripeptide mediates binding of
FHL1 but not of Factor H to integrin receptors
expressed on human fibroblast-like cells and on
human melanoma cells (14). FHL1 has a specific
in-vivo distribution and also a distinct binding
profile that differs from that of Factor H (15).
Due to its smaller size FHLI is rapidly directed
e.g. to sites of inflammation. Thus, FHL1 is a
unique human complement regulator, which
shares complement regulatory activity with
Factor H, but has also specific functions in terms
of surface attachment, distribution and adhesion.

Sequence variations in the human Factor H gene
as well as copy number variations in the human
CFHR gene cluster, are associated with various
human diseases including the retinal disease age-
related macular degeneration (AMD), the renal
disorders membranoproliferative
glomerulonephritis type II (MPGN II), atypical
hemolytic uremic syndrome (aHUS) and also of
the novel subform DEAP-HUS (16-20). Amino
acid exchanges within these regulatory proteins
modify their local regulatory functions, and
consequently lead to enhanced generation of
inflammatory molecules and toxic complement
activation products (21). In AMD the two SNPs
rs800292  and 181061170  cause  the
nonsynonymous allelic exchanges 162V and
Y402H that manifest in FHL1 and Factor H (22).
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Both SNPs are in strong linkage disequilibrium
with each other (8). The amino acid isoleucin (I)
at position 62 represents the protective residue
and occurs with frequencies ranging from 17—
25% in AMD cases to 26-38 % in controls
compared to valine (V) (23,24). For Factor H
purified from plasma of genotyped individuals
functional differences were reported for the 162
vs. V62 variants. In this case the protective 162
variant showed enhanced C3b binding which
correlated with a stronger Factor I-mediated
cleavage of fluid phase- and surface-bound C3b
(25). The tyrosine (Y) to histidine (H) exchange
at position 402 increases the risk for AMD about
2-4 fold for heterozygote and 5-7 fold for
homozygote individuals (26). The protective
Y402 variants of FHL1 and Factor H bind better
to heparin-, to immobilized CRP and also with
higher intensity to the surface of human retinal
pigment epithelial cells (27-30). A combination
of the two risk amino acids VgHygp within Factor
H (and FHL1) appear in 57.4 % of AMD cases
and 35.1 % of controls, while the protective
combination g Y40 1s with 12 % less prominent
in cases than in controls (22.4 %) (8).

Here we assayed, for the FHL1 protein, the
functional consequences from SNP 1s800292 and
rs1061170. Therefore we compare —for the first
time— how the AMD-associated amino acid
exchanges at position 62 and 402, either

separately or in combination, affect the
regulatory activities of FHLI1. By in-vitro
mutagenesis  the  four FHL1  variants

FHLlilﬁzsz, FHL17Vﬁ2Y4()2, FHLlilﬁsz]g and
FHL1 VgHa, were generated, expressed and
purified. The exchange at position 62 (I to V) did
neither affect C3b binding nor the regulatory
activity of FHLI. However the exchange at
position 402 (Y to H) affected heparin binding
and cell surface attachment. These different
binding characteristics affected the level of
complement inhibition on non-activator surfaces
and correlated with enhanced protection, when
either sheep erythrocytes or nucleated CHO
cells, were challenged by complement.

Experimental Procedures

Proteins and antibodies-

Purified human Factor H, C3b, Factor I as well
as goat antiserum against human Factor H and
goat anti-human C3 were obtained from
Comptech (Tyler, Texas, USA). Horseradish
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peroxidase (HRP)-conjugated swine anti-goat
IgG (Dako, Hamburg, Germany) and
AlexaFluor488 conjugated rabbit anti-goat, IgG
(Invitrogen Karlsruhe, Germany) were used as
secondary antibodies. Normal human serum
(NHS) was obtained from healthy volunteers,
Jena, Germany, upon informed consent. The
generation of complement active FHLI- and
Factor H reduced human serum
(HSAFHL1/CFH) was performed by
immunadsorbance as described (6).

Expression of the four FHLI variants and in-
vitro mutagenesis-

The wild type FHLI ¢cDNA was amplified from
the vector pBSV-FHLI1 and subcloned into the
vector Zero Blunt TOPO-TA (Invitrogen) (31).
The nucleotide exchange in SCR1 at nucleotide
position 257 from guanine (G) to adenine (A)
was introduced by side-directed mutagenesis
using the primers 162 _fwd 5’-CTT GGA AAT
ATA ATA ATG GTA TGC AGG AAG GG-3’
and 162 _rev 5’-CTT CCT GCA TAC CAT TAT
TAT ATT TCC AAG AG-3’ according to the
manufactures  introductions, (QuickChange,
Stratagene, Netherlands) on already existing
FHL1 Y402 as well as FHL1 H402 coding
DNA templates. The single nucleotide exchange
in SCR7 at nucleotide position 1277 from
thymine to cytosine was described earlier (27).
Finally four unique FHLI1 sequence variants
were generated. The constructs were excised by
digestion with EcoR1 and Pstl and cloned into
the expression vector pBSV-8His. The vector
was transfected together with baculogold DNA
into Spodoptera frugiperda (S9) insect cells
according to the manufactures recommendations
and recombinant virus was isolated as described.

SfV insect cell culture and purification of the
FHLI variants-
Sf9 cells were grown in monolayers at 27 °C in

Insect Express medium (Lonza, Viviers,
Belgium) supplemented with FCS (4 %),
penicillin (100 units / ml), streptomycin

(100 mg / ml) and fungizone (250 ng/ml). For
infection with the correspondent recombinant
viruses of FHL 1_162Y402, FHL 1_V52Y4m,
FHLI Is;Hu, and FHL1 VgHyg approximately
3x10° cells were seeded in 25 ml serum-free
Insect Express medium and infected using a
multiplicity of infection of five. Recombinant
proteins were isolated from the cell culture
supernatant seven days after infection and
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purified by nickel affinity chromatography (31).
Purified proteins were dialyzed against DPBS
(Lonza) and concentrated using centrifugal filters
(Vivaspin20, Sartorius, Germany). The protein
concentration was measured by the UV
spectrophotometer NanoDrop 1000
(ThermoFisher, Bonn, Germany).

SDS-Page and Western blotting-

Proteins were separated by SDS-PAGE and
either visualized by silver staining or they were
transferred onto a nitrocellulose membrane, and
identified with an appropriate antiserum in
combination with the corresponding HRP-
coupled secondary goat antiserum. Visualization
occurred with the Chemiluminescence Gel
Documentation ~ System  MF-ChemBIS 3.2
(Biostep, Jahnsdorf, Germany) and image
analyzing with the TotalLablO0 software
(Nonlinear, Biostep).

ELISA - binding of the FHLI proteins to C3b
and heparin-

MaxiSorp plastic plates (Nunc, Wiesbaden,
Germany) were coated with C3b (10 pg/ml)
over night at 4 °C. Nonspecific binding sites
were blocked with BSA (2 %) in DPBS. The
FHL1 variants (10 pg/ml) were added to each
well and binding was detected with polyclonal
Factor H antiserum and HRP-conjugated goat
anti-swine IgG. Binding of the proteins to
Heparin (Fluka, Seelze, Germany) was assayed
using Heparin binding plates according to the
manufacturer's instructions (BD Biosciences,
Heidelberg, Germany).

Cofactor assay-
Fluid phase cofactor activity was measured by
incubating C3b (0.8 pg/ml), Factor I

(0.2 pg / ml) and each FHL1 variant (I pg/ml).
After 15 min incubation at 37° C, the samples
were placed on ice, mixed with 10 ul of sample
buffer containing beta 2-mercaptoethanol and
boiled for 5 min at 95°C. The mixture was
separated by SDS-PAGE, blotted onto a
nitrocellulose membrane and developed using
goat anti-human C3 and HRP-conjugated rabbit
anti-goat IgG.

Cultivation of CHO and ARPE-19 cells-.

The human retinal pigment epithelial cell line
ARPE-19 (ATCC; CRL-2302) was cultivated as
monolayers in a 1:1 mixture of DMEM and
Ham's F12 medium supplemented with FCS

3



Manuskripte

(10 %) at 37 °C in 5% CO,. Chinese hamster
ovary cells (CHO, DSMZ ACC 110) were
cultivated in DMEM medium under the same
conditions than the ARPE-19 cells. Prior to
binding studies cells were washed twice in DPBS
and cultivated for additional 24 hrs in FCS-free
culture medium. Detachment of the cells
occurred by incubation with Accutase (PAA,
Pasching, Austria) for 5 min at 37 °C.

Flow cytometry-

Binding of the FHL1 variants to intact ARPE-19
cells was examined by flow cytometry. Cells
were washed twice in DPBS supplemented with
BSA (1 %) then each FHLI variant (10 pg/ml)
was added. After extensive washing bound FHL 1
proteins were detected with polyclonal Factor H
antiserum together with an Alexa488 labeled
goat Factor H antiserum. 10.000 cells were
routinely counted in a BD LSRII flow cytometer
and analyzed with the FACSDiva- (BD
Biosciences) and FlowJo software (Tree Star,
Ashland,OR, USA). Living, intact cells were
identified as propidium iodide negative cells.

Hemolytic assay-

The complement regulatory activity of the FHLI
variants were analyzed in hemolytic assays in the
presence of HEPES buffer: [HEPES (20 mM),
NaCl (144 mM), MgCl, (7mM), EGTA
(10 mM), pH7.5] on the surface of sheep
erythrocytes (Biotrend, Koln, Germany). Sheep
erythrocytes (sE) represent non-activator
surfaces and remain intact when incubated in
NHS. However, these cells are lysed, when
incubated in complement active HSACFH. The
replacement of the regulator Factor H has a dose-
dependent protective effect (6). Therefore 1x10’
sE were incubated for 25 min at 37 °C with
HSAFHLI1/CFH (30 %) and increasing amounts
of each FHL1 protein. After centrifugation the
fraction of lysed cells was determined by
measuring the supernatant at 414 nm.

Viability assay-

The effect of the FHL1 variants on the metabolic
capacity of cultivated CHO cells in the presence
of HSAFHLI/CFH was measured using the
CellTiter-Blue® assay (Promega, Mannheim,
Germany). Metabolic activity is characterized by
enzymatic conversion of the non-fluorescent dye
resazurin into the fluorescent dye resorufin.
Therefore, 5 x 10* CHO cells were seeded into
96-well microplates (Nunc) and incubated for 2
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days to allow adherence. The culture medium
was replaced; cells were washed with HEPES
buffer and then incubated for 1 h with each
FHL1 variant (30pg/ml) and Factor H
(30 ug/ml) to allow surface attachment. After
an additional washing procedure the cells were
treated with NHS (5 %) or HSAFHLI/CFH
(5 %). Then, the CellTiter-Blue® was added to
the cells, which were then further incubated for 4
hours. The light absorbance of the CellTiter-
Blue® reagent is changed by intracellular
reduction of resazurin into resorufin. The
absorption maximum for resazurin is 605 nm and
the absorption maximum for resorufin is 573 nm.
Thus, the absorbance measurements at 570 nm
and using 600 nm as a reference wavelength
were used to monitor the results. Values are
compared to blank well containing CellTiter-
Blue® reagent without cells.

Statistical analysis-

PRISM GraphPad software was used for
statistical analysis. After a significant one-way
ANOVA, differences between groups were
evaluated using Students t-test for independent
samples. The results were considered statistically
significant at a P value of <0.05 (*), <0.01 (**),
or <0.001 (***).

RESULTS

FHLI expression and purification-

To analyze whether and how the amino acid
exchange at position 62 in SCR1 affects FHLI
function, and if this residue cooperates with the
second AMD-associated variation at position
402, FHL1 protein variants, representing either
the 162 or V62 isoform were generated by side-
directed mutagenesis on the background of either
FHL1 Y402 or FHL1 H402 coding cDNA
templates (27). Thus four FHL1 isoforms (i.e.
FHL1_IY, FHL1_VY, FHL1_IH and
FHL1 VH) were recombinantly expressed using
the baculovirus system and purified by nickel
chelate chromatography. Following separation
by SDS-PAGE the purified proteins were
visualized by silver staining as single bands with
a mobility of 43kDa. No additional,
contaminating bands were detectable (Figure 1A,
lanes 1-4).

Neither residue 62 nor residue 402 of FHLI
influenced C3b binding or cofactor activity-
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Residue 62 is positioned in SCR1, which is part
of the N-terminal C3b binding and complement
regulatory region of FHL1 and of Factor H
(Figure 1B). Therefore the four FHLI variants
were first tested for C3b binding. C3b was
immobilized and the FHL1 proteins were added
in fluid phase. Each FHLI variant bound to C3b
and all four proteins bound with similar intensity
(Figure 2A). Thus, neither the exchange at
position 62, nor that at position 402 affected
FHL1 binding to C3b.

Next cofactor activity of the four FHLI
variants for Factor I-mediated C3b cleavage was
assayed in fluid phase. Therefore each FHLI
variant was added to FactorI and C3b. After
15 min incubation at 37° C, the reaction mixtures
were separated by SDS-PAGE, transferred to a
membrane and the C3b cleavage products were
visualized by western blotting. All FHLI
variants displayed cofactor activity as revealed
by cleavage of the C3b «’chain and the
appearance of o’68 kDa and «’43 kDa cleavage
products (Figure 2B, lane 2-5). Each FHLI
variant showed comparable cofactor activity as
demonstrated by the almost similar intensities of
the «’43 kDa band. This effect was confirmed
when the intensity of the o’43kDa was
quantified by means of densitometry (Figure
2C). Thus neither the exchange in SCRI1 (162 to
V62) nor that in SCR7 (Y402 to H402)
influenced FHLI1-mediated cofactor activity in
fluid phase.

Residue 402, but not residue 62, affected
heparin binding and cell surface attachment of
FHLI-

Next we asked if the amino acid at position 62
influences heparin binding and cell surface
attachment. First binding of the FHL1 variants to
immobilized heparin was assayed by ELISA.
Each FHLI variant bound to heparin. The two
FHL1 variants with the protective residue Y402
(i.e. FHL1 _IY and FHL1 VY) bound stronger to
heparin as the two risk variants with H402 (i.e.
FHL1 IH and FHL1 VH) (Figure 3A). Heparin
binding of the FHL1 1Y variant was enhanced
by 48% (p = 0.05) and that of the FHL1_VY
variant by 49 % (p =0.0062). Thus, the amino
acid exchange at position 62 did not, however
that at position 402 did influence heparin
binding.
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In addition binding of the FHL1 variants to
cultivated retinal pigment epithelial cells (ARPE-
19) was assayed by flow cytometry. The two
FHL1 variants with the protective Y402 residue
bound to ARPE-19 cells with higher intensity,
(ie. FHL1 IY: MFI 4484; FHL1 VY: MFI
4256) as the variants with the risk residue H402
(i.e. FHL1 IH: MFI 3529 and FHL1_VH: MFI
3073). This difference was 22 % for FHL1 1Y
and 28 % for FHL1_VY, respectively. Again the
exchange at position 402, but not that at position
62, affected FHL1 binding to ARPE-19 cells
(Figure 3B). Thus residue 62 of FHLI is not
involved in cell surface binding.

The two 62-variants have comparable
regulatory activity for controlling complement-
mediated lysis of sheep erythrocytes-

Sheep erythrocytes (sE) represent non-activator
surfaces and are protected from complement-
mediated damage. Thus, when incubated in
complement active NHS the cells remain intact
and are not lysed. However sE are lysed when
incubated in complement active human serum
reduced for the regulators FHL1- and Factor H
(HSAFHL1/CFH). Greatly reduced FHL1 and
Factor H concentration, to a level of about 20 %,
in order to block AP activation, was confirmed
by western blotting (Figure 4A). Addition of
either FHL1 or Factor H to HSAFHLI/CFH
resulted in protection of sE from complement-
mediated lysis (Figure 4B). This protective effect
was dose-dependent and FHL1 and Factor H
showed comparable activities.

The activity of the four FHL1 variants was
assayed, in order to define, how exchanges at
position 62 or 402 influence the protective effect
on a non-activator surface. To this end sE were
incubated with each FHL1 variant and
subsequently challenged with complement active
HSAFHL1/CFH. First, the FHL1 variants that
differ at residue 62 were compared. FHL1 IY
and also FHL1 VY protected sE from
complement-mediated lysis to the same extend
(Figure 5A). Thus the exchange at position 62
did not influence the protective effect of the AP
regulator FHLI1.

In addition, the two FHL1 variants with the
exchange at position 402 were compared. Again
both FHL1 wvariants protected sE from
complement-mediated lysis and the effects were
dose-dependent (Figure 5B). At concentrations
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of 20 and 30 pg/ml the FHLI_IY variant was
significantly more effective as the FHL1 IH
variant (p=0.0098 and p=0.012) The
protective FHL1_IY and FHL1_VH, the second
risk variant, showed a comparable difference
(Figure 5C). At concentrations of 20 and
30 ug/ml, this difference was statistically
significant (p=0.0061 and p=0.0266) and
translated into a regulatory difference of about
25 %. Both variants with the risk residue H402
(i.ee. FHL1 VH and FHLI IH) showed
comparable effects (Supplementary Figure 1A).
This difference in regulatory activity reveals that
the residue 402 is relevant for surface protection.

For either combination (FHLI IY and
FHL1 IH as well as FHL1 1Y and FHL1 VH)
the protective Y402 residue increased the
regulatory activity at surfaces by almost 25 %.
This effect correlates with the observed
difference in binding to APRE-19 cells.

The two 62-variants protect nucleated cells
from complement-mediated damage to a
comparable extend-

Nucleated cells use surface attached as well as
membrane bound regulators to control the
continuous complement attack by the AP. Thus
in the absence of surface attached regulators or
when complement regulators are functionally
inactivated, nucleated self cells are damaged by
complement activation products (21,32). CHO
cells which lack human membrane bound
regulators were used as an additional cellular
system, to evaluate the regulatory effects of the
four FHL1 variants. As a read out for surface
damage the cellular metabolic activity was
assayed by monitoring the uptake of the non-
fluorescent dye resazurin and intracellular
conversion into the fluorescent dye resorufin.
Metabolic activity correlated with a shift in
absorbance over a period of 4 h. This sensitive
test allowed assaying the protective effect of
each FHL1 variant for CHO cells challenged
with HSAFHL1/CFH.

First, CHO cells were treated either with
NHS or with HSAFHLI1/CFH. CHO cells
exposed to NHS remained intact and were not
damaged, as revealed by the potent metabolic
activity. However the metabolic activity was
reduced when CHO cells were challenged with
complement active HSAFHL1/CFH (Figure 6A).
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A significant difference in the metabolic activity
for cells challenged with NHS vs. cells
challenged with HSAFHL1/CFH occurred at all
four time points (p=0.0012 after 1 h; p< 0.001
for all time points > 1h). When FHLI1 or
Factor H were attached to the cell surface prior
to the HSAFHL1/CFH challenge, the metabolic
activity increased, thus demonstrating that each
complement regulator protects the cells from
complement-mediated damage. In this set up,
FHL1 and Factor H had comparable protective
effects (Figure 6B).

This new metabolic assay was used to
compare the activity of the four FHL1 variants.
Each FHLI protein was bound to the surface of
CHO cells, then the cells were challenged with
HSAFHL1/CFH and the metabolic activity was
followed over a period of 4 h. Cells treated with
FHL1 IY and FHL1 VY, which differ only at
residue 62, showed rather potent and comparable
metabolic activity (Figure 7A). Thus both
proteins have a similar protective effect. In
contrast, the FHL1 variants with an exchange of
residue 402 in SCR7 (i.e. FHLI IY and
FHL1 IH) had a different activity. Cells treated
with the protective FHL1 IY variant showed
higher metabolic activity as compared to cells
treated with the FHL1 IH risk variant (Figure
7B). For all time points examined, CHO cells
treated with the FHL1 IY variant, displayed a
higher metabolic activity, as CHO cells to which
the risk variant FHL1 [H was bound (p=0.0299
for 1 h; p< 0.01 for all time points > 1h). The
protective activity of the FHL1 IY variant was
also stronger as compared to the second risk
variant FHL1 VH (Figure 7C). These effects
were statistically significant after 3 h (p=0.017
and 4 h (p =0.0076). Both variants with the risk
residue H402 (i.e. FHLI VH and FHLI1 IH)
were less effective in complement control
(Supplementary Figure 1B).

Thus, all four FHLI wvariants protected
cellular surfaces from complement-mediated
damage, as demonstrated for nucleated CHO
cells and sheep erythrocytes. In both scenarios
residue 402 in SCR7, but not residue 62 in
SCRI1, affected the complement regulatory
activity of FHL1 on the cellular surface. The
difference among the protective vs. the FHLI
risk variants was in the range of 20 % to 25 %.
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DISCUSSION

Sequence variations of the two human alternative
pathway regulators FHL1 and Factor H are
associated with AMD, a common form of
blindness in western societies. Here we analyze
the functional consequences of the two AMD-
associated SNPs in the coding region of the
FHLI protein (rs800292/162V and
rs1061170/Y402H). We analyze how the amino
acid exchanges that confer either a protective or
a risk effect, affect complement regulatory
function of FHL1. The amino acid exchange at
position 62 in SCR1 did neither affect C3b-,
heparin- nor cell surface binding. Also the
exchange at position 402 in SCR7 did not
influence C3b binding. However residue 402
affected cell surface binding. The two protective
FHLI variants (i.e. FHL1 _IY and FHL1_VY)
bound to heparin with higher intensity (48 %)
and similarly also to the surface of ARPE-19
cells (approx 235 %). The increased heparin- and
surface binding enhanced the regulatory activity
of FHL1 on cellular surfaces and resulted in
improved protection. Consequently, the two
protective FHL1 wvariants enhanced protection
from complement-mediated damage for sheep
erythrocytes , by approx 25% and also for
nucleated CHO cells by approx 20 % (Table 1).
In contrast the two H402 risk variants (FHL1_[H
and FHL1 VH) were less efficient in surface
binding and surface protection. Thus, the
variation in SCR7, but not that in SCR1, affected
the regulatory activity of FHL1 on cellular
surfaces.

Genetic studies defined for SNP rs800292
(I62V) and SNP 151061147 (Y402H) a
significant contribution for AMD development
(22,33). Here we identify, for the FHL1 variants,
that the exchange of residue 62 has no or a rather
minor effect on FHL1 protein function. In
contrast the exchange at residue 402 does affect
FHLI1 ligand- and cell surface binding. This
difference in surface binding enhanced the
protective activity of FHL1 on surfaces. The
effect is clear for the analyzed proteins when
identical amounts of FHL1 were compared.
However the difference between the protein- and
the genetic data indicate that SNP rs800292 at
nucleotide 257 (G to A) in the Factor H gene
may affect gene transcription, mRNA stability,
mRNA processing or translational efficiency. In
addition other scenarios, like environmental
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factors or cigarette smoking may further
modulate a protective effect.

Structural data show that residue 62 of
SCR1 is not part of the interface and contact
region that is formed between SCRsl-4 of
FHL1/Factor H and C3b (34). In addition NMR
studies suggest that residue 62 is not central for
the architecture of SCR1. Residue 62 is partly
buried in the SCR1 domain and thus not directly
accessible for ligand interaction (35). In contrast,
residue 402 of SCR7 is surface exposed and
accessible for ligand interaction. In addition this
residue is located close to a patch of positively
charged heparin- and glycosaminoglycan binding
amino acids (36). This can explain why the
tyrosine to histidine exchange affects the binding
characteristics of both FHL1 and Factor H for
glycosaminoglycan- and also for surface binding
(27,28,37,38). Thus this structural- and
functional information demonstrates that residue
402 is  relevant  for  heparin- or
glycosaminoglycan binding and they further
define no, or only a minor role, for residue 62.

For FHLI the amino acid exchange in SCR1
did neither influence ligand-, nor cell surface
binding. However for Factor H the same
exchange affected Factor H ligand interaction
and surface binding. In this case the protective
Factor H variant (162) showed increased affinity
to C3b and also stronger cofactor activity both
for fluid phase and on surface bound C3b (25).
These functional differences between FHLI and
Factor H may reflect differences in the three
dimensional conformation of the two related
proteins. For Factor H a folded back structure as
well as dimerization was proposed. Antibody
blocking experiments indicate an omega type
structure of native Factor H and in addition
dimerization as well as oligomerizaiton was
reported (13,39,40). FHL1 and Factor H differ in
size (42 vs. 150 kDa), in the number of SCR
domains (7 SCRs vs. 20 SCRs), in length, also in
the number of C3b- as well as heparin binding
sites and in serum concentration (50 pg/ml =
1.2uM vs. 500 pg/ml = 3.3uM). FHLI1 has one
binding site for C3b and one binding site for
heparin. In contrast Factor H has three separate
C3b- and also three heparin binding sites. Thus
the two plasma proteins differ in the number of
contact points for C3b, heparin and also cellular
surfaces. Similarly FHL1 and Factor differ in
integrin-mediated cell adhesion and binding to
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integrin receptors (14). Expression of FHL1 and
of Factor H is induced by proinflammatory
cytoking IFN-y, thus the local levels of the
complement regulators is increased upon
inflammation (41,42). FHL1 is expressed by
RPE cells (27) and local FHLI1 levels are
relevant and beneficial for tissue protection.
FHL1 mRNA expression is induced by
dexamethasone and in addition the smaller size
allows a better diffusion of the FHLI protein
(15). FHL1 and Factor H display overlapping
complement regulatory activity. However the
different regulation, various tissue distribution
and expression levels show that FHL1 and
Factor H have specific and unique roles in
immune regulation (43).

The two AMD-associated SNPs rs800292
and rs1061147 in the Factor H gene that result in
amino acid exchanges at positions 62 and 402 of
both FHL1 and of the Factor H protein affect
FHLI1 protein function differently. The exchange
at position 62 does not influence ligand binding
and complement regulation. However the
exchange at position 402 affects heparin and cell
surface binding and also the regulatory activity at
cellular surfaces. The protective Y402 variants of
FHLI bind more efficiently heparin and cellular

surfaces (increased by 20 % - 25 %), which
result in enhanced surface protection. Such initial
differences are amplified during complement
activation, chronic inflammation and over time.
Increased and continuous complement activation
can generate a pro-inflammatory scenario and
the continuous complement challenge of cellular
surfaces may ultimately lead to pathology.

A fine tuned activation and precise local
levels of complement inhibitors is highly
important to control the local activity of the short
lived C3 convertase. Similarly the AMD-
associated sequence exchange in the Factor B
gene (R32Q) affects the stability and activity of
the C3 convertase (44). In consequence defective
regulation and an active C3 convertase increases
local complement activity. This enhances
inflammation and generates a pro-inflammatory
environment. Over time this inflammatory
scenario can cause cell damage e.g. in form of
necrosis or apoptosis in RPE cells, deposition of
complement activation fragments and release of
inflammatory mediators. Such a scenario can
lead to chronic inflammation at the Bruch’s
membrane resulting in drusen formation and
pathology.
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FIGURE LEGENDS

Figure 1: Recombinant expression and purification of the four FHL1 variants. A) The four FHL1
variants with the indicated amino acid at position 62 in SCR1 and 402 in SCR7 were recombinantly
expressed in Sf-9 insect cells and purified to homogeneity by gel chromatography. The four FHLI
variants together with Factor H were separated by SDS-PAGE and identified by silver staining as
single bands. The mobility of the marker is indicated on the left. Data show one representative result
out of five. B) Domain structure of FHL1. FHLI is composed of 7 consecutive domains, termed short
consensus repeat (SCRs) and Factor H of 20 domains. The N-terminal regions of both proteins, which
include the four SCR domains (SCRs1-4) mediate the complement regulatory functions of FHL1 and
Factor H, i.e. cofactor- and decay-accelerating activity. The C-termini of the both proteins, i.e. SCR7
of FHL1 and SCRs18-20 of Factor H, represent surface attachment regions that bind to heparin and to
cell surfaces. The two AMD-associated amino acid exchanges at position 62 in SCR1 and 402 in
SCR7 manifest in both regulators, FHL1 as well as Factor H. The protective residues 162 and Y402
are indicated green, the risk residues V62 and H402 red. C) Structural model of SCR1 and position of
protective residue 162 (green). Residue 62 is largely buried in the SCR domain and is not surface
exposed. D) Structural model of SCR7 and position of the protective residue Y402 (green). This
residue is surface exposed and directly adjacent to several heparin binding residues that are shown in
blue color.
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Figure 2: Role of residues 62 and 402 on C3b binding and FHL1-mediated cofactor activity. A)
Binding of the four recombinant FHL1 variants (FHL1 TY, FHL1 VY, FHL1 IH and FHL1 VH) to
immobilized C3b was analyzed by ELISA. Each FHLI variant bound with similar intensity to C3b.
BSA did not bind to C3b (gray column) B) Cofactor activity of the FHLI1 variants for Factor I-
mediated cleavage of C3 in fluid phase. C3b and Factor I were incubated in the presence of the
indicated FHL1 variant. Then the mixtures were separated by SDS-PAGE, proteins were transferred to
a membrane and cleavage of C3b was followed. In the presence of the cofactor FHL1, Factor I-
mediated cleavage of the C3b resulted in cleavage of the a’-chain (lane 2-5). The o’68 kDa and
@43 kDa cleavage products were of similar intensities, thus each of the four FHL1 variants showed
comparable cofactor activity. C) Densitometric analysis of the «’43 fragment confirmed the similar
intensity of the cleavage fragment demonstrating comparable cofactor activity of the four tested FHL1
variants. The columns represent the relative intensity of the o’-chain fragment normalized for the B’-
chain. The figure show mean values of one representative result and three independent experiments
were performed. Error bars indicate SD.

Figure 3: Binding of the four FHL1 variants to heparin and to ARPE-19 cells. A) Binding of the
recombinant FHL1 variants (FHL1 IY, FHL1 VY, FHL1 IH and FHL1 VH) to immobilized heparin
was analyzed by ELISA. The two FHL1 variants with the protective Y402 (1Y, black column; VY
hatched column) bound significantly stronger to heparin, as compared to the H402 risk FHL1 variants
(TH, dotted column; VH, white column). The variation of the amino acid at position 62 did not affect
heparin binding. The data show mean values of a triplicate assays of one representative experiment.
The experiment was repeated with similar results at least three times. Statistical analyses between two
data points were done using students 7 test. Error bars indicate SD. *, P < 0.05; ** P <0.01; *** P
<0.001 B-C) Binding of the FHLI1 proteins to intact ARPE-19 cells was analyzed by flow cytometry.
Cell bound FHL1 protein was detected with a polyclonal antiserum in combination with an appropriate
Alexa488 conjugated secondary antiserum. Unspecific antibody binding in the absence of protein is
represented by the dotted line. The binding profiles show that the amino acid variation at position 402,
but not that at position 62 affects FHL1 binding to retinal pigment cells. Binding of FHL1 variants
with the protective tyrosine 402 are shown by the black (FHL1 1Y) and gray (FHL1 VY) lines. The
binding profiles of the two risk variants, i.e. FHL1 [H and FHL1_VH are shown by hatched lines.
Representative results of one experiment are shown. A total of four independent experiments were
performed which always showed the same profile.

Figure 4: FHL1 and Factor H protect sheep erythrocytes from complement-mediated lysis. The
impact of FHL1 for surface protection of non-activator surfaces was assayed in a hemolytic assay
using complement active FHL |- and Factor H depleted human serum (HS' IFHL1/Factor H). A) Effect
of FHL1 and Factor H depletion. Human serum was depleted from FHL1 and Factor H by incubation
with specific antisera. Normal human serum (NHS) and HSAFHL1/CFH were then separated by SDS-
PAGE and transferred onto a nitrocellulose membrane. In NHS Factor H, FHL1 and both isoforms of
CFHRI were detected (lane 1). However in depleted serum the intensity of the Factor H band is
reduced and FHL1- as well as CFHR1 are absent (lane 2). B) sE represent non activator surface and
the cells are normally protected from complement-mediated lysis when incubated with complement
active NHS (white diamond). However the same cells are lysed when they are incubated in
complement active HSAFHL1/CFH (black diamond). Addition of the alternative pathway regulators
FHLI1 (black squares) or of Factor H (crosses) protected erythrocytes from complement-mediated
lysis. The effect was dose dependent. At the highest concentration of 40pg / ml FHL1 protected sE
almost completely. FHL1 and Factor H showed comparable protective effects. The data represent
mean values and standard deviation of one representative using triplicate samples. A total of three
independent experiments were performed. Statistical analyses between two data points were done
using students ¢ test. Error bars indicate SD. *, P <0.05; **, P <0.01; *** P <0.001

Figure 5: Role of residues 62 or 402 of FHL1 on protection of complement-mediated lysis of
sheep erythrocytes. The regulatory effect of the four FHL1 variants was assayed upon challenge of
sheep erythrocytes (sE) with complement active human serum, which was depleted for FHLI- and
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Factor H (HSAFHLI1/CFH). sE (1x107) were incubated in HSAFHL1/CFH (30 %) at 37 °C for 30 min
in the presence of the indicated amounts of each FHL1 variant. A) The role of the amino acid
exchange at position 62 (i.e. V62 to 162) on complement-mediated lysis of sE was assayed in the
presence of either FHL1_IY (black squares) or FHL1_VY (gray triangles). Both FHLI variants
protected sE dose-dependently from lysis with comparable effects. B) FHL1 IY (black squares) was
more efficient in protecting sE as the FHL1 IH variant (white triangles). At concentrations of
20 pg/ml and 30 pg/ ml the difference was statistically significant. C) Similarly FHL1 TY (black
squares) had a stronger protective effect as compared to the FHL1 VH variant (white circles). At
concentrations of 20 and 30 pg /ml this difference was statistically significant. The data represent
mean values and the standard deviation of a representative experiment is shown. A total of three
independent experiments were performed. A one-way ANOVA test was used to show that the tested
groups are independent of each other. The values of F showed a range from 5.65 — 53.45 Statistical
analyses between two data points were done using students t-test. Error bars indicate SD. *, P < 0.05;
*%, P <0.01; *** P <0.001

Figure 6: FHL1 and Factor H protect nucleated CHO cells from complement challenge. The
protective effect of the four FHL1 variants was also assayed using nucleated CHO cells that were
challenged by complement activation. Therefore CHO cells were incubated with complement active
HSAFHL1/CFH or with NHS. Complement-mediated damage or membrane perturbation was assayed
by following the metabolic activity via uptake and enzymatic conversion of the non fluorescent dye
resazurin into the fluorescent dye resorufin. The shift in absorbance was recorded at 570 nm over a
period of 4 h. The viability of CHO cells in the presence of NHS after 4h incubation was set to 100 %.
A) CHO cells challenged with complement active HSAFHL1/CFH (black diamonds and dotted line)
showed lower metabolic activity as compared to cells which were incubated in complement active
NHS in which both regulators FHL1 and Factor H were present (white diamonds and solid line). The
effect was time-dependent and the differences were statistically significant for all time points
analyzed. B) Preincubation of the CHO cells prior to complement challenge with FHL1 IY (black
squares) and also Factor H (crosses) increased the metabolic activity of CHO. FHLI and Factor H
were used at 30 pg / ml and showed comparable protective effects. The data represent mean values of
triplicates within one representative independent experiment. The experiment was repeated three times
with similar results. A one-way ANOVA test was used to show that the tested groups are independent
of each other. The values of F showed a range from18.13 — 64.89. Statistical analyses between two
data points were done using students t-test. Error bars indicate SD. *, P < (0.05; **, P < (0.01; *** P
<0.001

Figure 7: Role of residue 62 and 402 on FHL1-mediated protection of CHO cells upon
complement challenge. The protective activity of the four FHL1 variants was compared for CHO
cells which were challenged by complement active HSAFHL1/CFH. Each FHL1 variant was first
bound to CHO cells and then the cells were challenged with complement active HSAFHL1/CFH. The
metabolic activity of the cells was followed over a period of 4 h. The metabolic activity of CHO cells
treated with NHS after 4h incubation was set to 100 %. A) FHL1 IY (black squares) and FHL1 VY
(gray triangles), that differ only at position 62, had comparable protective effects for CHO cells
exposed to HSAFHL1/CFH. B) In contrast FHL1 IY (black squares) showed stronger protective
effects as the FHL1 [H (white triangles) variant. This difference was statistically significant after over
the whole period of 4 h. C) The risk variant FHL1 VH (white circles) displayed a lower protective
effect for complement-mediated damage for CHO cells as compared to the protective FHL1 IY (black
squares) variant. This effect was significant after 3 h and 4 h. The data show mean values of triplicates
within one representative independent experiment. The experiment was repeated three times with
similar results. A one-way ANOVA test was used to show that the tested groups are independent of
each other. The values of F showed a range from 19.71 — 57.98. Statistical analyses between two data
points were done using students t-test, Error bars indicate SD. * P <0.05; ** P <0.01; *** P <0.001
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SUPPLEMENTARY FIGURES LEGEND

Supplementary Figure 1: Regulatory effects of the two FHL1 IH and FHL1_VH risk variants
A) The two FHLI risk variants FHL1_VH (white circles) and FHL1 IH (white triangles) were
assayed for their ability to protect complement mediated lysis of sE which were challenged with
complement active HSAFHL1/CFH. Both FHL1 variants protect sE dose-dependently from lysis and
their effects were comparable. The data show mean values and standard deviation of one
representative of three independent experiments. Error bars indicate SD. B) The two FHLI risk
variants FHL1 VH (white circles) and FHL1 IH (white triangles) showed comparable protective
effects for complement mediated damage of nucleated CHO cells which were challenged with
complement active HSAFHL1/CFH. The metabolic conversion of the dye resazurin in CHO cells
incubated with FHL1 VH (white circles) was comparable to cells incubated with FHL1 TH (white
triangles). The data show mean values and standard deviation of one representative of three
independent experiments. Error bars indicate SD. *, P <0.05; ** P <0.01; *** P <0.001

TABLES

Table 1: Binding and functional characteristics of the four FHL1 variants

FHLI1 variant | cofactor binding to: protection of cells
62 402 activity | C3b | Heparin | ARPE-19 sE | CHO
1Y ++ - ++ e —— .
VY ++ ++ s A ++ ++
I H ++ ++ + + + +
V H ++ ++ + + + +

Table legend 1: The 162 to V62 exchange in SCR1 of FHL1 does neither influence Factor I-mediated
cofactor activity, binding to C3b, to heparin nor to ARPE-19 cells. Similarly this exchange does not
affect complement regulation on cellular surfaces, such as sheep red blood cells (sE) and nucleated
chinese hamster ovary cells (CHO). In contrast the Y402 to H402 exchange in SCR7 of FHLI
influences heparin binding - as well as attachment to ARPE-19 cells. As a consequence the regulatory
activity of FHL1 IY and FHL1 VY on cellular surfaces is enhanced (highlighted by a grey
background).
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Complement regulation at necrotic cell lesions is impaired by
the AMD associated Factor H-H402 risk variant.
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Age related macular degeneration a leading
form of blindness in western countries is
associated with a common SNP (rs
1061170/Y402H) in the Factor H gene, that
encodes the two complement inhibitors
Factor H and FHL1. However the functional
consequences of this Y402H exchange in
domain 7 are not precisely defined. Here we
show that the Y402H sequence variation
affects Factor H surface recruitment of Factor
H by monomeric CRP (mCRP) to specific
patches on the surface of necrotic retinal
pigment epithelial cells. Enhanced attachment
of the protective Y402 variants of both
Factor H and FHL1 by mCRP results in more
efficient complement control and further
provides anti-inflammatory environment. In
addition, we demonstrate that mCRP is
generated on the surface of necrotic RPE cells
and that this newly formed mCRP co-localizes
with the cell damage marker annexin V.
Bound to the cell surface Factor H— mCRP
complexes allow complement inactivation and
reduce the release of the pro-inflammatory
cytokine TNF-o. This mCRP-mediated
complement inhibitory- and anti-
inflammatory activity at necrotic membrane
lesions is affected by residue 402 of Factor H
and defines a new role for mCRP, for
Factor H and also for the mCRP-Factor H
complex. The increased protective capacity of
the Y402 Factor H variant allows better and
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more efficient clearance and removal of
cellular debris, reduces inflammation and
pathology.

Age related macular degeneration (AMD) is the
leading cause of blindness in elderly population
in Western societies. Approximately 20 million
individuals in the United States and Europe
suffer from this sight-threatening disease (1, 2).
Late disease stages present in two severe forms
that both result in central vision loss. Geographic
atrophy is caused by atrophy of photoreceptors in
the macular area that overlie degenerated retinal
pigment epithelial cells (RPE). Choroidal
neovascularisation develop due to the growth of
new blood vessels into the retinal layer. A
hallmark of AMD and usually one of the first
clinical symptoms is the presence of ocular
drusen (3). Proteomic and histochemical analyses
show that these extracellular deposits contain
complement components and inflammatory
proteins (4-6).

During the last five years, mutations in
several complement genes have been linked to
AMD. Genetic polymorphisms in genes coding
for Factor H (7-9), Factor B, C2 (10), C3 (11) as
well as a 84kbp chromosomal deletion that
results in the absence of the complement
regulator CFHRI and also of CFHR3 |
significantly influence AMD pathogenesis (12-
14). One  prominent  AMD-associated
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polymorphism within the Factor H gene is a
T — C substitution at nucleotide 1277 which
results in a tyrosine (Y) to histidine (H) exchange
at amino acid position 402. The Factor H risk
variant H402 increases the risk for AMD about
2-4 fold for heterozygote and 5-7 fold for
homozygote individuals (7-9).

The human Factor H gene encodes two
proteins: Factor H itself and the Factor H-like
protein (FHL1). Both plasma proteins are
synthesized in the liver but are also expressed
locally, e.g. in RPE cells (15). Factor H is
composed of 20 consecutive protein domains,
termed short consensus repeats (SCRs). FHLI,
which is derived from an alternatively spliced
transcript, represents the seven N-terminal SCRs
of FactorH and has a unique C-terminal
extension of four amino acids (16, 17). Both
Factor H and FHLI include the AMD relevant
residue 402 in SCR 7 and are major regulators of
the alternative complement pathway (18). The
two proteins act as cofactors for Factorl
mediated C3b inactivation and accelerate the
decay of a preformed C3bBb convertase (19).
Both regulators possess multiple binding sites for
C3b, Heparin, C-reactive protein (CRP) and bind
to cellular surfaces. In this context, SCR 7 binds
to the ligands heparin, CRP and mediates cell
surface binding (20, 21). The non-risk associated
variant Y402 of Factor H and of FHL1 bind
stronger to CRP as the H402 risk variants,
suggesting a role of this AMD-associated
polymorphism for ocular inflammation (15, 22-
24).

CRP is an acute phase protein and the
125 kDa pentameric form (pCRP) is composed
of five identical subunits, which are stabilized by
calcium ions (25). pCRP is modified upon
inflammation, surface attachment, oxidative
stress, low pH, proteolytic cleavage, calcium
depletion and in-vitro by heat or by urea
treatment (26-28). Ultimately pCRP dissociates
into units of 23 kDa, termed monomeric CRP
(mCRP). We and others have recently shown that
Factor H and FHL1 bind to mCRP, but not to
pCRP and that mCRP recruits Factor H to the
surface of apoptotic cells and apoptotic particles
(29-31). Factor H attached to apoptotic surfaces

controls complement progression, inhibits
amplification of the complement cascade,
enhances  phagocytosis and  has  anti-
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inflammatory activity, e.g. by reducing release of
the pro-inflammatory cytokine TNF-a (29).

The presence of CRP in drusen and ocular
tissues, is indicative for chronic local
inflammation within retinal layers (32). So far
the two CRP isoforms were not discriminated in
ocular tissues. However, individuals who are
homozygote for the Factor H H402 risk variant
show 2.5-fold higher CRP levels in the RPE-
choroid layer, as compared to individuals
homozygous for the non-risk associated Y402
variant (33). Persistent local inflammation near
ocular drusen damages RPE cells and causes cell
swelling, pigmentation and changes in organelle
distribution (34, 35). Ultrastructural and
histochemical analyses indicate, that during
AMD RPE cells overlying drusen degenerate due
to necrosis (6, 36). Rupture of the plasma
membrane is a characteristic feature for necrotic
cell death and is followed by release of
cytoplasmatic contents in form of DNA, histones
and other proteins which initiate and further
amplify local inflammation within the retina and
attract blood-derived macrophages (37, 38).

Here we localize pCRP and mCRP within
retinal tissues and show that mCRP is generated
from pCRP at distinct patches on necrotic cells
and co-localizes with the cell damage marker
annexin V. The non-risk associated Y402 variant
of Factor H forms strong complexes with mCRP
and is recruited by mCRP to these necrotic
lesions. Recruited Factor H maintains
complement regulatory activity, efficiently
inactivates complement and blocks release of
pro-inflammatory cytokine TNF-o. Reduced
mCRP binding of the Factor H H402 risk variant
results in complement activation, generation of
inflammatory mediators, inflammation and
finally in pathology. In conclusion, we define a
physiological, anti-inflammatory function of
mCRP on retinal cells and demonstrate that the
reduced interaction of mCRP with the risk
variant of Factor H (and also FHLI) has

functional effects that can explain AMD
pathology.
MATERIALS AND METHODS

Proteins and antibodies-

Serum-derived and recombinant human pCRP
(Merck Biosciences, Schwalbach, Germany) was
used to generate mCRP by urea treatment (29).

2



Manuskripte

Goat and rabbit CRP antiserum and the
monoclonal mCRP antibody (clone CRP-8) were
purchased from Sigma—Aldrich (Taufkirchen,
Germany), the monoclonal pCRP antibody
(clone Mrz-12) from antibodies-online GmbH
(Aachen, Germany). Purified human Factor H,
Factor I, C3b and human Factor H antiserum
were obtained from Comptech (Tyler, Texas,
USA). AlexaFluor555, 488 or 647-conjugated
anti-goat, anti-rabbit and anti-mouse IgG, were
purchased  from  Invitrogen  (Karlsruhe,
Germany), the HRP-conjugated anti-goat IgG,
anti-rabbit IgG, and anti-mouse IgG from Dako
(Hamburg, Germany). All functional assays were
performed in Tris-calcium buffer (TC buffer:
140 mM NaCl, 2 mM CaCl,, 1| mM MgCl,,
10 mM Tris; pH 7.5) supplemented with 1 %
BSA. Complement Factor H derived from
genotyped AMD patients was purified from
plasma, recombinant FHL1 was expressed in
insect cells as described recently (15).

Patients-

Patients were of Caucasian origin and treated in
the Departments of Ophthalmology, at the
University of Bonn or the University Hospital of
Wiirzburg. This study was approved by the
ethical board of the Friedrich Schiller University
Jena and the University Bonn. Genotyping of
patients was performed as described by using
genomic DNA isolated from blood leukocytes
(15).

Cultivation of human retinal pigment epithelial
cell lines

The immortalized human retinal pigment
epithelial cell line ARPE-19 (ATCC number
CRL-2302) was cultivated as monolayers in a
1:1 mixture of DMEM and Ham's F12 medium
(ATCC) supplemented with 10 % FCS. Primary
human retinal pigment epithelial cells isolated by
ScienCell Research Laboratories from human
retina were purchased from Innoprot (Derio,
Spain, reference number P10873). Primary
retinal cells were cultivated on poly-L-lysine
coated flasks in complete epithelial cell medium
according to the manufacturer's instructions
(Innoprot). For detachment from their substratum
both the immortalized and the primary cells were
incubated with Accutase (PAA, Pasching,
Austria) for 5 min at 37 °C. Necrosis of both
cells was induced by incubating detached cells at
65 °C for 1 hr.
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Enzyme-linked immunosorbent assay (ELISA)-
MaxiSorb microtiter plate wells (Nunc,
Wiesbaden, Germany) were coated with the
purified Factor H or FHL1 variants (5 pg/ml)
over night at 4 °C, blocked and the binding of
pCRP (10 pg / ml) and mCRP (0.1 — 10 pg / ml)
was detected with polyclonal goat CRP
antiserum and measured at 492 nm.

Flow Cytometry-

Necrotic ARPE-19 as well as necrotic primary
RPE cells were incubated in 10 pg / ml of pCRP,
mCRP, Factor H or FHL1 and binding of the
different CRP isoforms was verified using a
rabbit CRP antiserum followed by the
appropriate  Alexa488  labeled secondary
antiserum. Binding of the Factor H or FHLI1
variants in the presence or absence of either
mCRP or pCRP was detected with Factor H
antiserum and an Alexa488 labeled goat
antiserum. In all experiments 10.000 cells were
routinely counted in a BD LSRII flow cytometer
and analyzed with the FACSDiva (BD
Biosciences, Heidelberg, Germany) and FlowJo
software (Tree Star, Ashland, Oregon, USA).
Living intact cells were identified as propidium
iodide negative cells and necrotic cells were
identified as propidium iodide positive cells.

Confocal Microscopy-

Surface binding of 10 pg/ml pCRP, mCRP,
Factor H or FHLI1 to necrotic ARPE-19 as well
as necrotic primary RPE cells was also
visualized by confocal microscopy. Factor H and
FHL1 were detected with polyclonal Factor H
antiserum followed by an Alexa647 labeled goat
antiserum. The CRP isoforms were localized
with monoclonal antibodies to mCRP (CRP-8) or
pCRP (Mrz-12) respectively, followed by
Alexa488 coupled mouse antiserum. Co-
localization of mCRP and Factor H was assayed
by incubating the cells first with mCRP followed
by Factor H. After washing monoclonal mCRP
or polyclonal Factor H antiserum was added,
followed by the corresponding Alexa488 or
Alexa555 labeled antibodies. Cells were further
stained with DAPI (Sigma-Aldrich) or annexin V
labeled with allophycocyanin (APC, BD
Biosciences) and examined with a laser scanning
microscope LSM 510 META (Zeiss, Jena,
Germany).
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mCRP generation on the necrotic ARPE-19
surface-

Conversion of 15 pg/ml pCRP attached to the
surface of necrotic ARPE-19 cells was followed
over 18 hrs. At the indicated time points (0.5, 2,
3, 4, and 18 hrs) cells were washed and stained
with the specific monoclonal antibody CRP-8.
Addition of the Alexad488 conjugated mouse
antiserum identified generated mCRP by flow
cytometry and by confocal microscopy.

Cofactor assay-

mCRP was bound with different amounts (0.5 -
1.5 pg/ml) to necrotic retinal pigment epithelial
cells, then either non-risk or risk Factor H or
FHL]1 variants were added, followed by a 15 min
incubation of C3b and Factor I. The deposition
of iC3b on the necrotic cell surface was assayed
by flow cytometry using a monoclonal iC3b
antibody (Quidel, San Diego, USA) and an
Alexad88 labeled secondary mouse antiserum.

Immunohistochemistry-

Immunohistochemistry was performed on ocular
tissues derived from two normal human donor
eyes (79 and 85 years, 2 female) and two eyes
with a history of clinically documented early
AMD (81 and 87 years, 2 female). The donor
eyes were obtained at autopsy and were
processed less than 15 hours after death.
Posterior eye poles were embedded in optimal
cutting temperature compound and frozen in
liquid nitrogen-cooled isopentane. Cryostat-cut
sections (6 um) were fixed in cold acetone,
blocked and incubated with monoclonal
antibodies to mCRP (CRP-8) or pCRP (Mrz-12)
respectively, followed by Alexa488-conjugated
secondary antiserum (Molecular Probes, Eugene
OR). Nuclear counterstaining was performed
with propidium iodide or with DAPI (Sigma-
Aldrich). Immunolocalization of mCRP and
pCRP to Bruch’s membrane was confirmed by
double labeling experiments with a polyclonal
antibody against human aortic elastin (Elastin
Products Company, Owensville, MO) followed
by Alexa555-conjugated secondary antiserum. In
negative control samples, the primary antibody
was replaced by PBS or equimolar
concentrations of nonimmune mouse IgG.

Cytokine Release-
THP1 monocytes were stimulated for 24 h with
phorbol 12-myristate 13-acetate (PMA, Sigma-
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Aldrich) to induce a macrophage phenotype (29).
Necrotic ARPE-19 cells incubated with the
Factor H variants in the presence or absence of
1.5 pg/ml mCRP. After co-incubation for 20 h,
the culture supernatant was collected and TNF-a
content was determined using high sensitivity
human ELISA Set (Immuno Tools, Friesoythe,
Germany).

Peptide spot analysis-

Peptides that represent the SCR 7 region of
complement Factor H / FHL1 were synthesized
with a length of 12 and an overlap of ten amino
acids and coupled to a cellulose membrane
(MultiPep, Intavis Koln, Germany). Afier
blocking, the membrane was incubated with
1 pg/ml mCRP for 2 hrs at room temperature.
Bound mCRP was detected with monoclonal
CRP-8 antibody followed by a HRP-labeled
mouse antiserum. A second membrane treated in
the same manner except that mCRP was absent
was used as a negative control.

Structural modeling of SCR 7-

The published structure of SCR7 (protein
databank (PDB), www.rcsb.org, code 2jgx) was
used to locate the mCRP binding amino acids.
The molecular graphic was created using the
UCSF Chimera software (http:/www.cgl.ucsf
.edu/chimera).

Statistical analysis-

PRISM GraphPad software was used for
statistical ~analysis.  Significant differences
between two groups were analyzed by the
unpaired Student’s t-test. The results were
considered statistically significant at a P value of
<0.05 (*), <0.01 (**), or <0.001 (***),

RESULTS

mCRP binding of Factor H is affected by the
Y402H variation-

To assay the effect of the Factor H Y402H
variation on mCRP interaction, binding of pCRP
or mCRP to the two immobilized Factor H
variants was assayed by ELISA. Factor H,
purified from plasma of genotyped AMD
patients is free of contaminants as confirmed by
SDS-PAGE and silver staining (Supplementary
Figure 1A). The quality of mCRP-generated
from pCRP was characterized by ELISA based
on the reactivity with monoclonal antibodies
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specific for either pCRP or for mCRP
(Supplementary Figure 1B). mCRP, but not
pCRP, bound dose-dependently to Factor H
(Figure 1A). mCRP binding to the non-risk
associated variant was about 35 - 45 % stronger
as compared to the risk variant. This effect is
statistically significant for mCRP concentrations
of 5 and 10 pg/ml (p<0.01). Factor H — mCRP
binding is specific as mCRP did not bind to
immobilized BSA.

SCR 7 has two linear binding regions for
mCRP-

To identify residues within SCR 7 that contact
mCRP, linear peptides with a length of twelve
and an overlap of ten residues were synthesized
and spotted onto a membrane. This membrane
was then incubated with mCRP and bound
mCRP was detected (Figure 1B). mCRP bound
to several peptides which form two motives:
motive I is  represented by  399-
NQNMIGRKFVQGKSIDVAC-416 (overlapping
residues of all peptides representing core motive
I are underlined; the protective residue Y402 is
highlighted). Motive II comprises 413-
DVACHPGYALPKAQTTVT-430, (again core
residues are underlined) (Figure 1C). Residues
KFVQGK of motive I are directly adjacent to
residue 402 and both core residues are surfaced
exposed as revealed by molecular modeling
(Figure 1D).

PCRP and mCRP are present in retinal tissues
and located in drusen-

In order to analyze whether pCRP or mCRP are
present in-vivo, immunohistochemistry was
performed using retinal tissues from healthy
individuals and from AMD patients. In tissues
derived from healthy individuals, pCRP and
mCRP reactivity was observed at low levels
within the Bruch’s membrane (Figure 2A, 2C,
arrows). In tissues derived from AMD patients,
pCRP and mCRP showed stronger staining in the
Bruch’s membrane and also in drusen (Figure
2B, 2D, arrows).

In order to localize pCRP reactivity at the
Bruch’s membrane co-staining with pCRP
antibody and an elastin recognizing antiserum
were performed. pCRP reactivity was identified
at the Bruch’s membrane (Figure 3A, image [
green fluorescence). Staining with the elastin
specific antiserum (image II: red fluorescence)
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identified the layer of the Bruch’s membrane. A
merge of the two images showed costaining of
the two markers as revealed by the yellow
fluorescence (image III). To further confirm
specificity of staining and to discriminate the
specific fluorescence signal from
autofluorescence sequential tissue sections were
analyzed (Figure 3B). Sequential staining for
pCRP with autofluorescence in sequential tissue
sections revealed specific staining for pCRP in
the Bruch’s membrane and in drusen.
Autofluorescence was identified in the Bruch’s
membrane. A merge of the two images allowed
to discriminate specific pCRP reactivity from
autofluorescence (Figure 3B, image III). The
pCRP signal was also different from the
autofluorescence of RPE cells (Figure 3A and
3B). In addition to provide additional proof that
mCRP staining occurs in the Bruch’s membrane
sequential tissue sections were stained for mCRP
and for elastin, as a component of the Bruch’s
membrane (Figure 3C, images I-1V).

Binding of Factor H, pCRP and mCRP to the
surface of necrotic pigment epithelial cells-

To address whether the 402 sequence variation
affects attachment of single proteins to damaged
cellular surfaces, binding of both Factor H
variants and also of the two CRP isoforms to
necrotic ARPE-19 as well as primary RPE cells
was assayed by flow cytometry. As single
molecules each Factor H variant and also the two
CRP isoforms bound to the surface of necrotic
ARPE-19 (Figure 4A, 4B) and necrotic primary
RPE cells with similar intensities (Figure 4F,
4G).

Confocal microscopy was used to localize
bound proteins at the surface of necrotic cells
(Figure 4C-E, Figure 4H-J). Factor H and pCRP
were equally distributed over the surface of
necrotic ARPE-19 (Figure 4C, 4D) and primary
RPE cells (Figure 4H, 4I) and the risk and non-
risk Factor H wvariants bound with equal
intensities (data not shown). However, mCRP
bound to specific sites of the necrotic retinal cells
(Figure 4E, Figure 41). The distribution of pCRP
over the entire cell surface and the specific
surface binding of mCRP was confirmed by
three-dimensional ~ imaging  (Supplementary
Figure 2).
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Dissociation of pCRP into mCRP on the
surface of necrotic ARPE-19 cells-

Prominent binding of mCRP to necrotic lesions
suggested that mCRP is generated at sites of
severe membrane damage. Therefore, pCRP was
bound to the surface of necrotic ARPE-19 cells
and mCRP generation was followed over time by
flow cytometry using the mCRP specific mAb
CRP-8. After binding pCRP to the surface of
necrotic ARPE-19 cells, mCRP was already
detectable after 0.5 hrs (Figure 5A). mCRP
reactivity increased with time and after 18 hrs
mCRP levels were significantly increased from
background (p<0.007). On the surface of necrotic
cells gradual increase of mCRP reactivity over
time was also confirmed by confocal microscopy
(Figure 5B-G). With this method mCRP was
detected after 2 hrs (Figure 4D) and again
staining increased with time (Figure SE-G).

mCRP-mediated  surface  recruitment of
Factor H is affected by the Y402H variation-

As both Factor H variants bound equally to
necrotic surfaces, but mCRP preferentially binds
the non-risk variant of Factor H, we asked if the
Y402H variation may affect mCRP - mediated
surface recruitment of FactorH to retinal
necrotic cellss. mCRP enhanced surface
recruitment of both Factor H variants (Figure 6A,
compare last column of each triplet with first
column) to ARPE-19 cells. However, binding of
the non-risk associated Factor H variant was
enhanced by about 115% (p<0.0009) and
binding of the risk variant was increased by
approximately 50 %. pCRP did not affect
Factor H surface binding (Figure 6A, compare
second with first column of each group).

mCRP - assisted recruitment of Factor H
to the necrotic surface was visualized by
confocal microscopy. To this end mCRP was
bound to the surface of necrotic ARPE-19 cells
and binding of the non-risk associated variant
was analyzed (Figure 6B). mCRP recruited
Factor H and formed a prominent patchy pattern
at the surface of necrotic cells. This ‘spot-like’
staining in the presence of mCRP is clearly
distinct from the even surface distribution
observed for Factor H in the absence of mCRP
(compare Figure 6B with Figure 4C). The
staining pattern in the presence of mCRP
suggests that mCRP recruits Factor H to specific
sites on a necrotic cell. A very similar but not as
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pronounced effect was observed for necrotic
primary RPE cells (Figure 6C and 6D). In this
case mCRP enhanced surface recruitment of the
protective Factor H variant by about 45 % (p<
0.0057) and the binding of the risk variant by
14 %. Again pCRP had no significant effect on
Factor H surface recruitment (Figure 6 C).
mCRP - mediated Factor H recruitment occurred
also on surface of necrotic primary cells to a
distinct spot of the cell (Figure 6D).

mCRP recruits Factor H to sites of severe
membrane damage-

The binding of Factor H— mCRP complexes to
specific surface spots, suggested that these
patches represent sites of severe membrane
damage.  Therefore  co-localization  with
annexin V, a marker for membrane damage, was
assayed. Annexin V was distributed over the
surface of necrotic ARPE-19 cells, and showed a
more intense staining at specific patches (Figure
6E, red). Factor H—-mCRP complexes bound
preferentially to these specific patches (Figure
6F, mCRP green and Figure 6G, Factor H
turquoise) and co-localized with annexin V
(Figure 6H). Colocalization of mCRP and
Factor H with annexin V and a similar surface
distribution was also observed for necrotic
primary RPE cells (data not shown). Formation
of such prominent necrotic surface patches that
bind annexinV and also Factor H- mCRP
complexes is a new observation and has -to our
knowledge- not been reported before. We
hypothesize that these sites of severe membrane
alterations represent damaged, possibly ruptured
membranes that release cytoplasmic content.
Based on the specific binding properties and the
selective recruitment of markers for cell damage
and of the Factor H- mCRP complexes we
propose to term these sites: urgent regulation of
damage (URD) sites.

mCRP - assisted complement regulatory effects
are influenced by the Y402H variation-

Necrotic ARPE-19 cells lack membrane bound
complement regulators (Supplementary Figure
3). To allow efficient opsonisation of the surface
by iC3b, these altered self surfaces attach fluid
phase regulators such as Factor H. As mCRP
enhances C3b cofactor activity of Factor H (29),
we asked if local complement regulation on such
necrotic cells is mediated by Factor H— mCRP
complexes and if this activity is affected by the
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Y402H  polymorphism. mCRP  enhanced
Factor H - mediated iC3b deposition in a dose-
dependent manner (Figure 7A). This effect was
stronger for the non-risk variant. The functional
difference of 35% (at 1.5ug/ml mCRP)
between the non-risk and risk variants was
statistically significant (p<0.026). The same
difference in iC3b inactivation was observed for
Factor H— mCRP complexes in fluid phase
(Supplementary Figure 4A, 4B). Similar results
were observed in the presence of primary RPE
cells. Again, mCRP enhanced Factor H cofactor
activity and the two Factor H variants showed a
functional difference of 17 % at the highest
mCRP concentrations. However, the effect was
not as prominent as for the ARPE-19 cell line
(data not shown).

mCRP - mediated reduction of TNF-a release is
affected by the Y402H variation-

Factor H displays anti-inflammatory activity on
apoptotic particles. Consequently we asked: (i) if
this effect also applies for necrotic retinal cells,
(i) if mCRP enhances this anti-inflammatory
effect and (iii) if the effect is influenced by the
Y402H variation. Therefore necrotic ARPE-19
cells were coated with one of the two Factor H
variants and mCRP. These coated cells were then
added to PMA - activated human macrophages to
allow phagocytosis. After 20 h incubation release
of the proinflammatory marker TNF-a was
assayed in the supernatant. Necrotic ARPE-19
cells induced TNF-a release (Figure 7B column
4). Coating the cell surface with mCRP alone did
not affect TNF-a secretion (column 5). However
when the cells were coated with the Factor H—
mCRP complexes TNF-a release was reduced.
The protective Y402 Factor H variant reduced
TNF-a release more efficiently (35 %, column 7)
as compared to the H402 risk variant (1 %,
column 9).

DISCUSSION

A tyrosine to histidine exchange at residue 402
of the complement regulator Factor H and of
FHL1 increases the risk for AMD (7-9). Here we
show how this polymorphism affects local
complement control as well as anti-inflammatory
processes on necrotic retinal cells. Reduced
binding and recruitment of the risk variants by
mCRP to specific necrotic cell lesions leads to
functional differences that can develop into
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AMD. Necrotic cells lack membrane bound
regulators and therefore require surface attached
soluble inhibitors to allow opsonisation with
iC3b, to inhibit progression of complement
beyond the C3 convertase step and to allow
efficient and non-inflammatory clearance. The
consequences of the Y402H wvariation were
proven here for the established immortalized cell
line ARPE-19 as well as on the surface of
primary RPE cells. On primary cells mCRP
showed indeed the same characteristics than on
ARPE-19 cells but the effects were not as
pronounced. Most likely because of their origin
primary cells are more sensitive to the applied
necrotic procedures.

The role of the Y402H variation was also
confirmed for FHL1, the second product of the
Factor H gene. The non-risk and risk associated
variants of FHL1 showed similar differences in
mCRP - directed effects (Supplementary Figure
5A), mCRP - assisted recruitment to the surface
of necrotic cells (Supplementary Figure 5B-D);
mCRP - assisted  binding to URD sites
(Supplementary Figure S5E-I) and modified
mCRP - mediated  complement  regulatory
activities (Supplementary Figure 5] and 5K).
Thus a second regulatory protein derived from
the Factor H gene exists, whose function is
impaired due to the Y402H variation. Factor H
and FHL1 may act individually or in concert.
However the 402 sequence variation influence
mCRP binding, resulting in inappropriate
complement control on the necrotic surface and
mediates local inflammatory processes.

Currently, a specific physiological role for
mCRP is emerging (29, 39). Here we identify
both CRP isoforms in ocular tissues of AMD
patients or healthy individuals (Figure 2, Figure
3). Enhanced mCRP staining in AMD tissues at
the Bruch’s membrane and also in drusen (Figure
2D) supports the relevance of mCRP in-vivo and
particularly in AMD pathogenesis. mCRP is
generated from pCRP on the surface of necrotic
ARPE-19 cells (Figure 5). Similarly, mCRP
generation on the surface of activated platelets
was recently reported (28).

A mCRP binding region in SCR 7 which
contains relevant residue 402 is described for
Factor H and also for FHL1 (29). Residue 402 is
surface exposed and affects the intensity of
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mCRP interaction (Figure 1A-D) (15). Here we
identify within SCR 7 two linear mCRP binding
motives, that are located either in direct (motive
I) or in close vicinity (motive 1I) to residue 402
(Figure 1D). When compared to the risk variants,
the non-risk associated variants of Factor H and
FHL1 bind mCRP with 40 -50 % higher intensity
(Figure 1A and Supplementary Figure 5A). This
difference influences mCRP - assisted surface
recruitment to necrotic retinal pigment epithelial
cells (Figure 6A, 6C and Supplementary Figure
5D) and ultimately affects local complement
regulation and release of the pro-inflammatory
cytokine TNF-a (Figure 7A, 7B, Supplementary
Figure 51).

AMD is an inflammatory process (5) and
is associated with necrosis of RPE cells that
overlie drusen (6, 36). Progression of cellular
necrosis results in morphological changes, loss
of membrane integrity, membrane rupture and
release of cytoplasmic content(38). When not
properly controlled and removed in a silent non-
inflammatory manner, necrotic material released
from damaged cells, activates complement and
initiates local inflammation (34). It is of
interested that histones, that are released during
necrosis were also identified in drusen (4).
Necrotic ARPE-19 cells lack membrane bound
complement regulators, as demonstrated for
CD46, CD55 and the terminal complement
complex regulator CD59 (Supplementary Figure
3). Consequently, a necrotic surface will activate
complement. Complement activation to the level
of the C3 convertase allows opsonization of the
surface with  C3b/iC3b. This enhances
phagocytosis and efficient removal of cellular
debris. However progression of the cascade
beyond the C3 convertase, generates the potent
inflammatory marker C5a, allows terminal
complement complex formation, causes
inflammation and is therefore unfavorable. This
scenario explains the need for surface acquired
regulators such as Factor H and FHL1 to block
complement activation and to allow silent, non-
inflammatory removal of cellular debris (40, 41).

Factor H, FHLI1, pCRP and mCRP bind to
the surface of necrotic retinal pigment epithelial
cells. Factor H (Figure 4C, 4H), FHLI

(Supplementary Figure 5C) and also pCRP
(Figure 4D, 41) are evenly distributed over the
surface of necrotic cells. However, mCRP
locates to specific patched (Figure 4E, 4J).
Necrotic retinal pigment epithelial cells expose
altered self epitopes, such as phosphatidyl serine
(42), that bind annexin V and provide specific
binding sites for mCRP (Figure 6E,
Supplementary Figure 5F). Based on the unique
staining, requirement for complement control
and due to the unique binding features we
propose to term these patches urgent regulation
of damage (URD) sites. mCRP - assisted
recruitment of Factor H and of FHLI to URDs
(Figure 6A, 6C, Supplementary Figure 5D) is
affected by the tyrosine to histidine exchange at
position 402. The reduced binding of the risk
variant results in lower complement regulation
and accumulation of debris. Thus AMD patients
with the risk allele at position 402 have a more
"pro-inflammatory" intraocular environment than
those who carry non-risk allele. Over time
functional differences as outline here, extrapolate
into more complement activation, increased
damage and thus into pathology.

In summary, the Y402H polymorphisms
of Factor H and FHL1 impair the mCRP -
assisted complement control at necrotic surfaces
(Supplementary  Figure 6). The crucial
differences between the risk and non-risk
associated variants affect: (i) binding to the anti-
inflammatory marker mCRP, (ii) mCRP -
assisted recruitment to necrotic membrane
lesions called URD sites, (iii) local complement
inhibition at the level of the C3 convertase, as
well as (iv) the release of the inflammatory
cytokine TNF-o by human macrophages.
Necrotic retinal epithelial cells bind the
inflammatory marker pCRP and -at URD sites-
the attached pCRP is dissociated into mCRP.
Restriction of complement inactivation and anti
inflammatory processes cause accumulation of
damaged material or debris, and consequently
translates into pathology of retinal tissue.
Interfering and controlling these processes by
complement based anti-inflammatory
intervention will ultimately provide a promising
approach for AMD therapy.
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FIGURE LEGENDS

Figure 1: mCRP, but not pCRP, binds to Factor H by interaction with two linear mCRP binding
motives within SCR 7.

A) Factor H variants purified from genotyped AMD patients were immobilized on a microtiter plate
and pCRP and mCRP were applied in fluid phase and detected with a polyclonal CRP antiserum.
mCRP, but not pCRP, bound both Factor H variants in a dose-dependent manner. mCRP bound up to
359% -45 % stronger to the non-risk associated Factor H variant (filled squares, solid line) as
compared to the risk variant (open squares, dashed line). mCRP did not bind to BSA which was used a
control (dotted line). The figure show mean values of a triplicate assay of one representative
experiment. The experiment was repeated three times with similar results. *, P < 0.05; ** P <0.01;
*** P < 0.001. The Greek letter A denotes the percent difference between the corresponding OD
values for mCRP binding the presence of either Factor H Y402 or Factor H H402. B) Amino acids
within SCR 7 that mediate linear binding motives for mCRP were identified by peptide spot analysis.
The cellulose membrane was incubated with purified mCRP and bound mCRP was detected with the
monoclonal CRP-8 antibody. mCRP bound to two regions each represented by four consecutive spots
and are indicated by black squares. One representative membrane of two independent experiments
each is shown. C) Each binding region represents a linear sequence of 18 residues that are highlighted
by a grey background in the selected sequence of SCR 7. Overlapping residues that are present in each
peptide are shown in blue. The AMD associated tyrosine at position 402 is colored green. D) The
identified core sequences of the two identified linear mCRP binding motives (blue) are surface
exposed and close to the relevant 402 residue (green) as revealed by molecular modeling.

Figure 2: pCRP and mCRP are present in retinal tissues of healthy individuals and AMD
patients.

Tissues derived from two human donor eyes with no and with clinically documented AMD were fixed
in cold acetone, blocked and incubated in a monoclonal mouse antibody to pCRP (MRz-12) or mCRP
(CRP-8) respectively overnight at 4 °C. Bound antibodies were visualized using an Alexa488-
conjugated secondary antiserum (green). Nuclear counterstaining was performed with propidium
iodide (red) A) In the tissue derived from a healthy individual pCRP is detected at the Bruch’s
membrane (arrows) B) In AMD-patients pCRP staining is more pronounced and appears in the
choroidal capillaries, the Bruch’s membrane and within drusen (arrows). C-D) mCRP showed similar
reactivity as pCRP: weak staining in ocular tissue derived from healthy individuals (C) and stronger
reactivity for material derived from AMD patients (D) predominantly in the Bruch’s membrane and
within drusen (arrows). Autofluorescence of lipofuscin containing cells appears yellow. The images
are representative of two independent experiments. D = Drusen, BM = Bruch’s membrane, Ch =
Choroid, RPE = retinal pigment epithelium. Bar = 200um

Figure 3: Immunohistological localization of pCRP and mCRP in retinal tissue of AMD patients.
Tissues derived from two patients with clinical AMD were fixed in cold acetone, blocked and
incubated in a monoclonal mouse antibody specific for pCRP (MRz-12), mCRP (CRP-8) and a
polyclonal anti-elastin antiserum, respectively, overnight at 4°C. Bound antibodies were visualized
using an Alexa488-conjugated anti-mouse (green) or an Alexa555-conjugated anti-rabbit (red)
secondary antibody. Nuclear counterstaining was performed with DAPI (blue). A) Double labeling for
pCRP (green, image I) and elastin (red, image II) revealed co-localization (yellow, image III) along
Bruch’s membrane (arrows). B) Differentiation between specific pCRP fluorescence (green, image I)
and autofluorescence (red, image II) of RPE cells in AMD tissue revealed specific pCRP
immunoreactivity within drusen and Bruch’s membrane (green, image 1, arrows). C) Differentiation
between specific mCRP fluorescence (green, image I) and autofluorescence (red, image II) revealed
specific staining for mCRP within Bruch’s membrane and drusen (green, image III, arrows).

Figure 4: Factor H, pCRP and mCRP bind to necrotic retinal pigment epithelial cells.
Binding of the non-risk and risk variant of Factor H as well as of the two CRP isoforms to necrotic

12



Manuskripte

ARPE-19 as well as primary RPE cells was analyzed by flow cytometry. Bound Factor H was detected
with polyclonal Factor H antiserum. pCRP and mCRP binding was analyzed with a polyclonal CRP
antiserum which detects both forms. Unspecific antibody binding in the absence of proteins is shown
by the dotted line. A/F) Factor H Y402 (black line) and Factor H H402 (grey line) bind to the surface
of necrotic ARPE-19 (A) as well as primary RPE cells (F) with similar intensity. B/G) Also the two
CRP isoforms, pCRP (black dashed line) and mCRP (grey dashed line) bound with similar intensity to
necrotic ARPE-19 (B) and primary cells (G). Representative histogram profiles from five independent
experiments are shown. C-J) Binding of Factor H, pCRP or mCRP was assayed by confocal
microscopy. The protective variant of Factor H was detected with a polyclonal Factor H antiserum
together with an Alexa647 conjugated secondary antiserum (red). Bound CRP forms were identified
with monoclonal antibodies (Mrz-12 for pCRP and CRP-8 for mCRP) together with an Alexa488
labeled secondary anti-mouse serum (green). Cell nuclei were stained with DAPI (blue). Factor H
(C/H) and pCRP (D/I) are evenly distributed over the surface of necrotic retinal pigment epithelial
cells. In contrast, mCRP binding (E/J) is restricted to a specific site. The images C — E and H — J are
representative of five independent experiments. Bar = 20um

Figure 5: Formation of mCRP on the surface of necrotic ARPE-19 cells.

A) Generation of mCRP derived from the pentameric isoform on the necrotic cell surface was assayed
by flow cytometry. Therefore pCRP was bound to the surface of necrotic ARPE-19 cells and
formation of mCRP was followed using the mCRP specific CRP-8 antibody. mCRP formation was
followed over time for 18 hrs. Background MFI at time O was subtracted and the increase in
fluorescence is shown. .mCRP was already detectable after 0.5 hrs and specific mCRP reactivity
increased over an 18 h period gradually. The data represent the mean + SD for three independent
experiments. *, P < 0.05; **, P <0.01; *** P < 0.001. B-G) Formation of mCRP on the surface of
necrotic ARPE cells was also followed by confocal microscopy using the monoclonal CRP-8 antibody
and the Alexad88 labeled secondary mouse antiserum (green). Cell nuclei were stained with DAPI
(blue). mCRP generation was detectable after 2 hrs (D) and signal is more prominent after 3 hrs, 4hrs
and 18 hrs respectively (E-G). The images B - G are representative of two independent experiments.
Bar =20um

Figure 6: mCRP, but not pCRP, recruits Factor H to the surface of necrotic RPE cells.

Recruitment of Factor H to necrotic retinal pigment epithelial cells by the two CRP isoforms was
assayed by flow cytometry using a polyclonal Factor H antiserum and an Alexad488 labeled goat
antiserum. A) Both, the non-risk (black columns) and risk variant (white columns) of Factor H bind to
the surface of necrotic ARPE-19 cells (compare first column of each triplet with control). mCRP
enhanced surface recruitment of the non-risk Factor H variant by ca. 115 % and of the risk variant by
ca. 50 % (compare last column of each triplet with the first column). pCRP did not affect surface
binding of the Factor H variants (compare second column of each group with the first column). C) On
the surface of primary RPE cells enhanced mCRP surface recruitment of the non-risk Factor H variant
by 45 % and of the risk variant by 14 %. Again, pCRP did not affect surface binding of the Factor H
variants. Binding of both Factor H variants without preincubation of mCRP or pCRP was set to 100
%. The percent enhancement (A) in the presence of mCRP was calculated by dividing the value
obtained in the presence of the corresponding Factor H - mCRP complexes by the value of the Factor
H binding alone. The data represent the mean + SD for three independent experiments. *, P <0.05; **,
P <0.01; *** P < 0.001. B/D) The distribution of mCRP - recruited protective Factor H to necrotic
ARPE-19 (B) and necrotic primary RPE cells (D) was analyzed by confocal microscopy using a
polyclonal Factor H antiserum together with an Alexa555 conjugated secondary antiserum (red). Cell
nuclei were stained with DAPI (blue). Recruited Factor H binds specifically one distinct site of the
necrotic membrane. The image is representative of five independent experiments. E-H) Co-
localization with annexin V, coupled to the fluorescent dye APC was assayed. Annexin V (E, red)
binds to the surface of necrotic cells and apparently binds with higher intensity to the specific site of
the necrotic cell, that co-localizes with mCRP (F, green) and Factor H (G, pseudocolor turquoise) as
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revealed by the yellow color (H). The images E - H are representative of two independent
experiments. Bar =20um

Figure 7: The Y402H variation affects mCRP - assisted cofactor activity and release of TNF-a.
A) The complement proteins C3b and Factor I were added to Factor H- mCRP complexes, which
were preincubated on the surface of necrotic ARPE-19 cells. The deposition of iC3b, on the retinal
surface was followed by flow cytometry, using a monoclonal iC3b antibody and a corresponding
Alexad88 coupled mouse antiserum. mCRP increased the iC3b deposition for both Factor H variants
dose-dependently. The enhancement was more pronounced for the non-risk Factor H variant (solid
line, filled squares) as compared to the risk variant (dashed line, open squares). At the highest used
mCRP concentration this difference reaches 35 %. The antibody controls (grey bars) show background
signals in the absence of all proteins and the specific detection of iC3b in contrast to C3b by the used
iC3b antibody. The iC3b deposition in the absence of mCRP was set to 100 %. The effect of the
Factor H— mCRP interaction was calculated by dividing the value obtained in the presence of mCRP
by the value in the absence of mCRP. The Greek letter A denotes the percent difference between the
values for iC3b deposition in the presence of 1.5 pg/ml mCRP of either Factor H Y402 or Factor H
H402. The data represent the mean + SD for three independent experiments. *, P <0.05; **, P < 0.01;
*** P < 0.001. B) Necrotic ARPE-19 cells were added to activated human THP-1 macrophages for
20 h to induce the secretion of TNF-a (column 4) Factor H coating on necrotic ARPE-19 cells did not
reduce TNF-o release (column 6, first black column and column &, first white column). In the presence
of the non-risk Factor H variant TNF-a secretion was reduced upon mCRP recruitment (column 7) by
35 % and for the risk variant by 1 % (column 9). Attachment of mCRP to the necrotic cells did not
influence TNF-a protection (column 5) neither did necrotic ARPE-19 cells alone (column 2), THP-1
macrophages in the absence of necrotic cells showed back ground levels for TNF-a (column 1). The
TNF-a release of the macrophages in the presence of necrotic particles but in the absence of mCRP
and Factor H was set to 100 %. The percent inhibition (A) of the corresponding Factor H— mCRP
complexes was calculated by dividing the value obtained in the presence of each Factor H - mCRP
complex by the value of the corresponding Factor H effect alone. The data represent the mean + SD
for six independent experiments. *, P <0.05; ** P <0.01; *** P <0.001.
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Factor H related protein 1 (CFHR-1) inhibits complement C5

convertase activity and terminal complex formation.
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Factor H-related protein 1 (CFHR-1) inhibits complement C5 convertase activity
and terminal complex formation

Stefan Heinen,! Andrea Hartmann,'! Nadine Lauer,' Ulrike Wiehl," Hans-Martin Dahse,' Sylvia Schirmer,’ Katharina Gropp,'
Tina Enghardt,! Reinhard Wallich,2 Steffi Halbich,' Michael Mihlan,! Ursula Schlbtzer-Schrehardt,® Peter F. Zipfel,'* and

Christine Skerka’

'Department of Infection Biclogy, Leibniz Institute for Natural Product Research and Infection Biology, Hans Knall Institute, Jena; ?Institute for Immunology,
University of Heidelberg, Heidelberg; *Department of Ophthalmology, University of Erlangen-Numberg, Erlangen; and *Friedrich-Schiller-University, Jena,

Germany

Homozygous deletion of a 84-kb genomic
fragment in human chromosome 1 that
encompasses the CFHR1 and CFHR3
genes represents a risk factor for hemo-
lytic uremic syndrome (HUS) but has a
protective effect in age-related macular
degeneration (AMD). Here we identify
CFHR1 as a novel inhibitor of the comple-
ment pathway that blocks C5 convertase
activity and interferes with C5b surface

deposition and MAC formation. This activ-
ity is distinct from complement factor H,
and apparently factor H and CFHR1 con-
trol complement activation in a sequen-
tial manner. As both proteins bind to the
same or similar sites at the cellular sur-
faces, the gain of CFHR1 activity presum-
ably is at the expense of CFH-mediated
function (inhibition of the C3 convertase).
In HUS, the absence of CFHR1 may result

in reduced inhibition of terminal complex
formation and in reduced protection of
endothelial cells upon complement at-
tack. These findings provide new insights
into complement regulation on the cell
surface and biosurfaces and likely define
the role of CFHR1 in human diseases.
(Blood. 2009;114:2439-2447)

Introduction

The complement system is important for host innate and adaptive
immunity and mounts a protective immune response to invading
microbes.! The alternative complement pathway is spontaneously
activated, and generates C3 convertases (C3bBb) that cleave the
central component C3 to the anaphylactic peptide C3a and C3b.>?
C3b attached to a foreign surface binds factor B and generates the
C3 convertase (C3bBb), which enhances further complement
activation resulting in opsonization and phagocytosis of particles.
Binding of an additional C3b molecule to the C3 convertase forms
the C5 convertase (C3bBbC3b) of the alternative pathway. This
convertase cleaves C5 and generates the potent chemoattractant
C5a as well as C5b, which initiates the terminal complement
pathway assembly.* C5b immediately undergoes conformational
changes and binds C6 and C7 in a nonenzymatic manner. The
assembled C5b67 complex is released from the convertase and
attaches to lipid bilayers. Upon binding of C8 and C9, the lytic
membrane attack complex (MAC) is formed.??

Once activated, this powerful defense system is tightly controlled on
host cell surfaces by both membrane-anchored and surface-attached
soluble regulators. Proper and coordinated function of these regulators is
essential for tissue integrity. Single gene mutations predispose to severe
renal and retinal diseases, that is, hemolytic uremic syndrome (HUS:
OMIM no. 235400), membranoproliferative glomerulonephritis type II
(MPGN II; OMIM no. 609814), or age-related macular degeneration
(AMD; OMIM no. 603075).67

HUS is caused by occlusion of arterioles and capillaries in the
kidney, due to endothelial cell and platelet damage.® MPGN Il is a

rare renal disease, with formation of dense deposits at the
glomerular basement membrane and thickening of the peripheral
capillary walls.” Similarly, the retinal disease AMD, which causes
visual impairment of elderly people, is caused by deposits (drusen)
that form on the Bruch membrane and lead to atrophy of the retinal
pigment epithelium and chorodial neovascularization under the
macular area.'?

These diverse diseases are caused by defective local comple-
ment regulation and are associated with gene variations and
mutations coding for complement components and regulators, such
as complement factor H (CFH).®!" In addition deletion of a 84-kb
genomic fragment on human chromosome 1, which leads to the
loss of the complement factor H-related genes 1 and 3 (CFHR/I and
CFHR3), is associated with both HUS!2 and AMD.'? However, this
chromosomal deletion has opposite effects, for HUS the deletion
increases the risk for the disease and for AMD the deletion has a
protective effect.

In atypical HUS (aHUS), the absence of CFHR 1 and CFHR3 in
plasma correlates with the presence of autoantibodies to CFH.'*
The autoantibodies bind to the C-terminal surface binding region of
CFH'" and inhibit CFH surface attachment resulting in damage of
endothelial cells as well as platelets.' The CFHR1 plasma protein
is composed of 5 short consensus repeats and is identified in
2 glycosylated forms. CFHRIB (42 kDa) has 2 and CFHRIl«
(37 kDa) has one attached carbohydrate side chain.!”'® The high
sequence identity of the 3 C-terminal SCRs of CFHR1 and CFH
(100%, 100%, and 98%) suggests related functions. CFHR1 lacks
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cofactor and decay-accelerating activity,™® and the function is
currently unknown. Given the opposing effects of CFHR1/CFHR3
deficiency in human diseases, we were interested to identify the
function of CFHRI protein. Here we identify CFHR]1 as a regulator
of the complement pathway that inhibits C5 convertase activity and
MAC assembly.

Methods

Proteins and antibodies

Recombinant CFHR 1 and deletion mutants CFHR1 SCR1-2 (CFHR1/1-2)
and CFHR1 SCR3-5 (CFHR 1/3-5) were expressed as described.?! CFHR1/
1-2 ¢DNA was cloned into vector pPICZaB using specific primers
CFHR1,.; forward, 5'TTTCTGCAGCCGAAGCAACATTTTGTGA-
TTTTCAA3" and CFHRI1, ., reverse, 5'TTTTCTAGAGCAGTGGACCT-
GCATTTGGGAGGGGT3'. CFH/SCR11-15 was expressed in insect cells,
as previously described.'*'S All proteins were expressed in Picha pastoris
and purified by nickel chelate affinity chromatography.'* Vitronectin was
purchased from BD Biosciences; C3b, C5, C5b6, factor H, and factor I,
from Merck Biosciences; C7, C8, €9, from Comptech. CFHRI was
purified from human plasma by HiTrap Heparin HP column (GE Health-
care) affinity chromatography. Pooled elution fractions were concentrated
(Superdex 200: GE Healthcare) and separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE); CFHR1 was dissected
from the gel, concentrated, and dialyzed (1% PBS, pH 4.7). Mouse
monoclonal antibody (mAb) C182? (Alexis) was used to detect the C-
terminus of CFH and CFHR 1. A novel CFHR1 mAb JHD10 was generated
by immunizing mice with purified CFHR1/SCR1-2 fragments.

Serum probes

Normal human plasma (HP) was obtained from healthy volunteers (Jena,
Germany) upon informed consent obtained in accordance with the Declara-
tion of Helsinki. CFH depletion was performed by immunadsorbance as
described.'> For C8 depletion, goat polyclonal anti-C8 (Comptech) was
used as described for CFH depletion. The study is approved by the ethics
board of the Friedrich Schiller University of Jena. The board approved
study of patient material (DNA and blood) for genetic and molecular
characterization of complement factor H and complement factor H family
members in HUS, MPGN2, and AMD.

Cell culture and confocal microscopy

Human umbilical vein endothelial cells (HUVECs; ATCC CRL-1730) were
cultivated as described.™ For confocal microscopy (LSM 510 META;
Zeiss) HUVECs were grown on chamber slides (Nunc) and incubated for
60 minutes with CFHR1 or CFH (100 pg/mL), and binding was visualized
using mAb JHD10 (CFHRI) or polyclonal anti-SCR1-4 (CFH).** C5
deposition on erythrocytes incubated in HPacpnacs was detected with CS
mAb (Comptech).

Immunohistochemistry

Immunohistochemistry was performed on tissues derived from 2 human
donor eyes (2 female patients, 79 and 81 years of age) with history neither
of clinically documented early AMD nor of morphologic evidence of ocular
disease. The donor eyes were obtained at autopsy and were processed fewer
than 15 hours after death. In addition, normal kidney tissue was obtained
from 2 human adult donor kidneys that were not used for transplantation.
Posterior eye poles and portions of decapsulated kidneys were embedded in
optimal cutting temperature compound and frozen in isopentane-cooled
liquid nitrogen. Cryostat-cut sections (6 wm) were fixed in cold acetone,
blocked with 10% normal goat serum, and incubated in a menoclonal
mouse antibody to CFHR1 (JHD10) diluted 1:100 in phosphate-buffered
saline (PBS) overnight at 4°C. Antibody binding was detected by Alexa
488—conjugated secondary antibodies (Molecular Probes). Nuclear counter-
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staining was performed with propidium iodide. For preabsorption experi-
ments, the primary antibody was treated for 1 hour with either CFHR1 or CFH.

Binding of CFHR1 to heparin, C3b, C5, and C5b6

MaxiSorp plastic plates (Nunc) were coated with heparin (500 units/well)
or C3b (10 pg/mL), C5, or C5bC6 (5 pg/mL) and incubated with CFHR1
(50 pg/mL) or CFH (75 pg/mL) dissolved in binding buffer B (10 nM
Na;HPO4, 27 mM KCl, 1.4 M NaCl, 2% BSA, pH 7.4). Bound CFHR | was
detected with mAb C18 and bound CFH with SCR1-4 antiserum. In control
experiments, buffer B was added without proteins.

For identification of C5 binding site in CFHRI, mAb JHD10 or mAb
C18 (15 pg/mL) was immobilized to a microtiter plate and used to catch
CFHRI1 (30 pg/mL). After washing, C5 or C5b6 (5 pg/mL) was added in
gelatin veronal buffer (Sigma) and bound proteins were identified using a
C5 mAb. CFHRI-specific antiserum was used to confirm binding of
CFHRI to the immobilized mAbs. C5 binding to CFH or CFHRI1 was
measured by immobilizing equimolar concentrations of CFH or CFHRI to
amicrotiter plate. C5 binding to immobilized CFHR | and CFH was assayed
by incubation of increasing concentrations of C5 (1.5-50 pg/mL) for
| hour, and bound C5 was identified with mouse monoclonal antibodies
(1:2000; Quidel). In addition, binding of C5 (50 150, 200, and 400 nM} to
immobilized CFHR1 or CFH/SCR10-13 (carboxylated dextran chip CM5;
Biacore AB) was assayed by surface plasmon resonance in 75 mM PBS ata
flow rate of 5 pL/minute at 25°C. Controls (binding of the fluid phase
ligand to the uncoated surface) were subtracted.

Cofactor assay

Cofactor activity of heparin-bound CFH was analyzed by measuring
factor-1-mediated degradation of C3b after SDS-PAGE and Western blot
analysis. For competition CFH immobilized to heparin-coated microtiter
plates (EpranEx; Plasso) was incubated with CFHRI (0.13 pg-13.3 pg).
Then C3b (2 pg) and CFI (0.28 pg) were added and cofactor activity was
determined.* Degradation products (B chain band and «’43 band) were
analyzed by densitometry.

ELISA

To investigate CFHR1 regulation of the C3 convertase, the C3 convertase
was generated by incubation of C3b (2 pg/mL) and C3 (80 pg/mL) with
factor D (4 pg/mL) and factor B (40 pg/mL) in activation buffer C (20 mM
Hepes, 144 mM NaCl, 7 mM MgCls, 10 mM EGTA, pH 7.4). Activity of
C3 convertase was determined after incubation of constant amounts of C3
(80 pg/mL) and increasing amounts of CFHR1 (25 and 50 pg/mL), CFH
(50 g/mL), or 25 pg/mL human serum albumin (HSA) by C3a generation.
C3a concentrations were determined by enzyme-linked immunosorbent
assay (ELISA; Quidel). Sheep erythrocytes (10%) were incubated with C3b
(10 wg/mL) in veronal buffer overnight at 4°C. C3 and C5 convertase was
generated by incubation of erythrocytes for 40 minutes at 30°C with C3
(10 pg/mL), factor D (5 pg/ml.), and factor B (10 pg/mL) in veronal buffer
supplemented with Ni** and properdin (5 pg/mL). C5 convertase—loaded
erythrocytes were preincubated with recombinant or plasma-derived CFHR |
or CFH (50 pg/mL) or with BSA (50 pg/mL) before the addition of C5
(50 pg/mL). C5a generation was analyzed after 15 minutes by ELISA
(DRG Diagnostics).

Erythrocyte lysis assay

Increasing concentrations of CFHR1 (5-160 pg/mL) or CFH, vitronectin,
or HSA were added to CFH- and CFHRI1-depleted plasma (30%) and
incubated at 37°C for 15 minutes with approximately 2 X 107 sheep
erythrocytes in activation buffer C (see above). Supernatants were recorded
at 415 nm. In similar experiments, generation of complement activation
products C3a and C5a was followed by ELISA (Quidel; DRG Diagnostics).

Hemolysis of chicken erythrocytes, which are more sensitive for
MAC-induced hemolysis, was investigated in complement-inactivated
(20mM HEPES, 144 mM NaCl, 10 mM EDTA, pH 7.4) defHP with
constant concentrations of C5b6 (5 ng/mL), increasing amounts of CFHR 1
(25-100 pg/mL), CFH, or BSA. In addition C5b6 complexes (5 ng/mL)
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were preincubated with either recombinant CFHR1 (50 pg/mL), purified
CFHR1 (12.5 pg/mL), vitronectin (12.5 pg/mL), or BSA (12.5 pg/mL) in
20 mM HEPES, 144 mM NaCl, 10 mM EDTA, pH 7.4, for 5 minutes at
20°C. Lysis of sheep erythrocytes (2 % 107) was followed after addition of
C7 (final concentration, | pg/mL) C8 (0.2 pg/mL), and C9 (0.2 pg/mL) by
absorbance at 415 nm. To compare similar melar amounts of the plasma-
purified CFHR1 with vitronectin, C5b6 complexes (5 ng/mL) were preincu-
bated with increasing concentrations (1-300 nM) of either plasma-purified
CFHRI1, vitronectin, or BSA for 5 minutes at 20°C. After addition of C7
(final concentration, 1 pg/mL), C8 (0.2 pg/mL), and C9 (0.2 pg/mL) the
mixture was added to sheep erythrocytes (2 % 107) and incubated for
30 minutes at 37°C. Percentage of cell lysis (absorbance at 415 nm) was
calculated by the formula: [(sample — background)/(100% lysis —
background)] ¥ 100, where background hemoglobin release was obtained
from sheep erythrocytes incubated in buffer only, and 100% lysis was
achieved using distilled water.

Flow cytometry

CFHR 1/CFHR3-deficient plasma was depleted of CFH and C8 (HPscpmacs)
by immunoaffinity chromatography and added to sheep erythrocytes in the
presence or absence of 50 pg/mL CFHRI in 20 mM HEPES, 250 mM
mannitol, § mM MgCl,, 10 mM EGTA, pH 7.4, At each time point, the
sample was transferred to ice-cold buffer with 1% wt/vol BSA with protease
inhibitor mix (Complete Inhibitor Mix; Roche). C5 was detected using C5
mAb (Comptech).

Binding of serum-derived CFHR1 to HUVECs was investigated by
incubating HUVECs, which have been grown serum free for 3 days, in 25%
normal human serum with mAb JHD10.

Immunoprecipitation

Monoclonal C5 antibodies (Comptech) were immobilized to protein A
sepharose beads (GE Healthcare) by incubation overnight at 4°C. Antibody-
loaded beads were washed 3 times in PBS (1 X)) and incubated for 2 hours at
4°C with 509% NHP. The beads were washed 5 times in PBS (1X) and
bound antibodies and proteins were eluted with 0.1 M glycine/0.5 M NaCl,
pH 2.7. Eluates were separated by SDS-PAGE and transferred to a
membrane, and CFHR1 was detected with a polyclonal antiserum and C5,
with a rabbit polyclonal antiserum in combination with a secondary
horseradish peroxidase—conjugated antiserum.

Statistical analysis

Statistics were analyzed with the Student 7 test; P values less than .05 were
considered significant. Statistical analysis of defined groups was performed
with the Jonckheere-Terpstra trend test™; P values were calculated for the
2-sided test of no trend.

Results
CFHR1 binds to C3b, C3d, heparin, and human cells

The 3 C-terminal SCRs of CFHRI display almost sequence
identity to the central C3b and surface binding region of CFH (ie,
SCR18-20; Figure 1A). This homology suggests related functions.
Therefore binding of CFHRI to the ligand C3b was investigated.
CFHRI1 binds to C3b, and CFH, which harbors 3 interaction sites
for C3b, showed more pronounced binding (Figure 1B).

CFHRI uses the C-terminus for both C3b and heparin binding:
Surface plasmon resonance showed that deletion mutant CFHR1/
3-5 (supplemental Figure 2A blue line, available on the Blood
website; see the Supplemental Materials link at the top of the online
article), but not CFHR1/1-2 (black line), bound to immobilized
C3b and to heparin (supplemental Figure 2A-B). The binding
affinity of the C-termini of CFHR1 and of CFH was determined by
surface plasmon resonance. The affinity of CFHR1/3-5 to C3b is
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Kp = 6.4 X 107 M and that of CFH/18-20is K = 2.6 X 107° M.
Thus, the C-terminus of CFHR1 binds C3b with lower affinity than
that of CFH (supplemental Figure 2C-D).

Binding of CFHR1 to cell surfaces

Binding of CFHRI to human cells was investigated by flow
cytometry. HUVECSs were incubated in normal human plasma (HP)
and binding of native, plasma-derived CFHR1 was detected with
the novel CFHR1-specific mAb JHD10 (Figure 1C). Binding of
recombinant CFHR1 to HUVECs, as well as to epithelial cells
(ARPE-19), was confirmed by confocal microscopy. On the cell
surface, CFHRI showed a patchy distribution (supplemental
Figure 3AI-II). In addition CFHR1 bound to C3b-treated rabbit
erythrocytes (supplemental Figure 3AIID). The secondary antibod-
ies alone showed no binding (supplemental Figure 3Ala-I11a). The
C-terminus of CFHR 1 mediates cell binding, as the deletion mutant
CFHR1/3-5, but not CFHR1/1-2, bound to ARPE-19 cells (supple-
mental Figure 3B). Thus, CFHR1 binds via the C-terminal binding
region to C3b and to human cells.

CFHR-1 binding to kidney and retinal tissue

Having demonstrated that CFHR1 binds cell surfaces, we analyzed in
vivo CFHRI1 expression in human retinal and ocular tissues by
immunochistochemistry. In renal tissue, CFHR1 was detected in the
lining of blood vessels (green fluorescence), particularly of large arteries
and of afferent and efferent arterioles at the vascular poles of glomeruli
(Figure 1Di). In the posterior segment of a retina, CFHR1 staining was
specifically localized to the Bruch membrane and the choriocapillaries
of the choroids (Figure 1Div). Preincubation of the antibodies with CFH
did not affect reactivity (Figure 1Diii,vi), but preincubation with CFHR 1
did (Figure 1Dii,v). Thus, CFHR1 is present at the surface of endothelial
cells and at the Bruch membrane.

CFHR1 and CFH recognize overlapping binding sites at the cell
surface

The almost identical C-termini and the conserved binding character-
istics of CFHR1 and CFH suggested coordinated as well as
competitive binding. Therefore simultaneous binding to cell sur-
faces was investigated. HUVECs were incubated with CFHRI and
CFH. Surface-bound CFHR1 was visualized by red—and bound
CFH by green—fluorescence (Figure 1Ei-ii). A merge of the
2 images revealed overlapping binding as indicated by the yellow
fluorescence (Figure 1Eiii).

To investigate whether CFHRI replaces CFH and reduces local
CFH-mediated activity, heparin-bound CFH was competed with increas-
ing concentrations of CFHRI, and cofactor activity was assayed by
analyzing the generation of the C3b degradation products «’68 and
«’41/43. CFHRI, by replacing CFH, reduced the local regulatory
activity as demonstrated by the lower amount of C3b degradation
fragments (Figure IF top panel). Densitometric analyses showed
reduction of the «’43 band (as demonstrated by the «’43/375 ratio)
when equal molar amounts of CFHR1 and CFH were used (Figure 1F
bottom panel, column 3). This effect demonstrates that CFHR1 may
reduce local CFH-mediated complement control.

CFHR1 regulates complement pathway activation

Binding of CFHRI to C3b suggested a unique regulatory func-
tion(s) on the level of C3 convertase. To identify such an activity, a
hemolytic assay'>2027 was used. Sheep erythrocytes representing
nonactivator surfaces remain intact when incubated in human
plasma (HP). However, these cells are lysed when incubated in
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Figure 4. CFHR1 but not CFH binds to C5. (A) CFHR1 was captured to the surface of a microtiter plate using the C-terminal (C18) or the N-terminal (JHD10) binding mAbs.
C5 or C5b6 was applied with the fluid phase, and bound proteins were detected with mAb to C5. Attachment of CFHR1 to C18 or JHD10 was verified with polyclonal CFHR1
antiserum (columns 4 and 8). In addition, binding of C5b6 to the mAb JHD10 in the absence of CFHR1 was assayed and was at background levels (column 7). Data represent
mean values = SD of 3 separate experiments. **P < .001 versus binding of C5 or C5b6 to C18-mediated CFHR1 immobilization. (B) Fermation of native CFHR1/C5
complexes in plasma was identified by immunoprecipitation. C5 antibodies were used to capture C5 complexed with CFHR1 from human plasma as shown by Western blot
using polyclonal CFH antibodies (bottom panel, lane 2, arrows) and monoclonal C5 antibodies (top panel, lane 2, arrow). CFHR1 in human plasma (HP, bottom panel, lane 3) or
plasma-purified CFHR1 (bottom panel, lane 4) shows similar mobilities. In addition, C5 in human plasma (top panel, lane 3) or purified C5 (top panel, lane 4) shows similar
mobilities compared with the immunoprecipitated C5 protein (top panel, lane 2). Eluates derived from noncoated columns incubated with HP contain neither CFHR1 (bottom
panel, lane 1) nor C5 (top panel, lane 1). The extra band in the top panel, lane 1, is considered unspecific. (C) Binding of C5 to immobilized CFHR1. CFHR1 (black line) or
CFH/SCR10-13 (gray line) was immobilized to the surface of a sensor chip and C5 (50, 150, 200, 400 nM) was added in the fluid phase. (D) Binding of C5 to immobilized
CFHR1 and CFH. CFHR1 (10 pg/mL} and CFH (30 pg/mL) were immobilized to a microtiter plate and incubated with increasing concentrations of C5 (1.5-50 pg/mL). Binding
of C5 was detected with monoclonal C5 antibodies. Co represents reactivity of the mAb C5 to immobilized CFHR1 in the absence of C5. Representative data from

2 independent experiments are shown.

stippled line). In the presence of CFH, which acts on the C3
convertase, no further progression to the level of C5 convertase
occurs (Figure 3B stippled blue line). These results show that
CFHR1 controls complement activation at the level of C5.

The inhibitory effect of CFHR1 on C5b but not C3b generation
was further investigated by analyzing surface deposition of C5/C5b
and C3b on sheep erythrocytes by microscopy. Again, CFHRI1
inhibited C5/C5b but not C3b surface deposition (Figure 3Cii.iv).
The C3 convertase inhibitor CFH affected both C3b and C5/C5b
deposition (Figure 3Ciii,vi). These results confirm that CFHRI
inhibits the C5 convertase of the alternative pathway and prevents
C5 cleavage, as demonstrated by reduction of C5/C5b deposition
and C5a generation.

To confirm the CFHR1 inhibitory effects on the C5 convertase,
the C5 convertase was generated in vitro using purified comple-
ment components. Activity of the convertase was demonstrated by
an increase of C5a levels upon incubation of convertase-loaded
sheep erythrocytes with C5 (Figure 3D column 2). Both recombi-
nant and plasma-purified CFHRI (supplemental Figure 1C) re-
duced C5a generation (Figure 3D columns 3-4). Similarly, C5
cleavage was reduced by CFH (column 5) but not by BSA (Figure
3D column 6). These results confirm that CFHR1 inhibits the C5
convertase and reduces C5 cleavage.

CFHR1 binds C5 and C5b6

CFHR1 inhibits the alternative pathway C5 convertase, therefore
direct binding of CFHR1 to C5 and to the activation product C5b6
was studied. CFHRI was captured with mAbs that bind to either
the C-terminus (C18) or the N-terminus (JHD10). C5 and C5b6

bound to CFHR1, which was immobilized via the C-terminus and
that has the N-terminal SCRs accessible (Figure 4A columns 1-2).
Reduced binding of C5 or C5b6 to CFHR1 was observed when
CFHRI was immobilized via THD10, which binds the N-terminal
epitope and has the C-terminus accessible (Figure 4A columns
5-6). These results indicate that the N-terminal region of CFHRI
binds C5 and C5b6.

To analyze interaction of CFHR1 with C5 in plasma, CFHR1/C5
complex formation in plasma was analyzed by immunoprecipita-
tion. Normal human plasma was incubated with a C5 monoclonal
antibody that was bound to a protein A matrix. Bound complexes
were eluted from the matrix, separated by SDS-PAGE, and
transferred to a membrane, and C5 and CFHR1 were identified by
Western blotting. CFHR1 forms complexes with C5 as demon-
strated by the presence of both proteins CFHR1 and C5 in the
immunoabsorbed sample (Figure 4B lane 2; compare top panel for
C5 and bottom panel for CFHRI). An eluate derived from a
CFHR1 or C5 lacking sample showed the absence of either protein
(Figure 4B lane 1, Co).

Interaction between CFHR1 and C5 was further confirmed by
surface plasmon resonance and by ELISA. CFHR1 showed binding
to C5 as indicated by dose-dependent association and reduced
dissociation of CFHR1 to C5 (black lines). In contrast to CFHRI,
the CFH fragment including SCR10-13 (gray lines) did not interact
with C5 (Figure 4C). C5 binding to CFHRI or CFH was also
measured by ELISA and demonstrated dose-dependent binding to
CFHRI1 but no interaction with CFH (Figure 4D). Thus the
interaction with C5 represents a distinct characteristic of CFHR1.
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Figure 5. CFHR1 inhibits nonenzymatic steps of the terminal complement pathway. (A) Chicken erythrocytes were incubated with C5b6 complexes (5 ng/mL) and
increasing concentrations of CFHR1, and nonlytic complement inactive defHP was added as a source for terminal complement components. MAC formation was assayed by
lyses of erythrocytes. Hemolysis was recorded after 30 minutes by measuring the absorbance at 415 nm. Increasing concentrations of CFHR1 (25-100 pg/mL) affected MAC
activity, and CFH or human serum albumin (HSA) showed no effect. Data represent mean values in percentage = SD derived from 3 independent assays. (B) MAC formation
on sheep erythrocytes was induced by incubation with C5b6, C7, C8, and C9 components and detected by hemolysis of cells (column 1). Preincubation of C5b6 with
recombinant CFHR1 (50 pg/mL) or plasma-purified CFHR1 (12.5 pg/mL) inhibited hemolysis (columns 2 and 3, respectively). CFH (12.5 pg/mL) showed no effect on MAC
formation (column 4), but vitronectin did (12.5 pg/mL; column 5). BSA (12.5 pg/mL) did not induce hemolysis (column 6). Data represent mean values + SD of 3 separate
experiments (except for plasma-purified CFHR1). (C) Inhibitory role of CFHR1 on MAC formation. CFHR1 purified from human plasma (0.1-0.3 pM) inhibited MAC formation
on the surface of sheep erythrocytes (red triangles, red line). In addition, the established MAC inhibitor vitronectin was assayed (blue diamond, blue line). CFHR1 and
vitronectin had similar activity and BSA did not affect MAC formation (black squares, black line). A representative experiment of 2 is shown.

CFHR1 prevents nonenzymatic assembly of MAC

Cleavage of C5 is the last enzymatic reaction of the complement
cascade, and MAC complexes are formed by conformational
changes and protein assembly. Therefore we asked whether CFHR 1
might inhibit MAC assembly and deposition on the lipid bilayer. To
this end, chicken erythrocytes were incubated with increasing
amounts of CFHRI together with C5b6 and added to nonlytic,
complement inactive HP deficient of CFHR1 and CFHR3, which
was used as a source for C7 to C9. MAC formation was followed
by assaying lysis of erythrocytes. CFHRI1 inhibited lysis in a
dose-dependent manner; at 70 pg/mL FHR1 reduced lysis by 38%
(Figure 5A red triangles). This inhibitory effect was specific for
CFHRI and was observed neither for CFH nor for BSA (Figure 5A
blue diamonds and black squares, respectively). These data identify
a second regulatory function of CFHRI: inhibition of MAC
assembly or formation.

This complement regulatory activity was confirmed for native
plasma-derived CFHR1 (supplemental Figure IB lanes 3 and 6).
Sheep erythrocytes, which are incubated with the terminal comple-
ment components C5b6, C7, C8, and C9, are lysed (Figure 5B
column 1). Preincubation of C5b6 complexes with recombinant
(50 pg/mL) or native (12,5 pg/mL) CFHRI proteins inhibited
hemolysis (Figure 5B columns 2-3). Similarly, preincubation of
C5b6 complexes with the MAC inhibitor vitronectin (12.5 pg/mL)
inhibited hemolysis (Figure 5B column 5). In this setup, CFH
(12.5 pg/mL; column 4) or BSA (12.5 pg/mL; Figure 5D column
6) had no effect. The inhibitory activity of plasma-purified CFHR 1
and vitronectin on MAC assembly was compared. Both proteins
were added to C5b6 and the terminal components C7, C8, and C9
and then to erythrocytes. Plasma-derived CFHR1 and vitronectin
showed similar inhibitory effects on sheep erythrocyte lysis (Figure
5C). These data demonstrate that both recombinant and plasma-
derived CFHR1 block MAC formation.

CFHR1- and CFHR3-deficient serum reduces viability of human
nucleated cells

As CFHR1 and CFHR3 deficiency increases the risk for aHUS, 2
we asked whether the lack of CFHRI in plasma may result in
enhanced complement activation on the surface of nucleated
human cells. To this end the metabolic activity of human
endothelial cells (HUVECs) upon complement challenge was
monitored after uptake of the nonfluorescent substrate resazurin
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by following the intracellular conversion to the fluorescent dye
resorufin. Cellular vitality results in a typical metabolic re-
sponse that is followed by fluorescence generation (supplemen-
tal Figure 4, HP). However, when cells were incubated in
complement active, CFHR1/CFHR3-deficient HP (defHP), de-
rived from 3 healthy individuals, cell viability was reduced, as
shown by the slower turnover of the substrate (supplemental
Figure 4, defHP). When plasma from 3 CFHRI/CFHR3-
deficient HUS patients was assayed, cell vitality and metabolic
activity were significantly reduced (supplemental Figure 4,
defHP, -aAb, HUS). These data indicate that the absence of
CFHRI and CFHR3 results in reduced cell vitality, likely due to
inappropriate control of complement activation at the surface of
nucleated human endothelial cells.

Discussion

Here we identify CFHRI1 as a novel human complement regulator.
CFHRI1 is a human plasma protein, composed of 5 SCR domains,
with 2 functional regions. The N-terminus (ie, SCR1-2) binds C5
and C5b6, and the C-terminus (ie, SCR3-5) binds C3b/C3d and
heparin and to host cells. CFHR1 is a complement regulator that
controls the activity of the C5 convertase and also assembly and
membrane insertion of MAC. This is—to our knowledge—the first
description of a regulator of the C5 convertase that does not affect
the C3 convertase. CFHR1 and CFH have almost identical
C-terminal surface binding regions and the 2 proteins bind to the
same ligands (ie, C3b and heparin) and colocalize at the surface of
endothelial cells (Figure 1C-D). This simultaneous binding sug-
gests a sequential and coordinated action at the cell surface. As
CFHR1 mutations and absence of the protein in plasma are linked
to renal and retinal diseases, such as HUS and AMD, the
characterization of CFHR1 as a complement regulator deepens our
understanding on the molecular mechanisms leading to pathology.

The CFHR 1 ¢DNA identified in 1991 represented the first member
of the group of CFH-related plasma proteins.'”'*? Each of the known
5 CFHR proteins is encoded by a unique gene, which is located adjacent
to the Factor H gene on human chromosome 1.2 The 5 CFHR proteins
show immune cross-reactivity, and individual domains have significant
sequence identity to domains of CTH. The 2 N-terminal SCRs of
CFHRI (ie, SCR1 and SCR2) show 36% and 45% sequence identity to
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SCR6 and SCR7 of CFH, respectively. The 3 C-terminal SCRs are
almost identical to the C-terminus of CFH, except for the residues 1.290
and A296 in SCR5 of CFHRI that correspond to S1191 and V1197 in
SCR20 of CFH, respectively. The CFHRI plasma concentration is
approximately 70 to 100 pg/mL (1.6 to 2.4 puM; data not shown) and
thus comparable with the concentrations of the terminal complement
components C5 to CY. Due to its association with high-density
lipoproteins,'” the concentration of CFHR1 in the circulation might
actually be higher.

CFHRI is a complement regulator acting in the late alternative
and early terminal complement pathway: (1) CFHR1 is—to our
knowledge—the first human regulator of the C5 convertase of the
alternative pathway that does not inhibit the C3 convertase. CFHR 1
at physiologic concentrations inhibits C5 cleavage and prevents
C5a generation (Figure 3). This effect is in agreement with C3b and
C5 binding, suggesting that CFHR1 binds C3b and C5 simulta-
neously and thus may contact the C5 convertase (C3bBbC3b) and
the substrate C5 at the same time.**" CFHRI regulates C5
convertase activity and inhibits further complement activation. The
physiologic effects are inhibition of C5a and C5b generation. Thus,
formation of the potent anaphylactic peptide C5a is blocked and
also MAC complex formation and cytolysis. "

(2) CFHRI, but not CFH, inhibits assembly of C5b6(7) com-
plexes and prevents surface attachment (Figures 3-5). CFHR1 may
act in concert with the soluble terminal pathway inhibitors clus-
terin®® and vitronectin.® Binding and inhibitory activity on the
C5b6 complexes is independent of convertase activity (Figure 5).
These complement regulatory functions could also be the reason
why pathogens such as Candida albicans, Aspergillus fumigatus, or
Pseudomonas aeruginosa bind CFHR1 to their surfaces.*-7

(3) The C-terminus of CFHRI, similar to that of CFH, binds to
C3b. heparin, and cell surfaces (Figure 1, supplemental Figure 2).
Thus CFHRI likely has the capacity to discriminate between self-
and foreign surfaces. The 3 C-terminal SCRs of CFHRI bind
immobilized C3b with lower affinity compared with the 3 C-
terminal SCRs of CFH (K, 6.4 X 107% vs 2.6 X 10~% M; supple-
mental Figure 2C-D). The lower affinity of CFHRI to C3b
confirms previous results that demonstrate reduced heparin and cell
surface binding of a HUS-associated CFH mutant, which encom-
passes the CFHR I -specific residues at positions 1191 and 1197.213%
CFHRI competes with CFH at a heparin surface and thus reduces
local CFH-mediated regulatory activity (Figure 1F). CFHR1 may
replace CFH at surfaces, and reduction of CFH-mediated C3
convertase inhibition is for the gain of C5 regulatory activity. This
balance may explain the opposing effects of CFHRI deficiency:
risk in HUS versus protection in AMD.

CFHR1 and CFHR3 deficiency is a predisposing factor for
aHUS,'? correlates with the presence of autoantibodies to CFH,*
and defines a new subgroup of aHUS in children termed DEAP
HUS (deficiency of CFHR proteins and CFH qutoantibody posi-
tive)."* The risk effect of CFHRI deficiency in aHUS suggests that
the coordinated action of the 2 regulators CFHR1 and CFH is
required for surface integrity in situations of complement stress.
Both CFHR1 and CFH inhibit complement activation, prevent cell
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lysis of sheep erythrocytes, and protect human endothelial cells
(Figure 2 and supplemental Figure 4). Thus the absence of CFHR1
may result in enhanced complement activation on host cell surfaces
leading to endothelial cell or platelet damage and to pathology
(supplemental Figure 5). This effect is in agreement with the recent
detection of CFHR1 in dense deposits of patients with dense
deposit disease (MPGNII), suggesting that CFHR1 plays a role in
this renal disease.’ However, additional investigations with more
patient samples are necessary to define the pathomechanism.

Deficiency of CFHR1 and CFHR3 is a risk factor in HUS, yet
has a protective effect in AMD. Currently the reasons for these
opposing effects are poorly understood. Based on the presented
data, we hypothesize that the unique functions of CFHR1 and CFH
are responsible for this difference. CFH is a regulator of the C3
convertase and promotes degradation of C3b and opsonization of a
particle with C3b that results in phagocytosis. CFHR1 controls the
later steps of the complement activation, and regulates C5 conver-
tase activity and early MAC assembly. Thus CFHR1 blocks C5a
formation and consequently inhibits inflammation. Therefore, in
the absence of CFHR1 and CFHR3, local CFH binding and activity
are increased, resulting in enhanced iC3b deposition and likely
phagocytosis of opsonized particles. In the retina, this scenario may
be advantageous for the clearance of cellular debris. The preva-
lence, especially of AMD, is growing, in the background of
increasing longevity of the population. Starting to resolve the
functional role of the disease-associated protein CFHR1 and of
CFHR3 is a further step to define the underlying biologic mecha-
nism of the complement system for the development of disorders
such as AMD, HUS, and MPGN.
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A frequent deletion of complement factor H (CFH)-related genes CFHR3 and CFHR1 (ACFHR3/CFHR1) is con-
sidered to have a protective effect against age-related macular degeneration (AMD), although the underlying
mechanism remains elusive. The deletion seems to be linked to one of the two protective CFH haplotypes
which are both tagged by the protective allele of single nucleotide polymorphism rs2274700 (CFH:A473A).
In a German cohort of 530 AMD patients, we now show that protection against AMD conferred by ACFHR3/
CFHR1 is independent of the effects of rs2274700 and rs1061170 (CFH:Y402H). This suggests a functional
role of CFHR1 and/or CFHR3 in disease pathogenesis. We therefore characterized the CFHR3 function and
identified CFHR3 as a novel human complement regulator that inhibits C3 convertase activity. CFHR3 dis-
plays anti-inflammatory effects by blocking C5a generation and C5a-mediated chemoattraction of neutro-
phils. In addition, CFHR3 and CFHR1 compete with factor H for binding to the central complement
component C3. Thus, deficiency of CFHR3 and CFHR1 results in a loss of complement control but enhances
local regulation by factor H. Our findings allude to a critical balance between the complement regulators
CFHR3, CFHR1 and factor H and further emphasize the central role of complement regulation in AMD
pathology.

INTRODUCTION

Age-related macular degeneration (AMD, OMIM #603075)
is a prevalent cause of visual impairment in older individuals
of industrialized countries (1). Several studies have identified
the complement factor H (CFH) gene on chromosome 1q31
as a major AMD susceptibility gene (2-5). At this locus,
the common single nucleotide polymorphism (SNP)

rs1061170:T=>C (Y402H) was identified as the putative risk
variant. A plethora of studies have replicated that these
initial findings and initial reports on functional consequences
of the Y402H amino acid change demonstrated reduced
heparin and CRP binding of the risk variant (6-9).
However, the potential risk modifying the role of the
common protective haplotypes at the CFH locus is still
unknown.
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A common copy number polymorphism (CNP) downstream
of CFH encompasses an 84 kb region that includes the
CFH-related genes CFHR3 and CFHRI. This CNP
(ACFHR3/CFHR1) is of particular interest as the correspond-
ing deletion is reported to exclusively occur on one of the two
common protective CFH haplotypes. This possibly highlights
an independent mechanism of action unrelated to the
CFH:His402 risk variant (10—12). It is unclear, however,
whether the deletion carrying haplotype alters AMD risk inde-
pendently of rs1061170 (10), or whether the deletion itself has
a protective effect at least partially caused by the strong cau-
sative effect of the rs1061170:C allele (11). Interestingly, the
ACFHR3/CFHRI also represents a risk factor for an auto-
immune form of the severe kidney disease atypical hemolytic
uremic syndrome, called DEAP-HUS (13,14). Most HUS
patients with this chromosomal deletion have auto-antibodies
to factor H. These auto-antibodies bind to the C-terminal
region of factor H and consequently inhibit surface binding,
resulting in inappropriate protection of endothelial cells as
well as platelets (15,16).

CFHR3 and CFHRI are members of the factor H gene
family and are located telomeric to CFH on human chromo-
some 1 (17,18). Each of the known five CFHR genes
(CFHRI1—-CFHRS5) encodes a unique plasma protein. CFHR3
and CFHRI are both composed of five domains, termed
short consensus repeat (SCR) (Supplementary Material,
Fig. SIA) (19). The last two SCRs of CFHR3 show a high
degree of amino acid identity to SCR6 and SCR7 of factor
H (96%) and the three C-terminal SCRs of CFHRI have
almost the identical amino acid sequence as SCRI18-20 of
factor H (98%), indicating related functions of the CFHR pro-
teins. CFHR3 is a human plasma (HP) protein, which is
expressed in four glycosylated forms with molecular masses
ranging from 45 to 56 kDa. Similarly, CFHRI appears in
two glycosylated forms of 41 and 43 kDa (Supplementary
Material, Fig. S1B) (20,21). The plasma concentration of
CFHR3 is 50-80 pg/ml (1-1.6 pm) (data not shown) and
that of CFHR1 70-100 pg/ml (1.6—2.4 pm) (7). CFHRI is
associated with high-density lipoproteins and therefore the
concentration of CFHRI1 in the circulation might be even
higher (22). CFHRI represents a complement regulator that
acts downstream of factor H by inhibiting the C5 convertase
and the assembly and membrane insertion of the terminal
complement complex (TCC) (7,23). CFHR1 lacks cofactor
and decay accelerating activity on the C3 convertase. The
specific function of CFHR3 is currently unknown.

By completing our previously established case—control data
set of CFH haplotypes with the CNP genotypes, we specifically
were interested to correlate the common CFH haplotypes with
the ACFHR3/CFHRI data. To further determine the impact of
the CNV and polymorphisms on AMD risk, we also included
rs1061170 and rs2274700:G>A (CFH:A473A), two of the
most pronounced factor H risk determinants in a logistic
regression calculation (3,4,10,24,25). As ACFHR3/CFHR1 rep-
resents an excellent candidate for a functional variant, we
further aimed to define the function of the CFHR3 protein,
identify its role in complement activation and compare the
function of CFHR3 with that of CFHRI1 and factor H.

We now confirm that ACFHR3/CFHRI confers a reduced
risk for AMD. Furthermore, we show that this protective
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effect is independent of both risk variants rs1061170 and
rs2274700, indicating a functional role of CFHR3 and/or
CFHR1 in AMD. Subsequent investigations identified
CFHR3 as a novel human complement regulator of the C3
convertase that acts in concert with CFHRI and factor
H. Imbalances between CFHR3, CFHRI and factor H levels
may have functional effects and shift the delicate balance of
complement control and activation. Such an imbalance may
explain the risk-modifying character of one of the protective
haplotypes, namely ACFHR3/CFHRI.

RESULTS

ACFHR3/CFHRI is in strong linkage disequilibrium with
CFH SNPs rs1061170, rs2274700 and rs412852

To assess linkage disequilibrium (LD) between CFH SNPs
and ACFHR3/CFHRI, we resorted to CFH genotypes deter-
mined previously in 110 AMD patients and 67 controls (26)
and additionally established the CNP status for ACFHR3/
CFHRI by multiplex ligation-dependent probe amplification
(Supplementary Material, Table S1). In this cohort, we
observed LD between the three CFH SNPs such as
rs1061170, rs2274700, rs412852 and ACFHR3/CFHRI but
not between ACFHR3/CFHRI and SNPs such as rs800292,
rs1048663 and rs11582939 (Fig. 1) (26).

Haplotype analysis revealed ACFHR3/CFHRI to occur pre-
dominantly on one of the two protective haplotypes (P2) (Sup-
plementary Material, Table S2) confirming previous studies
(11,12). To further dissect the dependencies between
ACFHR3/CFHRI and the major risk variant rs1061170 as
well as the major protective variant rs2274700 (3,10,24,25),
we increased the sample size by genotyping an additional
420 AMD patients and 246 matched controls for ACFHR3/
CFHRI and the two SNPs rs1061170 and rs2274700. The fre-
quency of ACFHR3/CFHRI in the combined sample of 530
AMD patients and 313 control individuals was in perfect
agreement with the data reported by Schmid-Kubista ef al.
(11) (Supplementary Material, Table S1). Rare findings of del-
etions of CFHR3 only and of CFHRI only as well as dupli-
cations of CFHR3/CFHRI and CFHRI alone were identified
and were consistent with previous reports (11,27) (Supplemen-
tary Material, Table S1). Individuals with gene duplications
(n = 3) were excluded from further analyses.

ACFHR3/CFHRI is protective to AMD

Logistic regression analysis confirmed the reported protective
effect of ACFHR3/CFHRI in the additive model [odds ratio
(OR) = 0.36 (0.26-0.48), P, =3.6 x 107'"]. When con-
ditioned for rs1061170, the effect remained statistically sig-
nificant and showed association with a reduced risk for
AMD [OR=0.50 (0.35-0.69), P.4=3.5x 107°], even
after including rs2274700 [OR = 0.67 (0.45-0.99), P.g =
0.044] (Table 1). Interestingly, when considering the CFHR3
and CFHRI deletions separately, i.e. by adding individuals
with ACFHR3 only or ACFHRI only, we detected a stronger
effect for ACFHRI compared with ACFHR3 throughout the
analyses (Table 1).
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Figure 2. CFHR3 is a complement regulatory protein. (A) Factor H-depleted plasma was incubated with CFHR1 (80 pg/ml, 1.6 wm), CFHR3 (80 pg/ml,
1.8 pm), factor H (80 pg/ml, 0.5 pm), vitronectin (80 pg/ml, 1 pm) or with BSA (80 pg/ml) before addition of sheep red blood cells. Complement activation
was determined by measuring hemolysis of erythrocytes at an absorbance of 415 nm. Data represent mean values of four independent assays. Hemolysis in
depleted plasma with BSA was set to 100%. **P << 0.01. (B) Decay of the C3 convertase by CFHR3 was determined by incubation of C3b with factor B
and factor D in the presence of increasing concentrations (0-50 wg/ml) of CFHR3 (01 pwm, triangles), CFHR1 (0-1.16 s, squares), factor H (0-0.32 p,
diamonds), or BSA (crosses) and determination of bound factor Bb using a standard ELISA. Mean values + standard deviations of three independent exper-
iments are shown. (C) C3 convertase was generated by incubation of C3b with factor B, factor D and properdin and cleavage of C3 was followed in the presence
of increasing concentrations (10—100 pg/ml) of CFHR3 (0.2—-2 pm), CFHRI (0.23-2.33 pm), factor H (0.06—0.64 pum) or BSA as indicated, by measuring gen-
eration of C3a by ELISA. Controls represent fluorescent signals of antibody binding to C3a or C3. Data represent mean values of three independent measure-
ments. Standard deviations are shown. (D) C3b was incubated with factor I in the presence of 0.4 py CFHR3 (lane 1) or 1.6 pv CFHR3 (lane 2), 0.4 pyv CFHR1
(lane 3) or 1.8 wm CFHRI (lane 4), 0.002 pwm factor H (lane 5) or 0.006 pm factor H (lane 6), or without additional proteins (lane 7). Probes were separated by

SDS—PAGE and immunoblotted using polyclonal C3b antiserum. Cleavage products of the C3b o' chain are indicated by arrows.

CFHR3 and CFHRI1 compete with factor H for binding
to C3b

As CFHR3 like CFHR1 and factor H binds to C3b, we asked
whether CFHR3 and CFHR1 affect factor H binding to C3b.
Binding of constant amounts of factor H was assayed in the
presence of increasing concentrations of CFHR3 or CFHRI.
C3b bound proteins were quantified by ELISA using specific
antibodies. CFHR3 competed with factor H, as indicated by
decreased binding of factor H and increased binding of
CFHR3 to C3b (Fig. 4A). Similarly, CFHR1 dose-dependently
reduced factor H binding to C3b (Fig. 4B). Thus, CFHR3,
CFHRI and factor H, which bind to the same ligand C3b,
compete for binding. This result also suggests a competitive
binding to C3b in plasma.

CFHR3 and CFHRI reduce factor H-mediated
complement control

Based on the competitive binding of CFHR3, CFHR1 and
factor H to C3b, we hypothesized that the absence of
CFHR3 and CFHRI in plasma influences factor H binding
to C3b and thereby enhance complement regulation. Thus,
decay acceleration activity of factor H was determined upon
increasing the concentration of CFHR3 or CFHRI, which

can replace factor H in C3b binding but which do not dis-
sociate the C3 convertase. Decay acceleration activities were
measured by bound factor Bb to the preformed C3 conver-
tases. Fragment Bb binding was significantly increased when
CFHR3 or CFHR1 was incubated with the preformed conver-
tases in the presence of constant amounts of factor H (Fig. 4C).
Thus, CFHR3 and CFHR1 meodulate the C3 convertase activity
in HP. In addition, the C3a level increased with elevated
amounts of CFHR3 or CFHRI in ACFHR3/CFHRI1 plasma,
but the level was reduced when factor H was added (Fig. 4D).

The modulating effect of CFHR3 and CFHR1 on comp-
lement activation was also tested in hemolytic assays using
ACFHR3/CFHR1 plasma, chicken erythrocytes and increasing
concentrations of CFHR3 or CFHR1. CFHR3 and CFHRI sig-
nificantly increased hemolysis of erythrocytes when compared
with factor H or BSA (Fig. 4E).

DISCUSSION

Here, we show that the common CNP ACFHR3/CFHRI on
chromosome 1qg32 is protective for AMD. Moreover, we
demonstrate that this effect is independent of the two promi-
nent factor H risk determinants rs1061170 (CFH:Y402H, cau-
sative) and rs2274700 (CFH:A473A, protective). Functional
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Table 2, CFHR3, CFHRI and factor H exert specific complement regulatory
activities

Activity CFHR3 CFHR1 Factor H
Decay acceleration activity — 4

C3 convertase activity = - et
Cofactor activity + - +

C5 convertase activity (+) + (+)
TCC inhibition nd + _

‘7, effect; ‘—7, no effect; nd, not determined; ‘()’, secondary effect.

analyses allocate the risk-modifying mechanism of the CNP to
the local balance between CFHR3, CFHR1 and factor H in
complement regulation. CFHR3 and CFHRI proteins are
both complement regulators. CFHR3 acts as cofactor for
factor 1 in inactivating C3b and CFHRI1 inhibits the C5 con-
vertase and the terminal complement pathway. Both CFHR3
and CFHRI lack decay acceleration activity. The three pro-
teins CFHR3, CFHR1 and factor H bind to similar sites on
C3b and thus CFHR3 and CFHRI1 compete with factor H
for C3b binding. As a consequence, a homeostatic balance
between CFHR3, CFHR1 and factor H determines comp-
lement activity which subsequently influences inflammation
and progression of AMD.

The homozygous deletion of a chromosomal segment that
includes gene loci CFHR3 and CFHRI results in a complete
deficiency of the corresponding proteins in plasma and was
suggested a functional candidate for one of the two common
protective CFH haplotypes (10,13). Furthermore, the associated
AMD risk reduction in the corresponding haplotype was
reported to be independent of the causative SNP rs1061170
which was confirmed in subsequent studies (12,28). These
studies, however, indirectly assessed the impact of the deletion
through its corresponding protective CFH haplotype. Most
recently, Schmid-Kubista et al. (11) directly genotyped the
ACFHR3/CFHRI in 252 AMD patients and 249 controls via
MLPA. They confirmed that ACFHR3/CFHRI occurs on a
single common protective CFH haplotype and the authors
reasoned that the protective effect of ACFHR3/CFHRI may
be partially explained by the absence of the rs1061170:C
(His402) risk variant. When conditioning for rsl1061170,
Schmid-Kubista ef al. (11) could not detect a statistically sig-
nificant association between ACFHR3/CFHRI and AMD,
thereby contradicting the findings of Hughes et al. (10).

In the present study, we genotyped ACFHR3/CFHRI in a
large cohort of 530 AMD patients and 313 control persons,
This provides sufficient statistical power, allowing the detec-
tion of an AMD protective effect of ACFHR3/CFHRI which
remained statistically significant even after conditioning for
rs1061170 and/or rs2274700. As a consequence, our findings
suggest that ACFHR3/CFHRI by itself is an AMD risk
factor independent of the known factor H variants.

Earlier studies defined rs2274700 as a major risk variant (3,
25), however our results clearly show that the minor allele of
rs2274700 exerts a protective effect and occurs on two
common protective haplotypes, but not on the common
neutral or the common risk haplotypes. This is well in agree-
ment with studies by Hughes et al. (10) and Spencer et al. (12)
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Figure 3. CFHR3 and CFHR inhibit C5a generation and complement-
mediated chemotaxis of neutrophils. (A) CFHR3 inhibits complement acti-
vation and generation of C5a. Factor H-depleted plasma was incubated with
CFHRI1 (80 pg/ml, 1.6 pm), CFHR3 (80 pg/ml, 1.8 pm), factor H (80 pg/ml,
0.5 pm) or BSA and added to sheep red blood cells. C5a generation was deter-
mined by standard ELISA. Data are mean + standard deviation of four inde-
pendent experiments. C5a generation in BSA-treated plasma was set to 100%.
(B) CFHR3 and CHFRI inhibit complement-mediated migration of neutro-
phils. Serial dilutions of factor H-depleted plasma incubated with CFHRI
(1.6 M), CFHR3 (1.8 pwm), factor H (0.5 wm) or BSA were assessed for
their potency to drive migration of BM-derived neutrophils. Data are
mean + standard deviation of three independent experiments and five
measurements of each dilution, ***P << 0.001. Migration of neutrophils in
response to factor H-treated plasma + buffer (1 x PBS) was set 100%.

1:32

who analyzed among other factor H variants, SNPs that were
in high LD with rs2274700 (r2 > 0.8) (25,29). Interestingly,
when comparing the absolute effect sizes, rs2274700 appears
to exceed the effect of rsl061170 (2.8-fold versus 2.2 risk
alteration, respectively). Considering the minor allele frequen-
cies of both risk variants revealed similar magnitude in the
control sample (rs1061170: 40.6% versus rs2274700: 43.4%)
thereby elevating this protective variant to the major risk
determinant of this locus. Our association data suggest that
the deletion or its tagged P2 haplotype explains part of the pro-
tective effect of rs2274700. Consequently, the remaining risk
reduction might be due to the second protective haplotype
P1 and eventually to its putatively functional SNP rs800292
(CFH:162V). Nevertheless, we cannot exclude that both pro-
tective haplotypes together tagged by rs2274700 share a so
far unknown, functional variant.

The ACFHR3/CFHRI deletion as an independent protective
factor for AMD pathology suggests that CFHR3 and/or
CFHR1 protein function confers risk to AMD. Therefore, we
characterized CFHR3 functions and investigated how the
absence of CFHR3 and CFHRI proteins alter AMD risk.
Here, we identify CFHR3 as a novel human complement reg-
ulator. CFHR3 acts as a cofactor for the serine protease factor
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Figure 4. Competition between CFHR3, CFHRI and factor H to C3b binding, C3 convertases and hemolytic activity in HP. (A) CFHR3 (triangles) or
(B) CFHR1 (squares) replace factor H (diamonds) in C3b binding. Increasing amounts of CFHR3 (0.02-0.53 pm) or CFHRI (0.03-0.61 pum) were incubated
with constant amounts of factor H (0.03 pm) bound C3b. CFHR1 and factor H antibodies do not cross-react with C3b (co). Results represent mean values + SD
of three measurements. (C) C3 convertase was generated by C3b, FD and FB and properdin and decay acceleration was followed by factor Bb binding after
incubation with constant amounts of factor H (0.03 pm) and increasing concentrations of CFHR3 (0.02—0.53 pm) or CFHR1 (0.03—0.61 pm), compared
with BSA. Mean values + standard deviations of six experiments are shown. **P < (.01 compared with buffer (100%). (D) ACFHR3/CFHR1 plasma C3 con-
vertase activity was modulated under increasing concentrations (20 and 40 pg/ml) of CFHR3 (0.4 and 0.8 pm) or CFHR1 (0.46 and 0.93 pum). Factor H (0.13 and
0.26 M) reduced C3a generation, but CFHR1 or CFHR3 enhanced C3a generation. BSA had no effect. Representative blot from three independent experiments
is shown. (E) ACFHR3/CFHR1 plasma was incubated with chicken erythrocytes in the presence of increasing amounts (0—50 pg/ml) of recombinant CFHR1
(0—1 pum, squares), CFHR3 (0—1.16 wm, triangles), factor H (0-0.32 pwm, diamonds) or BSA (crosses). Hemolysis of erythrocytes was determined by measuring
absorbance at 415 nm. Increasing concentrations of CFHR increased hemolysis of chicken erythrocytes, in contrast to addition of similar amounts of factor H or

BSA. Data represent results from three experiments. *<<P = 0.05, **P << 0.01, compared with BSA.

I for degradation and inactivation of C3b. However,
CFHR3-mediated cofactor activity is lower as that of factor
H. Previous studies reported very low or no cofactor activity
of CFHR3 alone, but an enhanced effect on cofactor activity
of factor H (30). However, in these studies, radio-labeled
C3b was used and possibly the labeling reaction affected con-
formation of the C3b molecule and consequently modified
binding properties with interacting proteins. Wu er al. (31)
reported that minor changes (e.g. single amino acid
exchanges) induced conformational changes in C3b and alter
binding characteristics, which have been reported for the
severe kidney disease HUS (32).

CFHR3 displays cofactor activity for the serine protease factor
I and inhibits hemolysis of sheep red blood cells in HP. Nor-
mally, sheep red blood cells are protected from complement-
mediated lysis by attaching human factor H, CFHR3 and
CFHRI to their surface. However, sheep erythrocytes were
lysed when incubated in factor H (also CFHR3 and CFHRI1)
depleted, complement active HP. In this setup, CFHR3

reduced hemolysis of red blood cells in a dose-dependent
manner, which verifies the complement regulatory role of
CFHR3. The plasma concentration of CFHR3 is 5080 pg/ml
(1-1.6 pm) (data not shown) and similar to CFHR1 (7).
CFHR3 and CFHR1 show inhibitory activities on hemolysis
of sheep erythrocytes, however these effects are less pro-
nounced than those of factor H. The lower activities are
explained by lack of decay acceleration activity by CFHR3
and CFHR1. CFHR3 has cofactor activity and regulates the
C3 convertase by promoting cleavage of C3b by factor
I. Thus, CFHR3 as regulator of the C3 convertase and
CFHRI1 as regulator of the C5 convertase and the terminal
complex inhibit complement activation at different levels.
Despite these different regulatory actions, both proteins
block the generation of the complement activation product
(C5a and subsequently inhibit chemoattractance of neutrophils.
Therefore both CFHR3 and CFHRI have anti-inflammatory
activities. However, higher concentrations of CFHR3 and
CFHRI are necessary to obtain the same level of inhibition
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as with factor H. Thus, deficiency of CFHR3 and CFHRI in
plasma due to genetic deletion of the encoding genes can
result in a loss of complement regulatory functions.

How can such a loss of regulatory functions be protective to
AMD? As shown in this study, CFHR3 and also CFHRI1
compete with factor H for binding to C3b and thereby modu-
late local factor H-mediated complement activity. A similar
replacement effect of factor H binding to C3b has been
reported for a C-terminal fragment of factor H (ASCR19-20)
(33). We conclude that binding of factor H to C3b is increased
in case of CFHR3/CFHR1 deficiency. As factor H is a very
potent regulator that exerts at least two regulatory functions,
decay acceleration and cofactor activity, increased factor H
binding to C3b also enhances complement regulation on the
level of C3 convertase. This enhanced regulation by factor
H is confirmed in hemolytic assays with CFHR3- and
CFHR1-deficient HP. Addition of CFHR3 or CFHR1 enhances
hemolysis of erythrocytes in contrast to the addition of factor
H. However, these proteins represent complement regulators
of the C3- and C5 convertase (Table 2) and presumably regulate
complement activation at specific locations and ensure inacti-
vation of the complement activation cascade. That deficiency
of CFHRI and CFHR3 results in a loss of regulatory functions
is concluded as in DEAP-HUS this deficiency predisposes to
the development of auto-antibodies to factor H in early ages
(13,14). In HUS, ACFHR3/CFHRI is frequently associated
with the presence of factor H auto-antibodies; however, a
small fraction of HUS patients show CFHR3/CFHR1 deficiency
but lack auto-antibodies to factor H. At present it is unclear, why
in this group of patients the CFHR3/CFHR1 deficiency increased
the risk for atypical HUS. Presumably CFHR3 and CFHRI1
deficiency is combined with an unknown complement enhancing
factor in these patients,

Two CFHRI variants with three amino acid exchanges in
SCR 3 (H36.1-YVQ and H36.2-HLE) were initially identified
(20). The H36.1-YVQ variant has now been associated with an
enhanced risk for the development of HUS (27). The
H36.1-YVQ resembles the sequence of SCR 18 of factor H
and is supposed to replace factor H from C3b with higher effi-
ciency than the H36.2-HLE variant. Whether the frequency of
the two CFHRI1 variants also affects the risk of AMD has not
been determined yet.

In summary, this study provides evidence that ACFHR3/
CFHRI represents a loss of two complement regulators and
affects local factor H binding, which results in increased
factor H-mediated regulation. This is in agreement with our
genetic data, which demonstrate that ACFHR3/CFHRI
confers a protective effect against AMD development inde-
pendent of the sequence variants of factor H. Thus, comp-
lement regulation predominantly by factor H acting at the
level of C3 convertase is an advantage in the retina, but the
imbalance among the regulators may also create novel risk
factors for autoimmune diseases.

MATERIALS AND METHODS
Subjects and clinical assessment

Cases and controls were recruited at the Department of Oph-
thalmology, University of Bonn (112 cases, 68 controls) (26)
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and at the University Eye Clinic Wiirzburg (418 cases, 245
controls) (Frankonian AMD Study) (34). The total study com-
prised 530 non-familial AMD patients and 313 unrelated
control individuals. The mean age at examination was 78.0
years for AMD patients (SD, 6.6 years; range: 56—95 years)
and 77.2 years for controls (SD, 6.7 years; range: 60-99
years). The control subjects were free of macular changes
such as drusen, pigmentary alterations or diabetic maculopa-
thy. The study was approved by the Ethics Committee of the
University of Wiirzburg and the University of Bonn and
adhered to the tenets of the Declaration of Helsinki. All sub-
jects were informed as to the nature of the study and signed
a written consent prior to blood withdrawal.

Genotyping

Genomic DNA was extracted from peripheral blood leuko-
cytes according to established protocols. SNP genotyping
was done by direct sequencing of PCR products:
rs1061170:T>C with forward primer 5'-ATTTATCATTG
TTATGGTCCTT-3' and reverse primer 5-GGTAAAACAA
GGTGACATAAA-3', 1s2274700:G> A with forward primer:
S'-TGTTATTGATCATATGCTTGTCTTTT-3' and reverse
primer: 5-GCTTTGTTCCTGCAGGTTTT-3'. Direct sequen-
cing was performed with the ‘Big Dye Terminator Cycle Sequen-
cing Kit Version 1.1” (Applied Biosystems) according to the
manufacturer’s instructions. Reactions were analyzed with an
‘ABI Prism Model 3130x1 Sequencer’ (Applied Biosystems).
To test for genotyping accuracy, 3.5% of all genotypes were
assessed in duplicate and showed 100% concordance.

Multiplex Ligation-dependent Probe Amplification
(MLPA™)

We performed the MLPA assay ‘SALSA MLPA KIT P236-Al
ARMD’ according to the manufacturer’s instruction
(MRC-Holland, Amsterdam, The Netherlands). We used
150 ng DNA per sample at a concentration of 30 ng/pl. Four
controls without the deletion of CFHR3 and CFHRI, a nega-
tive control (no DNA) and two duplicates were included in
each experiment. Fragment analyses were performed on ABI
Prism Model 3130x1 Genetic Analyzer (Applied Biosystems).
CNVs were determined using ‘SeqgPilot Version 3.2.1.55” with
the corresponding MLPA module and the default settings (JSI
Medical Systems, Kippenheim, Germany). All duplicates
resulted in concordant findings.

Statistical analysis

Deviations from Hardy-Weinberg equilibrium (HWE) were
assessed for statistical significance using PLINK v1.07 (http://
pngu.mgh harvard.edu/purcell/plink/) (35); all genotypes were
in HWE (P = 0.001). Pairwise LD coefficients »* and D' were
calculated using Haploview 4.2 (www.broad.mit.edu/mpg/hap
loview) (36). Haplotype and genotype frequencies were
calculated with UNPHASED 3.1.2 (http://www.mrc-bsu.
cam.ac.uk/personal/frank/software/unphased/) (37). Logistic
regression analysis and conditional analysis were performed
assuming a log-additive genetic model implemented in
PLINK v1.07.
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Significant differences between two data groups in chemo-
taxis and binding assays were analyzed by the unpaired
t-test. Values of *P<0.05, **P<0.01, ***P<0.001 were con-
sidered statistically significant.

Recombinant proteins and western blot analysis

Recombinant CFHR3 was expressed with the bacculovirus
system as described (30) and CFHRI! in Pichia pastoris
(7,38). All proteins were purified by Nickel chelate affinity
chromatography (7). Recombinant proteins were separated
by SDS—-PAGE and visualized by silver staining. Normal
HP and CFHRI and CFHR3 deficient plasma (ACFHR3/
CFHR1) were obtained from healthy volunteers, Jena,
Germany, upon informed consent. Depletion of factor H and
CFHR1 and CFHR3 was performed as described earlier (7).
Briefly factor H-depleted HP was prepared by immuno-
absorbance of factor H from normal HP (NHS). Polyclonal
factor H antiserum (Merck Biosciences) was covalently
coupled to a lml HiTrap NHS (N-hydroxy succimide)
column (GE Health Care) and incubated with NHS. Factor
H depletion was confirmed by western blotting. HP was
separated by SDS—PAGE, transferred to a membrane and
immunoblotted using polyclonal antiserum to CFHR3 and
CFHRI as previously described (19). Vitronectin was pur-
chased from BD Biosciences, C3b, C3d, factor H and Factor
I from Comptech. A monoclonal antibody (4H9) to CFHR3
was generated.

Cofactor assay

Cofactor activity CFHR3, CFHR1 and factor H was analyzed
by measuring factor I-mediated degradation of C3b following
SDS—-PAGE and western blot analysis. CFHR3 or CFHRI (5
or 20 pg/ml, 0.1 or 0.4 um) or factor H (0.4 or 1 pwg/ml,
0.002—0.006 pm) were incubated with C3b (1 pg) and FI
(0.1 pg) were added and cofactor activity was determined.
C3b degradation products were visualized by using C3 anti-
serum (Comptech).

Hemolysis assays

CFHR3 (80 pg/ml, 1.6 um), CFHRI (80 pg/ml, 1.8 pm),
factor H (80 pg/ml, 0.5 pm), vitronectin or BSA (each
80 pg/ml) was added to factor H- and CFHR3/
CFHR1-depleted plasma (30%) and incubated at 37°C for
20 min with about 2 x 10" sheep erythrocytes in activation
buffer C (20 mm Hepes, 144 mm NaCl, 7 mm MgCly, 10 mm
EGTA, pH 7.4). Supernatants were recorded at 415 nm. In
similar experiments, generation of complement activation pro-
ducts C3a and C5a was followed by ELISA (Quidel, DRG
Diagnostics). Increasing amounts (1-50 pg/ml) of CFHR3
(0.02—1 pm), CFHR1 (0.02-1.16 pm), factor H (0.006—
0.32 jum) or BSA were added to CFHR 1- and CFHR3-deficient
plasma from a healthy donor (20%) and incubated for 20 min
at 37°C with chicken erythrocytes (5 x 10°) which are more
sensitive to hemolysis than sheep erythrocytes. Supernatants
were recorded at 415 nm.

Chemotaxis assay

To obtain BM-derived neutrophils, femurs, tibias and humeri
of BALB/c mice were flushed with sterile PBS. The migration
of BM-derived neutrophils was determined using a 48-well
microchemotaxis chamber (Neuro Probe) with polycarbonate
filters (pore size, 3 pwm). Two-fold serial dilutions (1:2 to
1:64) of CFHR3 (80 pg/ml, 1.6 pwm), CFHRI (80 pwg/ml,
1.8 pm) or factor H (80 pg/ml, 0.5 pm)-treated human factor
H deficient plasma activated by addition of sheep red blood
cells were wused and diluted using 2% BSA-GBSS
(Sigma-Aldrich). Thirty microliters of the diluted plasma
were added to the lower well to act as a chemoattractant for
50 ul of neutrophils (107 neutrophils per milliliter suspended
in 2% BSA-GBSS buffer), which were added to the upper
wells. Cells were allowed to migrate for 30 min at 37°C.
Membranes were separated, fixed with methanol and stained
with Diff-Quick (BaxterDade). The numbers of neutrophils
per square micrometer migrating to the lower surface of the
membrane were determined microscopically (=20 high
power fields, x32 magnification).

ELISA

To investigate CFHR3 regulation of the C3 convertase, the C3
convertase was generated by incubation of C3b (5 pg/ml) and
C3 (50 pg/ml) with factor D (2.5 pg/ml), properdin (2.5 pg/
ml) and factor B (5 pg/ml) in activation buffer C (20 mm
Hepes, 144 mm NaCl, 7mm MgCl,, 2mm NiCl,, 10 mm
EGTA, pH 7.4). Activity of C3 convertase was determined
by C3a generation after incubation of constant amounts of
C3 (50 pg/ml) and increasing concentrations of CFHR3 (25
and 50 pg/ml, 0.5 and 1 pm), factor H (50 pg/ml, 0.32 pm)
or 25 pg/ml human serum albumine (HSA). C3a concen-
trations were determined by ELISA (Quidel, USA). For the
determination of C3 cleavage in plasma, ACFHR3/CFHRI
plasma (10%) was incubated with 20 or 40 pg/ml of CFHR3
(0.4 or 0.8 pm), CFHR1 (0.46 or 0.93 pm), factor H or BSA
in complement activation buffer C. C3a generation was fol-
lowed by western blot analysis.

In competition assays, C3b (5 pg/ml) was immobilized to
the surface of a microtiter plate (nunc maxisorb) and incubated
with constant amounts of factor H (5 pg/ml, 0.03 pm) and
increasing concentrations of 1-30 pg/ml of CFHR3 (0.02—
0.6 pm) or CFHR1 (0.02-0.69 pm) or BSA, or CFHRI1 plus
CFHR3 (each 1 to 20 pg/ml, 0.02—-0.46 pm). To reflect phys-
iological conditions, molar ratios of the proteins were used
(factor H:CFHR of 1:0.27). Binding of the proteins to C3b
was analyzed by flow cytometry using factor H SCR 1—4 anti-
serum (Alexis, Switzerland) for detection of factor H, mono-
clonal JHD10 (7) for detection of CFHR1 and monoclonal
antibody 4H9 for detection of CFHR3.

For the determination of the decay acceleration activity of
CFHR3, C3 convertases were formed with recombinant pro-
teins on a microtiter plate surface by immobilization of C3b
(10 pg/ml) and incubation with factor B (5 pg/ml) and
factor D (2.5 wg/ml) generated under increasing concen-
trations (150 pg/ml) of CFHR3 (0.02—1 um), CFHRI
(0.02-1.16 pm), factor H (0.006—0.32 M) or BSA in acti-
vation buffer C (20 mm Hepes, 144 mm NaCl, 7 mm MgCl,,
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2 mwm NiCly, 10 mm EGTA, pH 7.4). Decay acceleration was
measured by determination of bound factor Bb to the formed
C3 convertases using factor B antibodies (Comptech). Simi-
larly, Bb binding was determined after constant amounts of
factor H (5 pg/ml, 0.03 wm) together with increasing
amounts (1-20 pg/ml in a molar ratio of factor H:CFHR of
1:0.27) of CFHR1 (0.02—0.4 pm) or CFHR3 (0.02-0.46 pm)
were incubated with the assembled C3 convertases.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Based on the increasing number of
complement associated human diseases there
is growing need for new complement
inhibitors. Here we design and generate a
novel complement inhibitor that links the cell
surface recognition region of the human
complement regulator Factor H with the
established C3  inhibitor = Compstatin.
COMP_CFH15-20 which is composed of
SCR15-20 of Factor H and the Compstatin
sequence was expressed in yeast cells. The
hybrid protein has several C3 interaction
regions as shown by ELISA and surface
plasmon resonance. This new inhibitor blocks
complement amplification in fluid phase as
shown by hemolytic assays using both rabbit
and sheep erythrocytes. In addition the C-
terminal surface recognition region targets the
inhibitor to the surface of damaged nucleated
cells, such as CHO cells upon complement
challenge with complement active human
serum that was depleted for the Factor H.
Similarly the new inhibitor also binds to the
surface of mnecrotic cells and blocks
complement activation, as demonstrated by
deposition of the activation fragment CSb on
the necrotic surfaces. Thus, this new tagged
complement inhibitor which allows targeted
complement control at sites of immune stress
lacks adverse effects occurring upon systemic
complement inhibition. Thus COMP_CFH15-
20 is a promising complement inhibitor whose
therapeutic potential should be analysed in
more detail.

The complement system is a central part of the
innate immunity and an essential element for the

elimination of invading microbes, clearance of
damaged self cells, cellular homeostasis and also
for modulating the adaptive immune response (1-
3). Activation of the complement system occurs
via three major pathways, the alternative pathway
(AP), the classical pathway (CP) and the lectin
pathway (LP). Once activated by immune
complexes, by the inflammatory marker CRP or
by carbohydrates the CP or LP form an
amplification loop which utilizes the C3
convertase of the AP . The initial steps of the AP
activation are non-discriminatory and occur on
any surface. In its default setting, C3b is
spontaneously and continuously activated by a
“tickover” of C3 (4). In an uncontrolled manner
the generated activation products have disastrous
effects, initiate inflammation and form potent
immune effector molecules. From side of the host
this activation, in particular the activated effector
compounds, must be targeted onto the surface of
foreign invaders, (e.g. microbes) or to damaged
self cells and need to be restricted on host
surfaces (5). To this end the vertebrate organism
uses a battery of potent and highly specific
regulators and inhibitors that discriminate
between activator- and non-activator surfaces.
These regulators are distributed in fluid phase,
such as plasma and body fluids or are expressed
as integral membrane proteins to form non-
activator surfaces (6, 7).

Factor H, the key regulator of the AP, is a
150 kDa abundant plasma protein that regulates
the AP in fluid phase and that also attaches to
cellular surfaces (8). Factor H is composed of 20
consecutive protein domains, termed short

1
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consensus repeats (SCRs). The protein has two
central functional regions located at the opposite
ends of the protein (9). The four N-terminal
domains SCR1-4 modulate the activity of the AP
C3 convertase C3bBb (10, 11), the C-terminus,
represented by SCR18-20, forms the central
surface attachment and recognition region. This
part of the protein contacts cellular surfaces via
glycosaminoglycans, binds to heparin, and also to
C3b and to C3d (12, 13). Factor H uses the C-
terminal attachment region to bind e.g. to renal
endothelial cells and to the glomerular basement
membrane of the kidney or to the surface of
retinal pigment epithelial cells and the Bruch’s
membrane of the retina. This recognition of self
surfaces via the C-terminus is highly specific and
directs the complement inhibitor to self surfaces
where complement activation is initiated. Thus,
by C-terminal binding of surfaces Factor H
controls complement activation and discriminates
precisely between activator- and non-activator
surfaces (14).

The relevance of this surface attachment is
highlighted by diseases associated with gene
mutations within this region that result e.g. in the
renal disease of atypical hemolytic uremic
syndrome (aHUS). The majority of aHUS-
associated gene mutations cluster in the C-
terminal  surface attachment region and
consequently reduce Factor H surface binding
(15, 16). Furthermore in the autoimmune DEAP-

HUS  subform, Factor H autoantibodies
specifically bind the C-terminal region of
Factor H and consequently block surface

attachment(17). In the renal disease of type II
membranoproliferative glomerulonephritis
(MPGN II), the absence of Factor H results in
local, uncontrolled complement activation onto
the glomerular basement membrane and in
pathology (18). Thus proper targeting of Factor H
via the C-terminal surface attachment region is
central for integrity of host tissues. Inappropriate
binding or targeting is associated with enhanced
local complement activation at cellular and
biological surfaces and causes immune stress as
well as uncontrolled inflammatory reactions and
further damage (19).

Given the central role of complement for
tissue  homeostasis and for  controlling
inflammation any defective regulation of this
cascade enhances cellular damage and can cause
pathology (20). Understanding these disease

mechanisms is relevant for therapeutic
intervention. The various diseases scenarios
demonstrate the need for a targeted complement
control at sides that are wvulnerable for
complement-mediated damage. Local and
targeted modulation of the complement is
therefore a promising and attractive option for
therapy (21-23). One major issue of complement
control is whether inhibition is achieved
systemically or locally.

Despite these first therapeutic
achievements, applications of systemically acting
complement inhibitors have potential side effects
or hazards. Side effects due to systemic
complement inhibition, in particular during long-
term therapy or in immunocompromised patients,
blocks any beneficial effects of the activated
complement cascade such as the control of
cellular homeostasis and the clearance of
infectious agents/microbes. This may form a
favorable environment for infectious microbes,
allows inappropriate processing of immune
complexes and developing of an inappropriate
humoral immune response (24). Therefore an
additional and highly relevant strategy is to target
complement inhibitors to specific sites, i.e. to the
sites of complement activation. One of such
targeted inhibitory molecules links the human
complement receptor 2 (CR2) with the N-
terminal domains of Factor H (CR2-fH, Taligen
Therapeutics) or CR2 to mouse Crry (CR2-Crry)
(25, 26). The two hybrid proteins use their CR2
region to target the inhibitor to the site of
complement activation and the regulatory region
of Factor H for local complement inhibition for
dissociating preformed C3 convertases and block
of C3b formation.

Given the essential function of the C-
terminal Factor H surface attachment region as a
central sensor to distinguish between activator
and non-activator surfaces, we aimed to utilize
this recognition region as a tag to direct
complement inhibitors to the side of complement
activation, tissue damage or immunstress. Such a
targeted inhibitor should allow to control
complement activity at local sites, in particular at
sites of immune stress or surface damage. To this
end we generated a chimeric protein, composed
of the C-terminal binding region of Factor H and
the potent complement inhibitor compstatin.
Compstatin is a cyclic 13-residue peptide,
initially identified by screening a phage-display

2
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library for peptides that inhibits complement by
binding to native C3 and thereby block
subsequent conversion, as well as the
amplification of all three pathways (27, 28). In
2009 Potentia Pharmaceuticals successfully
completed a phase 1 clinical trial of compstatin
for treating age-related macular degeneration
(AMD) (29, 30).

The novel Compstatin Factor H SCRI15-
20 (COMP_CFH 15-20) chimera presented here,
was analyzed for C3/C3b and for cell surface
binding. The inhibitory activities of the chimera
were assayed in fluid phase and on cellular
surfaces, using erythrocytes and living as well as
necrotic nucleated cells. Once bound to the
surface of living or necrotic CHO-cells
COMP_CFH15-20 protected these nucleated
cells effectively from complement-mediated
damage. Due to the C-terminal Factor H tag
COMP_CFH15-20 possess two binding sites for
C3b, accompanied by an increased the affinity
for C3b. Once bound to living or necrotic cells
COMP_CFH15-20 was consistently more
efficient as the untagged compstatin. The novel
inhibitor COMP_CFHI15-20 is therefore a
promising new complement regulator which
inhibits complement amplification specifically at
sites of immune stress and abolishes the adverse
effects occurring upon systemic complement
inhibition.

MATERIAL AND METHODS

Proteins and antibodies-

Purified human Factor H, C3, C3b as well as goat
antiserum against human Factor H, C5 and C7
were obtained from Comptech (Tyler, Texas,
USA). Horseradish peroxidase (HRP) -
conjugated swine anti-goat IgG (Dako, Hamburg,
Germany) and AlexaFluor488 conjugated rabbit
anti-goat, IgG (Invitrogen Karlsruhe, Germany)
were used as secondary antibodies. As controls
the peptides compstatin (amino acid sequence I;-
Co-V3-W4-Qs-Dg-Wo-Gg-Ag-H i -R 1 1-C12- T3 =
variant 4W9A) and a linear inactive form were
used (29).

Serum probes-

Normal human serum (NHS) was obtained from
healthy volunteers, Jena, Germany, upon
informed consent. The generation of Factor H
depleted serum (HSACFH) or C7 depleted serum

(HSACT) was performed by immune adsorbance
as described (31).

Plasmid construction, protein expression and
protein purification-

To generate a recombinant fusion protein that
combines the C-terminal surface attachment
region of Factor H with the potent inhibitor
compstatin, the plasmid pBSV-SCR15-20 was
used as template (32). To this end a forward 5’
CTG CAG AT ATT TGC GTT TGG CAG
GAT TGG GGT GCG CAC CGT TGC ACC
GAA AAA ATT CCA TGT TCA CAA CCA
CCT CAG 3’ and a reverse 5° TCT AGA TT
TCT TTT TGC ACA AGT TGG ATA CTC
CAG 3’ primer pair was used. (Pstl and Xbal sites
are underlined, the compstatin sequence is
displayed bold). The reaction was performed
using the Phusion High Fidelity PCR Kit (NEB,
Frankfurt, Germany) with the following
conditions: denaturation at 98 °C for 3 min,
followed by 30 cycles of denaturation at 98 °C
for 1 min, annealing at 68 °C for 1 min and
extension at 72°C for 1.5 min, and a final
extension of 10 min at 72°C. The resulting
1143 bp DNA fragment contained the coding
region for the complete peptide of compstatin
fused to the Factor H SCR15-20 coding region,
and is flanked by Pstl and Xbal restriction sites.
This DNA fragment was sub-cloned into E. coli
cloning vector pCR4Blunt-TOPO (Invitrogen),
amplified, isolated, treated with the appropriate
restriction enzymes and subsequently cloned into
the Pstl and Xbal sites of the Pichia pastoris
vector pPICZaB (Invitrogen). COMP CFHI5-20
was recombinantly expressed as a His-tagged
protein in P. pastoris strain X33. Protein
expression was induced with 1 % methanol. After
3 days of expression, the culture supernatant was
harvested and the recombinant COMP_CFHI15-
20 was purified by nickel affinity
chromatography as described (32). The
recombinant Factor H deletion construct SCR15-
20 was expressed in the baculovirus system (33).

SDS-Page and Western blotting-

Proteins were separated by SDS-PAGE and
either visualized by silver staining or they were
transferred onto a nitrocellulose membrane and
identified with an appropriate antiserum in
combination with the corresponding HRP-
coupled secondary goat antiserum. Visualization
occurred with the Chemiluminescence Gel
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Documentation ~ System  MF-ChemBIS 3.2

(Biostep, Jahnsdorf, Germany).

Enzyme-linked immunosorband assay (ELISA-
MaxiSorb  microtiter plate  wells (Nunc,
Wiesbaden, Germany) were coated with
5pg/ml C3 or C3b over night at 4 °C. After
blocking of non-specific binding sites with 2 %
BSA in DPBS, increasing amounts of
COMP CFH15-20, Factor H and the SCR15-20
(2.5 -20 pg / ml) were added and bound proteins
were detected with polyclonal Factor H
antiserum. The reaction was developed with 1,2-
phenylenediamine dihydrochloride (Dako) and
the absorbency was measured at 492 nm.

Kinetic characterization of COMP_CFH15-20-
The interaction of COMP_CFH15-20 with C3b
was analyzed by surface plasmon resonance on
Biacore 3000 at 25°C. Unlabeled C3b was
immobilized by thiol coupling on a sensor chip
with a surface density of approx 1500 resonance
units [RU]. An untreated flow cell was used as a
reference. DPBS supplemented with 0.005 %
Tween-20 was used as a running buffer, and data
analysis was performed using Scrubber V2.0
(BioLogic Software, Campell, Australia). A
kinetic experiment was performed by injecting
each analyte (COMP CFH15-20, SCR15-20 and
the compstatin analog 4W9A) as a 1uM solution
for 2 min using a flow rate of 10ul/min and
following the dissociation for 3min. The signals
were normalized by dividing each signal by the
molecular weight of the corresponding analyte
and further corrected for non-specific binding by
subtracting the signals from the reference surface.
For a detailed kinetic analysis a twofold serial
dilution series from COMP_CFH15-20 (ranging
from 2 to 1000nM) was prepared and injected in
duplicates. Biosensor data were globally fitted
into a two-site model. The equilibrium
dissociation constant (Kp) was calculated from
the equation Kp = koa'Kon.

Cell culture-

Chinese hamster ovary cells (CHO, DSMZ ACC
110) and human umbilical vein endothelial cells
(HUVEC, ATCC CRL-1730) were cultivated as
monolayer’s in DMEM medium (Lonza,
Verviers, Belgium) supplemented with 10 %
FCS. Before binding studies, cells were washed
twice in DPBS (Lonza) and cultivated for
additional 24 hrs in FCS-free medium.
Detachment of the cells occurred by incubation

with Accutase (PAA, Pasching, Austria) for
5 min at 37 °C. Necrosis was induced by treating
detached cells at 65 °C for 45 min.

Protein binding to cellular surfaces-

Binding of COMP_CFH15-20 to living and
necrotic CHO or HUVEC cells was examined by
flow cytometry. Cells were washed twice in
DPBS supplemented with 1% BSA, then
20 pg/ml of COMP_CFHI5-20, Factor H or
SCR15-20 was added. After extensive washing
bound proteins were detected with polyclonal
Factor H antiserum and an Alexa488 labeled goat
Factor H antiserum. 10.000 cells were routinely
counted in a BD LSRII flow cytometer and
analyzed with the FACSDiva- (BD Biosciences,
Heidelberg, Germany) and FlowJo software
(Tree Star, Ashland,OR, USA). Living intact
cells were identified as propidium iodide
negative cells and necrotic cells were identified

as propidium iodide positive cells (BD
Biosciences).

Hemolytic assay-

The complement regulatory activity of

COMP_CFH15-20, was analyzed in hemolytic
assays with HEPES buffer (20 mM HEPES,
144 mM NaCl, 7mM MgCl,, 10 mM EGTA,
pH 7.5) using rabbit, as well as sheep
erythrocytes (Rockland). Rabbit erythrocytes (rE)
represent activator surfaces for NHS and are
lysed due to TCC formation. 1x10” rE were
incubated with 7.5 % NHS and the effect of
increasing amounts of COMP_CFH15-20 was
assayed after 30min at 37°C. After
centrifugation the fraction of lyzed cells was
determinated by measuring the supernatant at
414 nm and also by assaying the generation of
the complement activation product C5a by
ELISA (OSTEOMedical GmbH, Biinde,
Germany). In addition, deposition of C5 on the
surface of rE incubated in HSAC7 was detected
with polyclonal C5 antiserum and examined by
confocal microscopy using a laser scanning
microscope LSM 510 META (Zeiss, Jena,
Germany). Identical assays were performed with
sheep erythrocytes (sE) that represent non-
activator surfaces and remain intact when
incubated in NHS. However, these cells are
lyzed, when incubated in complement active
HSACFH. In the absence of Factor H, sE lyse
and the replacement of the regulator has a dose
dependent protective effect (31). 1x10” sE were
incubated with 30 % HSACFH and increasing
amounts of COMP CFH15-20 for 30 min at

4
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37°C. In all hemolytic assays SCR15-20, the
active compstatin analog 4W9A and a linear
inactive compstatin were used as positive and
negative controls, respectively.

Viability assay-

The protective effect of COMP_CFHI15-20 on
the metabolic capacity of cultivated CHO cells in
the presence of HSACFH was measured using
the CellTiter-Blue® assay (Promega, Mannheim,
Germany). The light absorbance of the CellTiter-
Blue® reagent is changed by intracellular
reduction of the non-fluorescent dye resazurin
into the fluorescent dye resorufin. Therefore,
5x10* CHO cells were seeded into 96-well
microplates (Nunc) and incubated for 2 days to
allow adherence. The culture medium was
replaced; cells were washed with HEPES buffer
and then incubated for 1h with 20 pg/ml
COMP_CFH15-20, SCR15-20, the active and
inactive compstatin analogs lacking the Factor H
tag, to allow surface binding. After an additional
washing procedure the cells were treated with
5% NHS or HSACFH. Then, the CellTiter-
Blue® was added to the cells and incubated for 5
hours. During this time conversion of resazurin
into resorufin was followed by measuring the
absorbance of the probes at 570nm in a
microplate reader (Tecan, Crailsheim, Germany)
every hour. The absorption maximum for
resazurin is 605 nm and the absorption maximum
for resorufin is 573 nm. Thus, the absorbance
measurements at 570 nm and using 600 nm as a
reference wavelength were used to monitor the
results, Values are compared to blank well
containing CellTiter-Blue® reagent without cells.
During all incubation steps cells were kept at
37 °C in a humidified atmosphere and 5 % CO,,

Complement inhibition on necrotic cells-

The complement regulative effect of
COMP_CFH15-20 on the surface of necrotic
CHO and HUVEC cells in the presence of
HSACFH was measured using flow cytometry.
Therefore necrotic cells were washed in HEPES
supplemented with 1 % BSA followed by a 0.5 h
incubation step with 20 pg/ml and 40 pg/ml
COMP CFH15-20, SCRI15-20, the active
compstatin analog 4W9A and a linear inactive
compstatin, to allow surface binding. After
intensive washing steps the cells were treated
with 10% NHS or HSACFH for additional
I5min at 30°C. The deposition of the
complement component C5b, and therefore the

degree of complement activation on the necrotic
cell surface, was detected with a polyclonal C5
antiserum and an appropriate Alexad488 labeled
secondary antiserum.

Statistical analysis-

Significant differences between two groups were
analyzed by the unpaired Student’s t-test. The
results were considered statistically significant at
a P value of <0.05 (¥), <0.01 (**), or <0.001
().

RESULTS

Protein expression and purification-

The recombinant fusion protein COMP CFH15-
20 was cloned and recombinantly expressed in
the yeast P. pastoris. The fusion protein was
purified by nickel chelate chromatography,
separated by SDS-PAGE and analyzed by silver
staining (Figure 1A). COMP_CFH15-20 was
identified as a major band with a mobility of ca.
50kDa (lane 1, arrow) and also as a smear of
higher mobility. The SCR15-20 fragment was
identified as a single band of 45 kDa band (lane
2) and Factor H as a 150 kDa band (lane 3). In
parallel COMP CFH15-20, SCRI15-20 and
Factor H were identified by immunoblotting
using polyclonal Factor H antiserum together
with a secondary HRP-labeled antiserum (Figure
I1B). Also in this situation the smear was
detected. The reason for this multimerization is
currently unclear

COMP_CFH15-20 binds C3 and C3b-

Binding of COMP_CFHI5-20 to the central
complement components C3 and C3b was
analyzed by ELISA. Both COMP_CFH15-20 and
the untagged SCR15-20 bound dose-dependently
to immobilized C3 (Figure 2A). COMP_CFHI15-

20 bound significantly stronger to C3 as
compared to the C-terminal Factor H fragment
SCR15-20, ie. at Spg/ml (p=0.0156),
10pg/ml (p=0.0089) and 20pg/ml

(p=0.0017). In a parallel setting binding of
COMP_CFH15-20, as well as SCR15-20 to
immobilized C3b was assayed. Again,
COMP_CFHI15-20 bound with higher intensity to
C3b, as SCRI15-20 and binding was dose-
dependent (Figure 2B). The stronger binding of
COMP_CFHI15-20 was significant at all
examined concentrations, ie. between
2.5 (p=0.0203) and 20 pg/ ml (p = 0.0025).
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Due to the small molecular mass of
compstatin (i.e. 1.5 kDa), it is not possible to
immobilize the untagged compstatin efficiently
onto an ELISA plate. In order to compare the
C3b binding of the tagged (COMP_CFHI15-20)
and of the untagged compstatin, the interaction
was analyzed by surface plasmon resonance. C3b
was immobilized to the sensor surface by thiol
coupling and COMP_CFHI5-20 as well as the
native compstatin analog 4W9A were applied as
analytes at 1pM in fluid phase. COMP_CFHI15-
20 and 4W9A formed rapidly complexes and
steady state levels were reached in less than
1 min (Figure 3A). The tagged COMP_CFHI15-
20 and 4WO9A showed similar complex
formation, but the two proteins showed different
elution profiles. This difference is likely due to
the additional C3b binding side of the tagged
regulator. In this situation SCR15-20 bound
relative weak to immobilized C3b. A similar
difference was observed when the interaction of
COMP_CFH15-20 and SCR15-20 was analyzed
to immobilized C3b by ELISA (see above). A
kinetic evaluation showed that COMP_CFH15-
20 bound dose-dependently to C3 and formed
rather stable C3b complexes (Figure 3B). The
evaluation of the binging profile did not follow a
1:1 model of interaction and was fitted into a
two-side model (Figure 3B, insert). This two
point interaction, shows for the chimera
COMP_CFH15-20, that each of the two C3
interaction regions can contact C3b. One
interaction region is contained within SCR15-20
and the second interaction side by compstatin.
The kinetic analyses reveals two Kp, one of
relative high (Kp=2nM) and one of lower
affinity (Kp=130nM) (Table 1). The low
affinity interaction of 130 nM corresponds to
compstatin 4W9A (34), and the high affinity
interaction is probably the corresponding effect
of 4W9A and SCR15-20. SCR15-20 had an
affinity to C3b of Kp 5 pM (data not shown)
which is in agreement with former results (35).

COMP_CFHI15-20  inhibits  complement-
mediated lysis on activator surfaces-

The inhibitory activity of COMP_CFHI15-20 was
determined with rE, that represent activator
surfaces and that are lysed upon incubation in
NHS (Figure 4A, Opg/ml). COMP CFHI5-20
inhibited lysis of rE and this effect was dose-
dependent (Figure 4A). In contrast, SCR15-20
did not affect lysis of rE. The inhibitory effect of
COMP_CFH15-20 was statistically significant in

the presence 10pg/ml (p=0.0233) and
20 pg/ml (p=0.01) protein. The untagged
compstatin (4W9A) used at (20 pg/ml) also
inhibited lysis, and the linear, inactive compstatin
lacked lytic activity. In this assay and at a
concentration of 20 pg/ml both the tagged
inhibitor, ie. COMP_CFH15-20 and the
untagged inhibitor, i.e. compstatin 4W9A showed
comparable effects.

The complement inhibitory effect of
COMP _CFH15-20 was further analyzed by
following the generation of the activation product
C5a in the supernatant. COMP CFH15-20,
which reduced lysis of rE, also blocked CS5a
generation in a dose-dependent manner (Figure
4B). The reduction in C5a generation at
concentrations of 10 pg/ml (p=0.0444) and
20pg/ml  (p=0.001) was  statistically
significant, as compared to SCR15-20. At a
concentration of 20 pg/ml the chimera
COMP_CFHI15-20 and the native compstatin
analog inhibited C5a generation to the same
extend.

In addition the effect of COMP_CFH15-20
on C5b surface deposition was followed by
immunofluorescence microscopy. For this assay
complement active C7 depleted human serum
(HSAC7) was used, which allows complement
progression through the C5 convertase, C5b
deposition, but which prevents TCC assembly
and  erythrocyte lysis. COMP_CFHI5-20
inhibited C5b deposition on the erythrocyte
surface, and no or rather weak fluorescence
signal (Figure 4C). However, in the presence of
SCR15-20 complement was activated, amplified
and C5b was deposited onto the surface of the
erythrocytes, as revealed by the strong
fluorescence signal (Figure 4D). The untagged
compstatin (4W9A) also blocked C5b surface
deposition (Figure 4E) and in contrast the
inactive linear form lacked an inhibitory effect
(Figure 4F). Taken together the novel inhibitor
COMP_CFHI15-20 is functional active and
blocks complement-mediated lysis of rabbit
erythrocytes. In this system, which is largely
based on fluid phase complement activation and
control, both the tagged COMP_CFHI15-20 and
the untagged compstatin displayed comparable
inhibitory activities.
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COMP_CFHI5-20 inhibits complement
mediated lysis on non-activator surfaces-

Sheep erythrocytes (sE) represent non-activator
surfaces and when incubated in NHS they are
protected from complement-mediated damage,
remain intact and are not lysed. However sE are
lysed when incubated in complement active
human serum, depleted for the regulator Factor H
(HSACFH) (31). In this set up COMP_CFH15-20
prevented lysis of sheep erythrocytes and the
effect was dose-dependent (Figure 5A).
Compared to SCRI15-20 the effect of
COMP_CFH15-20 at 20 pg/ml the inhibitory
difference was significant (p = 0.0088). Similarly
COMP_CFH15-20 and the untagged compstatin
showed comparable inhibitory activity.

In addition also the generation of C5a was
assayed in the supernatants of the same probes.
COMP_CFH15-20 also blocked C5a generation
(Figure 5B). COMP_CFHI15-20 showed a dose-
dependent inhibitory effect and again at a
concentration of 20 pg/ ml the effect was more
pronounced as that of the tag alone (p = 0.0225).
Again in this assay, the effects of the tagged and
untagged compstatin were comparable, because
both inhibitors were applied in fluid phase.

COMP_CFH15-20 interact with intact as well
as damaged nucleated cells-

In order to assay how or whether the tagged
compstatin acts on and protects the surface of
nucleated cells, first binding of COMP_CFH15-
20 to CHO and to HUVEC cells was assayed by
flow cytometry. Both COMP_ CFHI5-20 and
SCR15-20 bound to intact CHO and to intact
HUVEC cells with comparable intensities (Figure
6A and Supplementary Figure 1A). To directly
confirm that COMP_CFH15-20 binds also to the
surface of necrotic cells, binding of
COMP_CFH15-20 to both necrotic CHO- and
also HUVEC cells was analyzed.
COMP_CFH15-20 and also SCR15-20 bound to
necrotic CHO- as well as necrotic HUVEC cells.
Binding was of comparable intensity (Figure 6B
and Supplementary Figure 1B).

COMP_CFHI15-20  prevents  complement-
mediated damage of living nucleated cells-

Intact nucleated cells use surface attached, as
well as membrane bound regulators to control
and block the continuous low level attack e.g.
mediated by the AP. Therefore in the absence of
surface attached regulators, when complement

regulators are functionally inactivated, nucleated
self cells are damaged by complement activation
products (36). In order to assay the regulatory
effect of COMP CFH15-20 on the surface of
intact, nucleated cells, CHO cells were used.
These hamster cells lack human membrane
bound complement regulators on their surface
and therefore represent a very good model system
to assay complement-mediated damage on a
nucleated cell surfaces. The CHO cells were
challenged with NHS or HSACFH to induced
complement-mediated damage. The intracellular
activity of the lactate dehydrogenase (LDH) was
assayed which enzymatically converts the
exogenously added and intracellular uptaken non-
fluorescent dye resazurin into the fluorescent dye
resorufin. The activity of LDH is a marker for
cell metabolism and correlates with the amount
of complement-mediated damage on intact
nucleated cells (31).

First, CHO cells were treated with either
NHS or HSACFH. The metabolic activity of cells
incubated in NHS was stronger as compared to
cells incubated in HSACFH (Figure 7A). Thus
demonstrating that the absence of the fluid phase
regulator Factor H affects complement control at
the surface of these nucleated cells and that the
metabolic activity can be used as a marker for
complement stress at the cell surface. The
difference between NHS and HSACFH was
significant at all time points examined
(p=0.0141 after 1h; p=0.0321 afier 2h,
p=0.0133 after 3 h and p<0.01 for all time
points > 3 h). The protective effect of the soluble
regulator Factor H on the surface of these
nucleated, non-human cells was demonstrated by
preincubating CHO cells with Factor H prior
HSACFH challenge. Upon such pretreatment
with Factor H the metabolic activity of CHO
cells was increased and the effect was dose and
time-dependent (Figure 7B). Factor H, used at
40 pg / ml restored the protective effect almost
similar to NHS.

This system was now used to assay how
efficient COMP_CFH15-20 protects the surface
of nucleated cells. First CHO cells were
incubated either with the tagged or the untagged
compstatin. After washing, the cells were
challenged with HSACFH and then the metabolic
activity was assayed. Both inhibitors protected
CHO cells form complement-mediated damage
as revealed by the higher metabolic activity
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(Figure 7C). In this assay, where mainly the
surface action of the two inhibitors was
compared, COMP_CFH15-20 was more efficient
(up to 30 %), as compared to the untagged
compstatin that acts predominantly in fluid phase.
This difference was observed at all time points
and the effect was significant at 1 h (p=0.01)
and at 2h (p=0.0278). Both the SCR15-20
deletion fragment and also the linearized
compstatin lacked this protective effect for CHO
cells (data not shown). Thus, COMP_CFH15-20
acts specifically on the surface of nucleated cells.

COMP_CFH15-20 prevents C5b deposition on
the surface of necrotic CHO cells-

Damaged cells such as necrotic or apoptotic cells
change their membrane structure and loose
membrane integrated complement regulators and
consequently use attached fluid phase regulators
for complement inhibition and control. The
human fluid phase complement inhibitor
Factor H, which has a central regulatory role on
the apoptotic and necrotic cell surface, attaches to
these surfaces via the C-terminal region. As the,
COMP_CFH15-20 is equipped with the same C-
terminal surface attachment region we analyzed
how this tagged compstatin affects complement
action on the necrotic cell surface. To this end
necrotic CHO cells were challenged with NHS,
or complement active HSACFH and deposition of
C5b was compared via flow cytometry (Figure
8A). Upon incubation in HSACFH more C5b was
deposited on the surface of necrotic CHO cells
(MFI =2049) as compared to cells incubated in
NHS (MFI=3040). This difference was
statically significant (p < 0.0001). When necrotic
CHO were preincubated with Factor H prior to
HSACFH challenge C5b deposition was
decreased and the effect was dose-dependent
(Figure 8B). Thus Factor H has an essential
protective effect at the cell surface as revealed by
the reduced C5b deposition.

Next the inhibitory effect of the tagged
compstatin was evaluated. Therefore C5b surface
deposition observed wupon incubation with
HSACFH was set 100 %. First necrotic CHO
cells were either incubated with COMP _CFH15-
20, SCR15-20, the untagged compstatin (4W9A)
or the linearized inactive compstatin variant to
allow binding. After a washing step, the cells
were challenged with HSACFH for 15 min and
the C5b amount on the necrotic cell surface was
analyzed. COMP CFH15-20 efficiently inhibited

deposition of C5b on the necrotic cell surface in a
dose-dependent manner (Figure 8C). At the
highest used concentration COMP_CFHI15-20
reduced the C5b deposition back to NHS
background level. The inhibitory effect of
COMP_CFH15-20 (approx 40 %) is statistically
stronger at concentration of 40 pg/ml
(p=0.0226) compared to SCRI15-20 which
showed only minor effects in C5b deposition
(approx 8 %). Also 40 pg/ml of the compstatin
analog 4W9A reduced the C5b deposition on
CHO cells in the presence of HSACFH.
However, the amount of C5b in the presence of
the COMP_CFHI15-20 was significantly lower
compared to untagged compstatin (p = 0.01).
Similar experiments were performed on the
surface of necrotic HUVEC cells, and the
observed effects were basically comparable
(Supplementary Figure 2)

DISCUSSION

A still increasing list of human diseases is
mediated by inappropriate action of complement
components and inappropriate regulation. In
particular defective action and regulation of the
alternative complement pathway is a major cause
for tissue injury for a variety of both, rare and
common diseases (20). The increasing number
and, in particular the more detailed understanding
of the pathological mechanisms, of such
complement-mediated human diseases,
demonstrates the need for the design of specific
complement inhibitors. In order to target
complement inhibitors to sites of immune stress
we designed and generated a chimeric protein
that has the central C-terminal surface attachment
region of the human complement inhibitor
Factor H linked to compstatin, a potent inhibitor
of the C3 convertase. This novel hybrid protein
COMP_CFHI15-20 efficiently blocked
complement activation in fluid phase and also on
non-activator  surfaces, such as  sheep
erythrocytes and living- as well as necrotic
nucleated cells. The Factor H tag as a sensor for
self cells, modified cells and biomembranes
directs the C3 inhibitor to sites of complement
stress and the increased local concentration
allows efficient complement control on damaged
surfaces.

COMP_CFH15-20 was expressed in the
Pichia pastoris expression system with a
mobility of approx. 50kDa (Figure 1). The
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hybrid protein possess two C3 interaction sites,
one provided by the SCR15-20 tag and one by
compstatin, and bound consequently stronger to
C3 and C3b as the SCR15-20 tag alone as shown
by ELISA and surface plasmon resonance
(Figure 2, Figure 3). The Factor H tag enhanced
the (relative) affinity of the inhibitor for C3b in
terms of a slower dissociation profile as
compared to the untagged compstatin analog
4W9A (Figure 3A). The evaluation of the
binging profile confirmed an interaction that did
follow a 1:2 model (Figure 3B). Therefore, the
increased affinity is explained by dual binding
sites provided by compstatin as well as the
SCR15-20 region, which both have a unique and
separate C3b/C3d binding motif (Table 1). If
these events are independent or cooperative
events is difficult to distinguish. One possibility
could be that part of the chimera binds via the
compstatin part to C3b (low affinity site,
Kp=130nM) and part simultaneously to both
sites (strong affinity Kp = 2nM).

Due to this dual activity COMP_CFHI15-
20 provide protection from complement
amplification as shown by a reduced lysis of rE
and sE (Figure 4A, Figure 5B), by a decreased
generation of anaphylatoxin C5a (Figures 4B,
Figure 5B) and by the blockade of C5b surface
deposition on non-activator as well as activator
surfaces (Figures 4C, Figure 8C). In particular on
non activator surfaces COMP_CFHI15-20 was
more efficient as compared to the untagged
compstatin analog 4W9A. This effect was
observed when the same protein concentrations
were used, despite of the large differences (33.3
fold) in the molecular mass of tagged vs
untagged compstatin (50 vs. 1.5 kDa).

Complement control is essential on
biomembranes, extracellular matrixes as well as
apoptotic or necrotic cellular surfaces that
naturally lack membrane integrated complement
regulators such as CD46, CD55 or CD59. Such
surfaces need to be protected by endogenous or
synthetic fluid phase regulators that attach to
their surfaces (37). The C-terminus surface
attachment region, (i.e. SCRs 15-20) of the
complement inhibitor Factor H recognizes such
surfaces and discriminates precisely between
activator- and non-activator surfaces and
therefore directs the Factor H to host surfaces,
when complement activation is initiated (12, 38).
The SCRI15-20 tag directs also the synthetic

complement inhibitor compstatin to self surfaces
and sites of immune stress, i.e. to living as well
as necrotic cells (Figure 6A, Figure 6B and
Supplementary Figure 1). The recruited inhibitor
compstatin  therefore  blocks  complement
activation specifically on the surface of self-, and
in  particular modified-self surfaces. This
protective effect is demonstrated; as cell bound
COMP15-20  significantly  enhanced  the
metabolic activity (viability) of CHO cells upon
challenge with HSACFH. In this case the tagged
compstatin was approx. 30 % more efficient as
the untagged compstatin (4W9A) (Figure 7C). A
similar protection was demonstrated when the
protective effects were compared on the surface
of necrotic surfaces of CHO and HUVEC cells
(Figure 8C, Supplementary Figure 2). In this
situation the protective effect of COMP15-20
was about 20 % higher as the untagged
compstatin, although the smaller molecule was
applied at a 33 fold higher molar concentration.

Reduced interaction of fluid phase
regulators such as Factor H because of mutations,
polymorphisms or autoantibodies are highly
associated with aHUS (WI1157R in SCRI19,
R1210C in SCR20), DEAP-HUS
(autoantibodies) or AMD (Y402H in SCR7) (16,
17, 39, 40). Complete deficiency of Factor H in
plasma causes unrestricted systemic C3
activation, systemic C3 consumption and results
to thickening of the glomerular basement
membrane, to renal damage and to MPGN-II
(41). Here we show that the novel inhibitory
protein COMP 15-20 binds to self surfaces and to
C3b and that this new complement inhibitor
protects in particular modified-self surfaces from
complement mediated damage. This potent
inhibitory effect occurs at concentrations of 20 —
40 pg/ml (i.e. 0.4-0.8 uM), which are much
lower than the Factor H levels in human plasma,
which are 800 pg/ ml (5.3 uM).

To proof these in-vitro results in-vivo
studies are necessary as successfully shown for
the tagged regulators CR2-fH and CR2-Crry (25,
26). In summary, with COMP_ CFH15-20, we
have developed a novel complement inhibitor
that combines the C-terminal surface attachment
region of Factor H with the potent, established
inhibitor compstatin, to direct complement-
inhibition specifically to sites of immune stress.
The chimera has dual activities in terms of high
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affinity binding to C3b binding and
distinguishing  activator and non-activator
surfaces. COMP_CFH15-20, which controls
complement locally at sites of immune stress in
particular on damaged self surfaces, is more
specific and more effective at these sites as
compared to the untagged compstatin which acts
systemically. Thus, this new tagged complement

inhibitor allows targeted and precise complement
control at sites of immune stress and the new
inhibitor lacks the adverse effects occurring upon
systemic complement inhibition. COMP_CFH15-
20 is therefore a promising complement inhibitor
whose therapeutic potential should be analysed in
more detail.
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TABLE

Table 1: Kinetic characterization of COMP SCR15-20

4 kcm koff KD
protein 10°M's™) 1075 (nM)
COMP_SCRI15-20
1 03+ 39+ 130 +
2 14+ 25+ 2+
4W9A 04+ 70 + 158 +
SCR15-20 5000
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FIGURE LEGENDS

Figure 1: Generation and purification of COMP_CFHI15-20. The sequence corresponding to
compstatin fused to the surface attachment region of Factor H (i.e. SCRs 15-20) representing
COMP_CFH15-20 was cloned into the expression vector pPICZaB of the yeast P. pastoris and
transferred into yeast cells. After 3 days the culture supernatant was collected and recombinant protein
COMP_CFH15-20 was purified by nickel affinity chromatography. The purified COMP_CFH15-20
protein, as well as the control proteins SCR15-20 and full length Factor H were separated by SDS-
PAGE and detected either by A) silver staining or by B) western blotting using a polyclonal Factor H
antiserum and a secondary HRP labeled antiserum. COMP CFHI15-20 is identified as a band of
approx. 50 kDa (lane 1, arrow). The unmodified deletion fragment SCR15-20 had a mobility of
45 kDa (lane 2), Factor H a molar mass of 150 kDa (lane 3). The mobility of the proteins is indicated
on the left of Figure 1A. One representative silver gel (A) and western blot (B) of five independent
experiments is shown.

Figure 2; COMP_CFH15-20 binds to C3 and C3b. C3, C3b or heparin were coated onto a
microtiter plate (each at 5 pg/ml), saturated with blocking buffer and then increasing amounts of
either COMP_CFH15-20, SCR15-20 or the control protein BSA were added. Bound proteins were
detected by using a HRP labeled polyclonal goat Factor H antiserum. A) COMP_CFH15-20 (black
squares) bound dose-dependently to C3. At all concentrations > 2.5 pg/ml COMP_CFHI15-20
showed significantly stronger binding to C3 as compared to the untagged deletion mutant SCR15-20
(open squares). B) COMP_CFHI15-20 binds C3b significantly stronger as compared to SCR15-20 for
all tested concentrations. For the binding studies BSA (dashed line, diamond) was used as a negative
control and showed no binding to C3 and C3b. The figures A, B show one representative experiment
of three independent experiments with three replicates each. Error bars indicate SD. *, P < 0.05; ** P
<0.01; ***, P <0.001.

Figure 3: Kinetic characterization of COMP_CFH15-20. Kinetics of the interaction between C3b
and COMP CFHI15-20 were analysed by surface plasmon resonance. Therefore C3b uniformly
oriented due to immobilization by thiol coupling on a sensor chip and the analytes COMP_CFH15-20,
SCR15-20 and the compstatin analog 4W9A were injected for 2min at a flow rate of 10ul/min
followed by a 3 min dissociation phase. A) Kinetic ranking of the analytes. A constant concentration
(1pM) of each analyte was injected and the resulting binding signals were normalized against
molecular weight and overlaid to visualize relative differences in their association and dissociation
phases. The SCR15-20 interaction (green) with C3b was rather weak, compared to COMP CFH15-20
(red) and the compstatin analog 4W9A (blue). COMP_CFH15-20 showed a similar binding efficiency
but an improved dissociated rate than 4W9A. B) Kinetic analysis of COMP_CFH15-20. Increasing
concentrations of COMP_CFH15-20 were delivered to surface-bound C3b, whereas COMP_CFHI 5-
20 showed a dose-depended and stable C3b binding. Processed surface plasmon resonance signals
were globally fitted to 1:2 binding model and the kinetic rate constants k,, and k. extracted (Table1).

Figure 4: COMP_CFHI15-20 prevents complement activation on the surface of rabbit
erythrocytes. Rabbit erythrocytes (rE), which represent activator surfaces, were incubated in 7.5 %
complement active NHS together with increasing amounts of COMP_CFH15-20 or SCR15-20 for
30 min at 37 °C. The amount of lysed rE was determined by measuring the absorbance of the
supernatant at 414 nm. A) COMP_CFH15-20 (black squares) prevented lysis of rE in a dose-
dependent manner. At the highest concentration of 20 pg/ml lysis was inhibited completely. This
protective effect was significantly stronger as compared to SCR15-20 (open squares), which did not
affect lysis of rE. The compstatin analog 4W9A (black dot) showed a comparable protection of lysis
as COMP_CFH15-20 whereas the linearized inactive compstatin (white dot) variant showed no
protective effect on the lysis of rE. B) In parallel the C5a levels were assayed in the supernatant by
ELISA. In the presence of COMP_CFH15-20 detection of C5a decreases with higher amounts of the
inhibitor, whereas the C5a amount in the presence of SCR15-20 stays stable. The control peptide
4WO9A completely prevented C5a generation. The linearized negative control peptide does not protect
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from complement activation therefore a high C5a amount is detectable. The figures A-B show one
representative experiment of three independent experiments with three replicates each. Error bars
indicate SD. * P <0.05; ** P <0.01; *** P <0.001. C-F) The deposition of C5b on the surface of rE
incubated in complement active C7 depleted human serum (HSAC7) was assayed by
immunofluorescence microscopy. After incubation of the rE with 7.5 % HSAC7 together with
20 pg/ml COMP_CFH15-20, SCR15-20 as well as the active and inactive compstatin analogs for
30 min, C5b deposition was visualized using a polyclonal C5 antiserum followed by the appropriate
AlexaFluor488 conjugated secondary antiserum. In the presence of COMP CFH15-20 (C) only a
weak C5 deposition detectable which is comparable to the compstatin analog 4W9A (E). In the
presence of the untagged SCR15-20 deletion mutant (D) rE were completely opsonized with C5
shown by the intense green fluorescence comparable to the linearized compstatin (F). The images C —
F are representative of three independent experiments. Bar =20pm

Figure 5: COMP_CFH15-20 prevents complement activation on the non-activator surface of
sheep erythrocytes. The inhibitory activity of COMP_CFH15-20 was also assayed for sheep
erythrocytes (sE) that represent non-activator surfaces. A) sE are protected from complement mediated
lysis when incubated with 30 % complement active human serum (first column), but are lysed when
incubated in active human serum depleted for the inhibitor Factor H (HSACFH; blank value of each
curve). Incubation of sE with COMP_SCR15-20 (black squares) in the presence of HSACFH for
30 min at 37 °C protected the erythrocytes from lysis. The effect was dose dependent. At the highest
concentration of 20pg / ml lysis of sE was completely inhibited and showed a significantly stronger
inhibition than the untagged SCR15-20 deletion fragment (open squares), which did not affect lysis.
Compstatin analog 4W9A showed a protective effect (black dot) and the inactive compstatin peptide
did not affect erythrocyte lysis (white dot) B) Generation of the complement activation product C5a
was identified in the supernatant by ELISA. For all tested proteins and peptides the C5a level
coincides with the values of the hemolytic assay. The figures A-B show one representative experiment
of three independent experiments with three replicates each. Error bars indicate SD. *, P < 0.05; **, P
<0.01; *#*, P <0.001.

Figure 6: COMP_CFHI15-20 binds to intact as well as damaged CHO cells. COMP_CFHI15-20
and SCR15-20 bind to the surface of A) intact as well as to the surface of B) necrotic CHO cells. The
cellular attachment of both proteins was assayed due to incubating the cells with the proteins and their
detection with a polyclonal antiserum specific for the C-terminus of Factor H using flow cytometry.
One representative experiment of three independent experiments with three replicates each is shown.

Figure 7: COMP_CFH15-20 enhances metabolic rate of living nucleated CHO cells upon
complement challenge. A) Metabolic activity of CHO cells challenged with complement active
human serum (NHS) was determined by uptake of the non fluorescent dye rezazurin and by following
cytoplasmic conversion to the fluorescent dye resorufin. The resulting absorbance shift of the
supernatant was measured at 570nm over a period of 5 h. Cells challenged with complement active
human serum that was depleted for the inhibitor Factor H (HSACFH, open circles) showed less
metabolic activity as cells in the presence of NHS (black circles). The effects were significantly
different over the whole period of 5 h. B) Preincubation of Factor H (filled triangles) with CHO cells
prior HSACFH treatment enhanced and improved metabolic activity in a dose-dependent manner. C)
Preincubation of COMP_CFH15-20 (black squares) was more effective to protect CHO cells from
complement mediated damage than preincubation with the untagged compstatin analog 4W9A
(cross?). The CHO viability in the presence of COMP_CFHI15-20 was significantly higher than in the
presence of 4W9A after 1h and 2h. The viability value for CHO cells in the presence of NHS after 5Sh
incubation was set to 100 %. The data represent mean values and standard deviation for three
independent experiments. Error bars indicate SD. *, P < 0.05; **, P <0.01; *** P <0.001.

Figure 8: COMP_CFH15-20 reduced deposition C5b onto the surface of necrotic CHO cells
upon complement challenge. A) The absence of Factor H in human plasma results in complement
activation and deposition of complement activation products on cellular surfaces. To compare the
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amount of complement activation on the surface of necrotic CHO cells in the presence of NHS and
HSACFH, C5b deposition was measured via flow cytometry. To this end CHO cells were challenged
with either 10 % NHS or 10 %HSACFH for 15 min at 30 °C. In the presence of HSACFH (black
histogram) the amount of cell bound C5b is significantly enhanced compared to cells incubated with
NHS (gray histogram). A representative histogram profiles from four independent experiments are
shown. B) Preincubation of increasing amounts of Factor H (filled triangles) with CHO cells prior
HSACFH treatment reduced the C5b deposition in a dose-dependent manner. C) COMP_CFH15-20
(black squares) prevented C5b deposition in a dose-dependent manner. At the highest concentration of
40 pg / ml the amount of cell bound C5b was comparable to CHO cells incubated with NHS (gray
column). This protective effect was stronger as compared to SCR15-20 (open squares). The
compstatin analog 4W9A (black dot) showed also a reduced C5b deposition with the used
concentration of approx.40pg / ml which was however not as strong as COMP_CFH15-20. The C5b
deposition on CHO cells in the presence of HSACFH was set to 100 %. The data represent mean
values and standard deviation for four independent experiments. Error bars indicate SD. *, P < 0.05;
*¥* P <0.01; **¥* P < 0.001. Unspecific antibody binding in the absence of any proteins is shown by
the dotted line.
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Diskussion

AMD - eine komplementassoziierte Erkrankung

Die altersabhangige Makuladegeneration ist eine multifaktorielle Erkrankung des Auges.
Dabei kommt es durch lokale, chronische Entziindungsprozesse nahe der Retina zu einer
Zerstorung der Fotorezeptoren der Makula und dementsprechend zu einem langsamen
Verlust des zentralen Sehvermogens'”. Lange waren die ursédchlichen Faktoren der AMD-
Entstehung unbekannt. Doch mit dem Human Genome Project und der damit verbundenen
Erstellung von Datenbanken iiber SNPs des menschlichen Genoms, dnderten sich die
Voraussetzungen fiir genetische Untersuchungen der AMD entscheidend. Dies fiihrte ab
dem Jahre 2005 dazu, dass genomweite Assoziationsstudien sowie SNP-Feinkartierungen
konkrete Risikogene auf Chromosom 1, 6, 10 und 19 identifiziert wurden. Eine zentrale Rolle
in der AMD-Entstehung spielt demnach das Komplementsystem, in welchem
Polymorphismen der Gene fiir Faktor H, Faktor B, C2 und C3 sowie die Defizienz der CFHR1-
/CFHR3-Gene das individuelle Risiko beeinflussen (Manuskript1). Lokale, z.T. auch
systemische, Entziindungsereignisse der AMD werden dabei hauptsdchlich durch die
Dysregulation des alternativen Aktivierungsweges verursacht”. Diese neuen Erkenntnisse
erganzen frithere Konzepte, welche bisher die unverhaltnismaflig hohe intraokulare
Komplementaktivierung erklarten. Diese Konzepte basierten auf der Annahme, dass ein
altersbedingter ineffizienter Transport von Nahrstoffen und Abbauprodukten iiber den RPE-
Choroid-Komplex zu einer Ansammlung von extrazellulirem Material fiihrt'”!. Dessen
Akkumulation generiert eine Aktivatoroberfliche, welche Komplementaktivierung,
Amplifizierung und damit die Generation der Anaphylatoxine C3a und Cba erlaubt. Durch
die  kontinuierliche, = spontane  Aktivierung  des  alternativen = Weges  ist
Komplementaktivierung, aber nicht nur sekundarer Verstiarker eines bereits vorhandenen
Schadens, sondern kann auch primdar Zellschaden verursachen und demnach
ausschlaggebend fiir die Initiierung einer Erkrankung sein'”2. Sollten die identifizierten
AMD-assoziierten Polymorphismen der Komplementkomponenten Verdanderungen in der
Expression, Faltung oder Funktion hervorrufen, wiirden sie das empfindliche Gleichgewicht
zwischen Komplementaktivierung und -inhibierung stéren. In der Folge wiirde sich eine
tiber Wochen, Monate oder gar Jahre andauernde unnétige Aktivierung, in der Manifestation
von Drusen, der Degeneration des RPEs und der dariiber liegenden Fotorezeptoren dufSern.

Bei den seltenen Nierenerkrankungen des aHUS und der MPGN-II ist eine defekte
Komplementregulation bereits mit der Pathogenese assoziiert'®>. Diese Erkrankungen sind
mit mutiertem Faktor H, einer CFHR1-/CFHR3-Defizienz sowie Polymorphismen in
Faktor B, Faktor I und C3 assoziiert. Interessanterweise zeigen diese Erkrankungen analoge
pathopysiologische Veranderungen an der nephrologischen glomeruldren Basalmembran,
wie sie auch am RPE der Retina von AMD-Patienten vorkommen'#. Der Austausch eines
einzelnen Nukleotids in der DNA bzw. einer Aminosdure in der Proteinsequenz kann also
die Funktion eines Proteins dahingehend verandern, dass die essenzielle Homoostase
zwischen Komplementaktivierung und -inhibierung nicht mehr gewdhrleistet ist. Eine
koordinierte, feinregulierte Kontrolle des Komplementsystems ist aber essenziell, um lokale
Entziindungen bzw. Schaden autologen Gewebes im Auge zu verhindern”.
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Der AMD-assoziierte Polymorphismus in SCR 7 (Y402H), nicht aber in SCR 1
(V62I), hat Auswirkungen auf eine effektive Komplementregulation

Das Faktor H-Gen war das erste konkrete Risikogen, welches mit AMD assoziiert wurde.
Zahlreiche, genetisch basierte Studien identifizierten extonische, aber auch intronische
Faktor H-Polymorphismen, die das Krankheitsrisiko der AMD beeinflussen. Zwei der
beschriebenen Polymorphismen resultieren in einer ,missense”-Mutation, d.h. die
Substitution eines Nukleotides im DNA-Strang fiihrt zu einer Veranderung der Faktor H-
Aminosduresequenz. Die daraus resultierenden V62I- sowie Y402H-Polymorphismen sind,
mit SCR1 bzw. SCR7, in funktionell relevanten Dominen von Faktor H und FHL1
lokalisiert. Bis dato waren die funktionellen und ggf. additiven Auswirkungen beider
Polymorphismen auf die komplementregulative Funktion von Faktor H und FHL1 nahezu
unerforscht.

Das Manuskript2 dieser Dissertation beschreibt, dass die Substitution an
Aminosaureposition 62 (V — I) keine Auswirkungen auf die Interaktion von FHL1 mit C3b
oder auf dessen Kofaktoraktivitat hat. Hingegen beeinflusst die Substitution an Position 402
(Y — H) die Heparin- und die Zellbindung. Die protektive Y402-Variante des FHL1-Proteins
band bis zu 25 % starker an RPE-Zellen als die H402-Risikovariante. Die verstarkte
Zellbindung von FHL1-Y402 beeinflusste gleichzeitig die Komplementregulation von FHL1
auf Zelloberflichen. Gebunden an Nichtaktivatoroberflichen war der FHL1-vermittelte
Schutz vor Komplementaktivierung um 20 - 25 % fiir die Y402-Variante erhcht. Demzufolge
hat, fiir den Regulator FHL1, nur die Substitution in SCR 7, nicht aber in SCR 1, funktionelle
Auswirkungen auf eine optimale Komplementregulation. Genetische Studien aber zeigen
eine signifikante Assoziation des V62I-Polymophismuses mit der AMD. Kausale Effekte auf
Ebene der Transkription, der mRNA-Stabilitdt, der Translationseffizienz und sicherlich auch
der Einfluss individueller Risikofaktoren sollten daher nicht ausgeschlossen und weiter
untersucht werden.

Kristallstrukturanalysen = sowie die Kernspinresonanzspektroskopie klarten die
Molekiilstruktur von Faktor H sowie seiner Interaktionspartner wahrend der letzten zwei
Jahre auf. Diese Analysen bestdtigen, dass die Aminosdure an Position 62 von
Faktor H/FHL1 kein Bestandteil der C3b-Bindedomaéne in SCR 1 ist'”. Zudem ist sie nicht
an den Vorgangen der Kofaktoraktivitit, sowie der beschleunigten Dissoziation der C3-
Konvertase beteiligt. Die verborgene Lage innerhalb der SCR 1-Doméane macht Position 62
nur bedingt zuganglich fiir Liganden'”*. Bisherige Erkenntnisse iiber die Auswirkungen der
V62I-Substitutionen im Faktor H-/ FHL1-Protein beschranken sich auf die geringfiigige
Erhohung der Stabilitit von SCR1, in Gegenwart der Aminosaure Isoleucin. Die einmalig
beschriebenen funktionellen Unterschiede zwischen der 162- und V62-Variante von
Faktor H'” in Bezug auf die C3b-Interaktion, wurden sowohl in Manuskript 2 als auch
anderen Publikationen nicht bestatigt'”®. Im Gegensatz dazu ist die Aminosdure an Position
402 in SCR7 oberflichenexponiert und entsprechend zuganglich fiir Heparin und
GAGs!®7. Eine Gruppe positiv geladener Aminosduren, die verantwortlich fiir die
Interaktion mit negativ geladenen Strukturen der Zelloberflache ist, befindet sich in
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unmittelbarer Nahe der Aminosdure 402 (Abbildung 8). Der AMD-assoziierte Austausch
von Tyrosin durch Histidin beeintrachtigt also unmittelbar die Zellbindungseigenschaften
der Regulatoren Faktor H und FHL1'77178,

Abbildung 8: Dreidimensionale Darstellung von SCR1 und SCR7 des Faktor H-Proteins. A) Das
Strukturmodell der Doméne 1 offenbart, dass die Aminosaure an Position 62 verborgen und schwer zuganglich
fiir Liganden ist. Die mit einem reduzierten AMD-Risiko assoziierte Aminosaure Isoleucin ist griin dargestellt. B)
Das Strukturmodell der Doméne 7 zeigt, dass die Position 402 oberflachenexponiert ist und sich in unmittelbarer
Néhe von R404, K405 sowie K410 befindet (blau), positive geladene Aminosdauren, welche die Bindung an
zelluldre Oberflachen vermitteln. Das protektive Tyrosin ist griin hervorgehoben.

Doch warum wirkt sich die reduzierte Zellbindung der H402-Risikovarianten speziell im
Auge, nahe der Makula aus? Faktor H interagiert mit den sulfathaltigen GAGs
Dermatansulfat sowie Heparansulfat'®2. Diese Bindung wird speziell durch SCR 7 vermittelt.
Die Verteilung von GAGs ist spezifisch fiir jedes Gewebe und das Vorkommen bestimmter
GAGs spielt eine entscheidende Rolle fiir die Vermittlung von bestimmten
Proteinbindungen'*'®. Immunhistochemische Studien im retinalen Gewebe zeigen, dass
sowohl Dermatansulfat als auch Heparansulfat Bestandteile der BM sind. Zudem weisen die
kollagenhaltigen, elastischen Fasern der BM unter der Makula eine reduzierte Integritat auf,
d. h. die BM ist nahe der Makula diinner als in anderen Regionen der Retina'®!. Demzufolge
gibt die Verteilung der GAGs sowie die topografische Eigenschaft der BM Hinweise darauf,
warum eine reduzierte Komplementregulation, verursacht durch den Y402H-
Polymorphismuses, vor allem im retinalen, makuldarem Gewebe auftritt.

Das Manuskript2 beschreibt eine um 25% reduzierte Komplementregulation auf
Nichtaktivatoroberflachen in Gegenwart der H402-Risikovarianten. Das zeigt erstmals, dass
die Beeintrachtigung der intraokularen Komplementregulation primar Zellschaden
verursachen, d. h. AMD initiieren kann. Auf den ersten Blick erscheinen 25 % relativ wenig,
um  ernsthafte  pathophysiologische = Verdnderungen im  RPE-Choroid-Komplex
hervorzurufen. Doch das Komplementsystem besitzt enormes Amplifikationspotenzial,
welches besonders im immunprivilegiertem Auge reguliert werden muss'””. Eine
verminderte Regulation der C3-Konvertase durch Faktor H bzw. FHL1 resultiert in der
Schadigung von gesundem, retinalem Gewebe®. Zudem beeinflussen AMD-assoziierte
Polymorphismen des Faktor B-Proteins die Stabilitat der C3-Konvertase und modifizieren so
zusatzlich den Krankheitsverlauf!®. Halt dieser Zustand {iiber einen ldngeren Zeitraum an,
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kommt es zu einem chronischen Entziindungsprozess, verbunden mit der Freisetzung von
Anaphylatoxinen sowie der Ablagerung von Opsonin?!#’. Dies resultiert in der Degeneration
naheliegender RPE-Zellen, deren Bestandteile sich teilweise als Drusen, im subretinalen
Raum, ablagern®.

Der Y402H-Polymorphismus beeinflusst die Komplexbildung von Faktor H (sowie
FHL1) mit dem Entziindungsmarker mCRP

Eine lokale Entziindungsreaktion nahe dem RPE, z.B. durch eine unkontrollierte
Komplementaktivierung, fiihrt auf Dauer zu einer Veranderung des RPE-Phanotyps. Die
Abwandlung der Zellmorphologie geht einher mit Zytoplasmaaufquellung, gefolgt vom
Anschwellen der Zellen sowie intrazelluldrer Veranderung der Pigment- und
Organellverteilung. Alles klassische Anzeichen, die dem nekrotischen Zelltod vorangehen'®2.
Immunhistochemische sowie elektronenmikroskopische Analysen bestédtigen, dass RPE-
Zellen, vor allem jene die nahe Drusen lokalisiert sind, einen nekrotischen Phanotyp haben?.
Der Verlust der Membranintegritat ist charakteristisch fiir das Endstadium der Nekrose,
gefolgt vom Freiwerden zytoplasmatischer Bestandteile wie DNA, Histone oder
Mitochondrien, welche alle in Drusen identifiziert wurden®18, Weiterhin konnten
degenerierte Zellwandbestandteile sowie ganze RPE-Zellen in Drusen detektiert werden, so
dass die Formation von Drusen vonseiten des RPEs initiiert wird>. Degenerierte, nekrotische
Zellen aktivieren die angeborene Immunabwehr und reprdsentieren eine
Aktivatoroberfldche, bei der es gerichtet zu Komplementaktivierung und Opsonisierung der
Oberfliche mit C4b bzw. C3b kommt. Manuskript 3 zeigt, dass die membranstiandigen
Regulatoren CD46, CD55 gar nicht, CD59 nur noch in geringen Konzentrationen auf der
RPE-Oberflache exprimiert werden. Die Fliissigphaseregulatoren Faktor H, FHL1 oder C4BP
miissen also deren Fehlen kompensieren, um die Amplifikation der Komplementkaskade auf
C3-Ebene zu stoppen. Da das C4BP-Protein intraokular nicht synthetisiert wird, liegt es bei
Faktor H und FHL1, die C3-Konvertase zu reglementieren, um damit eine nekrotisch
vermittelte Entziindungsreaktion zu verhindern’.

Ein wichtiger Entziindungsparameter ist das Akute-Phase-Protein CRP. CRP wurde in
Drusen sowie dem umgebenden retinalen Gewebe nachgewiesen. Die detektierten CRP-
Werte waren bei homozygoten Tragern der Faktor H-Risikovariante bis zu 2.5-fach starker,
als in Tragern der Nichtrisikovariante!®. Weiterhin zeigten die H402-Risikovarianten von
Faktor H sowie FHL1 in allen bisherigen Studien eine reduzierte Bindung an CRP109153154184,
Zwischen dem Y402H-Polymorphismus und dem Entziindungsmarker CRP existiert also ein
Zusammenhang, der erstmals in Manuskript3 beschrieben wird. Das im Plasma
zirkulierende CRP besteht aus fiinf, nicht kovalent, verbundenen Untereinheiten. Gebunden
an Oberflachen, durch Oxydation oder in saurem Milieu, dissoziiert die pentamere CRP-
Form (pCRP) zu einer monomeren Form (mCRP)"*. Manuskript 3 beschreibt, dass die
degenerierte Oberflache von nekrotischen RPE-Zellen pCRP zu mCRP dissoziiert, und damit
mCRP intraokular verfiigbar ist. Bestatigt wird diese in-vitro-Beobachtung durch die
erstmalige immunhistologische Unterscheidung von mCRP und pCRP innerhalb der RPE-
BM-Choriocapillaris-Struktur. Dabei ist mCRP im Choroid, der BM sowie in Drusen
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detektierbar, und gleichzeitig haufiger in den retinalen Geweben von AMD-Patienten als in
gesunden Kontrollpersonen nachweisbar.

Faktor H und FHL1 interagieren ausschliefslich mit mCRP iiber die SCRs 7, 8-11 sowie 19-
20, Daher prazisiert Manuskript 3 die beschriebene reduzierte Bindung der H402-
Risikovarianten an CRP eindeutig als mCRP-Interaktion. Innerhalb von SCR7 existieren
zwei Bindemotive fiir mCRP. Beide sind oberflachenexponiert. Die Bindung von mCRP an
SCR 7 ist dabei abhédngig von positiv geladenen Aminoséduren, denn beide Motive beinhalten
das stark positiv geladene Lysin, ansonsten aber nur ungeladene Aminosaurereste. Motiv I,
KFVQCK, liegt in direkter Nachbarschaft zu der AMD-assoziierten Position 402, was die
reduzierte Bindung der Faktor H-/FHL1-Risikovarianten erkldarbar macht (Abbildung 9). Die
neu identifizierten mCRP-Bindemotive und die bereits beschriebene Heparinbindestelle von
SCR 7, tiberlappen sich in den Aminosauren K405 sowie K410. Die parallele Erkennung von
mCRP und Polyanionen ist daher moglich, aber auch die gleichzeitige Beeintrachtigung der
Oberflachen- und mCRP-Bindung durch die H402-Risikovarianten (Manuskript 2 + 3).

Abbildung 9: Darstellung der neu identifizierten mCRP-Bindedomidnen in SCR 7. Innerhalb von SCR?7
existieren zwei lineare Bindedomiénen, die mit mCRP interagieren (blau). Beide Regionen sind
oberflachenexponiert und charakterisiert durch das Vorkommen von positiv geladenen Aminosaureresten,
welche fett unterlegt sind. Motiv I, KFVQGK, tiberlappt teilweise mit der Heparinbinderegion (Abbildung 8) und
liegt unmittelbar an der AMD-assoziierten Aminosaureposition 402.

Doch was sind die Auswirkungen einer reduzierten mCRP-Interaktion? mCRP bindet an
nekrotische, degenerierte Zelloberflichen. Dabei interagiert mCRP mit Phosphatidylserin,
einem intrazelluliren Aminophospholipid, das wéahrend des Zelltodes an die Aufienseite der
Membran transloziert wird'®. Da der nekrotische Zelltod mit einem Verlust der
Membranintegritit einhergeht, ist besonders viel Phosphatidylserin auf der Oberfldche von
nekrotischen Zellen lokalisiert. Manuskript 3 zeigt, dass mCRP spezifisch an jene Stellen der
nekrotischen Zellen bindet, welche das meiste Phosphatidylserin exponieren, d. h. dort wo
der Membranschaden am grofiten ist. mCRP bildet mit Faktor H/FHL1 einen stabilen
Komplex, in welchem beide Regulatoren ihre Funktion behalten. Zudem rekrutiert mCRP
vermehrt Faktor H/FHL1 speziell an die geschddigte Membranregion und verstarkt dort die
Faktor H-/FHL1-vermittelte C3b-Inaktivierung. Die hohere Dichte der Regulatoren sowie die
erhohte Generierung von iC3b haben den Effekt, dass nekrotische Zellen schneller durch
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Komplementrezeptoren auf Makrophagen erkannt und effizienter phagozytiert werden. Bei
den H402-Risikovarianten von Faktor H sowie FHL ist die Komplexbildung mit mCRP
beeintrachtigt. Konsequenterweise werden die H402-Risikovarianten weniger stark an die
nekrotische Zelloberfliche rekrutiert. Die reduzierte Zahl oberflichengebundener
Regulatoren der C3-Konvertase beeinflusst die lokale Komplementregulation insofern, dass
weniger C3b inaktiviert und infolgedessen weniger iC3b auf der Oberflache abgelagert wird.
Demnach wird durch die Y — H-Substitution die Aktivitdit der C3-Konvertase auf
nekrotischen Zelloberflichen nicht optimal reguliert, fithrt zur Generierung des potenten
Anaphylatoxins C5a sowie der Zusammenlagerung der TCC-Komplementkomponenten, die
bereits in Drusen identifiziert wurden.

Zusatzlich zu der verstairkten Regulation der C3-Konvertase auf nekrotischen
Zelloberflachen erhohen stabile Faktor H-mCRP-Komplexe die Phagozytose und reduzieren
die Produktion des inflammatorischen Zytokins TNF-a. TNF-a wird wu.a. durch
Makrophagen sekretiert, und dessen Menge ist entscheidend fiir das Ausmaf3 einer lokalen
Entziindungsreaktion'?”. Die, durch Faktor H-mCRP-Komplexe, herabgesetzte TNF-a-
Produktion von Makrophagen supprimiert somit aktiv eine Entziindung im umliegenden
Gewebe. In Gegenwart der Faktor H-Risikovarianten ist, aufgrund der reduzierten mCRP-
Komplexbildung, die TNF-a-Produktion durch Makrophagen nur geringfiigig reduziert. Die
lokale Entziindungsreaktion wird daher nicht supprimiert, sondern —im Gegenteil- weiter
intensiviert. Das Vorhandensein der Faktor H-Risikovarianten vermittelt also keine anti-
inflammatorische Eliminierung des nekrotischen RPE-Zellmaterials. Langfristig fiihrt das zu
einer zunehmenden Freisetzung von =zytotoxischen sowie auto-immunogenen
Zellbestandteilen, zur Vergroflerung von Drusen und zur Ausweitung der lokalen
Entziindungsreaktion®.

Zusammenfassend beschreibt Manuskript 3 erstmals vier relevante Unterschiede zwischen
den Risiko- (H402) und Nichtrisikovarianten (Y402): (I) reduzierte Komplexbildung mit
mCRP, (I) vermindertes Recruitment von Faktor H/FHL1 an geschaddigte Regionen der
nekrotischen RPE-Zellmembran, (III) verringerte Regulation der C3-Konvertase sowie (IV)
Verstarkung pro-inflammatorischer Prozesse durch die erhéhte TNF-a-Produktion von
Makrophagen. Wird der natiirliche Alterungsprozess von einer systemisch stattfindenden
Entzlindung begleitet (inflamm-aging), ist ein vollfunktionsfahiges Faktor H-Protein
essenziell, um eine auftretende intraokulare Entziindungsreaktionen dauerhaft zu
supprimieren. Bei Tragern der H402-Risikovariante ist die verfligbare Faktor H-Funktion
nicht ausreichend, um die Akkumulierung von geschadigten RPE-Zellen bzw. deren
drusenartige Ablagerung zu verhindern und resultiert in der Auspriagung des AMD-
Phanotyps (Abbildung 10). Demzufolge hat die Variation an Aminosaure 402 von Y — H im
Faktor H- und FHL1-Protein nicht nur das Potenzial primdr Zellschaden zu verursachen,
d. h. AMD zu initiieren (Manuskript 2), sondern ist auch verantwortlich fiir die nachfolgend
unkontrollierten Entziindungsereignisse, die in Gegenwart nekrotischer RPE-Zellen
entstehen (Manuskript 3).
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Abbildung 10: Komplementassoziierte intraokulare Entziindungsreaktion. A) Im Plasma zirkulierendes pCRP
gelangt tiber die Choriocapillaris in den subpigmentepithelialen Raum. An nekrotischen RPE-Zellen wird pCRP
zu mCRP dissoziiert (violette Kugeln). B) Faktor H bindet iiber die SCRs 7, 8-11(nicht dargestellt) und 19-20 an
mCRP und wird an die RPE-Zelloberfldche rekrutiert. In Gegenwart der Y402-Variante (gestrichelte Linie) wird
vermehrt iC3b generiert, was sich auf nekrotischen Zellen anreichert. In Gegenwart der H402-Risikovariante
(durchgéngige Linie) resultiert die ineffiziente Inhibierung der C3-Konvertase, in der Formation des TCC und der
Generierung des Anaphylatoxins C5a. C) Die Anaphylatoxine locken chemotaktisch Makrophagen an die
betroffene Region des RPEs. Stabile Faktor H-mCRP-Komplexe supprimieren deren TNF-a-Produktion und
induzieren eine effiziente Phagozytose des zelluldren Debris. In der Abwesenheit von stabilen Faktor H-mCRP-
Komplexen, wird die TNF-a-Freisetzung nicht herabgesetzt und nekrotisches Zellmaterial nicht optimal entfernt.
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Offen bleibt jedoch warum, diese Geschehnisse erst wahrend eines fortgeschrittenen
Alterungsprozesses auftreten und warum SCR7 scheinbar die wichtigste Domane fiir
intraokulare Komplementregulation ist.

Das Auftreten altersabhingiger Erkrankungen wie der AMD hangt vom Genotyp des
Einzelnen ab. Pro-inflammatorische Genotypen, wie z.B. der H402-kodierende Genotyp,
sind von Vorteil um Infektionen zu widerstehen, resultieren aber im Alter in chronischen
Entzlindungsprozessen”®%8, Wahrend des normalen Alterungsprozesses erhoht der RPE-
Choroid-Komplex zusétzlich die Expression von Immuneffektoren, wobei im Speziellen die
Expression der Komplementaktivatoren Clq und C3 gesteigert wird*. Lebenslange
photooxydative Prozesse der Retina resultieren zudem in der Ablagerung von Lipofuszin.
Die Akkumulation von Lipofuszin im Zytoplasma der RPE-Zellen generiert aus dem RPE
eine Aktivatoroberfldche auf der es ungehindert zur Aktivierung von Komplement kommt!®°.
Oxydativ geschadigtes RPE vermindert die Expression des membranstandigen Regulators
CD55, und kann sich nur noch begrenzt vor Komplementaktivierung schiitzen. Das alternde
Auge sowie zunehmender (photo-) oxydativer Stress kreieren demnach eine Mikroumwelt,
die reich an immunologischen Aktivatoroberflachen ist, aber einen Mangel an Regulatoren
aufweist?®1. Weitere Faktoren wie, die durch Rauchen freiwerdenden oxydativen
Verbindungen und das damit verbundene reduzierte Faktor H-Plasmalevel, erhchen weiter
die Anfalligkeit des alternden RPE-Choroid-Komplexes fiir den AMD-Phanotyp'!8, Die
Auswirkungen einer verminderten Kontrolle des Komplementsystems durch die Faktor H-
/FHL1-Risikovarianten kommt also erst wahrend des Alterungsprozesses, d.h. nicht vor
dem 50. Lebensjahr, zum Tragen.

Fiir die Bedeutung der Domaéne 7 innerhalb der intraokularen Komplementregulation sind
verschiedene Erklarungen denkbar. SCR7 ist eine multiple Bindedomiéne!®, deren
Bindestellen fiir mCRP und GAGs nicht identisch, aber tiberlappend sind, so dass die
Interaktion von mindestens zwei Liganden beeintrachtigt ist. Zudem ist durch das
alternative Spleiflen des Faktor H-Gens neben Faktor H auch FHL1 betroffen, was die
funktionellen Auswirkungen von Polymorphismen weiter intensiviert. Das Faktor H-Protein
besitzt zwar mit SCR 8-11, SCR 13 sowie SCR 19-20 weitere Bindestellen fiir mCRP oder
GAGs, doch findet die Interaktion der einzelnen Regionen tandemartig nacheinander statt.
Uber SCR19-20 wird Faktor H gerichtet an die Oberfliche gebunden'. Die weiteren
Interaktionspunkte sind essenziell, um die Bindung zu verstirken und zu stabilisieren.
Demnach erkldrt sich, warum in Gegenwart der H402-Risikovarianten die Interaktion mit
mCRP oder Zelloberflichen nicht vollstandig blockiert, sondern lediglich um 25 -50 %
reduziert sind.

Das Fehlen der CFHR1-/CFHR3-Proteine verstirkt die lokale Faktor H-Funktion

Insgesamt sind vier Haplotypen des Faktor H-Genclusters mit AMD assoziiert. Ein
Risikohaplotyp, welcher die bereits beschriebene H402-Risikovariante kodiert, ein neutraler
Haplotyp und zwei protektive Haplotypen, die mit einem reduzierten AMD-Risiko
verbunden sind. Kennzeichnend fiir einen der beiden protektiven Haplotypen ist die

134



Diskussion

Defizienz der CFHR1- und CFHR3-Gene (ACFHR1/CFHR3)". Das Fehlen der beiden Gene
fiihrt entweder zur Reduktion (heterozygote Defizienz) oder zu einer vollstandigen
Abwesenheit (homozygote Defizienz) der beider Proteine im Auge bzw. im Plasma.

Bis vor Kurzem war unklar, ob ACFHR1/CFHR3 (bzw. der Haplotyp, welcher die Deletion
tragt) das AMD-Risiko unabhangig beeinflusst, oder ob die Protektion zu mindestens partiell
durch die Abwesenheit der H402-Risikovariante zustande kommt. Studien, die dieses
Problem zu l16sen versuchten, konnten —-womdoglich verursacht durch zu geringe Fallzahlen—
keine klare Aussage treffen und waren nicht konsistent®>'*, In Manuskript5 dieser
Dissertation wurde eine Kohorte von 530 AMD-Patienten und 313 Kontrollpersonen auf
ACFHR1/CFHR3 sowie sechs Faktor H-Polymorphismen genotypisiert. Die grofie Fallzahl
hatte geniigend statistische Aussagekraft, so dass selbst nach logistischer Regression der
Variablen Y402H, Alter, Rauchen und Geschlecht, der protektive Effekt von ACFHR1/CFHR3
erhalten blieb. Manuskript 5 beschreibt, dass die Anwesenheit der CFHR1- und CFHR3-Gene
ein Risikofaktor ist, der unabhingig von Faktor H-Polymorphismen oder individuellen
Risiken agiert. Die Abwesenheit der beiden Plasmaproteine CFHR1 und CFHR3 ist also von
Vorteil fiir die Verhiitung der AMD. Um aber den zugrunde liegenden Mechanismus
aufzudecken, war es wichtig, die bis dato unbekannten Funktionen des CFHR1- sowie des
CFHR3-Proteins zu identifizieren.

CFHR1 ist ein Komplementregulator, welcher die Aktivitat der C5-Konvertase sowie die
Zusammenlagerung des TCC kontrolliert (Manuskript 4). Es verhindert, durch seine N-
terminale Interaktion mit C5 bzw. C5b6, die C5-Spaltung. Dementsprechend ist die
Generation des Anaphylatoxins Cba, die Formation und Insertion des TCC sowie die
Zytolyse blockiert. CFHR1 ist der erste beschriebene Regulator der Faktor H-Proteinfamilie,
der die C5- nicht aber die C3-Konvertase beeinflusst und dadurch speziell auf Ebene der
terminalen Prozesse wirkt. CFHR3 ist ebenfalls ein Komplementregulator. Manuskript 5
beschreibt CFHR3 erstmals als Regulator der C3-Konvertase mit Kofaktoraktivitdt fiir die
Serinprotease Faktor I. Frithere Studien beschrieben bereits eine verstarkte Faktor H-
Kofaktoraktivitat in Gegenwart von CFHR3!*. Die zu geringen CFHR3-Konzentrationen
deuten darauf hin, dass damals die Funktion von CFHR3 nicht genauer verifiziert wurde.
Als Regulator der C3-Konvertase kontrolliert CFHR3 gleichzeitig auch indirekt den Aufbau
der C5-Konvertase. Die Generierung von C5a wird, wie in Anwesenheit von CFHR1 (direkt)
und Faktor H (indirekt), blockiert, so dass in der Konsequenz die Cba-vermittelte
Chemoattraktion von neutrophilen Granulozyten verhindert wird. CFHR1 und CFHR3
vermitteln demnach anti-inflammatorische Aktivitat. Verglichen mit Faktor H sind die
Aktivitaten von CFHR1 und CFHR3 weitaus geringer, d. h. hohere Konzentrationen sind
notwendig, um eine entsprechende Inhibierung wie durch Faktor H zu erreichen. Die
geringere Aktivitit der beiden neuen Komplementregulatoren wird hdchstwahrscheinlich
durch das Fehlen der sog. , decay-accelerating activity”, d. h. der Fahigkeit eine C3-Konvertase
zu dissoziieren, hervorgerufen.

Die Abwesenheit von CFHR1 und CFHR3 fiihrt also zu einem Verlust von
Komplementregulatoren. Wie aber kann sich das Fehlen von Komplementregulatoren, vor
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allem in einer sensitiven Umgebung wie dem immunprivilegiertem Auge, positiv auf den
Krankheitsverlauf der AMD auswirken? Die einzelnen SCRs von CFHRI1, CFHR3 und
Faktor H besitzen untereinander eine hohe Sequenzidentitit von bis zu 100 %'®. Die C-
terminalen SCRs 3-5 von CFHR1 sind nahezu homolog zu den SCRs 18-20 von Faktor H und
interagieren, wie Faktor H, mit den Liganden C3b, Heparin und zelluldren Oberflachen.
CFHR1 differenziert demnach zwischen Aktivator- und Nichtaktivatoroberflachen. In ihrem
physiologischen Konzentrationsverhaltnis von 1:3 konkurrieren CFHR1 und Faktor H um
die Bindung an Heparin sowie C3b, und Faktor H wird durch CFHR1 verdrangt. Folglich ist
die Faktor H-vermittelte Regulation der C3-Konvertase reduziert, wahrend sich gleichzeitig
die Regulation der C5-Konvertase durch CFHR1 erhoht (Manuskript 4). Auch CFHR3 zeigt
Sequenzhomologien mit Faktor H, bindet C3b und ist in der Lage, Faktor H kompetitiv von
C3b zu verdrangen. Dies resultiert in einer reduzierten Faktor H-vermittelten ,decay-
accelerating activity” (Manuskript 5). Die Gegenwart der Regulatoren CFHR1 und CFHR3
verdandert also die lokale Komplementregulation (Abbildung 11). Die Interaktion von
Faktor H mit den Liganden C3b, Heparin und vermutlich auch mit humanen Zellen ist, in
Abwesenheit von CFHR1 und CFHRS3, erhoht. Dadurch verstarkt sich die lokale Kontrolle
der C3-Konvertase durch die Faktor H-vermittelte , decay-accelerating activity” eines bereits
generierten C3bBb-Komplexes und durch die vermehrte C3b-Inaktivierung. Erhohte iC3b-
Generierung und die damit verbundene gesteigerte Phagozytose von iC3b-opsonierten
nekrotischen, retinalen Ablagerungen, scheint v. a. in der Retina von Vorteil (Manuskript 3).

Abbildung 11: CFHR1 und CFHR3 kompetitieren mit Faktor H. A) In Gegenwart von CFHR1(rosa) und CFHR3
(violett) wird die Bindung von Faktor H an Zelloberflachen bzw. gemeinsame Liganden geschwécht. Die hohe
Sequenzidentitiat der SCRs 1-2 von CFHR3 mit den SCRs 6-7 von Faktor H bzw. SCRs 3-5 von CFHR1 mit den
SCRs 18-20 von Faktor H, ermdglichen die kompetitive Verdrangung von Faktor H, und resultieren in einer
reduzierten Faktor H-vermittelten Regulation. B) Die Abwesenheit der CFHR1- und CFHR3-Proteine im Plasma
(schraffierte Formen) verstarkt die natiirliche Faktor H-Interaktion mit seinen Liganden, wodurch sich die lokale
Kontrolle der C3-Konvertase erhoht.
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Wahrend ACFHR1/CFHR3 protektiv fiir die AMD ist, stellt sie gleichzeitig einen Risikofaktor
fiir das Krankheitsbild des DEAP-HUS dar!®. Bei DEAP-HUS korreliert die Abwesenheit der
CFHRI1- und CFHR3-Proteine mit dem Vorhandensein von Autoantikorpern, die gegen den
C-Terminus von Faktor H gerichtet sind'*. Die Autoantikdrper verhindern die Bindung von
Faktor H an Endothelzellen, vermindern dadurch die lokale Komplementregulation, was in
Komplementaktivierung und renalen Entziindungsreaktionen resultiert'¥. Homozygote
Defizienzen eines Gens sind haufig assoziiert mit der Entwicklung von Autoantikdrpern
gegen das fehlende Protein'®. Eventuell richten sich die Faktor H-Autoantikorper
urspriinglich gegen CFHR1, behindern jedoch durch die Kreuzreaktion mit dem homologen
C-Terminus die normale Funktion von Faktor H. Die AMD ist nicht mit dem Auftreten von
Antikorpern gegen Faktor H assoziiert'”. Die Defizienz des CFHRI1- und des CFHR3-
Proteins erhoht also vermutlich die Effizienz von Faktor H, sofern sich keine Autoantikorper
bilden.

Die Ergebnisse aus den Manuskripten 4 +5 verdeutlichen, dass sich CFHR1, CFHR3 und
Faktor H in einem empfindlichen Gleichgewicht befinden. Verdnderungen der einzelnen
Proteinkonzentrationen modifizieren die Homoostase von Komplementaktivierung und -
regulation, so dass ein Ungleichgewicht den risikomodifizierenden Charakter von
ACFHRI1/CFHR3 erklart. Die Faktor H-vermittelte Reglementierung der C3-Konvertase ist
von Vorteil in der Retina, d. h. sie wird durch das Fehlen von CFHR1 und CFHR3 verstarkt,
kreiert aber gleichzeitig ein Risiko fiir Autoimmunerkrankungen wie DEAP-HUS.

Gerichtete Komplementregulierung auf Oberflichen durch COMP_CFH15-20

Die Erkenntnis, dass ein ineffizient kontrollierter alternativer Komplementweg ursachlich fiir
eine Vielzahl von chronisch entziindlichen Erkrankungen -wie die AMD- ist, liefert die
Voraussetzung tir die Entwicklung von therapeutisch applizierbaren
Komplementinhibitoren'®. Zum gegenwadrtigen Zeitpunkt sind noch keine Prdparate auf
dem Markt, welche die aktuellen Erkenntnisse der AMD-Forschung aufnehmen und
therapeutisch in die Komplementkaskade eingreifen. Einige Komplementinhibitoren
befinden sich aber bereits in tierexperimentellen sowie klinischen Studien. Ein zukiinftiges
Praparat muss vor allem eine hohe Spezifitat fiir den entsprechenden Angriffspunkt, d. h.
moglichst keine Kreuzreaktionen mit anderen Komplementkomponenten aufweisen, das
Komplementsystem kontrolliert modulieren und eine angemessene Halbwertszeit besitzen.
Die Intervention auf Ebene von C3 ist dabei von grofstem Interesse, da an diesem Punkt alle
drei Aktivierungswege amplifiziert sowie Anaphylatoxine generiert werden.

Das Peptid Compstatin interagiert direkt mit C3, blockiert die Abspaltung von C3a und ist
zudem hochselektiv fiir humanes C3%. Die bereits beendete Phase-I-Studie von Compstatin
priifte erfolgreich die Sicherheit und Vertraglichkeit im Menschen. Dennoch korreliert die
Applikation des systemisch wirkenden Inhibitors Compstatin auch mit Risiken. In
Manuskript 6 wurde daher ein Inhibitor entwickelt, welcher sich die Eigenschaft von
Faktor H zunutze macht, zwischen Aktivator- (,Fremd”) und Nichtaktivatoroberflachen
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(,Selbst”) zu unterscheiden, um den Inhibitor Compstatin spezifisch an korpereigene
Oberflachen zu rekrutieren.

Die systemische Inhibition der Komplementaktivierung blockiert u. a. die Markierung und
Entfernung von Immunkomplexen sowie die Eliminierung von Mikroorganismen!®. Die hier
angestrebte, neuartige Strategie ist, Komplementinhibitoren so zu modifizieren, dass diese
nicht systemisch, sondern gezielt an Orten chronischer Komplementaktivierung wirken. Die
medizinische Relevanz —im Falle von AMD- ist es, Inhibitoren an geschadigte RPE-Zellen zu
rekrutieren und die Effizienz der lokalen Komplementregulation zu erhéhen. Eine Funktion,
die unter physiologischen Bedingungen durch den endogenen Faktor H vermittelt wird.
Essenziell fiir die gerichtete Bindung von Faktor H an zelluldre Oberflachen ist dessen C-
Terminus, welcher primdr verantwortlich fiir die Unterscheidung von Aktivator- und
Nichtaktivatoroberflachen ist2*.

Abbildung 12: Darstellung des chimidren Proteins COMP_CFH15-20. Der urspriingliche, ungetaggte
Komplementinhibitor Compstatin besteht aus 13 Aminosauren. Die ringférmige, aktive Form von Compstatin,
entsteht durch Ausbildung einer Disulfidbriicke (- S-S -) zwischen zwei Cysteinresten (C). Fiir die Generierung
des neuartigen Komplementinhibitors COMP_CFH15-20 wurde an das Peptid Compstatin der
oberflachenbindende C-Terminus SCR15-20 von Faktor H kloniert. COMP_CFH15-20 differenziert nun zwischen
Aktivator- und Nichtaktivatoroberflachen und reguliert die Amplifizierung des Komplementsystems gezielt an
Orten von Immunstress.

In Manuskript 6 wurde ein chiméares Protein generiert, welches die C-terminalen Domé&nen
SCR15-20 von Faktor H mit dem potenten, etablierten Komplementinhibitor Compstatin
kombiniert (Abbildung12). Der neuartige Inhibitor COMP_CFH15-20 besitzt mit
Compstatin und den Doménen SCR19-20 nun zwei unabhangige Interaktionspunkte fiir den
Liganden C3b. Die gesteigerte Aktivitit von COMP_CFH15-20 fiir C3 sowie C3b blockiert
den Amplifizierungsprozess in Form von reduzierter C5a-Generation sowie herabgesetzter
C5b-Ablagerung auf Nichtaktivatoroberflachen. Die relative Aktivitat von COMP_CFH15-20
ist dabei starker als die des Inhibitors Compstatin allein. COMP_CFH15-20 interagiert iiber
die Doméanen SCR15-20 mit lebenden sowie mit nekrotischen Zellen. Der verkniipfte
Inhibitor Compstatin blockiert daher die Komplementamplifikation nun spezifisch auf
zelluldren Oberflichen. Manuskript6 veranschaulicht, dass die Bindung von
COMP_CFH15-20, in Gegenwart eines aktiven -—aber regulatordezimierten—
Komplementsystems, die Uberlebensfihigkeit von intakten Zellen erhdht und die C5b-
Ablagerung auf nekrotischen Zelloberflachen reduziert. Gebunden an Oberflachen, erzeugt
COMP_CFH15-20 einen bis zu 30 % starkeren Schutz vor Komplementaktivierung als das
systemisch wirkende, nichtoberflichenbindende Compstatin. Durch COMP_CFH15-20 wird

138



Diskussion

die Amplifikation des Komplementsystems spezifisch auf lebenden sowie nekrotischen
Zellen verhindert. Von Bedeutung ist, dass die eingesetzten Konzentrationen von max.
40 ug/ml (0,8 uM) des neuartigen Chimadrs, um ein Vielfaches geringer sind als die
physiologische Plasmakonzentration von Faktor H (400 —800 pg/ml d.h. 2,6 -5.3 uM). Es
handelt sich also um ein hochaktiv wirkendes, gerichtetes Therapeutikum.

Unter physiologischen Bedingungen dient die Aktivierung des Komplementsystems dazu,
degenerierte, korpereigene Zellen sowie Mikroorganismen zu markieren und mittels
Phagozytose zu entfernen*#. Die Komplementaktivierung mit ihren Effektorfunktionen ist
also wunerldsslich fiir die Aufrechterhaltung der Gewebshomoostase sowie bei der
Eliminierung ~ von  Mikroorgansimen. = Der  Einsatz = systemisch  wirkender
Komplementinhibitoren ist daher bei immunsupprimierten Patienten oder in der
Langzeitanwendung mit Risiken verbunden. In Gegenwart von COMP_CFH15-20 wird der
klassische Weg ungehindert, durch das Initiatorprotein Clq aktiviert. Die Interaktion mit
CRP, Polyanionen oder DNA aktiviert die Clqg-assoziierten Serinproteasen, diese spalten die
Komplementkomponenten C4 sowie C2, und die Fragmente C4b und C2a lagern sich
kovalent an Oberflachenstrukturen an. Durch die gerichtete C4b-CR1-Interaktion, werden
degenerierte Zellen und Immunkomplexe weiterhin von Makrophagen erkannt und
eliminiert20.

Zusammenfassend verbindet das neu entwickelte Chimiar COMP_CFH15-20 die
oberflachendifferenzierenden Eigenschaften der C-terminalen Region von Faktor H mit dem
potenten Komplementinhibitor Compstatin. COMP_CFH15-20 blockiert spezifisch die
Amplifikationsprozesse des Komplementsystems auf Nichtaktivatoroberflichen, und
unterstiitzt dadurch, die, durch Polymorphismen, Mutationen sowie Defizienzen,
beeintrachtigte =~ Komplementregulation. =~ Manuskript 6  charakterisiert also einen
vielversprechenden Kandidaten, um komplementverursachte Erkrankungen, wie die AMD,
therapeutisch zu behandeln. Potenzielle Nebenwirkungen systemisch wirkender
Komplementinhibitoren wiirden reduziert. Erste Testungen weiterer modifizierter
Regulatoren zeigen bereits im Maus- und Primatenauge, dass ein sukzessiver Riickgang in
der Drusenbildung sowie dem Einsprossen neu gebildeter choroidaler Kapillaren moglich
ist'®2202, Demnach etablieren sich neue Ansidtze fiir die friihzeitige Behandlung der AMD.
Durch den demografischen Wandel der westlichen Gesellschaft, und den damit verbundenen
erthohten = Neuerkrankungen, wird der Bedarf an neuartigen, effektiven
Komplementregulatoren in den nadchsten Jahren weiter steigen.
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Schlussfolgerungen

Die altersabhdngige Makuladegeneration ist eine komplexe genetische Erkrankung mit
starken individuellen FEinfliissen. Das Erkrankungsrisiko ist assoziiert mit genetischen
Varianten verschiedener Komplementgene. Vor allem die gehduft auftretenden
Polymorphismen und Defizienzen im Faktor H-Gencluster beeinflussen mafigeblich die
Pradisposition der AMD. Ausgehend von der urspriinglichen Fragestellung, ob die beiden
Polymorphismen, V62I sowie Y402H, die Funktion von Faktor H bzw. FHL1 beeinflussen,
zeigt diese Promotionsarbeit, dass die Y402H-Variation, nicht aber die V62I-Variation, die
Effektivitdt der beiden Regulatoren beeintrachtigt. Die Variation an Aminosaure 402 von
Y —H verringert die intraokulare Komplementregulation dahingehend, dass die
Regulatoren nicht mehr effektiv mit Zelloberflachen interagieren (Manuskript 2). Das, durch
die H402-Risikovarianten, unzureichend kontrollierte Komplementsystem verursacht einen
primédren RPE-Zellschaden und konnte als urspriinglicher Trigger der AMD definiert
werden. Zudem zeigt diese Promotionsarbeit erstmals, dass die Y — H-Substitution an
Position 402 an den intraokularen Entziindungsereignissen beteiligt ist (Manuskript 3). Das
Vorhandensein der Faktor H-Risikovarianten verhindert die Opsonisierung sowie anti-
inflammatorische Eliminierung von nekrotischem RPE-Zellmaterial, was in der
drusenartigen Ablagerung degenerierter RPE-Zellen und in der Auspriagung des AMD-
Phanotyps resultiert. Des Weiteren konnten innerhalb dieser Promotionsarbeit die bisher
unbekannten Funktionen der CFHRI1- und CFHR3-Proteine identifiziert werden. Dies
ermoglichte die Beantwortung der Frage, warum die Defizienz der entsprechenden CFHRI-
/CFHR3-Gene sich positiv auf den Krankheitsverlauf auswirkt. CFHR1 und CFHR3 befinden
sich mit Faktor H in einem empfindlichen Gleichgewicht, in welchem Verdnderungen der
einzelnen Proteinkonzentrationen die Komplementregulierung auf Oberflachen modifiziert.
Die Abwesenheit beider Proteine fiihrt zu einer Erhohung der Faktor H-Konzentration, was
im Speziellen, auf retinalen Oberfldchen, ein Vorteil ist (Manuskript 4 +5).

Die Erkenntnisse dieser Promotionsarbeit sowie die Ergebnisse von genetisch-, strukturell-
oder proteinbasierten Studien der letzten fiinf Jahre demonstrieren, dass eine modifizierte
Komplementaktivierung entscheidend fiir die Entstehung der AMD ist. Dabei ist u. a. das
Komplementsystem ein primdrer Verursacher des anfanglichen RPE-Choroid-Schadens.
Aber auch andere Prozesse wie mikrobielle Infektionen, photooxydativer Stress,
Veranderungen in der Lipidzusammensetzung der BM, Ablagerung von Lipofuscin oder
choroidale Ischdmie spielen eine wichtige Rolle in der Initierungsphase der AMD. Bei
Personen, die aufgrund des Vorhandenseins von genetischen Risikovarianten, die
Aktivierung des Komplemensystems nicht ausreichend regulieren konnen, kommt es zu
einer chronischen Aktivierung von Komplement, verbunden mit einer lokalen
Entziindungsreaktion und dem langsamen Verlust des zentralen Sehvermdogens.

Die Kombination aller AMD-assoziierter Komplementvarianten von Faktor H, Faktor B, C2,
C3 sowie der CFHR1-/CFHR3-Defizienz, beeinflusst nicht nur das intraokulare, sondern sehr
wahrscheinlich auch das systemische Komplementsystem. Denn obwohl einige der
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genetischen Varianten mit einem reduzierten AMD-Risiko assoziiert sind, existiert -bezogen
auf die systemische Wirkung— immer auch ein Kompromiss. So ist die Q32-Variante von
Faktor B zwar mit einem reduzierten Risiko fiir AMD verbunden, erhcht gleichzeitig aber
die Anfalligkeit von Infektionen'®. Die risikobehaftete H402-Variante von Faktor H hingegen
wurde als protektiver Faktor fiir das systemisch inflammatorische Responsesyndrom
beschrieben?®. Demnach pradisponieren unterschiedliche Proteinkonformationen fiir
verschiedene Krankheiten und haben, wie im Fall der CFHRI1-/CFHR3-Defizienz,
antagonistische Auswirkungen in ihrem homozygoten Vorkommen. Es existiert also keine
Proteinvariante, die ausschliefilich positive oder negative Effekte erzielt, sondern es
existieren vielmehr Varianten, die abhdngig vom Einfluss anderer Gene, der Umwelt oder
Mikroorgansimen, verschiedene Reaktionen hervorrufen. Das Aufgreifen dieses Zwiespaltes
wird zukiinftig entscheidend fiir die Entwicklung neuer Therapien sein, die gezielt das
Komplementsystem beeinflussen (Manuskript 6).

Die Entdeckung konkreter Risikogene in der Epidemiologie der AMD war einer der ersten
Erfolge genomweiter Assoziationsstudien, die dem Human Genome Project folgten. Die
erstmalige Beschreibung der funktionellen Auswirkungen von AMD-assoziierten
Polymorphismen sowie der Defizienzen des Faktor H-Genclusters innerhalb dieser
Promotionsarbeit, wird dazu beitragen, die Ursachen der AMD besser zu verstehen und
neuartige, therapeutische Konzepte zu entwickeln.
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Titel: Imbalance of complement regulatory proteins CFHR1, CFHR3 and factor H influences
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